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ABSTRACT 

 

Air pollution monitoring devices are often expensive and require high technical skills to operate.  

Lichens as biomonitors are an effective complementary because they accumulate pollutants in line with 

atmospheric concentrations.  This research assesses the performance of lichens as air pollution 

biomonitors.  The study was conducted in New Zealand, where no such biomonitoring has so far been 

undertaken.  Four contrasting land use sites within the Auckland Region were used.  One was located 

within a relatively clean air-shed, the others within residential, commercial, and industrial areas, 

characterised by increasingly polluted air-sheds, respectively.  Four groups of lichen were monitored 

over a 24-month period using active and passive biomonitoring methods to assess accumulated 

concentrations of heavy metals.  Short-term transplants were used to quantify heavy metals 

accumulated by the lichen during each season.  Long-term transplants were used to measure how fast 

lichens accumulate heavy metals, in particular, to better understand how and when heavy metals within 

the lichen thallus achieve equilibrium with air pollutants over time.  In-situ sampling aimed to identify 

the heavy metal content of the thallus when the lichen was in equilibrium.  Transplants from a polluted 

site were moved to less polluted sites to understand the process of pollutant release from the thalli.  The 

results showed that Parmotrema reticulatum and Ramalina celastri may be successfully used to 

monitor spatial and temporal pollution patterns caused by even very low concentrations of heavy 

metals.  The in-situ samples at the industrial locations had the highest accumulation of heavy metals, 

followed by the commercial and residential locations, respectively.  The heavy metal accumulation was 

the same for all these sites, namely, Zn, Pb, Cu, and Cr, in descending order.  The lichen continuously 

accumulates pollutants from the air until equilibrium is reached.  Until that point, transplanted lichens 

are useful for temporal air pollution monitoring.  Since pollutant concentration in the transplanted 

lichen at equilibrium stabilises, at this point the lichen ceases to be useful for monitoring air pollution 

trends over time, but may useful for spatial air pollution monitoring.  Lichens linearly release the 

accumulated pollutants over time when they are transplanted from a polluted site to a less polluted site. 
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DEFINITIONS 
 

Accumulation  Absorption, uptake, intake or deposition of a specific pollutant from the 
environment to the lichen.   

Active biomonitoring Lichen species that are collected from a relatively clean location and 
transplanted to the target environment.  At the end of the exposure period, 
samples are chemically analysed for specific pollutant accumulations.   

Air pollution The concentration of a particular target pollutant in the air near the ground.  
Auckland Region This is the study area of this research and is located between the Hauraki 

Gulf, bordering the Pacific Ocean, the Hunua Ranges to the south-east, the 
Manukau Harbour to the south-west, and the Waitakere Ranges to the west.  
The urban part of the Auckland Region is on an isthmus between the 
Manukau and Waitemata Harbours. 

Bioindicator Species used to monitor the pollution level of a study area. 
Biomonitoring The use of organisms or biomaterials to obtain quantitative information 

about the environment. 
Biomonitors Organisms or communities of organisms whose content of certain elements 

or compounds and or whose morphological, histological or cellular 
structure, metabolic-biochemical processes, behaviour or population 
structure(s), including changes in these parameters, supply information on 
the quantitative aspects of the quality of the environment, or changes in the 
environment. 

Clean site A site free from anthropogenic influences and at a long distance from the 
sources of pollution. 

Cluster analysis An unsupervised pattern recognition technique with the capability of 
uncovering the intrinsic structure or underlying behaviour of a data set 
without making priori assumptions about the data. 

Dendrogram The graphical representation of cluster analysis results, in which each 
object is arrayed on one axis, while the other axis portrays the steps in the 
hierarchical procedure. 

Equilibrium A state in which the rate of pollutant accumulation is equal to the rate of 
pollutant release.   

Equilibrium point Point at which no net pollutant accumulation of release occurs in the 
thallus. 

Heavy metal Metals that specific gravity comes close to 5 or higher, and they have some 
connotations of pollution and toxicity. 

Indicator  
 

An organism that provides a numerical value that helps understand the state 
of the environment. 

In-situ The observing or monitoring of lichens exactly in place where they occur 
without transporting or transplanting to another location.   

In-thallus The interior tissues of the lichen thallus covered by the on-thallus layer.  
The pollutants in these interior tissues are called in-thallus pollutants and 
cannot be easily extracted by a simple laboratory washing procedure.   

Lichens An association of a fungus and a photosynthetic symbiont resulting in a 
stable thallus of specific structure. 

Long-term transplant Collection of thalli that were moved from a clean site to a target site (only 
at the start of the study) and sampled at the end of each season in order to 
understand how lichens accumulate heavy metals over a longer period of 
time.   

Monitor An intermittent (regular or irregular) entity that can be used for surveillance 
to ascertain the extent of compliance with a predetermined standard, or 
degree of deviation from an expected norm. 
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On-thallus 
(surface layer) 

The outermost area of the lichen thallus where pollutant content can be 
extracted by a simple laboratory washing procedure.  The pollutants in this 
area are called on-thallus pollutants.   

Passive biomonitoring Use of local in-situ lichens that have been exposed to the environment for a 
considerable period of time. 

Phorophyte The plant or tree on which epiphytes are growing.   
Phytosociology The scientific approach to observing the frequency changes of lichen 

communities in the natural environment, and the characteristics induced on 
the thallus by air pollutants.  In this approach, the lichen community, their 
composition, development, and relationships between species, are all taken 
into consideration.   

Poikilohydric Organisms whose water content changes passively with surrounding 
environmental conditions or the availability of water. 

Rag Muslin-like cloth impregnated with a resinous material. 
Release Removal or extraction of a specific pollutant from the lichen to the 

surrounding environment. 
Remembrance time The time over which lichen functioning reflects its recently-experienced 

pollutant availability.  
Response time Time taken to achieve the equilibrium point. 
Rhizine or ‘holdfast’ A filament or hair-like structure growing from the thallus of lichens. 
Short-term transplant Collection of lichen thalli that were moved from a clean site to a target site 

at the start of every season in order to understand the seasonal pollutant 
accumulation.  Also referred to as ‘seasonal-transplant’  

Signal strength The amount of pollutants accumulated in order to achieve the new 
equilibrium point. 

Symbiosis Two or more organisms that belong to different kingdoms living together to 
their mutual benefit. 

Thallus A lower plant body which is undifferentiated into stem, root or leaf, made 
up of the fungal component. 

Transplants from a 
polluted site 

Collection of thalli moved from a polluted site to a less polluted site (only 
at the start of the study) used to understand the pollution release from 
lichens.  

Wash-off Possible method of pollutant leaching from the lichen thallus (mainly by 
rain water). 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Opening considerations  

 

As scientific understanding of environmental and health impacts of air pollution has improved over 

time, there has been an increased demand for air quality assessment techniques that can be easily and 

inexpensively applied in a variety of situations.  Most contemporary air pollution research relies on 

sophisticated equipment, high technical skills, frequent sampling regimes, which together can represent 

a significant financial cost.  As an alternative, researchers are investigating the use of indirect methods 

for monitoring air pollution using living organisms.  Preliminary results from these studies indicate that 

such techniques show potential as quantitative and qualitative indicators of pollution in time and space 

(Adamo, Giordano, Naimo, & Bargagli, 2008b; Ahmadjian, 1993; Aprile, Di Salvatore, Carratu, 

Mingo, & Carafa, 2010; Augusto, Gonzalez, Vieira, Maguas, & Branquinho 2011).   

 

Although equipment-based air pollution monitoring techniques provide precise measurements of air 

pollutants, low concentrations are often overlooked (Nimis, Scheidegger, & Wolseley, 2002).  In 

contrast, some organisms readily accumulate pollutants such as heavy metals and carcinogenic organic 

compounds occurring at very low concentrations, which over time can have significant environmental 

and health consequences.  Lichens as biomonitors are a preferred choice because they readily 

accumulate air pollutants over time (Szczepaniak & Biziuk, 2003; Wolterbeek, Sarmento, & Verburg, 

2010).  They have been used successfully in monitoring air pollution (Nimis & Purvis, 2002).  These 

organisms, like air quality monitoring equipment, can be used to obtain quantitative information.  

Furthermore, organisms are often abundant thus providing better spatial coverage.   

 

Lichens are attractive as air pollution biomonitors for a variety of reasons.  They are a slow-growing 

group of organisms that have no roots, vascular system or waxy cuticles, and depend mainly on the 

atmospheric input of nutrients (Gur & Yaprak, 2011).  Their success is related to their makeup.  

Lichens are considered to be symbiotic organisms.  They are a union of a mycobiont and one or more 

photobionts (Ahmadjian, 1993; Purvis & Pawlik-Skowronska, 2008).  The mycobiont represents the 

fungal partner and in most cases belongs to group ascomycetes or basidiomycetes (Honegger, 2008).  

The photobiont is the photosynthetic partner, and most often is either a green alga or cyanobacterium 

(Nash, 2008; Purvis, 2000).  Biologists categorise lichens under the fungal kingdom based on the 

fungal partner.  The major part of the thallus, which is a lower plant body undifferentiated into stem, 

root or leaf, is made up of the fungal component (Nash, 2008).  The symbiotic nature of lichens 
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provides them the ability to live in most of the unsupportive terrestrial ecosystems.  Taken together 

they cover about 6% of the earth’s land surface (Purvis & Pawlik-Skowronska, 2008).  Lichens are 

ubiquitous, slow growing, with high habitat specificity.  They are very successful in surviving extreme 

environmental conditions (Nimis et al., 2002).  The biological details of lichens are discussed in detail 

in Section 2.1.1.   

 

The lichen thallus is a focus of the current research.  Since there is no root or vascular system in the 

thallus for up taking and transporting water or dissolved nutrients, lichens have developed efficient 

mechanisms for water and nutrient uptake from atmospheric sources, such as rainfall, fog, dew, and 

snowfall (Bargagli & Mikhailova, 2002; Sert, Ugur, Ozden, Sac, & Camgoz, 2011; Yildiz et al., 2011).   

In contrast to vascular plants, lichens have no deciduous parts or mechanisms to remove toxic materials 

(Nash, 2008b).  Hence, they cannot avoid pollutant exposure by shedding these parts.  Due to the 

absence of stomata and a protective outer cuticle surrounding the lichen, materials in the air such as 

nutrients, elements including heavy metals and gases, together with air pollutants, are absorbed over the 

entire thallus (Backor & Loppi, 2009; Nimis & Purvis, 2002; Yildiz et al., 2011).  For this reason 

lichens have little biological control over gas exchange, and pollutants in the air are readily exposed to 

the thallus (Nash, 2008b).  Consequently, there is no barrier around the lichen to block the movement 

of pollutants from the air into the thallus.  Many lichen species are perennials and accumulate high 

concentrations of airborne pollutants without exhibiting damage.  For these reasons, researchers have 

used lichens to monitor air pollution over wide geographical areas (Nimis & Purvis, 2002).  In addition, 

lichens can accumulate materials up to levels well in excess of their physiological requirements 

(Backor & Loppi, 2009).  These accumulated airborne materials show a close correlation with their 

atmospheric concentrations and have proved lichens’ capability as effective bioaccumulators (Adamo 

et al., 2008b; Bari, Rosso, Minciardi, Troiani, & Piervittori, 2001; Godinho, Verburg, Freitas, & 

Wolterbeek, 2009; Wolterbeek, Garty, Reis, & Freitas, 2003).  The features discussed above make 

lichens extraordinarily successful in research on air pollution monitoring.  

 

Grodzinski and Yorks (1981) grouped biological pollution monitors into three broad categories: 1) a 

scale of indicator species noting the presence or absence of each species; 2) true indicators of which  

individual species exhibit damage proportional to pollutant dose; and 3) accumulators of potentially 

toxic materials.  A literature search showed that lichens were successfully employed under all the 

above three categories.  Several authors reported the effective use of lichens as: 1) bioindicators and/or; 

2) biomonitors in air pollution assessing studies (e.g. Ayrault, Clochiatti, Carrot, Daudin, & Bennett, 

2007; Garty, 2001; Nash, 2008a; Purvis & Pawlik-Skowronska, 2008; Richardson, 1991; Szczepaniak 

& Biziuk, 2003; Yildiz et al., 2011).  Above two methods of use provided quantitative information 

about pollutants in the air surrounding the lichens.  In general, bioindicators are organisms that can be 
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used for the identification and qualitative determination of pollutants, while biomonitors are organisms 

mainly used for the quantitative determination of pollutants (Conti & Cecchetti, 2001).        

 

When lichens are used as bioindicators this involves a phytosociological approach to observe the 

frequency changes of lichen communities in the natural environment, and the changes of the thallus 

characteristics resulting from air pollutants.  In this approach, the lichen community, their composition, 

development, and relationships between species are all taken into consideration (Weber, Moravec, & 

Theurillat, 2000).  The use of lichens as biomonitors involves laboratory analysis to identify and 

quantify the accumulated amounts of air pollutants in their thalli.  When considering the historical 

development of lichen-based pollution assessing methods, bioindicating techniques were developed in 

the 1970s and have been applied since then.  Subsequently, biomonitoring techniques have emerged 

with the development of sophisticated analytical instruments which can measure very low 

concentrations of elements or compounds with high precision.  Further details about the use of lichens 

as bioindicators and biomonitors, and their applications in the present study are discussed in depth in 

Chapters 2, 3, and 4.  

 

There are two widely used lichen-based monitoring techniques to assess air pollutants, namely active 

biomonitoring and passive biomonitoring (Ayrault et al., 2007).  In active biomonitoring, lichen species 

from a relatively clean or control location are transplanted and exposed to the target environment for a 

defined period of time.  At the end of the exposure period, samples are chemically analysed for specific 

pollutant accumulations.  The passive biomonitoring technique uses local in-situ lichens that have been 

exposed to the environment for a considerable period of time and which are in equilibrium with 

pollutants available in the air (Branquinho et al., 2008; Szczepaniak & Biziuk, 2003).  In the passive 

biomonitoring technique, similar to active biomonitoring, in-situ lichen samples are chemically 

analysed for target pollutants.  The idea of active biomonitoring is to quantify the air pollutant 

concentration accumulated during a known period of time at a given location.  In contrast, passive 

biomonitoring provides quantitative information about the level of air pollution at a given location.  

Details of active and passive biomonitoring with their advantages, disadvantages, and different 

application approaches are discussed in Chapter 3.   

 

1.2 Rationale for research aims 

 

As urban areas grow and industrialisation spreads, developing countries increasingly require 

information about the quality of their air, but the high cost of high-tech air quality measuring 

equipment makes this difficult.  Low-cost lichen biomonitoring techniques are an attractive 

complementary technique because of their low cost and ease of use.  However, detailed information on 
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the performance of lichen species as air pollution biomonitors is limited.  The aim of the current 

research is to address this shortcoming. 

 

Passive biomonitoring techniques are most commonly employed to study the role of lichens as 

biomonitors.  This method can only be used for identifying spatial patterns of air pollution.  Active 

biomonitoring methods are required to obtain information on temporal trends and patterns, but to date 

there is only a limited understanding of pollution accumulation trends, especially for different heavy 

metals in different lichen species.  The research here will employ both of these methods and assess 

their usefulness.  

 

The most common air pollutant group in lichen-related biomonitoring research is heavy metals.  Very 

few studies considered toxic organic compounds and particulate matter, and even fewer that target all 

three pollutant groups.  A further consideration is that most studies of the research to date use data 

covering relatively short periods of time, usually less than a year.  The current research aims to 

examine lichen performance over longer time scales. 

 

The results of studies of temporal patterns suggest that the accumulation of air pollutants in a lichen 

thallus stabilises when there is equilibrium between the pollutant uptake and release processes (Conti & 

Cecchetti, 2001: Kularatne & de Freitas, 2012).  In a situation where a lichen sample is transplanted 

from a clean site to a polluted site, initially, the process of pollutant uptake increases.  Eventually, the 

transplant achieves equilibrium, and at this stage its pollutant concentration is the same as in-situ 

samples.  Therefore, both passive and active biomonitoring techniques are based on pollutant uptake 

and release, leading to the achievement of equilibrium.  However, details about how lichens achieve 

equilibrium are not yet well explored.  Most of the published studies targeted only the pollutant 

accumulation process in the lichen thallus.  There are few published works that discuss the process of 

pollution release from the thallus.  Both accumulation and release involve two layers with the lichen.  

To date most research considers the lichen to be a homogeneous organism in respect of pollutant 

uptake and release (Ellis & Smith, 1997). There is little information on the relationship between 

pollutants accumulated on the surface layer and the interior tissues of the thallus.  These issues are also 

addressed in the current research.  

  

To date most studies of how lichens interact with the pollution content of the ambient air in particular, 

the role of lichens as biomonitors have been restricted to the Northern Hemisphere, with very few 

published studies from the Southern Hemisphere, especially in Australasia (Kularatne & de Freitas, 

2012).  Therefore, most of the lichen species used are not common in New Zealand, especially in the 

Auckland Region.  The Auckland area is an attractive study site as it has a rich diversity of lichens, thus 
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the possibility of finding species well-suited to air pollution biomonitoring is high.  The greater 

Auckland urban area is the most populated and most industrialised city in New Zealand with diverse 

commercial activities.  There are reasonable numbers of industrial and commercial sites located within 

the area, so air pollution levels can be high.  However, Auckland is not among the most heavily 

polluted cities in the world.  The reason may be in part related to low levels of industrial activity and 

comparatively low population, aided further by its maritime location in a latitudinal zone, well 

ventilated by storms, and zonal winds.  Therefore, it is easy to find several locations belonging to 

different land-use categories representing an air pollution gradient for comparison purposes.  Previous 

floristic studies reported that the Auckland Region has a rich diversity of lichen flora.  Therefore, there 

is a good chance of finding suitable lichen species as air pollution biomonitors. 

 

In light of the above, the current research has two overarching aims.  The first is to identify lichens 

common to the Auckland Region that are likely to be suitable as biomonitors for air pollution.  Data are 

collected over a period of 24 months.  Methods used are active transplanting, passive biomonitoring, 

and bioindicating.  Three groups of air pollutants are targeted, namely, heavy metals, polycyclic 

aromatic hydrocarbons (PAHs), and particulate matter (PM).  The term ‘air pollution’ in the current 

context is defined as the concentration of a particular target pollutant in the air near the ground.  Four 

categories of land use reference types are identified with a pollution gradient going from ‘industrial’ 

through ‘commercial’ and ‘residential’ to ‘clean’.  Given the importance of the exchange of pollutants 

between the thallus and air, an important objective here is to contribute to an understanding of the 

process by which air pollutants achieve air-lichen equilibrium within the lichen thallus.  The concept of 

equilibrium as it fits into the current research design is presented in the following section.  The second 

aim of this research is to assess the performance of the selected lichen species as air pollution 

biomonitors.  Details of these aims are addressed at the end of Chapter 3. 

 

1.3 The concept of equilibrium 

 

In light of the above, a conceptual Pollution Accumulation and Release Model (PARM) was developed 

to assist in an understanding of how air pollutants accumulate and release from the thallus over time 

(Section 3.6.2).  This model was developed during the current study and used to investigate how 

lichens achieve equilibrium over time when transplanted from a clean site to a polluted site and from a 

polluted site to a relatively less polluted site.  The objective of this model was to acquire in-depth 

knowledge about how different lichen species achieved equilibrium over time for different pollutants, 

the accumulation rates of various pollutants, and the seasonal pollutant accumulation rates.  
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In general terms, the concept of equilibrium can be described as a condition of a system in which the 

chemical concentrations of the reactants and products have no net change with time.  In this situation, 

the rate of the forward chemical process is equal to the rate of the reverse chemical process.  Here, 

equilibrium condition is defined as a state in which the rate of pollutant accumulation is equal to the 

rate of pollutant release.  Pollution accumulation is explained as absorb, uptake, intake or deposition of 

a specific pollutant from the environment to the lichen.  Pollutant release is described as the removal or 

extraction of the same pollutant from the lichen to the surrounding environment.  This process is 

illustrated schematically in Figure 1.1.  

  

 

Figure 1.1.  A schematic illustration to show how an air pollutant achieves equilibrium in a lichen 
thallus.  Ap is the pollutant concentration in the air and Lp is the pollutant concentration in the lichen 
thallus.  The rate of pollutant accumulation from the air to thallus is R1 and the rate of pollution release 
from thallus to the air is R2.  At equilibrium state, R1 is equal to R2. 
 

Most published studies treated the entire lichen thallus as a single substrate, ignoring the significance of 

the surface layer as the location where all pollutants initially come into contact with it.  There are only 

limited studies which discuss the surface layer, hence, limited details are available about air pollutants 

in this layer.  In order to obtain a comprehensive understanding of the function of this layer, a lichen-air 

equilibrium model was developed for the present study (Section 3.6.1).  This model is an extension of 

the model illustrated in Figure 1.1.  It is used to understand the equilibrium process of a lichen thallus 

for a target pollutant at a given time, with the conjunction of the pollution accumulation and release 

model.  Therefore, the current study was designed to gather information and to produce more 

conclusive results about the pollutant content in the surface layer and in the interior lichen tissues.   

 

In the present research, the surface layer, referred to as the on-thallus layer, is defined as an area where 

the pollutant content of that area can be extracted by a simple laboratory washing procedure.  The 

pollutants in this area are called on-thallus pollutants.  The remaining interior tissues are referred to as 

in-thallus.  The pollutants in these interior tissues are defined as in-thallus pollutants and are not readily 

washed off during the laboratory washing process.  The overall equilibrium process of atmospheric 

pollutants with the interior of the thallus can be separated into two sub-equilibrium processes: 1) 

equilibrium of air pollutants in the atmosphere with the interface; 2) equilibrium of pollutants in the 
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interface with the interior of the thallus.  Therefore, the pollutants from the on-thallus layer of the 

lichen play an important role in achieving equilibrium.  Details of the equilibrium process are discussed 

in detail in Section 3.6.1.  

 

The achievement of pollution equilibrium in the lichen thallus is based on the level of pollutants 

available in the surrounding air.  The two models described above were developed based on the main 

assumption that there was no significant change in air pollution levels in the study area during the 

period of study.  Therefore, it was important to monitor the pollutant levels in each study site in the 

Auckland Region.  If there were any significant changes in the air pollution, then necessary 

amendments would be incorporated into the models at the time of data interpretation.  Since no high-

volume active air samplers were employed during the current research, two alternative methods were 

used to observe the changes in air pollution: Calculation of index of air purity (IAP) based on lichens as 

bioindicators, and use of passive air sampler (Sections 4.3.1 and 4.3.2).  Air pollution data for the 

Auckland Region compiled by the Auckland Council was compared with the results obtained through 

the above two alternative methods (Section 5.5.3).   

 

Information obtained through active transplantation and passive biomonitoring was used to develop 

pollution accumulation and release graphs for each study site.  These graphs were used to answer the 

research questions (Section 3.7) proposed for the present study and used to understand how lichen thalli 

achieve the pollution equilibrium process.  

 

1.4 Thesis outline 

 

This thesis is set out in 10 chapters.  The first chapter introduces the position of lichens in 

biomonitoring research and lichen-based pollution assessing methods, namely biomonitoring and 

bioindicating.  The main motivation for this research is to assess lichen performance as an air pollution 

biomonitor in the Auckland Region, and to gain an understanding of how pollutants achieve 

equilibrium in the lichen thallus over time.   

 

The second chapter explains the fundamental characteristics of lichens, and different air pollution 

assessing techniques under biomonitoring and bioindicating methods with these methods’ advantages 

and disadvantages.  Definitions for the terms ‘bioindicator’ and ‘biomonitor’ are introduced, with their 

specific uses.  The targeted air pollutants of the current research, their sources and health impacts, and 

common analytical techniques for measuring them, are included in this chapter.  An account of present 

air pollution and lichen-based air pollution studies conducted in New Zealand concludes the chapter.             

 



 1-8

The third chapter evaluates recent developments in lichen-based biomonitoring studies.  The main 

factors affecting heavy metal accumulation in the thallus and the mechanisms of pollutant uptake, 

retention, and release by the lichens are discussed.  The process by which lichen achieves equilibrium 

with air pollutants is included.  The two conceptual models, pollution accumulation and release, and 

lichen-air equilibrium are evaluated in detail.  The research objectives, the aims, and the research 

questions of the present study are discussed at the end of this chapter. 

 

The fourth chapter outlines how lichens were selected for the study, the materials used, sampling 

procedures, analytical techniques, quality controlling process, and data analysis procedures.  The study 

area and sampling sites are introduced.  Sample collection procedures and analytical techniques of the 

target pollutants are discussed in detail.  At the end of the chapter the procedures followed to measure 

the pollutant levels using the bioindicating method and passive air samplers are explained.  

 

The fifth chapter analyses and discusses the results of the initial stage of the current research in relation 

to the spatial and temporal distribution of ambient pollution levels in the study area.  The existing air 

pollution levels in each study site were monitored and compared using three alternative approaches, 

namely: calculation of IAP value using lichens as bioindicators, passive air samplers, and archived air 

pollution data compiled by the Auckland Council.  The results pertaining to the airborne PAH 

investigation based on lichens and semi-quantitative analysis of PM deposited on lichen surfaces are 

analysed and discussed in the same chapter.  Different categories of PM observed on lichens and their 

chemical composition are illustrated at the end of the chapter. 

 

The sixth chapter presents, analyses, and discusses the results of the initial stage of the current study, 

which was designed to identify lichens common to the Auckland Region that are likely to be suitable as 

biomonitors for air pollution.  The results based on lichen samples from the two potential clean sites 

were analysed, in order to select the most suitable site with lowest pollution levels for the next stage of 

this study.  The performances of three potential lichen species as air pollution biomonitors were 

assessed in depth based on accumulations of eight targeted heavy metals.     

 

The seventh chapter investigates heavy metal accumulation rates over shorter and longer periods of 

time in three different lichen groups.  These accumulation rates are assessed in terms of different land 

use types, lichen species, and seasonal weather impacts based on the results of the full-scale field study.  

The inter-relationships between different groups of lichens are discussed in the same chapter.         

 

The eighth chapter analyses and discusses the on-thallus heavy metal accumulation results from 

different lichen groups from different sites.  The impact of weather variables on on-thallus heavy metal 
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accumulation is discussed in detail.  The temporal and spatial on-thallus heavy metal accumulations in 

varies groups of lichens are investigated.  The on-thallus heavy metal concentration in terms of in-

thallus accumulation and total accumulation is examined in the same chapter.    

 

The ninth chapter analyses and discusses the results in relation to the time taken by an air pollutant to 

achieve equilibrium in the lichen thallus.  Additionally, this chapter explores how total pollutants 

accumulated in a thallus decrease over time when the lichen is transplanted to a less polluted site.  

 

The tenth chapter presents conclusions drawn from the study with recommendations for future work. 
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CHAPTER 2 

 

REVIEW OF THE LITERATURE: LICHENS TO ASSESS AIR POLLUTANTS 

 

2.1 Introduction 

 

This and the following chapter review the scientific literature on current understanding of how lichens 

interact with the pollution content of the ambient air.  Lichens are extremely sensitive to changes in 

their environment.  They respond to all kinds of changes such as temperature, water availability, light, 

and air pollutants (Hauck & Huneck, 2007; Hauck, 2011).  Lichen responses can be observed as: the 

loss of biodiversity, the change of morphology, the alteration in physiological processes, and the 

accumulation of pollutants in thalli.  If the level of air pollution is extremely high, the complete 

eradication of lichen communities from the area, and the creation of a lichen desert is inevitable.  The 

literature based on the use of lichens to predict the degree of air pollution is enormous. 

 

Sections 2.1 and 2.2 of this chapter discuss the fundamental characteristics of lichens and early air 

pollution observations based on their diversity.  Section 2.3 discusses how such observations gave rise 

to different lichen biodiversity-based quantitative methods.  The terms bioindicator and biomonitor 

have been used frequently interchangeably in lichen-related literature.  The fundamental question 

addressed in Section 2.4 is ‘are these two terms interchangeable?’  Biomonitoring as a complementary 

to traditional air pollution monitoring, the advantages and disadvantages of lichens as biomonitors, and 

different approaches in biomonitoring are discussed in Section 2.5.  The sources, health impacts, and 

different analytical techniques of the air pollutants targeted in this research are discussed in Section 2.6.  

The lichen species used in recent studies are compiled in Section 2.7 and a brief account of lichens in 

the Auckland Region is included in the same section.  New Zealand has the image of being ‘clean and 

green’; hence, lichen-based pollution monitoring research is very limited.  Is New Zealand green and 

clean?  This question is discussed at the end of the chapter, with the reported lichen-based air pollution 

monitoring studies conducted in New Zealand so far. 

   

Naturalists observed the disappearance of some lichen species from heavily polluted areas in Europe in 

the early stages of the industrial revolution in the 18th century (Nimis & Purvis, 2002).  This can be 

considered the beginning of a new area of science in pollution assessment.  At the start of lichen-aided 

pollution assessments, lichen diversity was used as a qualitative indicator for air pollution (Richardson, 

1991).  Subsequently, this qualitative appraisal evolved into a more rigorous quantitative method, 

providing more detailed information about the degree of air pollution (Hawksworth, 2002).  With the 
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development of sophisticated analytical instruments, scientists were able to measure precisely different 

pollutant concentrations accumulated in lichen materials.  These methods, instruments, measurements, 

information, and processing methods have opened up a new era of prediction of the level of 

atmospheric pollution, utilizing the pollutant accumulation capability of lichens (Bargagli & Nimis, 

2002; Mikhailova, 2002; Rusu, 2002; Hawksworth, 2001). 

 

2.1.1 The nature of lichens 

 

Theophrastus (c.371– c.287 BC), a pupil of Aristotle, used the term lichen (derived from the Greek 

leikhen, meaning to lick) to describe a superficial growth on the bark of olive trees (Partridge, 1997; 

Rademaker, 1999).  Initially, biologists included lichens in the same group as liverworts (Hepaticae).  

Later, lichens were segregated from liverworts with the discovery of the dual nature of lichens by 

Simon Schwendener in 1869 (Purvis, 2000).  He identified their dual nature, describing the relationship 

as “a fungus parasite that is accustomed to live upon algae (slave), which it has sought out (or indeed 

caught hold of) and compelled to its services” (Purvis, 2000, p. 7).  Based on this concept, lichens are 

considered a good example of controlled parasitism.  This is because the fungal component seems to 

obtain most of the benefits and the photobiont may grow more slowly in the lichenized state than in 

their free-living state.  Schwendener’s views were quite revolutionary for his time, but were not 

accepted across the world.  James Crombie explained lichen in terms of a romance of lichonology, as 

the unnatural union between a captive algal damsel and a tyrant fungal master (Purvis, 2000).  Modern 

biologists consider lichens one of the finest examples of symbiosis (two or more organisms that belong 

to different kingdoms living together to their mutual benefit) that can be found in nature.   

 

Lichens are considered a symbiotic association of two or more separate living groups; namely a fungus 

known as the mycobiont component (kingdom-fungi), and one or more algal components (kingdom-

plantae) or cyanobacteria (kingdom-eubacteria) known as the photobiont component (Ahmadjian, 

1993; Nash, 2008a; Woese, Kandler, & Wheelis, 1990).  The photobiont is responsible for food 

production through photosynthesis processes, while the mycobiont provides water and nutrients as well 

as security (Ahmadjian, 1993).  This symbiotic union has made this an outstandingly successful group 

of organisms, giving them the ability to live in very unsupportive environments on Earth.  They are 

considered environmental pioneers that will grow on many hostile surfaces.  These organisms occupy a 

wide range of habitats, from tidal zones on rocky shores to mountain summits, from high temperature 

deserts to very cold polar regions, and on many oceanic islands (Galloway, 2007a).  Lichens are 

commonly found on a variety of substrates: tree trunks, wood, masonry, metal, roads, ground, rocks, 

and glass (Purvis, 2000; Richardson, 1991). 
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Lichens do not possess a specialized root system to absorb nutrients from the substrate, but have a 

rhizine or ‘holdfast’ to attach to the substrate (Nash, 2008b).  Therefore, these organisms absorb their 

nutrients from the atmosphere through wet and dry deposition (Ahmadjian, 1993).  Material absorption 

from the atmosphere is beyond their control because the thallus does not have a physical barrier like a 

cuticle to control uptake (Nash, 2008a).  They are very efficient in absorbing water vapour, and are 

considered poikilohydric organisms whose water content changes passively with surrounding 

environmental conditions, or the availability of water (Garty, 2001).  These organisms are perennials 

with a slow growth rate.  There are no specialised methods or biological structures for the removal of 

unnecessary chemicals from the thallus other than the wash-off from rain water.  All these features 

make lichens good long-term integrators of deposition from the atmosphere (Nash, 2008b). 

 

In 1982, The International Association of Lichenology (IAL) defined lichens as an association of a 

fungus and a photosynthetic symbiont resulting in a stable thallus of specific structure.  There are 

different categories of lichen thalli based on growth-form.  Some of the common categories are: 1) 

leprose, which are groups of photobiont cells surrounded by fungal hyphae; 2) crustose, having a thin 

crusty thallus that closely adheres to, or is embedded in, the surface on which it grows; 3) squamulose, 

consisting of minute scales); 4) filamentose, having algal filaments surrounded by a sheath fungal 

hyphae; 5) foliose, in which the thallus is flat and leafy; and 6) fruticose, with thallus like a shrub or a 

bush (Hawksworth, 2002).  Detailed discussions are in progress among the scholarly research about the 

nature of lichen symbiosis and this requires further investigation.  The nature of lichen symbiosis will 

not be discussed in this chapter because it is beyond the scope and objective of this research.   

 

2.2 Early observations on lichens in relation to air pollution 

 

The philosopher, botanist, and naturalist, Erasmus Darwin (grandfather of Charles Darwin), observed 

circa 1790 how lichens failed to grow in the vicinity of copper smelters at Parys Mountain in Wales 

(Hawksworth, 2002; Nimis & Purvis, 2002).  This is considered one of the pioneering observations 

relating to the impact of air pollution on lichen growth.  Independent observations made in London, 

Munich, and Paris in the 1800s documented that lichens were already disappearing from these urban 

areas (Nash, 2008b).  Just after the start of the Industrial Revolution in Europe, naturalists began to 

observe that lichens were disappearing from areas where the air was impure (Turner & Borrer, 1839 

cited in Richardson, 1991).  In 1859, Grindon attributed the reduction of lichens around cities to air 

pollution and wrote “The quality of lichen near Manchester has been much lessened of late years… 

through the influx of factory smoke, which appears to be singularly prejudicial to these lovers of pure 

air” (Richardson, 1991, p. 1).  In 1866, William Nylander reported in his article Les lichens du Jardin 
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du Luxembourg first the decline and then the disappearance of lichens on trees, based on his pioneer 

research conducted in the Jardin du Luxembourg in Paris (Andrzej, Malgorzata, Maria, & Witold, 

2007; Purvis, 2000).  Nylander is now considered the first to recognize the effect of atmospheric 

pollution on the growth of lichens (Hawksworth, 1971).  His research paved the way for the use of 

lichens to detect pollution and to determine the purity of the air. 

 

2.2.1 Use of lichen as a litmus test for air purity 

 

The use of lichens to assess the quality of air has evolved from long-standing observations in the 

relationship between air pollution and the occurrence of lichen species.  This knowledge has grown 

from many different studies around the world.  During the Industrial Revolution in the 18th and 19th 

centuries, air pollution resulted mainly from the use of coal.  From the start of the 20th century, 

extensive burning of fossil fuels (including coal) for energy generation and transportation, and various 

industrial emissions aggravated the problem (Sloof, 1995).  Industries were mostly located in cities and 

towns, and together with the burning of fossil fuels and biomass in households for domestic heating, air 

pollution in urban areas reached very high levels.  The common air pollutants generated from burning 

fossil fuels and industrial emissions are: carbon dioxide (CO2); carbon monoxide (CO); nitrogen oxides 

(NOx); ozone (O3); particulate matter (PM); poly chloro biphenyls (PCBs); polycyclic aromatic 

hydrocarbons (PAHs); radionuclides; sulphur dioxide (SO2); toxic heavy metals; unburned 

hydrocarbons; and volatile organic compounds (VOCs). 

 

Since the first observation made by Nylander, many studies have been performed in Europe with 

special reference to atmospheric SO2 and acidic precipitation (Wolterbeek et al., 2003).  There is a 

plethora of articles published based on the poor growth of lichens near high pollution emission 

industries and in heavily polluted urban areas: for example London, Glasgow, Augsburg, Munich, 

Paris, and Uppsala (Howksworth, 1971).  Morse (1941) published the first paper to demonstrate a 

relationship between lichen distribution and sulphur concentrations in order to account for the absence 

of a common lichen genera Usnea from humid forests in an industrial area in Germany (Howksworth, 

1971).  He discovered a correlation of such absence with the sulphate content of rain water (a reflection 

of the sulphur dioxide concentration of the air).  Most of the early lichen-based air pollution 

investigations consist of either detailed descriptive species lists for a series of sites, or dot maps 

showing the presence or absence of a particular species (Case, 1984).  Such investigations are helpful 

for the comparison of different geographical areas and their level of air pollution.  However, they offer 

limited information about the source of pollutants, the type of pollutants or the atmospheric 

concentrations of pollutants.  These studies were confined to Europe and North America, and 
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represented the early stages of lichen-based research.  With the improvement of scientific and 

technological knowledge, studies targeting different types of pollutants and their different sources have 

emerged.  Some of those techniques are discussed below.     

 

2.2.2 Lichen-based pollution maps  

 

Sernander (1927, cited in Kricke & Loppi, 2002) applied a three-zone spatial qualitative classification 

scheme to the area in and around Stockholm establishing the foundation for the development of lichen-

based pollution maps.  He used the terms ‘normal zone’, ‘lichen desert’ and ‘struggling zone’ to 

illustrate the impoverishment of lichens in an urban area.  These terms are still common in lichen 

literature.  During the late nineteenth century, a considerable number of lichen-centred studies were 

conducted on air pollution, and lichen-based pollution maps were developed for most areas in Europe.  

As a result of these studies, researchers concluded that SO2
 was the main cause of the reduction of 

lichen vegetation in industrial and urban areas.  The reasons for the greater sensitivity of lichens to SO2 

compared with higher plants may be because of their simple thallus structure without cuticle or 

epidermis and their poikilohydric nature (Batic, 2002).  Jones (1952) was the first to compare the 

distribution of corticolous or epiphytic lichens (living on trees or tree bark) in England with known 

concentrations of air pollution (Hawksworth, 1971).  However, he focused on smoke rather than SO2.  

In 1976, Johnson and Sochting compared the distribution of epiphytic lichens and SO2 isopleths around 

Copenhagen, discovering that the distribution of lichen species corresponded to mean winter SO2 levels 

(Van Haluwyn & Van Herk, 2002).  They made this observation based on five groups of indicator 

lichen species widely distributed in Europe.  However, the main weakness of their method is that it can 

apply only in areas where those indicator species are common.  Unfortunately, most of their indicator 

species are not common in many other areas of the world.     

  

The most famous and widely used scale of lichen sensitivity to air pollutants was introduced by 

Hawksworth and Rose.  It can be considered the first major attempt to link lichen species’ sensitivity to 

measured pollution data.  This scale used 80 lichen species to define 11 zones ranked from 0 to 10.  

Each zone of this scale was correlated to mean winter SO2 levels.  Zones 0 and 10 related to ‘highly 

polluted’ and ‘pure air’, respectively (Richardson, 1991; Rose & Hawksworth, 1981).  These zones 

were mainly characterized by morphological criteria: for example, the tendency to growth, tendency to 

spread out, and some statistical criteria such as appearance and species abundance (Falla, Laval-Gilly, 

Henryon, Morlot, & Ferard, 2000).  The resulting maps were accurate within the range of SO2 

concentrations from ‘pure air’ to 170 µg m-3, the level at which all epiphytic lichens disappear (Van 

Haluwyn & Van Herk, 2002).  The Hawksworth and Rose scale has been widely used in lichen-based 
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pollution maps throughout the world, in some cases in a modified form.  The relatively low cost of this 

technique can be considered its main appeal.  A major drawback is that a species must have 

disappeared before an effect due to the SO2 is registered on the thallus (Richardson, 1991).  Another 

problem is that these maps are purely based on lichen cover, and very toxitolerant species could be 

widely distributed even in relatively heavily polluted areas (Case, 1984).  With the improvement of 

scientific knowledge, it was revealed that lichens were not only sensitive to SO2 but also to most of the 

other air pollutants such as agricultural chemicals, fluorides, heavy metals, NOx, O3, PAHs, and VOCs 

(Purvis, 2000; Richardson, 1991).  The Hawksworth and Rose scale only targeted SO2 pollution, 

another limitation.  All the studies referred to above are based on direct observation of species, 

communities or both, and are mainly focused on the qualitative aspects of the lichen community.   

 

2.3 Lichen biodiversity-based quantitative methods 

 

During the 1970s researchers focused on developing quantitative methods to understand the details of 

the subtle and progressive changes in lichen communities due to air pollution.  They did this by 

recording the occurrence of all species at each site, together with a measure of frequency, sometimes in 

conjunction with percentage cover.  This process required considerable taxonomic knowledge and was 

rather time consuming.  The information generated through the process was used to calculate an index 

of atmospheric purity (IAP).  The first procedure to calculate IAP was developed in 1964 by Leblanc 

and De Sloover (Gombert, Asta, & Seaward, 2004; LeBlanc & De Sloover, 1970).   

 

2.3.1 Index of atmospheric purity 

 

The IAP provides numerical information, which can be used to compare pollution levels of different 

study sites.  Calculation of IAP is a phytosociological approach to monitor air pollution using the 

sensitivity of lichen communities to air pollutants, identifying the response of organisms to different 

levels of pollution (Asta et al., 2002).  The compositional change in the lichen community is one of the 

main responses to the quality of air and has a direct correlation with the level of air pollution 

(Szczepaniak & Biziuk, 2003).  Therefore, calculation of IAP is referred to as the use of lichens as 

bioindicators, or the floristic method.  Bioindication is interpreted as the difference in biological 

elements’ sensitivity due to stress induced by pollution (Garty, 2001).  Physical deterioration of the 

bioindicators, such as damage to the chlorophyll and photosynthetic process is the first visible 

symptom of exposure to pollutants (Hauck, 2011; Kricke & Loppi, 2002).  Next, morphological 

changes such as vegetative destruction, and sometimes the disappearance of pollutant-intolerant 

species, or an increase of pollutant-tolerant species in the ecosystem, is possible (Van Haluwyn & Van 
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Herk, 2002; Will-Wolf, Scheidegger, & McCune, 2002).  This pollution-induced damage on the lichen 

community is used in IAP calculation procedures.   

 

An IAP value is calculated using numerical values obtained from the phytosociological characteristics 

of the lichen community for a target site (Jeran, Jacimovic, Batic, & Mavsar, 2002).  These 

characteristics are based on the number of species, their frequency, and tolerance to air pollutants.   It is 

calculated using a mathematical equation and does not require the laboratory analysis of samples (Conti 

& Cecchetti, 2001; Gombert et al., 2004).  IAP-based maps have been developed for different regions 

in the world with lines joining sites where the indices are numerically similar (Case, 1984).  The 

equation for calculating IAP to express the degree of air pollution via an epiphytic lichen survey is 

given as: 
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where n is the number of species at a site, Q is the index of toxiphoby of each species, and f is the 

frequency-abundance of each species.  The index of toxiphoby is a measure of the degree of sensitivity 

of a lichen species to a given environmental stress factor, which is empirically derived from different 

mapping studies in Europe (Kricke & Loppi, 2002).             

 

The reliability of IAP-based assessment increases with the proportion of pollution sensitive lichen 

species recorded in a survey and the lack of such species can be countered by the inclusion of more 

trees at each site (Richardson, 1991).  This method has the advantage of providing a numerical estimate 

of air pollution, and is easy to use.  However, it has practical disadvantages: for example frequency 

abundance ratings must be assigned by one person, such as a well-trained lichenologist, to maintain a 

consistent bias throughout the study (Falla et al., 2000).  Application of this method can be time 

consuming.  In order to enable homogenous observations, finding the same tree species in the study 

area may be difficult (Jeran et al., 2002).  The origin and type of pollutant can only be predicted based 

on the nearby pollution sources from the IAP data and cannot be confirmed (Falla et al., 2000).  There 

may be some lichen species, which are sensitive to ecological condition variations other than pollution 

and this may be reflected in IAP values (Case, 1984).  Clearly, this approach is not applicable to places 

where lichen communities are completely eliminated due to severe pollution.   

 

2.3.1.1 The revised IAP procedure 

 

Several researchers recognised the subjective nature of assigning frequency-abundance ranking values, 

and attempted to modify the index to make it more objective.  Case (1984) reported that Mathis (1974) 

(2.1)
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and Case (1978; 1980) used standardized quadrates divided into many micro-quadrates to collect 

coverage and frequency data.  These data provided an estimation of actual coverage with standard 

quadrates in uniform habitats to provide an objective numerical assessment of the lichen community 

(Case, 1984).  Later, in 1970, De Sloover and LeBlanc improved their original mathematical 

expression, and a revised version of IAP was introduced as:   

  


n fQ
IAP

1 10
 

where n is the number of species at a station, Q is the factor of accompanying species, and f is cover 

and frequency of each species (Kricke & Loppi, 2002).  The factor of accompanying species is defined 

by the number of species occurring together with the indicator species.  Further details on these 

variables are discussed in detail in Section 4.3.1.   

    

2.3.1.2 IAP calculation procedures developed and tested in the Swiss project 

 

In Switzerland, a large scale project began in the 1980s to develop an objective and reproducible 

indication model, sensitive to the combined influence of atmospheric pollutants (Herzig et al., 1989).  

Based on the IAP calculation procedure discussed in Section 2.3.1.1, a new set of procedures for 

calculating IAP was developed.  This new set of IAP calculation procedures provided the opportunity 

to compare lichen-based data with real-time pollution data statistically.  In this project, more than 

twenty different derivatives of the original IAP equation (2.2) were developed.  Some of the widely 

used mathematical expressions are shown in Figure 2.1 (Kricke & Loppi, 2002).  At the development 

phase of these derivatives, the main parameters considered were: the number of lichen species, the 

frequency, and tolerance of the lichens presented in the area.  These procedures were tested using 

lichen communities on 500 trees in the vicinity of 13 air pollution measuring stations, in the Biel 

Region, Switzerland (Gonzalez, Orellana, Casanovas, & Pignata, 1998).   
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Figure 2.1.  Some of the IAP derivatives tested in the Swiss project.  Where: Q is the factor of 
accompanying species; C is percentage cover on a scale of 0, +, 1, 2, 3, 4, and 5; and F is frequency 
(values from 1 to 10), expressed as none, moderate, and strong damage.  V is the vitality, an evaluation 
of health and growth condition of each species on a scale of 1 - very well, 2 - medium, and 3 - poorly 
developed.  S is injury, based on three stages: 1 – none, 2 – slight, and 3 - injured.   

(2.2) 
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In general, lichen-based IAP calculation techniques have received considerable attention from 

researchers, mainly because they are easy to use.  A good example is a nationwide lichen-based air 

quality survey conducted in the United Kingdom.  The respondents in this survey were school children, 

university students, and amateurs, and an air quality map covering the entire country was produced in 

1971 based on the results (Richardson, 1991).  A large number of articles have been published during 

the last three decades based on IAP techniques, for example, Brunialti and Giordani (2003); Gombert, 

et al. (2004); Herzig et al. (1989); Jeran et al. (2002); Kaffer et al. (2011).  The IAP data was calculated 

for the current research for 13 study sites in order to understand the level of air pollution.  The 

equations and procedures involved are discussed in detail in Section 4.3.1.       

 

2.3.2 Recent improvements for IAP calculation 

 

The Luftgüte-Index (LuGI) and the lichen diversity value (LDV) are two other lichen-based indices 

advanced based on procedures developed in the Swiss project (Kricke & Loppi, 2002).  The 

applications of these procedures were limited because they were primarily developed for European 

climatic conditions and were rather complicated.  Computer assisted techniques have been developed to 

improve IAP applications: for example, the use of three-dimensional IAP maps (Batic, 2002).  

Additionally, photographic methods using black and white, colour, false colour, and infrared have been 

used to provide a permanent record of long term studies (Purvis, Erotokritou, Wolseley, Williamson, & 

Read, 2002).  Under this method, standardized photographic techniques are utilized to capture pictures 

rapidly in the field, thus reducing field time and analysis later in the laboratory.  Rapid advances in 

computer hardware, digital cameras, and image analysis software have facilitated comprehensive 

studies on lichens, which would have been impractical a few years ago (Purvis et al., 2002).   

 

2.3.3 Transition from phytosociological approach to analytical approach  

 

The IAP values do not provide direct measurements of the actual air pollution load; rather they are an 

estimate of the degree of alteration from natural conditions by pollution-reactive components of 

ecosystems.  IAPs are an indication of the effects of pollution on the biotic components of ecosystems 

(Kricke & Loppi, 2002).  The use of lichens as biomonitors based on their physicochemical and 

biological properties is an alternative approach to the lichens’ use as bioindicators.  This method 

involves active biomonitoring and passive biomonitoring (Ayrault et al., 2007).  In active 

biomonitoring, researchers expose known lichen species to environmental conditions with the 

expectation of measuring the accumulation of target pollutants for a pre-defined period of time.  The 

objective of passive biomonitoring is to observe or analyse the target pollutant content of in-situ lichens 

already in equilibrium with existing air pollutants.  Some publications alternatively use the terms 
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indigenous, resident or aboriginal as synonymous with in-situ (Mikhailova & Sharunova, 2008; 

Sondergaard, Johansen, Asmund, & Riget, 2011).  The term in-situ can be defined as the observing or 

monitoring of lichens exactly in place where they occur without transporting or transplanting to another 

location.  Active biomonitoring has different application techniques, which can be broadly classified 

into three main categories: transplantation technique, lichen bag technique, and other techniques.  All 

the above discussed lichen-centred air pollution investigating approaches, belonging to bioindicating 

and biomonitoring methods, are summarised in Figure 2.2.  Active and passive biomonitoring 

approaches are discussed in detail in Section 2.5.2.   

     

 

Figure 2.2.  General classification of lichen-centred air pollution monitoring techniques. 
 

2.4 Lichen as a bioindicator or biomonitor? 

 

Large numbers of research articles have been published on the use of lichens to predict air pollution 

(Garty, 2001).  Most of those publications are about employing lichens as either ‘biomonitors’ or 

‘bioindicators’.  The definition of the term biomonitors by Markert et al. (1997, cited in Garty 2001, p. 

312) is: “Organisms or communities of organisms whose content of certain elements or compounds and 

or whose morphological, histological or cellular structure, metabolic-biochemical processes, behaviour 

or population structure(s), including changes in these parameters, supply information on the 

quantitative aspects of the quality of the environment, or changes in the environment”.  This definition 

is relatively broad and includes qualitative characteristics such as morphological, histological, 

behavioural, and population structure.  The term bioindicator is used to describe the response of 

organisms to different levels of pollution.   
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In contrast to the term ‘indicator’, ‘monitor’ refers to an intermittent (regular or irregular) entity that 

can be used for surveillance to ascertain the extent of compliance with a predetermined standard, or 

degree of deviation from an expected norm (Hellawell, 1991, cited in Nimis et al., 2002).  The result is 

always a numeric value.  In most cases, the measured characteristic can be compared with a 

predetermined standard or reference.  For example, the target pollutant content in samples collected 

from an industrial site is greater than samples collected from a rural site.  The term ‘indicator’ signifies 

a characteristic that can be measured to estimate the status and trends of the pollution (Hunsaker, 

1993).  In the case of indicators, the target pollutant will not be directly measured.  Rather, the 

indicators measure other parameters, with which the status or trend of the environmental pollution can 

be compared.   

 

A review of the literature shows that the terms bioindicator and biomonitor are used interchangeably.  

Garty (2001) argues that the two terms are not interchangeable.  Therefore, it is important to use the 

correct term in the correct place based on the definitions given above.  Lichens were used as 

biomonitors as well as bioindicators in the current study.  The situation where lichen communities were 

used to calculate IAP is an example of the use of lichens as bioindicators.  Where thalli were 

quantitatively analysed for heavy metals to monitor the heavy metal pollution in the air is an example 

of the use of lichens as biomonitors.  

 

2.4.1 Concept of ‘clean’ in air pollution research 

 

The objective of lichen-involved air pollution assessment studies is to estimate the degree of air 

pollution at different sites.  These estimates are compared with an estimate obtained from a reference 

site.  In most cases, the reference site is a location with lesser amounts of air pollutants, mainly away 

from anthropogenic air polluting processes.  Due to the global circulation system, there are practically 

no locations with a zero level of air pollutants.  Therefore, researchers use reference sites with 

relatively low air pollutants for comparison purposes.  Terms: normal, natural, clean, control, 

unpolluted, base-line, and less polluted are used alternatively to refer to such sites.  Loppi, Giordani, 

Brunialti, Isocrono, and Piervittori (2002) defined natural as those sites free from anthropogenic 

influences and a long distance from the sources of pollution.  This definition was used when selecting 

reference sites for the present research and these reference sites are referred to as clean sites.  The 

details of clean-site selection and selected sites are included in Table 4.3 and Section 4.1.5.4.      
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2.5 Biomonitoring as a complementary to instrumental air pollution monitoring 

 

The early stages of air quality biomonitoring were focused on smoke, soot, PM, and other substances 

with direct impacts on human health, property or agriculture.  Over time, accurate, sophisticated, and 

expensive instrumentation have been developed to identify and quantify different types of air 

pollutants.  The data generated through this sophisticated electronic equipment provides information 

about pollution exclusively.  However, there is no precise method or system to measure the cumulative 

effect of pollutants on the biotic components of the environment over time.  Cairns (1981, as quoted in 

Case, 1984, p. 304) stated “… no equation exists that permits the precise conversion of the effects of 

chemical or physical alteration of the environment upon living things”.  Therefore, biomonitoring is 

complementary method which researchers use to understand the impact of pollution on biotic 

components, which is accurate, and can be used as a descriptor for air quality.  

 

Existing legislative and regulatory systems are based on air quality measurements employing the 

physicochemical properties of pollutants.  Therefore, active air pollution monitoring equipment (e.g. 

high-volume air samplers) is used.  These devices cannot appreciate the cumulative and synergetic 

effects of pollution on the biosphere because they can only measure that which they were designed to 

measure.  Considering this problem, the use of biomonitors has several advantages including the 

introduction of further data into the traditional monitoring systems.  Another advantage is that 

biomonitors provide the knowledge about the mean levels of pollution concentration in biotic 

components in minute amounts thanks to their bioaccumulation process.  Another benefit is that 

biomonitors deliver information about the situation in toxicological and ecotoxicological perspectives.  

These are more realistic approaches to the impact of air pollutants on environment and human health, 

because they consider the concepts of bioavailability, dose, and exposure (Falla et al., 2000). 

 

Researchers have examined a wide spectrum of biological material in search of biomonitors not 

restricted to lichens.  These include: fungi, mosses, seaweed, ferns, grass, higher plants, tree bark, tree 

rings, tree leaves, pine needles, worms, mussels, snails, insects, and fish (Aslan, Budak, & Karabulut, 

2004; Sondergaard, Asmund, Johansen, & Elberling, 2010; Wolterbeek, 2001).  The main property of 

any biomonitor is its ability to accumulate higher contents of target pollutants in its tissues.  This ability 

is used to monitor the concentration of such chemicals in the air as an integrated measurement.  

Bioaccumulation is the result of the equilibrium process of biological components of biota compound 

intake and discharge from and into the surrounding environment (Conti & Cecchetti, 2001).  Thus, in 

some publications, biomonitors are also referred to as bioaccumulators (Brunialti & Giordani, 2003).      
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2.5.1 Characteristics of an ideal biomonitor 

 

Phillips (1980) and Stocker (1980) described the following characteristics that an ideal biomonitor 

should possess (Conti & Cecchetti, 2001).  Ideally it should accumulate the pollutant without being 

killed by the levels of pollutant with which it comes into contact.  It must have a wide geographical 

distribution.  It needs to be abundant, sedentary or of scarce mobility, and representative of the 

collection area.  The biomonitor must be available all year round, and there should be the possibility of 

collecting a sufficient amount of tissues for analysis.  It should be easy to collect, and resistant to 

laboratory conditions.  Additionally, it should have a simple correlation between the quantity of 

contaminant contained in the organism and the average contaminant concentration in the surrounding 

environment.  Finally, the biomonitor must have the same contaminant content level correlation with 

the surrounding environment in every site studied and under any condition.  This must be true for all 

organisms examined. 

 

2.5.1.1 Advantages and disadvantages of lichens as biomonitors 

 

Lichens possess most of the characteristics of an ideal biomonitor, as discussed in Section 2.5.1.  

During the last half century, many researchers have investigated the biomonitoring capabilities of 

different lichen species with respect to their sensitivity to different pollutants (Wolseley & Hill, 2002).  

The biomonitoring method based on lichens has its own merits and demerits, as is true for any other 

scientific technique.   

 

The main merits of lichens as biomonitors are as follows: lichens have no root system or well 

developed cuticle and stomata, and so absorb all pollutants around the thallus from the air without any 

selection (Oztetik & Cicek, 2011).  They are freely available and have very wide geographical 

distribution (Wolterbeek, 2002).  Lichens show no seasonal morphological variation and some species 

are easily detachable from the substrate, and therefore are easy to transplant and to sample (Case, 

1984).  Depending on the lichen species, it is possible to measure whole lichen-thalli, and sometimes to 

separate older and younger parts of the thallus (Case, 1984; Ferretti & Erhardt, 2002).  Most airborne 

organic and inorganic pollutants are accumulated by lichens at levels exceeding their metabolic 

requirements, and respond quickly to newly established, increased or decreased pollution emissions 

(Heinrich & Remele, 2002; Szczepaniak & Biziuk, 2003).   

 

Lichens are not toxitolerant, especially against SO2, and therefore are not present in areas with high air 

pollution, such as in the centres of towns and industrial areas (Case, 1984; Garty, 2001, Heinrich & 
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Remele, 2002).  This is one of the demerits of lichens as biomonitors.  For some lichen species, it is 

impossible to know the age of parts of the thallus, which is another drawback (Ferretti & Erhardt, 2002; 

Wolterbeek, 2002).  Lichens are slow growing and difficult to grow under standardised conditions, 

therefore all exposed material has to be obtained from nature (Case, 1984; Szczepaniak & Biziuk, 

2003).  Another problem is that lichen identification needs experience.  Therefore, researchers should 

have a sufficient knowledge of lichen taxonomy (Ferretti & Erhardt, 2002; Heinrich & Remele, 2002).           

 

2.5.1.2 Advantages of corticolous lichens 

 

A large amount of lichen-based air pollution research used corticolous or epiphytic species in 

preference to saxicolous (growing on rocks) species or terricolous (living in or on the ground) species.  

There are several motives for this.  The advantages of using corticolous over saxicolous and terricolous 

lichens are discussed below.  One of the main benefits is that epiphytic lichens mainly depend for their 

nutrient requirements on the air, whereas saxicolous or terricolous species can take up their nutrients 

from soil water (Ferreti & Erhardt, 2002).  Therefore, the pollutant content of the corticolous lichen 

thallus is only absorbed from the air.  Another advantage is that corticolous lichens are less susceptible 

to contamination by rain splashes as they grow above the ground.  Saxicolous and terricolous lichens 

can be destroyed and contaminated by tramping.  Tree bark is considered to be a more uniform 

substrate compared to soil or rock, hence, the possibility of obtaining a homogeneous set of lichen 

samples from epiphytic lichens is high (Ferreti & Erhardt, 2002).  Epiphytic lichens are less prone to 

snow cover and remain exposed during most of the year.  Considering the above advantages, three 

widely distributed corticolous lichen species in the Auckland Region were selected for the current 

research.  The selection criteria and characteristics of each species are discussed in detail in Section 

4.1.4.       

 

2.5.2 Different approaches in biomonitoring  

 

There are two practical approaches in biomonitoring, namely, passive biomonitoring and active 

biomonitoring (Ayrault et al., 2007), introduced in Section 2.3.3.  The primary objective of passive 

biomonitoring is to measure the target pollutant content of in-situ lichens.  In-situ lichens are those 

which have been exposed to the environment for an extended period of time, and in which the 

pollutants in the thallus are in equilibrium with pollutants available in the environment.  In passive 

biomonitoring techniques, samples of in-situ lichens from the environment concerned are chemically or 

physically analysed for target pollutants, and the goal is to obtain quantitative information on the 

present air quality (Branquinho et al., 2008).  During the last 50 years, a significant amount of literature 
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has been published on lichen biomonitoring, the majority of which is based on passive biomonitoring.  

The reason for this may be that the research design of passive biomonitoring is less complicated 

compared to the active biomonitoring method.    

 

Active biomonitoring can be considered an extension of passive biomonitoring and is usually involved 

with species which are easily collectable, transplantable, and observable, i.e., relatively foliose or 

fruticose lichens (Mikhailova, 2002).  In this process, lichen samples from a control environment, 

usually from a less polluted site, are exposed to the target environment for a defined period of time, 

then chemically or physically analysed for target pollutant accumulation.  Several attempts have been 

made to classify different techniques of active biomonitoring methods based on lichens and mosses 

(Szczepaniak & Biziuk, 2003).  A generalized classification was included in Figure 2.2.  Based on the 

reviewed literature, the two most popular active biomonitoring techniques are: the transplantation 

technique and the lichen bag technique.  There are a few other minor improvements to these two 

techniques and these are categorised under ‘other techniques’ in Figure 2.2.   

 

Several researchers have used the transplantation technique because they could obtain temporal lichen-

based information about target pollutants.  Under this technique, lichen samples from a control site are 

transplanted to the site of concern, a polluted site in most cases, with a substrate such as branch, tree 

bark or twig.  One of the main advantages of this technique is that there is no need to separate the 

lichens from the substrate, and this reduces the possibility of contamination and destruction 

(Williamson, Purvis, Mikhailova, Spiro, & Udachin, 2008).  The two approaches of biomonitoring, 

explained above, were used in the present research.  The application and procedural information about 

the above techniques are discussed in detail in Sections 4.2 to 4.2.3.  In order to obtain a complete 

understanding about all biomonitoring techniques, the remaining procedures are discussed below.   

 

The lichen bag technique is known as the moss bag technique, because it was initially used for moss 

transplantation studies (Szczepaniak & Biziuk, 2003).  Szczepaniak and Biziuk (2003) reported that 

this approach was originally employed by Goodman and Roberts (1971), and later modified by Little 

and Martin (1974).  The technique is quite popular among researchers where the target lichen species 

are not available on a single piece of substrate such as a tree branch or bark pieces in substantial 

quantities.  The collected lichen thalli are removed using a sharp knife or drill, avoiding damage to 

thalli, and with minimum contamination and without any substrate are placed in bags of plastic net or 

in perforated plastic containers.  These bags or containers are hung on trees.   
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The lichen bag technique is easy to adopt, but there are both advantages and disadvantages to the active 

transplanting technique.  The main disadvantage is that lichen bags tend to dry out quickly.  The 

efficiency of pollutant accumulation into the thallus mainly depends on the availability of water within 

it.  Therefore, this technique is good for a short-term study from a few weeks to a couple of months.  

Al-Radady, Davies, and French (1993) have tried to overcome this problem by introducing a 

polyethylene box with a net on the box and using capillary matting, but these improvements were 

limited to moss-related active biomonitoring research.  There are a number of published studies based 

on the lichen bag technique in monitoring airborne pollutants in various parts of the world (e.g. Aprile 

et al., 2010; Bari et al., 2001; Frati, Brunialti, & Loppi, 2005; Guidotti et al., 2009; Oztetik & Cicek, 

2011).  There are a few other techniques used such as test chamber and test plant (indoor) (Szczepaniak 

& Biziuk 2003), but their applications are not common in scholarly articles.  These techniques are 

collectively categorized under ‘other methods’ in Section 2.3.3 and Figure 2.2.  Given that the 

transplantation technique was the main procedure used in the current research, therefore it is 

worthwhile to discuss the evolution of the practice in detail.              

 

2.5.2.1 Historical development of the lichen transplantation techniques 

 

Arnold pioneered lichen transplantation research at the start of the 20th Century (Hawksworth, 1971).  

He brought lichens from a rural area of Germany into the Munich city environs where they died, so 

illustrating their intolerance to the urban environment.  It is generally believed that this was the first 

transplantation study conducted with lichens.  In the 1960s, transplantation techniques were introduced 

as a solution to the problem of non-availability of lichens in many urban and industrialized areas that 

are lichen deserts due to pollution.  Brodo (1961) was the first to conduct a comprehensive transplant 

study to monitor the effect of air pollution on lichen flora in Long Island, New York.  He used bark 

cores 4 cm in diameter from oak trees in an unpolluted area and attached these to host trees at varying 

distances from the city.  After four months, he observed that the lichen samples close to the city 

showed damage.  From this, he concluded that the greater the distance from the city, the less damage 

caused.  In 1984, Holopainen began research in Finland using tree branches with abundant lichen 

growth (Garty, 2001).  He attached the branches to trees in urban industrial areas and assessed the 

impact of gaseous air pollution by looking at the ultra-structure of the lichen algae using a transmission 

electron microscope.  By observing the lichen samples collected periodically from one to 40 weeks, he 

noticed that the speed with which symptoms developed, and their severity, related to the distance from 

the pollution source.  More recently, Bari et al. (2001) employed an improved exposure technique by 

the attachment of lichen thalli with nylon thread to a 50 × 50 cm Teflon board.   
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It is widely held that the most convenient, cheap, and effective method of active biomonitoring is the 

transplantation technique, though the main difficulty is finding tree branches or tree bark with sufficient 

lichen cover.  Sometimes this is not possible due to heavy air pollution.  A significant body of literature 

has investigated air quality utilizing lichen transplantation techniques during the last two decades (e.g. 

Bennett, Dibben, & Lyman, 1996; Mikhailova & Sharunova, 2008; Purvis et al., 2004; Williamson et 

al., 2008).  In transplantation techniques, care must be taken when selecting both the transplanting site 

and the control site.  Both sites are supposed to be in the same climatic region so that the climatic 

conditions do not differ greatly.  This helps the transplanted lichens to acclimatise quickly to their new 

environment.  Avoiding the dry season at the start of the transplant experiment is also important in 

order to protect lichens from desiccation (Garty, 2002). 

 

Whichever biomonitoring technique is used throughout the study, the main objective of biomonitoring 

research is to investigate the quantity of air pollutants accumulated into the thallus from the 

surrounding atmosphere.  Based on the amount accumulated in the thallus, researchers can predict the 

level of pollutants in the air.  Therefore, it is important to consider the types of air pollutants that can be 

monitored using lichens, with their sources, their significance as a pollutant, and their health 

implications.   

 

2.6 Target airborne pollutants in lichen biomonitoring 

 

Lichens have been used in biomonitoring experiments since the 1960s to study the impacts of gaseous 

pollutants such as SO2, NO2, hydrogen fluoride (HF) or O3 (Nash, 2008b).  Based on the scientific 

literature reviewed, from the 1980s onwards lichens were used in monitoring airborne inorganic and 

organic pollutants.  Heavy metals, radionuclides, metal isotopes, and other metals are examples of 

inorganic pollutants used in lichen monitoring.  PAHs, PCBs, dioxins, and furans are examples of 

organic pollutants used in lichen monitoring.  In the present research, the target air pollutants are 

mainly heavy metals.  PAHs and PM were also included in the initial stage of this research.  PM is 

considered a common air pollutant that may include acids, organic compounds, heavy metals, other 

metals, soot, dust, dirt or soil.  It is one of the main sources of pollutants to lichens due to toxicity.  

Details relating to heavy metals, PAHs, and PM are discussed in Sections 2.6.1 to 2.6.3.1 below.   

 

2.6.1 Heavy metals 

 

The term ‘heavy metal’ a loosely defined phrase with no coherent scientific basis is used to describe 

more than a dozen elements that are metals or metalloids (elements with both metal and non-metal 
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characteristics) (Duffus, 2002; Jarup, 2003).  Examples of heavy metals are: arsenic (As), cadmium 

(Cd), cesium (Cs), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), manganese (Mn), mercury 

(Hg), molybdenum (Mo), nickel (Ni), strontium (Sn), vanadium (V), and zinc (Zn).  In general, the 

specific gravity of heavy metals comes close to five or higher (Jarup, 2003).  Duffus (2002) argued that 

the term heavy metal is arbitrary and imprecise.  He reported that the term heavy metal is commonly 

used in biological and environmental studies to specify a group of metals with some connotations to 

pollution and toxicity.  The scientific community is still in debate over this term, but there is no 

alternative term proposed.  Therefore, the term heavy metal is used throughout the present study to 

collectively address the target metals of the research, having an impact on the environment and human 

health.   

 

Small amounts of heavy metals are common in most environments and food, and are vital for good 

health.  Since these elements cannot be degraded or destroyed, heavy metals are persistent in all parts 

of the environment.  Excessive amounts of any heavy metal may cause acute or chronic toxicity for 

biota, and some can have carcinogenic properties (Duffus, 2002).  Depending on the degree of 

exposure and the concentration of the element, flora and fauna are affected by the toxicity inherent in 

many heavy metals.  One of the most dangerous properties of heavy metals is that some accumulate in 

biological tissues.  Even when their concentrations in the environment are comparatively low, over a 

long period of time these concentrations can reach lethal levels (Kampa & Castanas, 2008).  

Considering their toxicity and persistence in the atmosphere, some health professionals classify heavy 

metals as the most dangerous group of anthropogenic environmental pollutants (Carreras, Wannaz, & 

Pignata, 2009).   

 

At the beginning of the current research, As, Cd, Co, Cr, Cu, Ni, Pb, and Zn were targeted heavy 

metals.  They are the common elements in industrial and vehicular emissions with major impacts on 

human health.  Later As, Cd, Co, and Ni were removed from the study due to their insignificant 

availability on the lichen thallus (Chapter 6).  The remaining four heavy metals, namely, Cr, Cu, Pb, 

and Zn were selected for full-scale study.  Their toxic effects, industrial uses, sources, and general 

analysing techniques for them are discussed in following sections.  How these pollutants were analysed 

in the laboratory for the present research is discussed in Section 4.2.5.       

 

2.6.1.1 Relevance of heavy metals to health issues 

 

Heavy metal poisoning can cause damage to the central nervous system, lungs, kidneys, liver, and other 

vital organs (Ali & Aboul-Enein, 2006).  In addition, heavy metal toxicity may result in slowly 
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progressing physical, muscular, and neurological degenerative processes that resemble Alzheimer’s 

disease, parkinson’s disease, muscular dystrophy, multiple sclerosis, and allergies (Ali & Aboul-Enein, 

2006).  Recent evidence suggests that heavy metals are associated with a myriad of adverse health 

effects, including allergic reactions (e.g. Cr), neurotoxicity (e.g. Pb), nephrotoxicity (e.g. Hg, Cr, and 

Cd), and cancer (e.g. As and Cr) (Whitaker & Fowler, 2002).  Cr is a toxic metal that can cause nausea 

and vomiting in low concentration, while long-term exposure may be associated with extreme 

restlessness, irritability, headache, chest pain, diarrhoea, kidney damage, and osteoporosis (Ali & 

Aboul-Enein, 2006).  The International Agency for Research on Cancer classified Cr as a Group One 

carcinogen (IARC, 2010).  Cr affects the liver, kidneys, and respiratory organs with haemorrhagic 

effects (Ali & Aboul-Enein, 2006).  Cu and Zn are considered non-toxic elements at lower 

concentrations.  However, in high concentrations, cardiovascular diseases, disorders of the nervous 

system, and kidney disorders are possible (Ali & Aboul-Enein, 2006).  Pb is the most significant toxin 

of the above listed heavy metals, causing irreversible damage to the nervous, renal, cardiovascular, 

gastrointestinal, and reproductive systems (Gupta, Ali, & Aboul-Enein, 2007; Moreira, Borges, & 

Oliveira, 2005).   

 

2.6.1.2 Industrial uses and possible sources of Cr, Cu, Pb, and Zn 

 

The industrial applications of Cr are in alloy production, as a tanning agent, in paint pigments, and as a 

catalyst in impregnation solution for preserving wood or in photography (Volesky & Naja, 2009).  

Possible sources of airborne Cr are coal and oil combustion, especially from diesel vehicles, refuse 

incineration, car painting, and electroplating (Eisler, 2000).  The main atmospheric Cu sources are coal 

burning, Cu containing fungicides, metal working factories, welding, electroplating, and lubricating 

oils (Baptista et al., 2008).  The common Cu-based industries are manufacturing electrical and 

electronic equipment, manufacturing alloys, and wood preservation (Whitaker & Fowler 2002).   

 

Exhaust-pipe emission from petrol vehicles was considered the main source for airborne Pb when Pb 

additives were added to petrol to boost the octane rating (Ward, 1995).  In New Zealand, reduction of 

Pb content in petrol started in 1986 and was totally phased out in 1996 (Ministry of Environment, 

2007).  This phasing-out process resulted in a drastic decrease of Pb concentration in the air.  

Therefore, leaded petrol cannot be considered a source for airborne Pb.  However, Pb from early 

exhaust emissions mixed with soil near roads is still preserved today, and undergoes a fractionation 

process, leading to Pb partitioning between different street dust and soil chemical fractions (Al-Chalabi 

& Hawker, 1996).  Therefore, re-suspension of street dust with Pb is still a source for airborne Pb 

(Guidotti et al., 2009; Kakulu, 2003; Olowoyo, Heerden, & Fischer 2010; Sabin et al., 2006).  Other 
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possible sources of airborne Pb are emissions from lead smelters, battery production plants, waste 

incinerators, steel-metallurgy plants, wood burning, and Pb-based paints (Andrews, 1992; Flament, 

Bertho, Deboudt, Veron, & Puskaric, 2002).  The most common industrial emission sources of Zn are 

zinc refineries, brass and bronze industries, zinc-galvanizing, manufacturing batteries, and 

manufacturing electric and electronic equipment (EPA, 2010).   

 

Apart from direct emission from industries, the other common source of heavy metals into the 

atmosphere is vehicular emissions.  Traffic-related pollution includes tyre wear (Cd, Pb, and Zn), brake 

wear (Cr, Cu, Pb, and Zn), vehicle body degradation (Ni), engine fluid spills (Cr, Ni, and Zn), and 

exhaust emissions (Cr, Cu, and Zn) (Adachi & Tainosho, 2004; Charlesworth, Everett, McCarthy, 

Ordonez, & de Miguel, 2003; Dongarra, Manno, & Varrica, 2009; Sabin et al., 2006; Sutherland & 

Tolosa, 2000; Tam, Liu, Wong, & Wong, 1987; Zanders, 2005; Zechmeister, Hohenwallner, Riss, & 

Hanus-Illnar, 2005).  The emissions of the heavy metals discussed above intensify with the increased 

frequency of braking and accelerating (Zanders, 2005). 

 

2.6.1.3 Analysing heavy metals in lichens 

 

Significant amounts of heavy metals are being released to the atmosphere from the above emission 

sources daily.  Lichens accumulate these airborne heavy metals in their thalli.  The quantitative 

measurement of pollutants in the lichen thallus is one of the main aspects of any biomonitoring 

program.  There are several techniques available for measuring metals in biological materials in minute 

quantities.  However, it is important to note that there is no single analytical technique ideally suited to 

the quantification of all sample matrices and concentration of analytes.   

 

During the selection process of the analytical technique, the researcher must consider the following 

factors: sensitivity, detection limit, accuracy, precision, scope, selectivity, availability, time, and cost 

per analysis (Rusu, 2002).  Some common analytical techniques are atomic absorption spectroscopy 

(AAS); energy dispersive X-ray fluorescence spectrometry (EDXRF); inductively coupled plasma 

atomic emission spectrometry (ICP-AES); instrumental neutron activation analysis (INAA); 

inductively coupled plasma mass spectrometry (ICP-MS); proton induced X-ray emission technique 

(PIXE); and X-ray fluorescence analysis (XRFA) (Boamponsem, Adam, Dampare, Nyarko, & 

Essumang, 2010; Garty, 2002; Gunathilaka, Ranundeniya, Najim, & Seneviratne, 2011; Mendil, Celik, 

Tuzen, & Soylak, 2009). 
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There are advantages and disadvantages to all the above methods.  AAS techniques are simple, 

convenient, and widely applicable.  There are two types of AAS: flame atomic absorption spectroscopy 

(FAAS) and graphite furnace atomic absorption spectroscopy (GFAAS).  FAAS has high specificity, 

but some elements, for example B, Ta, and W, cannot be quantified.  GFAAS offers greater sensitivity 

than FAAS (Ali & Aboul-Enein, 2006).  The latter has advantages such as the requirement for a smaller 

sample volume but has lower precision, and is considerably more susceptible to matrix effect (Goreti & 

Welz, 2004).  The main disadvantage of the AAS is its relative sluggishness because only one element 

can be quantified at a time (Rusu, 2002). 

 

The advantages of INAA are its high sensitivity, minimal sample preparation, and easy calibration.  

The disadvantages are the high cost of the equipment, the requirement for special facilities for the safe 

handling, and safe disposal of radioactive materials (Rusu, 2002; Wolterbeek et al., 2010).  Techniques 

based on X-Ray fluorescence are non-destructive with the capability of multi-elemental analysis within 

a short period of time, but sensitivity is comparatively low and the cost of the instrument is very high 

(Boamponsem et al., 2010; Wolterbeek et al., 2010). 

 

ICP-AES and ICP-MS have rapid, simultaneous, multi-element capability with simple operational 

facility.  ICP-MS has the capacity of isotopic measurement.  The disadvantages are the excessive 

dilution required due to high sensitivity and the interference caused by polyatomic ions (Rusu, 2002).  

Based on the reviewed literature, of the available analytical techniques, AAS, ICP-AES, and ICP-MS 

are extensively used in lichen-based research.  Table 2.1 compiles some of the heavy metal measuring 

techniques employed during the last decade for lichen biomonitoring research with relevant references.   
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Table 2.1  

 

Research reports on analytical techniques used to measure the heavy metal content in lichen materials 

 

Analytical technique References 
Energy dispersive X-ray 
fluorescence spectrometry 
(EDXRF) and X-ray 
fluorescence analysis 
(XRFA) 
 

Adamo et al. (2008b); Aslan et al. (2003); Backor and Fahselt (2004); 
Basile, Sorbo, Aprile, Conte, and Cobianchi (2008); Gunathilaka et al. 
(2011); Kahraman et al. (2009); Koz, Celik, and Cevik (2010); 
Majumdar et al. (2009); State et al. (2011); Vianna et al. (2010); 
Montero, Estevez, Padilla, and Lopez (2009) 

Flame atomic absorption 
spectroscopy (AAS) 
 

Adamo et al. (2008a); Bajpai, Mishra, Mohabe, Upreti, and Nayaka 
(2011); Bajpai, Upreti, and Dwivedi (2010a); Bajpai, Upreti, Nayaka, 
and Kumari (2010c); Branquinho et al. (2008); Brunialti and Frati 
(2007); Burham, Abdel-Azeem, and El-Shahat (2011); Klos, Rajfur, 
Sramek, and Waclawek (2011); Mendil et al. (2009); Montero et al. 
(2009); Mikhailova and Sharunova (2008) 
 

Graphite furnace atomic 
absorption spectroscopy 
(GFAAS) 

Adamo at al. (2007); Bettinelli et al. (2002); Brunialti and Frati 
(2007); Guidotti et al. (2009); Kularatne and de Freitas (2012); Mendil 
et al. (2009); Mikhailova and Sharunova (2008); Moreira et al. (2005). 
 

Inductively coupled plasma 
atomic emission 
spectrometry (ICP-AES) 
  

Aprile et al. (2010); Bergamaschi et al. (2007); Purvis et al. (2007); 
Purvis, Dubbin, Chimonides, Jones, and Read (2008); Styers and 
Chappelka (2008); Tretiach et al. (2011); Williamson et al. (2008) 

Inductively coupled plasma 
mass spectrometry (ICP-
MS)  

Adamo et al. (2008a); Ayrault et al. (2007); Basile et al. (2008); Conti 
et al. (2011); Conti, Pino, Botre, Bocca, and Alimonti, (2009); 
Cloquet, Carignan, and Libourel (2006b); Purvis et al. (2007); Purvis 
et al. (2008); Sondergaard et al. (2010); Sweat (2010); Williamson et 
al. (2008); Yildiz, Aksoy, Tug, Islek, and Demirezen (2008) 
 

Instrumental neutron 
activation analysis (INAA)  
 

Affum, Oduro-Afriyie, Nartey, Adomako, and Nyarko (2008); 
Bergamaschi et al. (2007); Boamponsem et al. (2010); Canha, 
Almeida-Silva, Freitas, Almeida, and Wolterbeek (2011); Costa, 
Marques, Freitas, Reis, and Oliveira (2002); Freitas, Reis, Marques, 
and Wolterbeek (2000b); Godinho et al. (2009); Pacheco, Freitas, and 
Dung (2008)  
 

Proton induced X-ray 
emission technique (PIXE) 

Freitas et al. (2000b); Costa et al. (2002) 

 

2.6.1.4 Units used in biomonitoring research 

 

The most commonly used unit to describe heavy metal concentration in lichen-centred research is 

micrograms per gram of dry lichen by weight (µg g-1).  The other types of units that are used in the 

literature are: milligram per kilogram of dry weight by lichen (mg kg-1), parts per million (ppm), and 

parts per billion (ppb).  Conti et al. (2009) expressed their results using nanograms per gram of dry 
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lichen by weight (ng g-1, dry weight).  One micro gram is equal to a thousand nanograms.  This unit is 

easy to express, understand, and compare because it is usually a whole number with no decimal points.  

Based on the above reasons, the unit ‘ng g-1, dry weight’ is used in the current research to express the 

heavy metal content in lichen samples.  

 

2.6.2 Polycyclic aromatic hydrocarbons 

 

PAHs are ubiquitous atmospheric pollutants.  They are commonly included in a large class of organic 

compounds containing two or more fused aromatic rings, usually formed during the incomplete 

combustion and pyrolysis of organic materials (Guidotti, Stella, Owczarek, De Marco, & De Simone, 

2003; Srogi, 2007).  Sources of PAHs in the atmosphere include automobiles, re-suspended soils, home 

heating, incineration, petroleum cracking and refining in petrochemical industries, chemical 

manufacturing, oil spills, and power generation (Augusto et al., 2009b; Shukla & Upreti, 2009).  Of all 

PAHs, the most significant 16 are included among the persistent organic pollutants (POPs) designated 

in the ‘Convention on Long Range Transboundary Air Pollution (1979)’ (Blasco, Domeno, & Nerin, 

2006).  The United Nations Economic Commission for Europe and the U.S. Environment Protection 

Agency (EPA) adopted this convention and these organizations identified PAHs as priority pollutants.   

Recently, PAHs have received increased attention in air pollution studies because some of them are 

highly carcinogenic and mutagenic (Nadal, Schuhmacher, & Domingo, 2011; Augusto, Maguas, Matos, 

Pereira, & Branquinho, 2010).  There are several different methods described in the literature to assess 

environmental levels of PAHs through the analysis of vegetation, water, soil, and air (Ares, Aboal, 

Fernandez, Real, & Carballeria, 2009; Baral, 2010; Prajapati & Tripathi, 2008; Rana, 2002; Srogi, 

2007). 

 

2.6.2.1 PAH biomonitoring using lichens 

 

There has been relatively little research conducted based on lichens as PAH biomonitors (Domeno, 

Blasco, Sanchez, & Nerin, 2006; Narvaez et al., 2008).  Most of the work is based on passive 

biomonitoring techniques and is argued that there is the possibility of using different lichen species as 

useful biomonitors of PAHs.  Several studies have reported the spatial distributions of PAHs for 

various lichen species in different locations in the world e.g. Portugal, India, Poland, Italy, Spain, and 

Germany (Augusto et al., 2010).  Research carried out by Blasco et al. (2006) near the Spanish-French 

border (Sompart tunnel) showed that proximity to the road strongly influences the concentration of 

PAH compounds.  Augusto et al. (2010) showed that lichens accumulate higher concentrations of 

PAHs than soil and pine needles and they detected the majority of the 16 PAHs.  Augusto et al. (2009) 
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demonstrated that special models based on PAHs intercepted by lichens could be used for 

fingerprinting multisource atmospheric pollution in a region.  They used these methods for tracing the 

origin of PAHs from urban and industrial areas.  They recommended the use of lichen-based PAH 

deposition models for environmental impact studies.    

 

Typically, uses of lichen transplantation methods have focussed on a single pollutant category.  There 

are limited numbers of experiments designed to investigate the content of heavy metals as well as 

PAHs in the same experiment.  Guidotti et al. (2009) reported on the ability of transplanted lichen 

Pseudevernia furfuracea as a biomonitor for both heavy metals and PAHs.  They employed the 

transplantation technique at five sites with different traffic densities in Italy.  After an exposure period 

of three months, researchers discovered that Pb and Zn were the most highly accumulated heavy metals 

while fluoranthene and pyrene were the highest accumulated PAHs.  At the start of the current study, 

PAHs were considered a target pollutant group, but due to their insignificant availability, they were 

removed from the full-scale study.  The methods used to extract PAHs and the procedure of PAH 

analysis are discussed in Sections 4.2.8 to 4.2.8.3. 

 

2.6.2.2 Challenges in PAH analysis 

 

Sample preparation for the identification and quantification of the PAH from lichen material is the most 

important and difficult part of the research (Giergielewicz-Mozajska, Dabrowski, & Namiesnik, 2001).  

The main reason for this is the complicated nature of the biological matrix, which contains large 

fractions of structures abundant in lipids.  Such lipids are compatible with many organic pollutants 

including PAHs in terms of their physiochemical properties, such as solubility and molecule size.  

Therefore, co-extraction and co-elution of matrix lipids and PAHs can lead to great interference during 

cleanup and analytical phases (Giergielewicz-Mozajska et al., 2001).  The overlapping between Gas 

Chromatography – Mass Spectrometry (GS-MS) analyte peaks and matrix peaks may produce a faulty 

interpretation of analysis values.  As a solution to this problem, Hubert, Popp, Wenzel, Engewald, and 

Schuurmann (2003) introduced a one-step clean-up procedure using a size-exclusion chromatography 

method for the determination of PAHs from complicated biological matrices.  A similar method was 

used in the present research to clean lichen extracts.  The details are discussed in Section 4.2.8.2.           

 

There are a limited number of publications on lichen-based PAH biomonitoring research.  The reasons 

may be that such experiments are expensive, time-consuming, and have a high possibility of 

contamination during the sampling, transporting, storing, and analytical processes.  Therefore, special 

care has to be taken in every step in order to avoid contamination.  There are several popular analytical 
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methods to quantify minute quantities of organic compounds in biological matrices.  Gas 

Chromatography-Mass Spectrometry (GC-MS) and high performance liquid chromatography (HPLC) 

are the most well-known techniques for PAH analysis (Augusto et al., 2011; Augusto et al., 2010; 

Domeno et al., 2006). 

    

2.6.3 Particulate matter 

 

The most important sources of particulate matter (PM) emission in urban environments are incomplete 

combustion of fossil fuels, friction on mechanical components such as brakes and tyre rubber, traffic, 

metal smelting, manufacturing chemicals, waste incineration, cement manufacturing, domestic 

combustion processes, and Auckland sea salt (Adamo et al., 2008b; Davy, Trompetter, & Markwitz, 

2007).  PM having a median diameter higher than 10 µm is stopped in the upper portion of the 

respiratory tract, but smaller particles with a median diameter less than 10 µm (PM10) can reach the 

lungs and cause respiratory problems, depending on their physicochemical properties (Healy et al., 

2007, quoted in Gaudry et al., 2008).  The particulates reach bronchial alveoli and may have a long 

residence time inside the lungs causing health problems such as asthma, respiratory allergies, 

cardiovascular diseases, etc. (Gaudry et al., 2008).  The important characteristic of PM is that it can 

absorb and transfer a multitude of pollutants (e.g. metals, organic compounds, material of biological 

origin, ions, and reactive gases), thereby creating a great threat to human health (Kampa & Castanas, 

2008). 

 

2.6.3.1 Biomonitoring of particulate matter 

 

A widely used technique for PM measurement is to use an air sampler to pass a known volume of air 

over a certain time period through quartz, polycarbonate or cellulose filters (Noble et al., 2008).  The 

mass of PM is obtained by weighing the filters before and after exposure using a microbalance.  The 

filters may be analysed to quantify the organic and inorganic components of PM trapped within them.  

Adamo et al., (2008) employed a scanning electron microscope (SEM) and an energy dispersive 

spectrometer (EDS) to compare the particles intercepted by lichens in Naples, Italy and revealed that 

these techniques can be used in lichen-based PM monitoring.   

 

Costa et al. (2002) conducted research into the relationship between heavy metal accumulation in 

lichen and the heavy metal composition of PM10 around a fuel power station in Portugal.  Through 

applying a simple linear model, they found some correlation between the concentrations in lichens and 

in PM, but only for a few metals, e.g. La, Ca, Hg, and Zn.  Giordano, Adamo, Spagnuolo, and Vaglieco 
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(2010) successfully employed lichens to study heavy metal and nanoparticle emissions from diesel 

engine exhaust in controlled environments.  Those studies proved that lichens are capable of 

monitoring atmospheric PM.  The SEM-based semi-quantitative analysis technique was employed to 

understand the spatial and temporal distribution of PM for the current study and provided inconclusive 

results.  The method employed to count PM is reported in Section 4.4 and the findings discussed in 

Sections 5.8 to 5.8.2. 

 

2.6.4 Air pollution, lichens, and health  

 

The health effects of the various categories of air pollutants in different human organs and systems 

have been well documented (Kampa & Castanas, 2007).  Lichens have been used by researchers to 

biomonitor diverse categories of pollutants, but very few attempts have been made to explore the 

relationship between lichen-based information and epidemiological data.   

 

Gailey and Lloid (1984, as quoted in Gailey, Smith, Rintoul, & Lloyd, 1985) detected a high metallic 

pollution zone at the northern periphery of Armadale, central Scotland, in their lichen transplanting 

study.  This finding was important because the area notably reported a high number of lung diseases.  A 

steel foundry located on the southern boundary was the only possible pollution source in this town.  For 

this reason, no one expected such a high level of metallic pollution on the northern periphery due to its 

distance from the source.  A wind tunnel experiment revealed the topography of the area caused the 

pollution from the foundry to be channelled to the northern periphery and explained the high metal 

content in lichens and the high number of lung diseases.       

 

A pioneering study conducted by Cislaghi and Nimis (1997), compared a biodiversity map of 

pollution-sensitive lichens with mortality maps in North-Eastern Italy.  Their results strongly supported 

a relationship between air pollution and lung cancer.  Particularly, results showed a high correlation 

with the subset of lung cancer among the native male residents less than 55 years of age.  Carreras et al. 

(2008) conducted similar research in Argentina, comparing the capacity of three lichen species to 

accumulate some heavy metals and to assess their performance as sentinels of human exposure to 

metals.  They correlated health indicators such as the frequency of respiratory diseases among children 

e.g. pharyngitis, tonsillitis, asthma, laryngitis, and allergic rhinitis, to heavy metal accumulation in 

lichens.  They identified that correlation patterns for all target heavy metals showed a significant 

association with the diseases, and suggested the suitability of lichen-based information for 

epidemiological studies on human respiratory health. 
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2.7 Lichen species used in biomonitoring research 

 

The ability to absorb air pollutants from the atmosphere into the lichen thallus makes these organisms 

one of the best biomonitors in the world.  Therefore, researchers can measure the accumulated pollutant 

content in the lichen thallus using the above-mentioned analytical techniques, and also to monitor air 

pollution.  The accumulation of pollutants in the lichen thallus is a species-specific process 

(Wolterbeek, 2002).  Different lichen species accumulate different pollutants in different quantities.  

Therefore, different lichen species were assessed as biomonitors based on their ability to accumulate 

pollutants in their thalli in the current research.  

 

In the reviewed literature, most of the studies are based on foliose and fruticose lichens.  They are 

preferable to other growth-forms for biomonitoring studies, because they are easy to separate from the 

substrate.  However, this is not their only advantage as the foliose and fruticose growth-forms have 

larger surface areas than other growth-forms.  Therefore, these lichens can accumulate more pollutants 

from the surrounding air.  A recent study by Bajpai, Upreti, Dwivedi, and Nayaka (2010b) reported that 

foliose lichens are highly significant in the accumulation of metals, followed by crustose and 

squamulose lichen growth-forms.  Out of the above three lichen growth-forms, squamulose have the 

least surface area, and hence accumulate lower amounts of metals.  The crustose have relatively a 

higher surface area with a smooth texture.  Therefore, they are not suitable for accumulating metals 

from rain and wind flow (Garty, 2001).  The foliose lichen form accumulated a higher amount of 

metals since they have a rough texture with a relatively larger surface area.   

 

The foliose lichen Hypogymnia physodes has proved to be very efficient as a bioaccumulator (Garty, 

2002), and is probably the most widely used lichen species in air pollution biomonitoring research.  

This species has been in use for biomonitoring studies since the 1970s (Richardson, 1991), and is 

available in Europe and North America but not reported in New Zealand (GBIF, 2005).  It is also not 

listed in the revised second edition of the ‘Flora of New Zealand Lichens’ (Galloway 2007a; 2007b). 

   

Some lichen species exhibit a higher capacity for accumulating pollutants than others, even though they 

are associated in the same habitat.  For example, the lichen Pseudevernia furfuracea collected in Bern, 

Switzerland, was found to contain 10,504 µg g-1 of Fe, whereas the lichen Parmelia sulcata collected 

from the same area contained less than a tenth of this, only 892 µg g-1 of Fe (Garty & Ammann, 1987).  

Morphological and anatomical features of lichens are the determining factors of pollutant accumulation 

rates by the lichen thallus, which determines their elemental composition (Bargagli & Mikhailova, 

2002).  Different lichen species have showed varying metal-binding capabilities for soluble ions under 
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laboratory conditions (Puckett, Nieboer, Gorzynski, & Richardson, 1973).  Table 2.2 lists some of the 

popular lichen species, with references, used in recent heavy metal biomonitoring studies.  It is 

worthwhile to note that the forms of growth of lichens in the table are either foliose or fruticose.  

Another important point that can be highlighted from this table is that the majority of the lichen-based 

biomonitoring research is conducted in Europe and North America, and very little from other parts of 

the world.      

  

Table 2.2  

 

Popular foliose or fruticose lichen species used in heavy metal biomonitoring research    

 

Lichen species  Location References 
Evernia 
prunastri  
 

Canada, France, 
Italy, Portugal, 
and USA 
 

Ayrault et al.(2007); Conti, Tudino, Stripeikis, and Cecchetti 
(2004); Cloquet, Carignan, and Libourel (2006a); Frati et al. 
(2005); Godinho et al. (2009); Paoli, Pisani, Guttova, 
Sardella, and Loppi (2011); Wen and Carignan (2009) 
 

Falvoparmelia 
caperata  
 

Italy, Portugal, 
and Turkey 

Aprile et al. (2010); Canha et al. (2011); Godinho et al. 
(2009); Koz (2010); Mendil et al. (2009); Pacheco et al. 
(2008) 
 

Hypogymnia 
physodes  
 

France, India, 
Italy, Kenya, 
Russia, and 
Slovenia 

Bergamashi et al. (2004); Bergamaschi et al. (2007); Cloquet 
et al. (2006a); Jeran et al. (2002); Klos, Rajfur, Waclawek, 
and Waclawek (2005); Mikhailova and Sharunova (2008); 
Policnik, Batic, and Tripathi, (2004); Williamson et al. 
(2008);  
 

Parmelia 
sulcata  
 

Ghana, Italy, 
Portugal, The 
Netherlands, and 
UK 
 

Affum et al. (2008); Bergamaschi et al. (2007); Boamponsem 
(2010); Freitas et al. (2000a); Freitas, Reis, Alves, and 
Wolterbeek (2000b); Purvis et al. (2007) 
  

Parmotrema 
spp.  
 

India, Italy, 
Kenya, New 
Zealand, and 
Portugal 
 

Bergamaschi et al. (2004); Kularatne and de Freitas (2012);  
Pacheco et al. (2008)  

Pseudevernia 
furfuracea  
 

Canada, Italy, and 
Turkey 

Adamo et al. (2007); Adamo et al. (2008a); Bari et al. (2001); 
Basile et al. (2008); Bettinelli et al. (2002); Guidotti et al. 
(2009); Tretiach et al. (2011); Yildiz et al. (2008); Yildiz et al. 
(2011)  
 

Ramalina spp.  
 
 
 

Canada, France, 
Portugal, and 
USA 
 
 

Pacheco et al. (2008); Wen and Carignan (2009) 
 
 

(Continued on next page)
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Table 2.2 (Continued) 
Lichen species  Location References 
Usnea spp.  
 

Argentina, 
Canada, France, 
Germany, Russia, 
and Sri Lanka 

Conti et al. (2011); Rossbach and Lamberecht (2006); Wen 
and Carignan (2009);  

Xanthoria 
parietina  
 

Italy, Portugal, 
Romania, and 
Turkey 

Bettinelli et al. (2002); Branquinho et al. (2008); Brunialti and 
Frati (2007); Koz et al. (2010); Mendil et al. (2009); State 
(2011) 

 

2.7.1 Lichens in the Auckland Region 

 

The estimated number of lichen species worldwide ranges from 13,000 to 20,000 (Galloway, 1992).  

The number of recognized and named lichens is still increasing (Malcolm & Galloway, 1997).  New 

Zealand has around 1,680 lichen species distributed among 350 genera, which account for 10 percent of 

the world’s identified lichens (Blanchon, Kooperberg, & Lockett, 2007).  Out of the 1,680 identified 

lichens, 194 lichen species are recorded on Rangitoto Island, about eight kilometres from the city 

central business district of Auckland (Blanchon et al., 2007).  These 194 species represent all growth-

forms of thalli, which indicate the possible diversity of lichens available in the Auckland Region.  A list 

of urban corticolous lichens for the Auckland Region was prepared.  Based on that the three most 

common lichen species were selected for the current study.  The list of common lichen species, 

selection criteria and information about the selected lichens are discussed in depth in Sections 4.1.4 to 

4.1.4.3. 

 

2.8 Air pollution in the Auckland Region, New Zealand 

 

The reasons for selecting the Auckland Region as the study site are discussed in Section 1.4.  The 

Auckland Region is the commercial centre in New Zealand with the highest population.  New Zealand 

in general is considered an unpolluted country as far as air pollution is concerned (Salmond & 

Mckendry, 2009).  The reasons for this are the country’s good ventilation by clean westerly winds, its 

location in the South Pacific Ocean, the coastal locations of major cities, and the limited number of 

heavy industries (Khanal & Shooter, 2004).   

 

The World Economic Forum suggested that New Zealand has clean air relative to other countries such 

as Australia, The Netherlands, UK, and USA (Scoggins, 2004).  However, recent local ambient air 

quality monitoring data have shown that common air quality indicators such as NO2, CO, and PM 

frequently exceed health-based guidelines (Fisher, 2000; Gimson, 2000).  Population and traffic 

projections indicate that there is a possibility of intense future air pollution exposure episodes, hence, a 
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potential increase of adverse health effects (Scoggins & Fisher, 2002).  Ambient air quality information 

has reported that pollution levels in Auckland, Christchurch, and Wellington exceed New Zealand’s air 

quality guidelines (Ministry of Environment, 2007).  This is caused by the cumulative impacts of motor 

vehicle emissions, industrial emissions, and winter-time open fires and wood burners.  Air pollutants 

such as PM10, PM2.5, NO2, CO, SO2, O3, Benzene, and airborne Pb are the reason for this poor air 

quality (Ministry of Environment, 2007). 

 

In terms of health, the vulnerable groups for poor air quality are the very young, the very old, and 

respiratory or cardiac patients (Fisher, 2000).  In New Zealand, about 1,100 premature deaths are due to 

exposure to traffic-related air pollution and this is comparable to the number of persons killed in road 

accidents annually (Ministry of Environment, 2007).  Based on a national risk assessment, 

commissioned by the Ministry of Transport, it is estimated that 399 premature mortality (with a 95% 

confidence range of 241 to 566) of those aged above 30 years, due to vehicular-based pollution (Fisher 

et al., 2002).  Based on the same assessment, regional deaths estimated per annum are: Auckland 63%, 

Wellington 14%, Christchurch 10%, Dunedin 2%, and other towns 11%.  Air pollution levels in 

Auckland occasionally exceed air quality guidelines and sometimes exceed or equal values in London 

(Auckland Regional Council, 2000, quoted in Scoggins, Kjellstrom, Fisher, Connor, & Gimson, 2004).     

 

The Greater Auckland Region is New Zealand’s largest urban area, including approximately one third 

of the country’s total population.  In Auckland, traffic is the main source of air pollutants, followed by 

industrial emissions, and winter-time open fires and wood burners.  Thus the key ambient air pollutants 

are PM10, PM2.5, NO2, CO, SO2, O3, Benzene, and airborne Pb (Scoggins et al., 2004; Ministry of 

Environment, 2007).  As discussed in Section 2.6.1.2, heavy metals such as Cd, Cr, Cu, Ni, Pb, and Zn 

are possible due to traffic-related processes such as tyre wear, brake wear, vehicle body degradation, 

engine fluid spills, and exhaust emissions.  It is reasonable to assume that a considerable amount of 

ambient heavy metals are available in the Auckland air-shed.  This heavy metal load is enhanced by 

industrial emissions located in different industrial sites, open fires and wood burners during the winter 

season.  Since none of the ambient air pollution measuring stations in Auckland measure heavy metals, 

there is no information available for them.  Lichen-based biomonitoring may be a solution, providing 

integrated heavy metal pollution information for the region.              
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2.8.1 Lichen-based air pollution monitoring research in New Zealand 

 

Most research in lichen bioindicating and biomonitoring research has been confined to the northern 

hemisphere, especially Europe and North America.  Even though there are more than 1,600 lichen 

species identified in New Zealand, a search of the literature failed to find evidence of any 

biomonitoring research prior to 2012.  Johnson and Galloway (1999, p. 5) stated, “New Zealand is 

known as clean and green, therefore the use of lichens as pollution biomonitoring is in its infancy 

period”.   

 

Daly (1970) noted that lichen abundance and diversity decreased along a gradient of increasing winter 

SO2 levels towards the city centre of Christchurch.  This research can be considered the first lichen-

based research conducted in New Zealand.  Daly’s survey was stimulated by European lichen-based 

research.  Results demonstrated a similar yet less severe reduction of lichen flora in Christchurch.  This 

survey was carried out during the winters of 1968 and 1969 to understand the distribution pattern of all 

lichens, mosses, and liverworts on tree trunks, stone walls, non-metallic roofs, and soil.  The 

observation sites were selected within concentric mile-wide zones radiating westwards from the 

recognised centre of highest pollution.  The results showed that the species numbers for both lichens 

and mosses fell sharply with increasing SO2 towards the inner suburbs.  Pieces of bark or stone with 

several lichen thalli and mosses were also transplanted at two sites in inner suburbs and a control site 

during the winter.  Several species of lichens transplanted to the inner suburb showed severe 

deterioration in their condition after ten weeks.   

 

A detailed project was carried out in New Zealand with the objectives of documenting lichen 

distribution in relation to urban and industrial pollution and to develop the understanding of the use of 

lichens as bioindicators of air pollution in the mid 1990s (Johnson, Burrows, & Galloway, 1998).  The 

percentage cover of epiphytic lichens, bryophytes, and algae was recorded.  Pohutukawa trees were 

chosen for sampling in many North Island study sites, and where such trees were absent, sycamore, 

ash, oak or elm trees were used.  This study was carried out in Auckland, Christchurch, Dunedin, and 

the Hutt Valley.  At some study sites, sampling locations were selected along a transect representing an 

air pollution gradient around a known point-source emitter.  In urban situations, a generalized isopleths 

gradient map of particulates or NO2 for each city was used to select the lichen sampling transects.  In 

all urban situations, the overall percentage cover and number of lichen species showed a strong 

negative correlation with increasing isopleths gradients of particulates, NO2, and SO2.  The study sites 

around point source emitters, for example superphosphate manufacturing factories, showed a lack of 

lichens close to them and immediately downwind.  Results showed a gradually increasing number of 
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species and cover at more distant sites, reaching background levels a few kilometres from the source.  

The results also discovered small ‘lichen deserts’ of a few hectares due to reduced air quality.  These 

are quite common close to major industrial emission sources throughout New Zealand.   

 

Another interesting floristic study was conducted by Kooperberg in 2002 and calculated IAP values for 

eleven sites across the Auckland isthmus.  Compared to overseas studies, the resulting indices showed 

relatively low values.  Only one site out of the sites suspected of being in more polluted areas showed a 

significant lower IAP value.  Electrolyte leakage was also measured based on conductivity for 

Ramalina celastri and Usnea spp. using samples collected at each site.  The IAP and electrolyte 

leakage results were compared with Auckland Regional Council (ARC) data for NO2.  Correlation 

coefficients were derived and it was concluded that there was no conclusive linkage between the IAP, 

electrolyte leakage, and interpolated NO2 air pollution data.  Kooperberg (2004) developed an 

interactive key for the identification of corticolous lichens using Lucid and validated the key using a 

group of test subjects.   Lucid is a software package developed by the University of Queensland, 

Australia, for knowledge base management.  The identification key developed by Kooperberg may be 

useful for future floristic studies.  It is also used in this research for lichen species identification. 

 

Kularatne and de Freitas (2012) showed that Parmotrema reticulatum can be successfully employed to 

monitor the spatial and temporal patterns of airborne Cr, Cu, Pb, and Zn, based on their lichen 

transplant research conducted in the Greater Auckland Region.  This publication is based on the present 

study, and results in relations to a single species from four study sites were reported.    

 

2.9 Summary 

 

Internationally, lichens have been used successfully to assess air pollution.  The phytosociological 

approach based on lichens, known as bioindicating, is useful in identifying spatial pollution distribution 

in general.  Biomonitoring, which analyses the amount of pollutants in the thallus, is helpful in 

understanding both spatial and temporal distribution of a specific pollutant.  There are two techniques 

for biomonitoring: 1) passive biomonitoring, which measures the pollutant content in in-situ samples, 

and 2) active biomonitoring, which measures the accumulation of pollutants over a time in transplanted 

lichens.  Out of the large number of identified lichen species, only a few corticolous and fruticose 

lichens have been used in lichen-based biomonitoring studies. 
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CHAPTER 3 

 

REVIEW OF THE LITERATURE: HEAVY METAL ACCUMULATION IN LICHENS 

 

3.1 Introduction 

 

This chapter discusses in detail how lichens accumulate heavy metals in their thallus.  Two conceptual 

models are developed in the present study to understand the lichens’ responses to air pollution, for 

example: pollutant accumulation, release, and achieving equilibrium.  These models are explained at 

the end of this chapter.  The first two sections of the chapter introduce important findings in recent 

active and passive biomonitoring studies.  Section 3.3 discusses the three most important variables in 

relation to the heavy metal accumulation process in lichen thalli, namely, lichen species, exposure time, 

and location.  The different mechanisms of pollutant uptake and release by the lichen thallus are 

examined in Section 3.4.  Some interesting theories developed from recent lichen-based pollution 

accumulation studies are assessed in Section 3.5.  The process of achieving equilibrium, between 

pollutants in the air and in lichens over time, is still in discussion in the scientific community.  Two 

conceptual models, namely the lichen-air equilibrium model and the pollution accumulation and release 

model (PARM) were developed for the current study and are discussed in Section 3.6.  The lichen-air 

equilibrium model was developed to understand how concentrations of a pollutant achieve the 

equilibrium process between the surface layer and the interior tissues of the lichen over a given time 

period.  The PARM was developed to understand the pollutant equilibrium process over a longer period 

of time, when lichens are transplanted from a clean site to a polluted site.  The research objectives, the 

aims, and the research questions of the present study are introduced in Section 3.7.    

 

3.2 Research on lichen biomonitoring 

 

Out of the large number of lichen species identified, only a few have been used as atmospheric 

biomonitors for heavy metal (Section 2.7 and Table 2.2).  In the literature reviewed, the most widely 

considered heavy metals monitored using lichens were: As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, 

Sb, Sn, Ti, V, and Zn.  Some researchers expanded their investigations beyond heavy metals to other 

metals such as Al, Ba, Be, Ca, Ce, Cs, Eu, K, La, Li, Lu, Mg, Na, Nd, Sc, Sm, Sr, Tb, Th, U, Y, and Yb 

(Garty, 2001).  Some of the significant heavy metal biomonitoring studies conducted around the world 

relevant to the present research are reported below.  Section 3.2.1 and 3.2.2 discuss the applications of 

lichens as passive biomonitors and active biomonitors respectively.       
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3.2.1 Lichens used as passive biomonitors in past research 

 

Bajpai et al. (2010c) used the lichen Pyxine cocoes as an excellent example of a bioaccumulator for 

some heavy metals.  Their results showed increased heavy metal accumulation in the lichen thallus 

with decreasing distance from a thermal power plant in Raebareli district, North India. This research 

showed the suitability of using lichens in heavy metal biomonitoring.  Similar research was carried out 

by Majumdar et al. (2009) in Kolkata, India.  Their results indicated that samples from locations with 

heavy vehicular emissions and industries have significantly higher concentrations of heavy metals 

compared to those collected from sites with less pollution.  The above study revealed that lichen 

Parmelia caperata showed different concentrations of heavy metal accumulation in the thallus, and it 

correlates to the concentration of heavy metals in the ambient air.  Wen and Carignan (2009) sampled 

and analysed fruticose lichens from the northeast of North America employing the passive sampling 

technique.  They demonstrated and confirmed the effective use of lichens as biomonitors for 

atmospheric selenium (Se) emitted from a marine biogenic source.  Se is an essential micronutrient for 

many organisms, but too great concentrations can lead to toxicity (Aslan et al., 2011).  This study 

showed that lichens can be used for source apportionment studies.  Pignata et al. (2007) developed 

Ramalina celastri-based heavy metal pollution maps for the central region of Argentina.  These maps 

were used to detect emission sources, and are helpful in town planning.   

 

Pacheco et al. (2008) analysed lichen samples from the islands of Terceira and Santa Maria in Portugal 

to identify the sources of anthropogenic and natural elements.  The results showed that the elemental 

contents in samples from those two islands were generally lower than in mainland Portugal.  This may 

be due to the rapid mixing of air from the sea.  They successfully employed a discriminating plot 

device to identify signals relating to lichen physiology, marine sources, oil combustion, and refuse 

incineration.  Results of the above study demonstrated that lichens may be used to distinguish 

anthropogenic air pollution sources from natural air pollution sources.  Boamponsem et al. (2010) 

utilized Parmelia sulcata to assess heavy metal deposition in the gold mining area of Ghana.  They 

used their results to distinguish the elemental sources from agricultural activities, other non-point 

anthropogenic activities, natural soil dust, and gold mining activities.  This study is also an example for 

application of lichens for source distinguishing and source apportionment. 

 

A retrospective study over seven years was carried out in Italy using Xanthoria parietina targeting nine 

heavy metals (Brunialti & Frati, 2007).  Two large sampling programmes were conducted in 1996 and 

2003, and the results were compared.  Cd, Cu, and V showed no substantial difference in two surveys 

while Pb accounted for a significant decrease in 2003, attributable to the reduction of leaded fuel.  

Concentrations of Al, Cr, Ni, and Zn displayed increasing trends due to the expansion of the nearby 
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large industrial district.  This study demonstrated the use of lichens as passive biomonitors to 

understand the temporal variation of heavy metals in the ambient air.  Mendil et al. (2009) employed a 

passive biomonitoring technique in Turkey to show that different lichen species accumulated heavy 

metals at different rates.  Koz et al. (2010) used lichens to justify elevated concentrations of heavy 

metals due to increased traffic density in Turkey.  There are quite a few research publications based on 

lichens as passive biomonitors in order to monitor airborne heavy metal concentrations.  

 

A search of the literature revealed that most research targeted the spatial distribution of pollutants, 

rather than the temporal distribution of pollutants.  Thus the major limitation of most of the passive 

biomonitoring experiments is that they were designed with only a single sample collection round.  A 

research with a single sampling round cannot account for the change of pollution levels with time.  The 

level of pollution of a location plays an important role in pollution accumulation in the lichen thallus.  

Therefore, it is important to design the research approach using more than two sample collection 

rounds, in order to ascertain a good understanding of the temporal fluctuation of pollutant levels.  Conti 

et al. (2009) collected Usnea barbata samples in September 2005 and 2006 in Argentina.  Their results 

revealed no relevant temporal accumulation patterns between their two sampling campaigns.  Thus, 

their study suggested that lichens can be used to understand pollution levels in the environment at a 

regional level; also, that it is possible to discover pollution change with time through comparing 

consecutive sampling campaigns. 

  

3.2.2 Lichens used as active biomonitors in past research 

 

Studies using active biomonitoring techniques reported in the literature are fewer in number than those 

using the passive technique.  Basil et al. (2008) successfully employed active biomonitoring techniques 

in Italy in order to demonstrate the high bioaccumulation capacity of lichens.  They exposed 

Pseudevernia furfuracea in bags for three months in an urban area.  Samples were taken and analysed 

monthly.  The results clearly indicated an accumulation of all heavy metals, but with different 

magnitudes reflecting the intensity of pollution.  Researchers exposed lichens in nylon mesh bags and 

10 ml of distilled water was sprayed weekly to every sample to avoid dehydration.  Lichen samples in 

mesh bags cannot be exposed over a longer period of time due to desiccation, and that can be 

considered a disadvantage of the lichen bag technique (Section 2.3.3).  Yildiz, et al. (2008) carried out 

similar research in Ankara, Turkey, using the same lichen species with three and six month exposure 

periods.  They developed heavy metal pollution maps for that city based on their results.  The results of 

the above research showed a higher Cu and Pb pollution accumulation due to vehicles.  The lichen bag 

technique is effective in source apportionment studies.       
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Another active biomonitoring experiment conducted by Ayrault et al. (2007) in France, employed the 

active transplantation technique using the lichen species Evernia prunastri.  Samples of lichen that 

were collected from a forest were transplanted into an urban site and exposed over nine months.  The 

results showed a significant increase of heavy metals over time.  In the same experiment, they exposed 

two sets of lichen transplants, the one protected from rain, the other not.  The results showed the heavy 

metal accumulation was not affected by the method of exposure.  However, ‘wash-off’ or leaching of 

pollutants by rain from the thallus, is the only possible method of pollution removal from lichens 

(Section 3.4.1).  Therefore, exposure of lichen transplants to rain under normal field conditions is 

important in studies that are investigating the pollution release from thalli.  Styers and Chappelka 

(2009) used active biomonitoring techniques employing liquid nails to attach lichens to a wooden 

board.  Their results demonstrated that heavy metal accumulation significantly increased from a rural 

land use site to an urban environment in West Georgia, USA.  All of the active biomonitoring studies 

showed promising results irrespective of the method used to transplant lichens.  Therefore, the 

important things to be considered during the lichen transplantation process are: lichen samples should 

not be desiccated, beware of vandals, and avoid contamination.         

 

Aprile et al. (2010) transplanted two lichen species, namely Flavoparmelia caperate and Parmotrema 

chinense, with a higher plant, Nerium oleander, from an unpolluted site to a densely populated urban 

site near Naples, Italy. The lichen samples were placed in nylon mesh bags with their bark substrate.  

Samples were collected after 15, 45, 75, and 120 days of exposure.  The study concluded that both 

lichen species were suitable as biomonitors but that the higher plant was not.  April et al. (2010) 

attributed the higher accumulation of Cu and Zn to the presence of a trolleybus line and Pb due to 

heavy traffic flow.  The above study showed the effective use of the active transplantation technique in 

lichen-based source apportionment studies.   

 

Mikhailova and Sharunova (2008) carried out an active lichen transplantation study using Hypogymnia 

physodes in the Middle Urals, Russia.  Lichens from an unpolluted area were transplanted with the 

substrate, and samples were collected from the transplanted samples along with in-situ samples at 

monthly intervals.  The results illustrated that elemental accumulation in the transplanted thalli was not 

a linear process.  Parallel analysis of in-situ samples indicated that the reason for the non-linearity was 

the dynamics of pollutant input and leaching.  This non-linearity can be due to the seasonal dynamics 

of the forest canopy, precipitation, and snow cover.  After a year, the extracellular heavy metal content 

reached the level characteristic of in-situ samples or exceeded it.  This indicated equilibrium between 

the accumulation of metal (input) from the environment and the release of metal (leachate) had been 

achieved.  After a year, intercellular Fe and Cu concentrations in transplanted samples achieved the in-

situ level, while Cd exceeded the level.  These results provided a favourable argument for the 
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hypothesis that stress-tolerant in-situ lichens have a defence mechanism against excessive metal input 

into their cells (Mikhailova & Sharunova, 2008).  The reason for the accumulated Cd level exceeding 

the in-situ level is not clear and further investigation is required.   

 

Some of the relevant bibliographical data on heavy metal biomonitoring research, both active and 

passive, based on lichens within the last five years are summarised in Table 3.1.  Only the research that 

targeted Cr, Cu, Pb, and Zn is listed.  Most of the recent biomonitoring studies have used the passive 

biomonitoring technique to monitor heavy metal air pollution.  The majority of the reported studies are 

from the northern hemisphere representing Europe, North America, India, Turkey, and Russia.  Based 

on the literature there is limited biomonitoring research reported from the southern hemisphere 

countries and none from New Zealand.  The highest values for Cr (979 µg g-1), Cu (1,122 µg g-1), Pb 

(392 µg g-1), and Zn (490 µg g-1) are reported from India, Turkey, France, and Russia respectively.   
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Table 3.1  

 

Cr, Cu, Pb, and Zn contents (mean concentrations or concentration ranges in ng g-1 × 10-3, dry weight) in different lichen species from different geographical 
areas within last five years 
 

Lichen species Location Cr Cu Pb Zn Technique References 
Evernia prunastri Fr (0.5-2.4) (3.3-19.8) (2.2-392) (16.1-77) AT Ayrault et al. (2007) 
 Tu  13.13 15.04 29.61 PA Kinalioglu et al. (2010) 
 It (1.5-1.9)  (1-3.4) (8.9-32) AT Paoli et al. (2011) 
Flavocetraria nivalis Ca (0.1-12) (0.84-1.59) (0.38-5.24) (18-168) PA Naeth and Wilkinson (2008) 
Falvoparmelia caperata Tu (36-46) (764-815) (23-54) (96-157) PA Koz et al. (2010) 
 It  (8-30) (15-37) (3-8) AT Aprile et al. (2010) 
Heterodermia speciosa SL  (33.1-78.8) (28.5-57.5) (134-206) PA Gunathilake et al. (2011) 
Hypogymnia physodes  Ru  (200-280) (90-150) (320-490) AT Mikhailova and Sharunova (2008) 
 Tu  15.86 32.48 45.95 PA Kinalioglu et al. (2010) 
 It (3.4-6.3) (9-21) (14-30) (84-140) AB Bergamaschi et al. (2007)
 Pl  (9.2-18.3) (16.7-24.2) (192-367) AB Klos et al. (2005) 
 Pl, CR (0.38-3.5) (3.2-8.7) (44-154) (6.1-34.7) PA Klos et al. (2011) 
Lepraria lobificans In (17.1-979) (12.5-41)  (110-165.7) PA Bajpai et al. (2010c) 
Parmelia caperata In (5.4-10) (6.6-12) (7-22) (47-62) PA Majumdar et al. (2009) 
Parmelia sulcata It (1.2-4) (13-23) (10-20) (68-116) AB Bergamaschi et al. (2007) 
 Tu  18.2 24.46 54.8 PA Kinalioglu et al. (2010) 
 SA 29.1 9.3 5.83 28.9 AT Olowoyo et al. (2010) 
Parmotrema perlatum Tu 53 711 24 112 PA Koz et al. (2010) 
Phaeophyscia hispidula In (0.4-35.2)  (4.4-11.7) (103-214.6) PA Bajpai et al. (2011) 
Physcia stellaris Tu (0.7-1.8) (6.4-17.5) (0.9-6.5) (28.4-35.4) PA Mendil et al. (2009) 
Physica adscendens Tu (36.4-80) (270-977) (45-84) (185-225) PA Koz et al. (2010) 
 Tu (1.2-3.8) (25.4) (1.1-3) (39.4-77.6) PA Mendil et al. (2009) 
Physica alba Cu  (5.2-55) (6.9-95) (17.2-283) PA Montero et al. (2009) 

(Continued on next page)
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Table 3.1 (Continued) 
Lichen species Location Cr Cu Pb Zn Technique References 
Pseudevernia furfuracea It (0.4-55.7) (0.4-55.7) (0.9-16.6) (1.5-58.3) PA Adamo et al. (2008) 
 Tu  (0.5-0.63) (0.6-0.85) (0.33-0.72) AB Yildiz et al. (2008) 
 Tu  39.06 59.20 28.61 PA Kinalioglu et al. (2010) 
 It (2.3-8.4) (6-23) (4-36) (87-162) AB Bergamaschi et al. (2007) 
 It (1.1-1.7) (2.5-5) (5.1-16.7) (17.9-30.7) AB Basile et al. (2008) 
 It (0.5-8) (1-19) (0.1-30) (8-105) AB Adamo et al. (2007) 
 Tu  (5.6-11.7) (15.0-18.2) (11.8-14.4) AB Oztetik and Cicek (2011) 
 It (1.3-3.4) (6-88.6) (5.7-24.5) (44.4-85.9) AB Tretiach et al. (2011) 
 Tu  (0.4-1.2) (0.5-2) (0.2-1.5) AB Yildiz et al. (2011) 
Pyxine cocoes In (0.9-12.1) (1.3-12.1) (0.5-9.3) (7.8-59.6) PA Bajpai et al. (2010a) 
 In (0.8-26.2)  (0.1-13.3) (57.3-194-4) PA Bajpai et al. (2011) 
Ramalina canariensis Po 8.5 13.6 3 42.1 PA Augusto, Maguas, and Branquinho (2009b) 
Ramalina polymorpha Tu 1.6 (1.6-5.8) (1-4.1) (16.3-53.7) PA Mendil et al. (2009) 
 Tu (5-7) (2-7) (3-6) (22-30) PA Aslan et al. (2011) 
Ramalina spp. US, Ca, Fr (0.3-8.7) (2.4-10.7) (2.1-33.2) (21-33) PA Wen and Carignan (2009)                     
Usnea barbata Ar (0.1-2.6) (0.8-8.8) (0.2-19.3) (17.2-153.9) PA Conti et al. (2009) 
 Ar 1.0 2.5 2.2 42 AT Conti et al. (2011)
Usnea hirta It (1.2-4.6) (8-31) (9-30) (59-139) AB Bergamaschi et al. (2007) 
Usnea strigosa US  (17-26.7) (1.7-3.4) (23.8-41.6) AO Styers and Chappelka (2008) 
Xanthoria conspersa Tu 55 1114 40 158 PA Koz et al. (2010) 
 Tu  14.4 76.07 21.21 PA Kinalioglu et al. (2010) 
Xanthoria parietina Tu 8.05 11.1 13.32 39.08 PA Dogan and Kizilkaya (2010) 
 Po 67.9 23.4 4 69.5 PA Augusto et al. (2009a) 
 Ro (64.4-5.1) (34.1-2.7) (75-5) (56-5) PA State et al. (2011) 
 Tu 69 1122 67 156 PA Koz et al. (2010) 
 Tu 2.2 (3.8-12.1) (1.6-2.1) (11.4-37.3) PA Mendil et al. (2009) 
 Tu  14.4 76.06 21.21 PA Kinalioglu et al. (2010) 
 It 1.6 9.1 7.6 32.3 PA Brunialti and Frati (2007) 
 US (4.1-37.6) (5.3-362) (7.4-82.2) (30.5-165) PA Sweat (2010) 
Note. Ar: Argentina; Ca: Canada; CR: Czech Republic; Cu: Cuba; Fr: France; In: India; It: Italy; Pl: Poland; Po: Portugal; Ro: Rumania; Ru: Russia;  
SA: South Africa; SL: Sri Lanka; Tu: Turkey; US: USA.   
AB: Active-lichen bag; AO: Active-other; AT: Active-transplantation; PA: Passive. 
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3.3 Variables affecting heavy metal accumulation in lichens  

 

The ability to accumulate heavy metals in the lichen thallus depends on a number of variables.  These 

variables are broadly grouped in three categories: 1) lichen species; 2) exposure time; and 3) location.  

How these affect the variation of heavy metal accumulation is discussed below. 

 

3.3.1 Inter-species variation of lichens in heavy metal accumulation 

 

Pollutants’ accumulations in lichens’ thalli depend on morphological characteristics such as surface 

area, surface roughness, and branching (Hauck & Huneck, 2007; Hauck, 2011).  Pollutant 

accumulation also depends on the growth-form of the thallus: fruticose, foliose or crustose.  

Anatomical features of lichens such as pore size in the epicortex, and fungal hyphae density, may also 

influence the localization and distribution of particles and other gaseous pollutants in the thallus (Garty, 

2001).  All the above characteristics are species specific.  Aprile et al. (2010) compared the 

accumulation capacity of Cu, Fe, Pb, and Zn in two foliose lichen species, namely, Flavoparmelia 

caperata and Parmotrema chinense, in Italy.  They used the lichen transplantation technique and 

samples were analysed after exposure periods of 15, 45, 75, and 125 days.  Their results indicated that 

Flavoparmelia caperata accumulated higher amounts of heavy metals than Parmotrema chinense. 

Rodriguez, Carreras, Pignata, and Gonzalez (2007) transplanted samples of two fruticose lichens, 

Ramalina celastri and Usnea amblyoclada into an urban environment in Argentina and analysed the 

samples after a four-week exposure.  The results indicated that Ramalina celastri accumulated higher 

sulphur (S) content from the atmosphere than Usnea amblyoclada.  The above studies proved that 

lichen species with the same growth form behave differently in accumulating pollutants.  

   

Kinalioglu et al. (2010) analysed samples of seventeen lichen species, four fruticose and thirteen 

foliose lichens, for Cd, Cu, Pb, and Zn in Turkey.  Their results showed that Physcia adscendens 

accumulate higher levels of Pb, Cu, and Zn in most sites, and Hypogymnia physodes as the best Cd 

accumulator.  Both these lichen species are foliose.  The results revealed no similarity in accumulation 

based on lichen species.  However, similar accumulation patterns (high, moderate or low) showed from 

different sites for a single lichen species.  Bergamaschi et al. (2007) used Hypogymnia physodes, 

Parmelia sulcata, Usnea gr. hirta, and Pseudevernia furfuracea for a transplant study in North Italy 

over a five-month period.  The results showed that elements do not exhibit a well-defined trend among 

species.  Rather, they noticed fluctuations among element accumulation patterns: the first three lichens 

had a higher accumulation capacity, while the latter had lower capacity.  The fluctuating pattern cannot 

be explained by the limited five months study period.  The exposure period was not sufficient to 

achieve equilibrium.  Research was carried out by Garty and Ammann (1987) targeting the 
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accumulated amounts of Cr, Cu, Fe, Mn, Ni, Pb, and Zn in seven lichen species collected from isolated 

rural sites in Switzerland.  The lichen species used were: Hypogymnia physodes, Pseudevernia 

furfuracea, Cladonia rangiferina, Cetraria islandica, Parmelia sulcata, Usnea sp. and Letharia 

vulpina.  The elemental accumulation was compared based on inter-species, inter-site, and inter-

element factors.  The results showed that there was no correlation of heavy metal accumulation based 

on the above three factors.     

 

Sujetovience (2010) made an entirely different observation when he carried out research to identify 

traffic-related pollutant accumulation, employing Physcia tenella and Parmelia sulcata, in Lithuania.  

The former lichen species has a rough surface, and the latter a smooth surface.  The results showed that, 

irrespective of the morphological characteristic of the lichen surface roughness, both species had a 

similar capacity of accumulating N from the atmosphere.  This research was restricted to quantifying 

the total content of C, N, and S, and was not extended to other traffic-related pollutants such as heavy 

metals, unburned hydrocarbons, or PAHs.  Therefore, it can be argued that the surface morphology is 

not important in gaseous N accumulating in the lichen thallus of the above two lichen species.    

 

Bargagli and Mikhailova (2002) argued that in addition to the lichen species morphology, the 

photobiont species may play a role in pollutant accumulation.  They stated that lichens with cyano 

bacteria as their photobiont may accumulate a higher amount of heavy metals than lichens with green 

algae as their photobiont.  Backor, Kovacik, Dzubaj, and Backorova (2009) carried out an experiment 

to investigate lichen sensitivity to Cu.  They revealed that Peltigera rufescens (photobiont a cyano 

bacteria) had a higher sensitivity than Cladina arbuscula (photobiont a green algae).  The results also 

demonstrated that the cyano bacterial lichen accumulated higher amounts of heavy metals than the 

algal lichen.  Branquinho, Matos, Vieira, and Ramos (2010) observed similar results in their study 

using nine lichen species.  Lichens with cyanobacteria showed a higher sensitivity to Cu uptake.  On 

the other hand, Nash and Gries (1995) showed that lichens with green algae had more homogenous 

elemental spectra than the lichens with cyanobacteria.  A recent investigation made by Backor, 

Kovasik, Piovar, Pisani, and Loppi (2010) noted that there was no significant difference between Cd 

and Ni accumulation in Peltigera rufescens and Cladina arbuscula.  The photobionts of P. rufescens 

and C. arbuscula are cyano bacteria and green algae respectively.  Since the observations on heavy 

metal accumulation among different lichen species are contradictory, further investigation is required.  

A search of the literature revealed that most research in lichen bioaccumulation studies are based on a 

single lichen species.  Only a few studies employed more than two lichen species.  The reason for this 

may be the requirement of complex result-comparisons due to the existence of inter-species variations 

in pollutant accumulation.  The lichen species selected for the current study are of the growth-forms 

foliose and fruticose (Sections 4.1.4 to 4.1.4.3).  Therefore, this study provides the opportunity to 
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compare the accumulation capabilities of two lichen species belonging to two different growth-forms.  

The results are discussed in Chapter 6. 

 

3.3.2 Exposure time in active biomonitoring research 

 

Bargagli and Mikhailova (2002) argued that lichens behave as time-integrators of persistent air 

pollutants, based on the higher pollutant content in mature parts of the lichen thallus.  This may be true 

if the pollutants absorbed into the mature parts of the thallus remain stationary without translocating, 

and if the pollutants cannot be released from the thallus.  However, based on an understanding of the 

dynamics of accumulation and release processes of heavy metals, it is premature to make such an 

assumption without knowing the uptake and leaching rates for different-aged parts of the thallus.  In 

reality, lichen thallus cannot be considered a substance that has the capacity to seize all available 

elements with no limit, storing all of them in the thallus, and stockpiling elements without releasing.  

For example, there is evidence of elemental content modification of rainwater by lichens as it passes 

over the lichen thallus (Pilegaard, 1979).  Pilegaard discovered a significant negative correlation 

between rainfall and concentrations of several heavy metals in the lichen thalli of Hypogymnia 

physodes and Dicranoweseisia cirrata.  Puckett (1985, as quoted in Bargagli & Mikhailova, 2002) 

explained a seasonal variation in mineral content as due to the dynamics of snow melting.  They further 

explained that initial melt water was enriched with minerals, resulting in a sharp increase in element 

concentrations in thalli.  Further, subsequent melt water may leach out more elements from the thalli.  

The above experiments proved that rainwater was the main possible source for a heavy metal releasing 

agent from the lichen thallus, but they did not compare the rainfall data to heavy metal accumulation.  

In the current research, rainfall data are compared with heavy metal data in order to understand the 

impact of rainfall on pollutant accumulation and release.      

 

In active biomonitoring studies, it is important to know how quickly the target lichen species reflects 

the changes in metal deposition patterns based on the new pollution levels of the new environment.  

The changes in the metal deposition patterns are mainly based on the pollutant level of the transplanted 

site.  In most lichen-based biomonitoring studies, the pollutant level of the new transplanted site was 

not taken into account.  The reason for this may be the unavailability of data or because it was not 

possible to run an active air sampling regime parallel to the lichen-based study.  Some researchers rely 

on herbarium materials, which give some benchmark values for comparison, but the information may 

change over time and be out-dated.  Herbarium specimens were not used in this research as they 

provide pollution information pertaining to the past and such information cannot be fitted into the two-

year study period for which PARM was developed.  Additionally, these specimens may not be sampled 

specifically for heavy metal quantification.  The samples could be contaminated from the use of metal 
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knives, sharp blades, chisels, storage materials, preservatives, and insect repellents.  The use of active 

air sampling apparatus such as the high-volume sampler is the best solution for measuring air pollution.  

Based on the scientific literature, heavy metal air pollution is evaluated by measuring concentrations 

directly in the air through employing high-volume active air sampling equipment (Aboal, Fernandez, 

Boquete, & Carballeria, 2010).  The use of such equipment is very expensive and sometimes not 

practical.  As discussed in Chapter 1, two other low cost options were utilized to measure the pollution 

levels in target locations in the present study.  These two methods were: using lichens as bioindicators 

and passive air samplers.  None of the monitoring stations in the Auckland Region measure heavy 

metals, other than Pb in Penrose, and are limited to the winter months (Auckland Regional Council, 

2006).  The pollutants measured in these stations are: CO, O3, SO2, NOX, PM10, PM2.5, TSP/Pb, 

Benzene, and 1.3 Butadiene (Auckland Regional Council, 2006).  The available ambient air pollution 

data from the Auckland Council (the former Auckland Regional Council) are used to compare with 

biomonitoring data, to understand the relationship of other pollutant levels to heavy metal accumulation 

in lichen.  Details are given in Chapter 5.              

 

It is well-known that the quality of air in Europe is improving thanks to strong air pollution legislation 

and monitoring systems (Rose & Howksworth, 1981).  With respect to the increasing air quality, a few 

studies have reported a decrease in element concentration in lichens, after comparing present-day 

lichen samples with archived samples and published results (Garty, 2001; Purvis et al., 2007).  

However, the reason for this reduction is not clear.  It may due to loss of previously accumulated 

elements from the thallus or to the reduced content of heavy metals in lichen tissues generated after the 

reduction of emissions.  Duruella (1984, as cited in Bargagli & Mikhailova, 2002) reported that the Pb 

accumulated by transplanted lichens near a busy road was lost after several months when the lichens 

were re-transplanted to their original site.  This may be due to the rainwater washing particles from the 

lichen thallus, thus removing Pb adsorbed at the surface.  The present study was designed to obtain 

further insight into the above issue through transplantation of lichens from a heavy polluted site to sites 

with relatively low pollution.  This is covered in Section 4.2.2.4.     

 

There is a small amount of research carried out comparing two different emission situations from the 

same pollution source using the lichen transplantation method.  The examples reported here illustrate 

how lichen biomonitoring techniques are applied to monitor different pollution scenarios.  Vestergaard, 

Stephansen, Rasmussen, and Pilegaard (1986) designed research to monitor airborne heavy metals 

around a Danish steel plant before and after the plant had been converted from oil-fired furnaces to 

electric-arc furnaces.  The results showed that the pollution situation was still severe and remained the 

same, with a reduction of heavy metal deposition near the steelworks.  This can be explained by 

differences in particle size distribution.  The emission of larger particles, which may be deposited 
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closer to the facility, had been reduced by the implementation of new technology and efficient filtering 

systems.  However, the dispersion of smaller particles and gases showed no significant difference in 

both emission situations.  Frati et al. (2005) used Evernia prunastri to monitor the trends of trace metal 

accumulation in a repeated active biomonitoring study conducted in 2002 and 2003.  The results 

pinpointed a Zn smelting plant as the principal pollution source in the area, with similar accumulation 

in both years.   

 

A detailed review of the literature revealed that most active biomonitoring studies were restricted, 

lasting only a few months, with the exposure time of the transplanted lichens limited to a few months.  

There are a limited number of experiments lasted up to one year.  Mikhailova and Sharunova (2008) 

showed that, Hypogymnia physodes samples, which were transplanted from a clean site to a polluted 

site, took more than a year to reach the pollutant level similar to the in-situ samples.  This experiment 

was conducted near a Cu smelting plant in Russia.  The study was not continued for more than a year, 

thus, no information about the transplants were available after reaching equilibrium.  On the other 

hand, some lichen species may take longer than one year to reach equilibrium with the local air quality.  

A study designed to last only a year is not able to generate sufficient information about the processes, 

such as long-term heavy metal accumulation, the achieving of equilibrium, and the process after 

achieving equilibrium.  Hence, the key problem associated with biomonitoring research design is the 

insufficient duration of the experiment.  For the current research it was assumed that when lichens were 

transplanted from a clean site to a polluted site, it would take one to two years to achieve the pollutant 

level of the in-situ site, or equilibrium.  Therefore, the study was designed for a two-year period, with 

the anticipation of obtaining information about the following: the long-term heavy metal accumulation 

process, the process of achieving equilibrium, and the process after achieving equilibrium.         

 

3.3.3 Spatial variation    

 

Changes in elemental composition in the lichen thallus due to the spatial variations may reflect the 

geographical changes of the pollution load.  Climatic and environmental factors may have a significant 

impact on these variations, assuming the level of pollutant in the target site is not significantly changed.  

Kwapulinski, Seaward, and Bylinska, (1985) and Kral, Kryzova, and Liska (1989) showed an increase 

in Cd, Pb, Ra, and Zn depositions with increasing altitude.  This may be due to changes of precipitation 

with altitude and the ability of long-distance transportation in the target heavy metals.  Kwapulinski et 

al. (1985) used four species belonging to the genera Umbilicaria to monitor the uptake of Radium-226 

and Radium-228 as the function of their growth altitude above sea level in southwest Poland.  The 

research data clearly showed an increasing trend of radionuclide concentration with increasing altitude.  

The available experimental information is rather controversial.  There is no agreement about the 
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hypothesis that with increasing altitude there is a higher heavy metal accumulation in lichen thalli.  

Jasan, Verburg, Wolterbeek, Pla, and Pignata (2004) showed that there is no statistical relationship 

between altitude, element concentration, and physiological parameters of lichens.   

 

Local vegetation structure and topography play a significant role in heavy metal deposition on lichens.  

Lichens growing on a single solitary tree have a higher possibility of accumulating more particles than 

lichens growing in a highly dense stand (Kwapulinski et al., 1985).  The reason may be that a single 

tree is more exposed to free air circulation than in a stand.  Heavy metal accumulation of lichens may 

also change based on the lichens’ height on the host tree.  Lichens near the base of the tree have a 

higher probability of exposure to more soil particles and nutrients through water splashing from the 

ground.  This can be enhanced by the pattern and elemental composition of stem flow.  The inclination 

of the tree determines the pattern of the stem flow (Jason et al., 2004).  Researchers must be careful 

about the selection of the phorophyte.  The phorophyte is the plant or tree on which epiphytes are 

growing.  Some important points to be considered when selecting the phorophyte are: species of the 

phorophyte, degree of tree inclination, lichen position on the trunk, bark morphology, and bark pH.      

 

Most phorophyte-related problems may be overcome through selecting a single species of tree for the 

entire study.  This also allows the gathering of a homogeneous set of data, easy to compare statistically.  

For this research, Metrosideros excelsa trees were used to collect and transplant lichens for the 

biomonitoring portion of the research and Melia azedarach L (Chinaberry) used for the bioindicating 

component.  Metrosideros excelsa is a very common evergreen tree endemic in the North Island.  It is 

also known as Pohutukawa or the New Zealand Christmas tree, after the brilliant crimson flowers 

covering the tree from November to January (Allan, 1982).  It grows up to 20 metres tall and is 

prominent in parks and natural areas in the Auckland Region.  Melia azedarach, known as the 

Chinaberry or Umbrella tree, is a deciduous, shade tree with a rounded crown, reaching a height of 12 

m at maturity.  Its flowers are small, pale purple or white, with five petals (Australian National Botanic 

Gardens, 2008), and is often planted as a shade tree because of its dense leaf cover on road sides, in 

parks and public gardens.  It is one of the most widely planted trees on the Auckland isthmus with a 

numerous lichen cover (Kooperberg, 2002).  The reasons for selecting the above tree species, and 

practical procedures are discussed in Section 4.2.2.3 and Section 4.3.1.  

          

3.3.3.1 Sites of interest for biomonitoring research 

 

Areas with heavy traffic and industrial zones are the main target sites for lichen biomonitoring 

researchers.  Based on the reviewed journal articles of the last two decades, some of the most popular 

sites for biomonitoring studies are: cement plants, coal-fired power stations, coal mines, copper mines, 
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fertilizer manufacturing plants, gold mines, heavily industrialised sites, industrial cities, iron foundries, 

nickel foundries, oil extraction plants, petrochemical industries, steel works, urban cities, volcanic 

areas, and zinc foundries (Boamponsem et al., 2010; Conti & Cecchetti, 2001; Pacheco et al., 2008).  

Canha et al. (2011) demonstrated the possibility of using lichen as biomonitors in indoor environments.  

For the present research, twelve locations belonging to four land use types: industrial, commercial, 

residential, and clean, spread over the Auckland Region, were used to understand the behaviour of 

pollution accumulation and release of lichens.  The descriptions of each site are discussed in Sections 

4.1.5.1 to 4.1.5.4. 

 

3.4 Pollutant uptake and release  

 

Lichens are defined as ectohydric organisms having no specialized structures for water and gas 

exchange; hence they absorb gases and water with dissolved substances including all pollutants, 

through their outer surface (Tyler, 1989).  Additionally, the thalli of most lichen species are branching.  

These branches provide a larger surface area to the lichen body.  The surface of the lichen is of loosely 

woven fungal hyphae with large intercellular spaces.  The intercellular spaces of lichen thalli provide 

facilities for trapping airborne particulate pollutants (Bargagli & Mikhailova, 2002).  The main 

accumulations of pollutants come from wet and dry atmospheric deposition (Brown & Brown, 1991).  

Therefore, the chemical content of the lichen mainly reflects the availability of pollutants in the 

atmosphere.   

 

Typically, researchers consider the atmosphere to be the main source of heavy metals for lichens.  This 

is supported by data showing a poor correlation between heavy metals in the lichen thallus and the 

element content of the substrate, on which they grow (Brown, 1976, quoted in Purvis & Pawlik-

Skowronska, 2008).  This is mainly applicable to the saxicolous and terricolous lichen species rather 

than corticolous lichen species, because the former grow in metal-rich environments.  Goyal and 

Seaward (1982) demonstrated that there was little or no relation between the metal concentrations in 

the substrate and the lichen thallus.  Purvis and Halls (1996) conducted research on saxicolous lichen 

communities growing on Cu and Fe sulphide-rich rocks in Scandinavia.  They discovered that the 

composition of the lichen communities was governed by mineralogy, which influenced the mobility 

and availability of Cu and Fe ions in the environment, rather than the total concentration of either metal 

in the substratum.  Similar research was conducted on lichens growing on sandstone monuments in 

India (Bajpai et al., 2010b).  The accumulated heavy metal content in lichens showed a higher amount 

of metals, while most such metals were either absent or present only in negligible amounts in 

substrates.  Most of the research carried out to understand how elements transferred from bark to 

corticolous lichen was concluded with no significant results (Bargagli & Mikhailova, 2002).  Thus, 
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other than the role of the substratum, tree bark’s role in lichen’s nutrition is still largely unknown.  

Based on the above research findings, the present research proceeded under two assumptions: 1) the 

selected lichen species do not uptake any nutrients or pollutants from the tree bark (substrate) that they 

grow on; and 2) all pollutants accumulated in the lichen thallus are from the air, taken up into the 

thallus collectively through three mechanisms.  The three pollution accumulation mechanisms are 

discussed in Sections 3.4.1.1 to 3.4.1.3. 

 

3.4.1 Mechanisms of pollutant uptake and release 

 

The biomonitoring capability of lichen is based entirely on its capacity to integrate high levels of air 

pollutants.  Most pollutants are taken up into the thallus in a soluble form, through wet and dry 

deposition, via a rapid ion exchange process (Garty, 2001; Nieboer, Richardson, & Tomassini, 1978).  

The only possible method of pollutant removal is through wash-off or leaching from the surface of the 

lichen thallus, which also depends on climatic factors (Gailey et al., 1985).  Brown and Brown (1991) 

argued metals can be removed by rainwater, dislodging the contamination particles on the surface of 

the thallus.  In contrast, precipitation, through-fall and dust are the major sources of mineral nutrients 

and heavy metals for lichens, and the amount taken in by the various sources is dependent on species’ 

characteristics (Bergamaschi et al., 2007).  The difference between these two processes of uptake and 

release may be the reason for the temporal fluctuation of heavy metal content in the lichen thallus.  

 

Lichens effectively trap airborne particulate matter containing metal compounds, complexes of certain 

metals, and organic compounds, from the atmosphere.  Features of the thallus surface, such as the 

absence or presence of a cortex, the roughness of the outer cortex, and the size of pores, are the 

determining factors in this process (Bargagli & Mikhailova, 2002).  There is visual evidence of the 

entrapment of metal-containing particles using SEM techniques, and research has shown that such 

particles may be removed by washing procedures (Garty, 2001).  Experiments also showed that the 

translocation of metals within the lichen thallus is based on diffusion (Nieboer at al., 1978).  Cations 

may bind to extracellular or intracellular exchange sites in the cell wall, and the outer surface of the 

plasma membrane of the lichen (Bargagli & Mikhailova, 2002).   

 

In the case of lichens, given the absence of a vascular root system and the absence of a waxy cuticle 

surrounding the thallus, elemental and chemical exchange with the environment occurs through the 

entire lichen surface.  Airborne pollutants are incorporated into the lichen thallus by interception of 

soluble or particulate matter (Garty, 2001).  The following three methods of incorporation are put 

forward in order to explain the uptake mechanism of pollutants in the lichen thallus: 1) particulate 
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materials adsorbed onto the thallus surface or within intercellular spaces; 2) extracellular binding of 

cations; and 3) intracellular uptake (Bargagli & Mikhailova, 2002; Garty, 2001; Nieboer et al., 1978). 

 

3.4.1.1 Particulate matter adsorbed onto the thallus surface or within intercellular spaces 

 

Particulate matter generated both from natural and anthropogenic sources may be deposited onto the 

lichen surface, or trapped in the intercellular spaces of the lichen medulla, and can remain unaltered for 

a long time (Bargagli & Mikhailova, 2002).  Examples of natural sources are: soil, volcanic eruptions, 

sea salt aerosols, forest fires, and biogenic volatile non-methane hydrocarbons.  Mining, smelting, 

metallurgical activities, combustion of fossil fuels, industrial emission, refuse incineration, and cement 

manufacturing are some examples of anthropogenic sources.  With the aid of SEM techniques, it is 

possible to observe the presence of metal-rich particles on the surface of the thallus as well as in the 

intercellular spaces of the medulla (Bettinelli et al., 2002; Wolterbeek et al., 2003).  It is interesting to 

note that many particulates have been observed within the intercellular spaces of lax medullary tissues 

(Garty, Galun, & Kessel, 1979), but how they reached those locations is still not clear (Bargagli & 

Mikhailova, 2002).  The features of the lichen thallus, such as the absence or presence of a cortex, the 

roughness of epicortex, and the size of pores could play a significant role in the amount and size of 

trapped particles in the lichen thallus (Bargagli & Mikhailova, 2002).  The particles entrapped in the 

thallus may remain for a long period without alteration.  However, with time, relatively insoluble 

compounds of PM may also be partly dissolved by lichen acids (Brown & Brown, 1991).            

 

3.4.1.2 Extracellular binding of cations 

 

It is evident that cations may bind to extracellular exchange sites in the cell wall and the outer surface 

of the plasma membrane and this process is accompanied by a release of protons (Bargagli & 

Mikhailova, 2002).  Brown (1987) described the extracellular cation binding as a reversible, rapid, 

passive physico-chemical process (Bargagli & Mikhailova, 2002).  Brown (1987) also explained that 

the cations, which are bound to exchange sites, are displaced by cations with a higher binding affinity 

or higher concentrations.  Sloof (1995) indirectly demonstrated the consequence of passive 

extracellular binding in uptake and or release of heavy metals in lichens using ‘rag’.  Rag is a muslin-

like cloth impregnated with a resinous material.  Comparable ratios between the accumulation factors 

for Co, Sc, and Zn resulted from both Parmelia sulcata transplanted thalli and the rag after the same 

exposure period at the same site.  A similar technique is used in the current research to understand 

pollution levels at different study sites.  A low-cost passive air sampler was developed using materials 

available in the laboratory and information on this is given in Sections 4.3.2.1 to 4.3.2.2. 

 



 3-17

3.4.1.3 Intracellular uptake 

 

Unlike the process of extracellular uptake, intracellular uptake is a slow, selective, energy dependent, 

and plasma membrane-controlled process (Brown, 1987 cited in Bargagli & Mikhailova, 2002).  Even 

though the mechanism has greater biological significance, a limited number of experiments have been 

published on this topic and the available data are mostly from laboratory experiments, not from field 

studies (Bargagli & Mikhailova, 2002).  Therefore, the significance of the process in field conditions is 

still unclear.  Based on an experiment, conducted utilizing Peltigera, it was revealed that intercellular 

Cd uptake was linear with time, temperature dependent, light stimulated, and a species-specific process 

(Garty, 2001).   

 

The current research quantified the heavy metals adsorbed to the surface layer as well as absorbed into 

the thallus through all three mechanisms discussed above.  The research was not designed to 

discriminate the pollutants absorbed into the thallus based on the different uptake methods.  There is no 

information available on the percentage of accumulation, based on different uptake mechanisms.  

Therefore, all mechanisms are considered important in the current research.  The notable feature of 

lichens is their ability to store a higher level of pollutants through the above mechanisms in the thallus, 

greater than their biological requirement, without this being metabolically toxic to the lichen cells.  The 

ability to store an extraordinary amount of toxic pollutants in the lichen thallus makes them a unique 

group in air pollution biomonitoring studies.  The mechanism of storing physiologically toxic 

compounds in the lichen thallus without being toxic to the lichen metabolic processes is explained 

below. 

 

3.4.2 Heavy metal detoxification mechanisms in lichen thallus   

 

The mechanism known as ‘exclusion’ is the main detoxification process in lichens.  Most lichens 

formulate extracellular oxalates using heavy metals to keep pollutants away from the biological 

processes of the lichen cell (Backor & Loppi, 2009).  Purvis (1984) observed Cu oxalates in the 

medulla of the Cu tolerant lichen species in the Scandinavian region.  The role of the extracellular 

oxalates is to immobilize heavy metals and a similar function can be observed through the formation of 

oxalic, citric, and malic acids in Lecanora polytropa and Diploschistes muscorum (Pawlik-

Skowronska, Purvis, Pirszel, & Skowronski, 2006).  Lichens accumulate extraordinary amounts of 

heavy metals from their heavy-metal-rich surroundings.  For example, lichen Acarospora rugulosa 

accumulated up to 16% of Cu on a dry mass basis, and fruiting bodies of Lecanora polytropa 

accumulated up to 1.3% on a dry mass basis, approximately 50% of which was in an exchangeable 

form (Pawlik-Skowronska et al., 2006).  Some extreme cases of tolerance to high concentrations of Cu, 
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Pb, and Zn are reported below to show lichens’ ability to accumulate excess heavy metals.  This 

confirms their reputation as excellent bioaccumulators.  The highest recorded Cu accumulation in three 

lichen species are Lecanora polytropa (4,900 mg kg-1),Umbilicaria lyngei (2,100 mg kg-1), and 

Alectoria pubescens (1,000 mg kg-1) (Alstrup & Hansen, 1977).  For Pb, Cornicularia muricata 

(12,000 mg kg-1), Peltigera canina (7,700 mg kg-1), and Parmelia sp. (1,620 mg kg-1) reported the 

highest accumulation (Backor & Loppi, 2009, quoted Rao, Robitaille, & LeBlanc 1977; Goyal & 

Seaward, 1982).  The same authors reported Cornicularia muricata (5,600 mg kg-1), Peltigera canina 

(3,500 mg kg-1), and Parmelia sp. (3,270 mg kg-1) for the highest Zn accumulation. 

 

3.5 Different theories about heavy metal accumulation in lichens  

      

The accumulation of heavy metals by the lichen thallus is a dynamic process.  Monnet, Bordas, 

Deluchat, and Baudu (2006) reported that lichens soaked in metal solutions showed that they 

accumulated metals very quickly, within two to three hours.  Monnet et al. (2006) demonstrated that a 

maximum accumulation of Cu was achieved after three to six hours.  Most of the transplantation 

studies under field conditions illustrated that the majority of the lichens responded to the changes in 

atmospheric heavy metals within a few months (Backor & Loppi, 2009).  It would be reasonable to 

assume that the heavy metal accumulation in the lichen thallus should be linear and increase as a 

function of time, but field data have shown the situation is much more complicated (Bergamaschi et al., 

2007).  Using published data, the heavy metal concentrations in transplanted lichens showed a 

fluctuating pattern during the study period with an overall increase in accumulation.  Bergamaschi et al. 

(2007) argued that the reason for the fluctuating pattern of the metal uptake was, at least partly, 

controlled by physiological processes and turnover mechanisms of the lichen.  Backor and Loppi 

(2009) observed that metal content in lichen can be lower during the winter periods and higher in the 

dry seasons mainly due to rainfall variations.  In contrast, lichens are metabolically more active when 

wet, and therefore, the winter period is a more active time in terms of growth and mineral uptake (Nash 

& Gries, 1995).   

 

Backor and Loppi (2009) argued that the accumulation of heavy metals by the lichen thallus is both 

passive over the long-term or dynamic and immediate involving uptake and release to the point of 

equilibrium.  Reis at al. (2002) introduced the concept of ‘remembrance time’.  This is the time over 

which lichen functioning reflects its recently-experienced pollutant availability.  They argued that if the 

remembrance time of lichens transplanted from a clean site to a polluted site is longer than the period 

over which transplant performance is recorded, measurement of the present pollutant levels would be 

seriously hindered.   
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3.5.1 Physical location of heavy metals in the lichen thallus  

 

Several studies have investigated the physical distribution of heavy metals in lichen thalli.  For 

example, Goyal and Seaward (1982) discovered that rhizinae (structures that lichen thallus attached to 

the substrate) and the medulla of the lichen play an important role in heavy metal accumulation and 

translocation throughout the thalli.  At the same time, some researchers have observed that the central 

part of the thallus of foliose lichens may have a higher content of some heavy metals than the 

peripheral parts, due to the greater exposure time experienced (Goyal & Seaward, 1982).  They have 

also reported that some of the elements were observed to be mobile within the lichen thallus, so it is 

impossible to distinguish a regular zonation pattern in most cases.  Backor and Loppi (2009) observed 

that metals with less metabolic significance (Al, Cd, and Pb) were higher in the central parts of the 

thallus, and metals required for metabolism (Co, Cu, Mo, and Zn) were concentrated in peripheral 

regions.  Based on that observation, Backor and Loppi suggested that metals are mobilized within the 

lichen thallus.  Purvis, Williamson, Batrok, and Zoltani (2000), employed SEM techniques to discover 

Pb concentrated areas in the lichen thallus, and found that areas such as the cortex, medulla, and 

apothecia were rich in Pb.  The other heavy metals, for example, As, Cu, and Zn, were predominantly 

associated with the cortical region.  Purvis et al. (2000) suggested that airborne PM initially accumulate 

on the lichen surface and then through gravitation, are trapped between areoles.  Since SEM techniques 

are very expensive, Rinino et al. (2005) employed classical histochemical tests (where costs are 

generally low) as used in human histopathology, to assess the pattern of metal localization in lichens.  

This technique is very useful in identifying the physical distribution of heavy metals in thallus, but is 

not suitable for heavy metal quantification.   

 

3.6 Conceptual models to understand equilibrium process 

 

The research plan used in the current research involves a consideration of several steps towards the 

understanding of lichen responses to air pollution accumulation, release, and the achievement of 

equilibrium.  To assist in describing the research plan, two conceptual models are developed in the 

current research.  The first is the lichen-air equilibrium model, and the other is the PARM. 

 

3.6.1 A conceptual model of lichen-air equilibrium   

 

In most pollutant uptake, retention and release studies, the lichen thallus is considered homogenous 

organism towards metal uptake and release (Puckett et al., 1973; Reis et al., 2002; Reis et al., 1999; 

Sloof, 1995).  The same assumption is used in the current research.  It is important to note that all 

mechanisms discussed in Sections 3.4.1.1 to 3.4.1.3 occur on the surface layer of the thallus.  



 3-20

Therefore, the surface layer of the lichen plays an important role in the process of pollutant 

accumulation and release.  According to Wolterbeek et al. (2003), the surface layer of the thallus acts 

as an interface on which pollutants in the atmosphere achieve equilibrium with the pollutants in the 

lichen’s interior tissues.  This is the area of the lichen, which accumulates and releases pollutants into 

and from the thallus through the above-discussed mechanisms.  Therefore, the behaviour of pollutant 

concentration in the surface layer is very important in understanding the lichen equilibrium process.  As 

introduced in Chapter 1, the heavy metals available in the surface layer are referred to as on-thallus and 

the pollutants in the interior tissues are referred to as in-thallus.  The in-thallus pollutants are not 

readily washed off during the simple laboratory washing process.  The practical details in relation to the 

measurement of both types of heavy metals are discussed in Chapter 4.   

 

The interior tissues in a lichen species are anatomically quite different from each other (Purvis & 

Pawlik-Skowronska, 2008).  In addition, the structure of the interior tissues and number of tissue layers 

in a thallus are not the same for different lichen species (Nash, 2008a).  These complications are 

difficult to take into account in a generalised model, as any attempt to do so make the model species-

specific.  There are also practical considerations in that extracting pollutants from different tissue layers 

of the lichen thallus is not straightforward and may not always be possible.  Moreover, it is difficult to 

distinguish the pollutant content in different anatomical layers in the lichen thallus.  For these reasons, 

the anatomical structure of the lichen tissues in the thallus is not considered in this model.  The 

simplicity of the model is, therefore, a limitation, but also a strength in that it is broadly applicable to 

all lichens.   

 

Wolterbeek et al. (2003) proposed a surface-layer process to explain the activities related to pollutant 

accumulation and release of the lichen thallus.  Based on this, pollutant accumulation in the thallus 

expresses the first order characteristics of the deposition process.  The following conceptual model is 

developed based on the Woltebeek et al. (2003) surface-layer model.  In this updated model, achieving 

the lichen’s overall equilibrium state is considered as two sub-equilibrium processes.  The first 

equilibrium takes place at the interface of the air and the surface layer of the lichen, and the second 

equilibrium takes place at the interface of the surface layer of the lichen and the interior tissues of the 

lichen.  In order to accomplish the lichen’s overall equilibrium sate, both sub-equilibrium states have to 

be achieved.  The following lichen-air equilibrium model shows how the lichen thallus achieves an 

equilibrium state, for a target pollutant in the air, with the surface layer, and the interior tissues of the 

thallus. 

 

When a lichen thallus is in equilibrium, the rate of pollutant uptake into the interface or on-thallus (R1) 

is equal to the rate of the pollutant release (R2) to the environment.  Similarly, the rate of the pollutant 
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uptake into the interior (in-thallus) of the thallus from the interface (R3) is equal to the rate of the 

pollutant release into the interface (R4).  Since the thallus is in equilibrium, the rate constant from the 

atmosphere to the interface is K1, and the rate constant from the ‘interface’ to the interior is K2.  The 

total content of a target pollutant in the lichen thallus is the combination of pollutants available in 

interface (on-thallus) and interior (in-thallus).     

 

 

 

 

Figure 3.1.  A conceptual model of lichen-air equilibrium to demonstrate how a pollutant in the air 
achieves equilibrium with interior tissues of the lichen thallus.  The pollutant concentrations occur in 
the atmosphere, surface layer, and the interior tissue of the thallus shown as Ap, Sp, and Ip 
respectively.  R1 is Pollution accumulation rate from air to surface layer, R2 is pollution release rate 
from surface layer to environment, R3 is pollution accumulation rate from surface layer to interior 
tissue, and R4 is pollution release rate from interior tissue to surface layer.  K1 and K2 are equilibrium 
constants.  
 

When the same thallus is transplanted to a site with higher pollutant levels, then the rate of pollutant 

uptake into the interface (R1) will be increased due to the higher concentration of pollutants available in 

the air.  New R1 is higher than the rate of pollutant release to the environment (R2).  Because R1 is 

greater than R2, pollutants accumulate in the interface.  Similarly, the rate of pollutant uptake into the 

interior (R3) will be increased compared to the pollutant release to the interface (R4) because the 

pollutant concentration in the surface is higher than the interior.  Due to R3 being greater than R4, 

pollutants accumulate in the interior tissues.  Then equilibrium changes due to the alteration of rates of 

uptake and release (R1, R2, R3, and R4).  Therefore, K1 and K2 will be altered accordingly.  However, 

the system tends to achieve equilibrium (K1 and K2) again over time.  After a certain time, the lichen 

thallus will achieve a new equilibrium (K1 and K2) and at that point all uptake and release rates will be 

equal (R1 = R2 = R3 = R4).  In contrast, if a lichen thallus is transplanted from a polluted site to a less 

polluted site, the reverse of the above process should occur.  This conceptual model is used in present 

research to understand: 1) the rates of various heavy metal accumulation in two lichen species over 

short (seasonal) time periods versus longer (two-year) time periods; and 2) the relationship between the 

in-thallus accumulation of pollutants and the on-thallus loading with respect to different land use types 

and seasons.  

 

 
 

 Air Surface layer of the lichen 
(‘on-thallus’)

Interior tissue of the lichen  
(‘in-thallus’) 

Ap K2

R2 

R3

R4

Sp Ip K2 

R1   
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The lichen-air equilibrium process is valid when the lichen thallus is wet.  The pollutant mobilisation 

within the thallus and the physiological activities of the lichen cannot be expected when the thallus is 

dry.  Other than the gaseous pollutants, most of the air pollutants such as metals and organic pollutants 

come into contact with lichen thallus as particles (Section 3.4.1.1).  The soluble metals in particles such 

as heavy metals dissolve in water, and release to the surface layer of the thallus as cations.  In nature, 

the solubility of heavy metals depends on the pH of rain water.  A few studies demonstrate that the 

cation sorption mechanism in lichens consists in the ion exchange (Andrzej et al., 2007; Brown & 

Brown, 1991; Klos et al., 2005; Klos, Rajfur, Waclawek, & Waclawek, 2006).  Considering all the 

above information, it was assumed that all heavy metals are deposited on lichen thallus as particles, 

then heavy metals in particles dissolve in water and mobilise into the thallus.  Andrzej et al. (2007) 

illustrated the ion exchange processes as: RHM Z
Z  MRzH  , where M is the heavy metal 

cation and R is the anion in the cationactive layer.  By definition, the functionality of the cationactive 

layer is similar to the surface layer of the present study.  Heavy metal accumulation in this layer is 

discussed in Section 8.6.   

 

Ernst (1990) argued that equilibrium may never be reached in reality due to the time, season or wind-

directional changes in ambient metal availability (Wolterbeek et al., 2003).  However, he made the 

above argument based on higher plants, which possess specialised anatomical structures such as 

stomata, cuticle, and vascular system to control metal uptake and release.  On the other hand, Ellis and 

Smith (1998) considered lichen an essentially homogeneous organism towards metal uptake and 

release.   Additionally, lichens do not possess any of the above anatomical structures to control 

pollutant uptake and release.  Therefore, achieving equilibrium in a lichen thallus is not that complex 

compared to a higher plant.  However, understanding the achievement of the equilibrium state by the 

lichen thallus is problematic.  In the current study, taking all the above arguments into account, it was 

decided to consider the point at which there is no significant fluctuation of the heavy metal 

concentration in the transplanted lichen thallus over time as the equilibrium state.        

 

3.6.2 A conceptual model of pollution accumulation and release 

 

The PARM is defined for a given: 1) heavy metal; 2) lichen species; and 3) site of interest.  The 

behaviour of seasonal heavy metal accumulation over a two-year period in a lichen sample, which is 

transplanted from a less polluted site to a polluted site and termed a ‘long-term transplant’, is shown in 

Figure 3.2.  The transplantation process is carried out at the beginning of each season, and analysed at 

the end of the same season to understand the seasonal heavy metal accumulation.  This is depicted as 

‘short-term transplants’ in the same figure.  The seasonal pollutant content of the in-situ samples, which 

are already in equilibrium with the environment, is shown as ‘pollutant level of in-situ samples’.  This 
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is an indicator of the existing pollution level of the target site.  The line labelled ‘transplants from a 

polluted site’ shows how the pollutant is released from the lichen when it is transplanted from a 

polluted site to the site of interest.  The bottom line of the figure labelled ‘pollutant level of the clean 

site’ indicates seasonal pollutant concentrations at the clean (control) site or the less polluted site.   

  

When a lichen sample is transplanted to a polluted site from a clean site, pollutants in the thallus move 

towards equilibrium with the new environment.  Since the pollutant content in the surroundings is 

greater than its original site, the influx of the pollutants into the thallus is higher than the release from 

the lichen thallus.  At this stage, the pollution accumulation rate in the thallus is greater than the 

pollution release rate from the thallus.  Therefore, a net pollutant accumulation is taking place in the 

thallus.  This process continues until the pollutant reaches a point where the pollutant accumulation rate 

equals the pollution release rate.  When both rates are equal and there is no net pollutant accumulation 

or release in the thallus, the lichen thallus achieves equilibrium with the air.  This is shown as the 

‘Equilibrium point’ in Figure 3.2.  The time taken to achieve this point is considered the ‘Response 

time’.  The amount of pollutants accumulated in order to achieve the new equilibrium is depicted as 

‘Signal strength’.  The rate of pollution accumulation up to the equilibrium point is shown as θ.  This θ 

is the trend calculated based on ‘long-term transplant’.  The rates of pollution accumulation (θ1 to θ8) 

are given for different seasons and these rates are useful in understanding the seasonal variations of 

pollutant accumulations. 

 

When lichen samples from a heavily polluted site are transplanted to a relatively less polluted site, then 

the lichen thallus undergoes a similar process as explained above, but in the opposite direction.  The 

reason for this is that in order to achieve the new equilibrium, pollutants release from the thallus to the 

surrounding air.  A basic assumption in the PARM is that the pollutant level in a target location is not 

changed significantly over time.                        

 
Comprehending the impacts of pollution accumulation and release of a lichen thallus over time is 

complicated.  Therefore, the above two conceptual methods are helpful in understanding the pollution 

accumulation and release rates over short-term (seasonal) and a longer term periods.  Since this second 

model was developed for a two-year period, the possibility of acquiring more conclusive results about 

how airborne heavy metals achieve equilibrium with lichens is high.  The other aim of this model is to 

identify how and when the lichen thallus achieved the equilibrium state and the nature of pollutant 

release when lichens are transplanted from a highly polluted site to a less polluted site. 
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Figure 3.2.  A conceptual PARM illustrating pollution accumulation and release for a single pollutant 
for a given lichen species for a site of interest.  The rate of pollution accumulation for long-term 
transplants (θ) and the rates of pollution accumulation for different seasons (θ1 to θ8), show the slope or 
the lichen’s sensitivity to the pollutant concerned.  
 

3.7 Detailed aims  

 

The foregoing review of the literature (Chapters 2 and 3) revealed several gaps in the understanding of 

how lichens interact with the pollution content of the ambient air, in particular, the role of lichens as 

biomonitors.  They are summarised here as a lead-in to articulating the detailed aims of this research.   

First and foremost most studies have been restricted to the Northern Hemisphere, with very few 

published studies from the Southern Hemisphere, in particular Australasia.  Therefore, most of the 

lichen species used are not common in New Zealand, especially in the Auckland Region of New 

Zealand.  The Auckland area is an attractive study site as it has a rich diversity of lichen, thus the 

possibility of finding species well-suited to air pollution biomonitoring is high.    

 

Of the research methods used to study the role of lichens as biomonitors, the passive biomonitoring 

techniques are most commonly employed.  This method can only be employed for identifying spatial 

patterns of air pollution.  To obtain information on temporal trends and patterns, active biomonitoring 

methods are required; but to date, there is only a limited understanding of pollution accumulation 

trends, especially for different heavy metals in different lichen species using this method.   
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The most common air pollutant group in lichen-related biomonitoring research is heavy metals.  Very 

few studies considered toxic organic compounds and particulate matter, and even fewer considered all 

three pollutant groups.  A further consideration is that most studies of the research to date use data 

covering relatively short periods of time, usually less than a year. 

 

The results of studies of temporal patterns suggest that the accumulation of air pollutants in a lichen 

thallus stabilises when there is equilibrium between the pollutant uptake and release processes (Conti & 

Cecchetti, 2001).  In a situation where a lichen sample is transplanted from a clean site to a polluted 

site, initially, the process of pollutant uptake increases.  Eventually, the transplant achieves equilibrium, 

and at this stage its pollutant concentration is the same as in-situ samples.  Therefore, both passive and 

active biomonitoring techniques are based on pollutant uptake and release, leading to the achievement 

of equilibrium.  However, details about how lichens achieve equilibrium are not yet well explored.  

Most of the published studies targeted only the pollutant accumulation process in the lichen thallus.  

There are few published works that discuss the process of pollution release from the thallus.  Both 

accumulation and release involve two layers of the lichen.  To date most research considers the lichen 

to be a homogeneous organism in respect of pollutant uptake and release (Ellis & Smith 1997). There is 

little information on the relationship between pollutants accumulated on the surface layer and the 

interior tissues of the thallus.   

 

In light of the above, the current research has two overarching aims.  The first is to identify lichens 

common to the Auckland Region that are likely to be suitable as biomonitors for air pollution. 

Specifically this entails addressing the following research questions: 

a) What are the potential lichen biomonitor species in the Auckland Region? 

b) How do these lichens perform as accumulators of air pollutants?  

c) Which air pollutants accumulate in lichens? 

d) Do different lichen species accumulate a target pollutant at different rates? 

e) Do different pollutants accumulate in a single lichen species at different rates? 

 

Data were collected over a period of 24 months. Methods used are active transplanting, passive 

biomonitoring and bioindicating.  Three groups of air pollutants are targeted, namely, heavy metals, 

polycyclic aromatic hydrocarbons (PAHs), and particulate matter (PM).  The term air pollution was 

defined for the current study as the content of the target pollutant in the air near the ground.  Four 

categories of land use reference types were identified in the Auckland Region with a pollution gradient 

for the research namely: 1) industrial, 2) commercial, 3) residential, and 4) clean.  In addition to the 

main objective introduced in Section 1.3, this research was designed to understand the process of how 

air pollutants achieve equilibrium within the lichen thallus.   
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The second aim of this research is to assess the performance of the selected lichen species as air 

pollution biomonitors. Specifically this entails addressing the following research questions: 

a) What is the rate of accumulation in lichens of the various heavy metal pollutants over: a) short 

(seasonal) time periods; and b) longer (two-year) time periods?   

b) Does the on-thallus pollutant content depend on other variables such as lichen species, land use 

type, or weather conditions? 

c) What is the relationship between the in-thallus accumulation of pollutants and the on-thallus 

loading?  

d) Is on-thallus loading washed off, and if so, does the in-thallus accumulation of lichens 

underestimate the ambient pollutant level in the air?  

e) Over what period of time does the air pollutant content of the lichen, and the pollutants in the 

air, achieve equilibrium?  

f) Do the total pollutants accumulated in a thallus decrease over time if the lichen is transplanted 

to a less polluted site? 

 

3.8 Summary 

 

Lichens have been successfully used to assess air pollution internationally.  The biomonitoring method, 

which analyses the accumulation of pollutants in the thallus, is helpful in understanding both the spatial 

and temporal distribution of a specific pollutant.  There are two approaches to biomonitoring, passive 

biomonitoring, measuring the pollutant content in in-situ samples, and active biomonitoring measuring 

the accumulation of pollutants over time in transplanted lichens.  A combination of both methods is 

employed in the present project to answer the research questions described in Section 3.7.  The results 

based on biomonitoring and bioindicating techniques are compared with the available air pollution 

data, meteorological variables, and data from the passive air samplers that were developed during the 

study.  Two conceptual models: the lichen-air equilibrium model and PARM were developed to 

understand how pollution accumulates and releases from the thallus over time.  Detailed aims of the 

research are introduced and a schematic summary diagram of the entire study is attached as Figure 3.3. 
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Figure 3.3. Overview of research plan and steps in the current research. 
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CHAPTER 4 

 

METHODS AND MATERIALS  

 

4.1 Introduction 

 

This chapter outlines the materials, sampling procedures, analytical techniques, and data analysis 

procedures employed in the present study.  The first section of this chapter introduces the overall 

research methodology, the study area and describes the sampling sites, and lichen species employed in 

the study.  Lichen transplantation procedures, sample collection procedures, and analytical techniques 

used to analyse target pollutants, are discussed in Section 4.2.  Quality assurance and quality control 

aspects are included in the same section.  Section 4.3 explains the procedures followed to measure the 

pollutant levels using bioindicators through calculation of IAP values, passive sampler, and archived air 

pollution data.  The procedure followed to take images of PM and the semi-quantitative analysis of PM 

is included in Section 4.4.  Section 4.5 explains the data analysis tools and computer applications used 

during the process.   

 

The aim of this thesis is to assess the performance of lichens as air pollution biomonitors in the 

Auckland Region.  A related aim is to investigate the process and timing of lichen-atmosphere pollutant 

transfer.  Eleven research questions are proposed (Section 3.7), which comprise the detailed aims of the 

study.  The methods and techniques described below are designed to answer those questions.  Historical 

developments, the theoretical background, and the details of these methods are discussed in Chapter 2.   

 

The transplantation technique described as part of the active biomonitoring method (Sections 2.5.2 and 

2.5.2.1) is the core of the methodology employed.  Short-term and long-term transplantations are 

utilized to understand heavy metal accumulation rates in different lichen species.  The above technique 

is used to understand the release of pollutants when lichen samples are transplanted from a polluted site 

to a clean site.  Passive biomonitoring methodology is employed to comprehend the accumulated heavy 

metal content of in-situ lichen samples that are already in equilibrium with their environment.  

 

The pollution accumulation and release model (PARM) discussed in Chapter 3 is utilised to realise how 

pollutants in the lichen thallus achieve equilibrium over time.  The on-thallus and in-thallus pollutant 

content of every lichen sample was measured and compared in order to understand the relationship 

between on-thallus pollutant loading and in-thallus pollutant accumulation.  The lichen-air equilibrium 

model, discussed in Chapter 3, is used to explain how a lichen thallus achieves equilibrium at a given 

time in relation to on-thallus and in-thallus pollutant concentrations.  These on-thallus and in-thallus 
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concentrations were monitored seasonally for a two year period, providing sufficient time for a lichen 

transplant to achieve equilibrium with its new environment.   

 

The PARM was developed with the basic assumption that the pollutant content of a given site did not 

significantly change throughout the study period.  To test this assumption, the pollutant content of each 

site was measured.  As discussed in Section 3.3.2, the use of a high-volume active air sampler is the 

best method to measure the pollutant content of a given site.  However, it was not practically possible 

to use active air samplers in all target locations throughout the study period.  Therefore, the Index of 

Air Purity (IAP) under the bioindicating method and a passive air sampler was employed to understand 

the variation of air pollution in the current research.  The IAP values indicate the pollutant level of a 

given site reflecting the overall pollution due to all possible types of pollution that may have impacts on 

the lichen community.  The passive air sampler was designed to obtain an estimate of the heavy metal 

pollutant content in the ambient air.  Additionally, the available air pollution data from the ambient air 

quality monitoring network in the Auckland Region during the study period were used to understand 

the change of pollution levels and their relationship to the process of lichen pollution accumulation.         

 

4.1.1 Overview of the methodology 

 

The field research activities of the present study started in September 2008.  The first six months of the 

study are referred to as the initial stage of the research.  The five research questions proposed under the 

first research aim is answered based on the results of this stage (Section 3.7).  This was a small-scale 

study, and assessed the possibility of using three lichen species for biomonitoring three targeted 

airborne pollutant groups.  The results of this stage are analysed and discussed in detail in Chapter 5 

and 6.  Based on the results of the initial stage, two lichen species were used to assess airborne heavy 

metals in the full-scale field campaign.  The results of this part of the study are analysed and discussed 

to answer six research questions proposed under the second research aim (Section 3.7) in Chapters 7, 8, 

and 9.  The methods, materials, and procedures used in the initial stage, and the full-scale field 

campaign are discussed in detail in this chapter.                    

 

Lichen transplantation and sample collection were carried out based on the schedule outlined in Figure 

4.1 for the full-scale field campaign.  At the start of a lichen transplantation study, it is important to 

avoid the dry season, because the transplants need to be protected from desiccation until they 

‘acclimatise’ to the new environment.  Therefore, the initial stage of the study started in September 

2008, and the full-scale field study started in March 2009, in order to avoid Auckland’s dry summer 

season.  The core research involved four groups of lichens: 1) short-term transplants, transplanted from 

a clean site to a target site at the beginning of each season and left in place for that season; 2) long-term 
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transplants, transplanted from the clean site to the target site at the beginning of the research and left in 

place for two years; 3) in-situ samples, which were grown over an extended time period in the target 

site and were in equilibrium with the existing pollutant levels; and 4) transplants from a polluted site, 

which were grown over an extended time period in a high pollutant environment, in equilibrium with 

high pollutant levels and transplanted from such a polluted site to a less polluted target site at the 

beginning of the research and left in place for two years.   

 

At the end of each season, a sample of lichen was collected from each group from each site.  The in-

thallus and on-thallus heavy metal contents of each sample were analysed in the laboratory.  As 

explained in the lichen-air equilibrium model (Section 3.6.1) the total content of a target pollutant in a 

thallus is the sum of the target heavy metal available in on-thallus and in-thallus regions.  The in-thallus 

pollutant content was calculated by using the following equation: 

HMHMHM STI   

where IHM is in-thallus heavy metal content, THM is total heavy metal content, and SHM is on-thallus 

heavy metal content. 

 

The IAP values were calculated at each site at the beginning of the research, after one year, and again 

after two years, in order to understand the pollution levels with respect to all pollutants over time.  In 

addition, passive air samplers were placed in all target sites and samples were collected and analysed at 

the end of each season to obtain quantitative information about target heavy metal levels in the 

surrounding air.   

 

Figure 4.1.  Lichen transplant and sample collection schedule of the full-scale field campaign.  The red 
dotted lines show the IAP calculation regimes. 
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4.1.2 Study area 

 

The Auckland Region includes about a third (1.2 million) of the New Zealand population and is New 

Zealand’s largest urban area, covering 4,518 km2 (metropolitan area is 530 km2) (Auckland Council, 

2010; Senaratne & Shooter, 2004).  This region is located between the Hauraki Gulf, bordering the 

Pacific Ocean, the Hunua Ranges to the south-east, the Manukau Harbour to the south-west, and the 

Waitakere Ranges to the west (Auckland Council, 2010).  The urban part of the Auckland Region is on 

an isthmus between the Manukau and Waitemata Harbours.  The sampling sites of this research are 

located in the area outlined in Figure 4.2.    

 

  

  

Figure 4.2.  Study area (source: Auckland Council, 2010) 
 

4.1.3 Climate of the study area 

 

The New Zealand climate is temperate and has four distinct seasons: summer (December to February), 

autumn (March to May), winter (June to August), and spring (September to November) (Auckland 

Regional Council, 2006).  The average seasonal air temperature and precipitation for different seasons 

for Auckland is given in Table 4.1.  The data show that Auckland’s wet season is winter and the dry 

season is summer. 
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Table 4.1  
 
Average seasonal air temperature, precipitation, and the number of rain days in Auckland Region 
(source: NIWA, 2010) 
 

 Average seasonal air temperature  Average precipitation (mm)  Rain days 
 Low (oC) High (oC) 
Summer 15 23 77 8 
Autumn 12 20 101 11 
Winter 8 15 135 15 
Spring 11 18 100 12 
Note.  Rain day is a day having 1.0 mm or more of rainfall. 
 

4.1.4 Selection of lichen species for the study 

 

The temperate climate of the Auckland Region provides a healthy growing environment for a large 

number of lichen species (Section 2.7.1).  Based on past floristic studies conducted in the region, a list 

of urban corticolous lichens belonging to foliose and fruticose growth-forms was prepared for this 

research.  These two growth-forms are easy to remove from the substrate compared to other lichen 

growth-forms.  The three most common urban lichen species were selected for the preliminary study, 

namely: 1) Parmotrema reticulatum; 2) Ramalina celastri; and 3) Usnea rubucunda (Figure 4.3).  The 

following important criteria were considered when selecting the above three species: 1) distribution in 

the Auckland Region, 2) the availability of sufficient amounts of lichen to collect from each study site, 

3) the relative ease of removal from the substrate, 4) their relative resistance to atmospheric pollutants, 

and 5) a higher capacity of accumulating the target pollutant (Bargagli & Mikhailova, 2002).  During 

the first six months of the study, two sets of data were gathered from the above three lichen species: 1) 

heavy metals concentration in in-situ samples from different land use types; and 2) their ability to 

accumulate high amounts of heavy metals when transplanted from a clean site to polluted sites.  Based 

on the results, the first two lichen species were selected for the full-scale research.  Table 4.3.2 

comprises the common corticolous lichens in the Auckland Region with their features such as growth 

form, thallus colour, and other characteristics important to identify them.         
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Table 4.2  
 
List of corticolous lichens (foliose and fruticose) reported in the Auckland Region.  The following information was extracted from literature reported by 
Galloway (2007a; 2007b), Johnson, et al. (1998), Johnson and Galloway (1999), Kooperberg (2002; 2004), and Malcolm, Malcolm, and Knight (2010)  
 

Lichen species Growth- 
form 

Colour of the 
thallus  

Chemistry* Secondary metabolites Description 

Dirinaria 
applanata  

Foliose Grey-white to 
bluish-grey 

Cortex K+ 
(yellow) 

Atranorin and 
divaricatic acid 

Confluent from margins, scarcely discrete at periphery, 
apices rounded.  Soralia are discrete becoming one mass 
centrally.  Apothecia disks are black and with thick 
margins.    

Flavoparmelia 
haysomii 

Foliose Yellow to 
yellowish-
green 

Cortex Pd+, 
medulla K+ 
(purple) 

Atranorin, skyrin, and 
usnic acid  

Closely attached thallus with large lobes (5-15 mm wide), 
apically rounded with shallowly incised margins.  Coarse 
pustulates (yellowish-white). 

Flavoparmelia 
soredians 

Foliose Yellowish-
green 
(smooth, dull 
to slightly 
shiny) 

Medulla K+ 
(yellow to red), 
Pd+ (yellow-
orange) 

Atranorin, salazinic 
acid, and usnic acid 

Thallus is 4-8 cm wide, lobes 1-3 mm wide imbricate, and 
apices rotund.  Marginal lobes developing laminal rugae. 

Heterodermia 
speciosa 

Foliose Pale-grey or 
grey-green 

Cortex K+ 
(yellow),  
medulla usually 
K+ (yellow) 

Atranorin, norstictic 
acid, and zeorin 

Marginal soralia.  Pale upper surface with the corticate 
lower surface. 

Hyperphyscia 
adglutinata  

 

Foliose Greenish-grey 
(greener when 
wet) 

NA NA Small orbicular thallus up to 2 cm diameter (thin and very 
closely attached).  Often crowded and covering large areas.  
Lobes are over-lapping or distinctly separate, up to 0.5 mm 
wide.  Flat lobes.  Common in polluted areas. 

Leptogium 
cyanescens 

 

Foliose Dark leaden 
grey to bluish 

NA NA Thallus closely to loosely adnate (1-8 cm wide).  Lobes 
rotund to broadly ablong markedly gelatinous when wet.  
Upper surface smooth to roughened, matt or slightly 
shining, and isidiate. Apothecia rare.  Photobiont is a 
cyanobacterium (e.g. Nostoc).  

(Continued on next page) 
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Table 4.2.  (Continued) 

Lichen species Growth- 
form 

Colour of the 
thallus  

Chemistry* Secondary metabolites Description 

Parmelina 
labrosa  

Foliose Greyish fawn 
to greenish or 
buff 

Cortex K+ 
(yellow), medulla 
C+ (red), KC+ 
(red) 

Atranorin, 
chloroatranorin, and 
lecanoric acid 

Thallus is closely attached up to 10 cm diameter.  Lobes 
are sub-irregular branching up to 8 mm wide.  Soralia are 
laminal, rarely marginal, white or yellowish becoming 
grey-brown with age. 

Parmotrema 
crinitum 

Foliose Pale-grey to 
grey-green 

Cortex K+ 
(yellow), medulla 
K+ (yellow), P+ 
(orange) 

Atranorin, 
chloroatranorin, and 
static acid 

Thallus is adnate, coriaceous (5 - 6 cm wide).  Lobes are 
imbricate, sub-irregular (5 - 20 cm wide).  Margins are 
crenate or irregularly incised.  Lower surface is black with 
a brown, erhizinate marginal zone. 

Parmotrema 
perlatum 

Foliose Pale-grey 
(more 
greenish-grey 
when wet) 

Cortex K+ 
(yellow),  
medulla K+ 
(bright yellow), 
Pd+ (orange-red) 

Atranorin, 
chloroatranorin, and 
constictic acid 

Thallus is loosely to moderately adnate.  Lobes sub-
irregular (5-10 cm wide).  Sub-marginal soralia causing 
lobe margins to become revolute and sub-erect.   

Parmotrema 
reticulatum 

Foliose Pale-grey to 
grey-green 

Cortex K+ 
(yellow), medulla 
K+ (yellow then 
blood red), P+ 
(orange-red) 

Atranorin, 
chloroatranorin, and 
salazinic acid 

Thallus is loosely adnate, membranaceous to coriaceous, 4 
-20 cm wide.  Lobes are imbricate or subascending at 
margins, irregular, partly rounded and deeply crenate, 
partly irregularly incised and lacinate.  

Phaeophyscia 
orbicularis 

Foliose Pale-grey to 
grey-green 

Cortex K+ 
(purple) 

Atranorin and skyrin Thallus is adnate, laminal, capitate to eroded soralia.  
Apothecia sometimes with sorediate margins.  Can tolerate 
heavy levels of pollution. 

Physcia 
adscendens 

Foliose Pale-whitish 
(with dark 
tips) 

Upper cortex K+ 
(yellow), medulla 
K+ (yellow), P+ 
(orange) 

Atranorin Thallus is 1- 8 cm diameter.  Sometimes extensive swards.  
More or less loosely attached.  Lobes are 0.5 - 2.0 mm 
wide up to 8 mm long.  Cilia are up to 2.0 mm long. 

Physcia jackii Foliose Pale-greenish 
(grey or blue-
grey when 
wet) 

Cortex K+ 
(yellow), medulla 
K+ (yellow) 

Atranorin and zeorin Thallus is orbicular, rosette forming to irregularly 
spreading (encircling twigs), closely attached from margin 
to centre.  Lobes are plane to convex.  

(Continued on next page) 
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Table 4.2.  (Continued) 

Lichen species Growth- 
form 

Colour of the 
thallus  

Chemistry* Secondary metabolites Description 

Punctelia 
subrudecta  

Foliose Greenish-grey 
to greenish-
blue (matt) 

Medulla C+ (red) Lecanoric acid Thallus is loosely attached; shape irregular, up to 15 cm 
diameter.  Lobes are dissected, irregular, crowded, 5-10 
mm wide. Flat to convex margins. 

Pyxine 
subcinerea  

Foliose Straw yellow 
coloured 
medulla  

UV+ Citrine and 
lichexanthone 

Rather small thallus with pulverulent glistening patches of 
a coarse white pruina subapically.  

Ramalina 
celastri 

Fruticose Pale-grey or 
greenish-grey 

NA Usnic acid The corticolous (rarely saxicolous) habit with variable 
thallus morphology and numerous laminal and marginal 
apothecia.  Pseudocyphellae are numerous (short and 
linear).   

Ramalina 
peruviana 

Fruticose Greenish-grey NA Homosekikaic, 
ramalinolic acid, and 
sekikaic  

Thallus is erect, densely and intricately branched.  Braches 
0.1 - 1.5) mm wide.  Soralia are mainly marginal and rarely 
laminal.  Often giving rise to minute branchlets. 

Teloschistes 
chrysopthalmus 

Fruticose 
to foliose 

Golden to 
orange-yellow 
above, yellow 
to whitish 
below 

NA Parietin and 
teloschistin 

Thallus is up to 4 cm diameter, and up to 2 cm tall.  Lobes 
are at first stellate-radiate, becoming erect, branched, rigid, 
up to 2.5 mm wide and with 2.5mm long spinous fibrils.   

Teloschistes 
sieberianus 

Fruticose 
to foliose 

Pale orange-
yellow 
(depending on 
light levels) 

NA Chemosyndrome, 
parietin, and 
teloschistin 

Thallus is pulvinate (1-3 cm diameter) and up to 5 mm 
high.  Lobes are stellate-radiate rather flattened (1-5 mm 
long and 0.3-0.8 mm wide). With marginal and 
occasionally laminal fibrils. 

Teloschistes 
velifer 

Fruticose 
to foliose 

Yellow 
marginal 
fibrils and 
sail-like 
hoods  

NA Chemosyndrome, 
erythroglaucin, and  
teloschistin 

Thallus is subfruticose-pulvinate, up to 3 cm diameter and 
3-10 mm tall.  Lobes are stellate-radiate at first, with 
yellow marginal fibrils.  Then apices ascending to form 
typical ‘sail-like’ structures with hollow. 

(Continued on next page) 
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Table 4.2.  (Continued) 

Lichen species Growth- 
form 

Colour of the 
thallus  

Chemistry* Secondary metabolites Description 

Teloschistes 
xanthorioides 

Fruticose 
to foliose 

Greenish-grey 
to whitish-
yellow 

NA Anthraquinones, 
chemosyndrome, and 
erythroglaucin 

Thallus is pulvinate up to 3cm diameter and up to 1 cm 
tall.  Lobes are small, 0.5-1.0 mm long and up to 1.0 mm 
wide. Without any fibrils but white rhizines on lower 
surface towards margins.  

Usnea rubicunda Fruticose Green to red Medulla K+ 
(yellow to orange 
or red) 

Norstictic acid, 
salazinic acid and usnic 
acid  

Thallus is shrubby to straggly, erect to subpendulous, 6-30 
cm long.  Branching sub dichotomous to irregular, base 
black, trunk cracked, branches terete and with dense fibrils.  

Xanthoria 
parietina 

Foliose Yellow 
orange 

NA Parietin, parietinic, and 
teloschistin 

Thallus forms rosettes.  Lobes are broad and flat with large 
apothecia. Margin is prominent.  

Note.  * The secondary metabolites in the lichen thallus change their colour for different chemical solutions.  Since these secondary metabolites are species 
specific, lichen taxonomists use this colour change to identify lichen species in the field.  The most frequently used chemical solutions are K (10% aqueous 
KOH), C (saturated aqueous Ca(OCl)2 or common bleach NaOCl solution), and Pd (5% alcoholic p-phenylenediamine solution).  The colour change, which 
can be used to identify each species, is given in parenthesis.  Some of these secondary metabolites appear as a different colour under ultra violet (UV) light 
and are also helpful in lichen identification.  UV+ means the particular region of the lichen thallus appears in a different colour under UV light.  
NA = Information not available. 
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Lichen species such as Flavoparmelia soredians, Heterodemia speciosa, Parmotrema perlatum, 

Physcia adscendens, and Xanthoria parietina are common in the Auckland Region.  However, these 

species were not selected for the present study for the following reasons.  Flavoparmelia soredians, 

Heterodemia speciosa, and Xanthoria parietina are strongly attached to the growing surface, thus are 

difficult to separate from the substrate.  The size of the thallus of Heterodemia speciosa and Physcia 

adscendens in the study area is relatively small compared to other lichen species, therefore a large 

number of thalli from each species would need to be collected from each site.  Sample specimens were 

not available in such quantities.  Likewise, Parmotrema perlatum and Physcia adscendens are not 

available in sufficient quantities required for analytical purposes, especially in disturbed areas.  In the 

case of ‘clean-site’ sampling, Flavoparmelia soredians, Parmotrema perlatum, Physcia adscendens, 

and Xanthoria parietina are not available in sufficient numbers for corticolous sampling, hence are not 

suitable for a lichen transplanting study.  In contrast, the following three lichen species are common in 

disturbed habitats as well as in native vegetation in sufficient quantities, thus are well suited to the 

current research.   

 

4.1.4.1 Parmotrema reticulatum 

 

The lichen Parmotrema reticulatum (Taylor) M. Choisy is a foliose lichen.  Its morphological 

characteristics are: pale grey to grey-green, dull, distinctive but very fine reticulate pattern of grey 

cracks, broad lobes, black ciliate at the margins, and dark brown to black underside (Galloway, 2007b; 

Johnson & Galloway, 1999).  This cosmopolitan lichen species is distributed throughout the North 

Island from Three Kings Islands to Wellington and in the South Island from Nelson to Southland 

(Galloway, 2007b).  The common habitats of this species are fence posts, gates, farm railings, trees in 

parks and gardens, and they are found very commonly in disturbed habitats rather than in native 

vegetation (Galloway, 2007b).  Identification of this species can require a chemical spot test using 10% 

potassium hydroxide (KOH) on the medulla (Malcolm & Galloway, 1997). The presence of salzanic 

acid in the medulla changes the reagent first to yellow and then to dark red (Johnson & Galloway, 

1999). 

 

4.1.4.2 Ramalina celastri 

 

Ramalina celastri (Sprenge.) Krog & Swinscow has a fruticose thallus, is sparingly or moderately 

branched, has a prominent holdfast, erect or hanging thalli, and a pale grey or greenish grey surface 

(Johnson & Galloway, 1999).  This has a very wide distribution in the North Island from the Three 

Kings Islands to Wellington and in the South Island from Nelson to Southland.  It is the most common 

species of the genus in New Zealand (Bannister, Bannister, & Blanchon, 2004).  This species is 
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commonly found on fence posts, railings, trees and shrubs, and occasionally on rock and concrete 

(Galloway, 2007b). 

 

4.1.4.3 Usnea rubicunda 

 

Usnea rubicunda (Stirt.) is a fruticose cosmopolitan species found throughout the North Island from 

Three Kings Islands to Wellington and in the South Island from Nelson to Southland (Galloway, 

2007b).  Its common habitats are sunlit tree branches, dead twigs, fence posts, gates, power poles, and 

rocks (Galloway, 2007b).  The identification features of this species are: a green to red colour, erect or 

hanging form, highly branched, stiff when dry and soft when wet, dusty with soredia (asexual 

reproductive unit consisting of algal cells surrounded by fungal hyphae), and spiny with tiny side 

branches (Johnson & Galloway, 1999).   

 

 

Figure 4.3.  Lichen species selected for the research and surface images under the light microscope.  
 

4.1.5 Land use types, locations, and sampling sites of the study 

 

Based on the level of air pollution, four land use types were defined for the study namely, ‘industrial’, 

‘commercial’, ‘residential’, and ‘clean’.  For comparison purposes, four representative locations were 

identified from each of the first three land use types.  Two locations were identified for the clean land 

use type, based on the pollutant content; the location with the least heavy metal content was selected 
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for lichen collection.  A study site from each location was identified where all field research activities 

were conducted.  For easy reference, the name of the location is used to refer to the study site.  

However, the terms ‘location’ and ‘site’ are used alternatively and loosely in this document to refer to a 

locality in the study area.  Each land use type with its selection criteria and selected representative 

locations are given in Table 4.3. 

 

Table 4.3  

 

Selection criteria for different land use types and locations 

 

 Land use type Selection criteria Locations 
1 Industrial Designated industrial areas with heavy 

traffic 
Penrose, East Tamaki, Rosebank 
Road, and Wiri 

2 Commercial Areas dominated by non-industrial 
commercial activities and road traffic  

Symonds Street, Newmarket, 
New Lynn, and Sylvia Park  

3 Residential Areas predominantly with houses Mount Eden, Royal Oak, 
Howick, and Homai 

4 Clean Areas with little or no anthropogenic 
influences and long distances from sources 
of pollution 

Hunua Ranges and Waitakere 
Ranges  

 

Details of each selected location with their potential pollution sources are discussed below.   

 

4.1.5.1 Industrial locations 

 

The main factors considered when selecting the areas for industrial locations were that they are 

formally designated as industrial areas by the local authorities and with heavy traffic.  The chosen 

industrial locations were: Penrose, East Tamaki, Rosebank Road, and Wiri (Figure 4.4).  

 

The main air pollution sources for Penrose (Table 4.3) are from the industrial park and vehicles.  The 

Southern Motorway runs through the study location and the annual average daily traffic count for all 

vehicles on the motorway for the year 2005 was approximately 140,000 (Auckland Regional Council, 

2006).  Industries with potential air pollution sources are located in this industrial park including: hot-

dip galvanising operations; concrete batching; glass bottle manufacturing; polystyrene products 

manufacturing using natural gas-fired boilers; lead-based product manufacturing; generating power 

using gas-fired combined cycle generators; automotive radiator manufacturing; chemical refining of 

precious metals; and zinc electroplating (Davy et al., 2007; Metcalfe et al., 2006).   
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A large number of air polluting industries are located in the East Tamaki industrial area (Table 4.3) 

located about two kilometres away from the Southern Motorway.  Activities in the area are: quarrying, 

manufacturing agro-chemicals, refuse transferring, land-filling, metal spraying, and treating hazardous 

and non-hazardous wastes (Metcalfe et al., 2006).   

 

The Rosebank Road area (Table 4.3) is situated in West Auckland bordering the North Western 

Motorway.  There are some groups of industries that are sources of air pollution, namely manufacturing 

steel drums, hot dip galvanizing, hot metal spraying, manufacturing fire logs, concrete batching, and 

transferring refuse.  The average daily traffic volume on the North Western Motorway near the 

Rosebank Road area is about 45,000 (NZTA, 2010).   

 

Wiri is a designated industrial park located in South Auckland (Table 4.3), about six kilometres east of 

the Auckland International Airport.  Examples of some of the industries with potential air pollution in 

this area are: processing timber, refractory services, quarries, oil storage, and manufacturing chemicals 

and electrical items (Metcalfe et al., 2006).  Nearly 25,000 vehicles use Wiri Station Road, which runs 

through the industrial park, every day (NZTA, 2010). 

 

4.1.5.2 Commercial locations 

 

The commercial locations targeted for the study are: Symonds Street, Newmarket, New Lynn, and 

Sylvia Park (Figure 4.4).  Motor vehicle emissions are the primary pollution source in these locations.  

Symonds Street (Table 4.3) is considered one of the busiest roads in the Auckland Central Business 

District (CBD) and is part of a network of busy roads connected to the North Western Motorway and 

port.  On average nearly 75,000 vehicles daily used Symonds Street in 2009 (NZTA, 2010).  A large 

number of traffic lights occur throughout the Auckland CBD.  Stopping and stationary vehicles add a 

considerable amount of pollution to the atmosphere in addition to the normal vehicle exhaust emission.  

The Auckland CBD is the main commercial centre of New Zealand.   

 

The busy Southern Motorway, Khyber Pass Road and the railway line contribute a major portion of 

vehicular emissions to the Newmarket (Table 4.3) air-shed.  On an average day, nearly 90,000 vehicles 

used Khyber Pass Road in 2009 (NZTA, 2010).  A considerable number of businesses are located in the 

Newmarket area.  A ceramic-products manufacturing plant, a flexible packaging manufacturing plant, 

and gas-fired boilers as part of a brewery process, are located here.  Sylvia Park has busy commercial 

centres with the Southern Motorway running through the area.   The situation in New Lynn is similar to 

Sylvia Park and vehicular emission is the main air pollution source.  The Great North Road runs 

through New Lynn and nearly 15,000 vehicles used this road daily in 2009 (NZTA, 2010).     
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4.1.5.3 Residential locations 

 

The criteria for selecting residential areas were: an absence of industrial activity, minimal commercial 

activity, and a distance from motorways of more than one kilometre.  Four sites were selected: Mount 

Eden, Royal Oak, Howick, and Homai (Figure 4.4).  The main potential air pollution sources in these 

areas are vehicular emissions and wood burning for domestic heating during winter.  Mount Eden and 

Royal Oak (Table 4.3) are located on the Auckland isthmus where the main pollution sources are the 

same as above.  The Howick (Table 4.3) area is mainly composed of residential dwellings with few 

commercial activities.  Most houses are medium to large and some have chimneys.  Homai (Table 4.3) 

consists of small to medium size houses and is located about two kilometres away from the Manukau 

Harbour.  The above 12 locations are shown in Figure 4.4.  

 

 
Figure 4.4.  Study locations in the Auckland Region (source: Google Earth, 2011; http:// koordinates. 
Com, 2011).   
 

4.1.5.4 Clean locations 

 

It is very difficult to define ‘zero air pollution’, and thus it is difficult to find a representative ‘clean 

site’ (Section 2.4.1).  The selection criteria for a clean site used here are: largely free from 
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anthropogenic influences such as roads and houses and more than 10 km to the sources of air pollution 

such as motorways and residential areas.  At the preliminary stage of the research, two candidates were 

selected for clean sites, namely the Hunua Ranges and Waitakere Ranges.  The approximate distances 

from Auckland CBD to the Hunua and Waitakere Ranges are about 40 km and 30 km respectively.  

Both sites are well away from most human, industrial, and commercial activities and are located in the 

native forest.  The availability of target lichen species is very high at both locations.  During the initial 

stage of the research, lichen samples from both ranges were analysed.  The results revealed that 

samples from the Hunua Ranges had relatively low heavy metal content.  A detailed discussion of the 

results is included in Chapter 5.  Therefore, the Hunua Ranges were selected as the clean site for the 

full-scale field study.  The two sample collection sites for clean sites are shown in the following map. 

 

 

Figure 4.5.  Clean locations (source: Google Earth, 2011).   
 

4.1.6 Selection of a representative sampling site from each location 

 

A representative site from each location was selected for the following field research activities: 1) to 

collect in-situ lichen samples; 2) to transplant lichens from the clean site; 3) to transplant lichens from 

the polluted site; 4) to place the passive air samplers; and 5) to calculate IAP values.  The selection 

criteria for a sampling site are: 1) easy access to the location; 2) availability of target lichen species on 

phorophyte Metrosideros excelsa (Pohutukawa) trees; 3) availability of Melia azedarach trees (about 

10 trees per site with a sufficient lichen cover to calculate IAP values); and 4) distance from the busy 

motorways in order to minimize the direct impact of traffic.  In some locations, there were multiple 

sampling sites that satisfied the above criteria.  The best site was selected for the study out of several 

 

 

Auckland CBD 

Waitakere 

Hunua 
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suitable sampling sites.  Most of those locations are parks and reserves, managed by local council 

authorities or the Department of Conservation.  The details of selected sampling sites for the research 

from each location are given in Table 4.3.4.  At the start of the research, the suitability of air pollution 

monitoring sites of the Auckland Council as the potential study sites of the present study was 

investigated.  This idea was later abandoned because there are no sufficient phorophytes in air pollution 

monitoring sites, and some of these sites are close to busy roads.  Additionally, none of the Auckland 

Council’s monitoring stations measure heavy metals, and hence selecting those sites as study sites is 

not that important in terms of pollutant comparison. 

   

Table 4.4  

 

Details of study or sampling sites from each location 

 

Land use type Location Sampling site Longitude: East Latitude: South 
Industrial East Tamaki Fisher and Paykel Park 174.892436 36.946245 
Industrial Penrose Southdown Reserve 174.823514 36.926583 
Industrial Rosebank Road Saunders Reserve 174.676696 36.884638 
Industrial Wiri Wiri Station Road 174.871715 37.004097 
Commercial New Lynn  Manawa Wetland Reserve 174.677495 36.911829 
Commercial Newmarket Newmarket Park 174.786022 36.864492 
Commercial Sylvia Park  Bertrand Reserve 174.851022 36.912618 
Commercial Symonds Street University of Auckland 174.771661 36.851485 
Residential Mount Eden Mount Eden 174.762275 36.878546 
Residential Homai  Alex Maich Park 174.891187 37.013554 
Residential Howick  Murvale Reserve 174.919976 36.887576 
Residential Royal Oak Fergusson Park 174.796924 36.911481 
Clean Hunua Hunua Ranges 175.089621 37.068568 
Clean Waitakere Waitakere Ranges 174.607107 36.947019 
 

In order to conduct field research activities at the above sites, approval was obtained from the 

respective local authorities.   

 

4.2 Field procedures 

 

The general field procedures followed in lichen transplantation and sample collection are discussed in 

Section 4.2.1.  Specific procedures involved in different types of lichen transplantation and lichen 

sample collection are discussed in Sections 4.2.2 to 4.2.3.    
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4.2.1 General field procedures 

 

The lichen transplantation and sample collection was carried out during the first two weeks of each 

season, providing an approximately three-month time exposure.  Only one sample from each lichen 

group collected from each site.  All the samples were transplanted and collected in less than three days 

(Mikhailova, 2002).  Days with heavy rainfall were avoided.  All lichen samples were transplanted and 

collected at least 50 m away from roads to minimize the direct impact of traffic when sampling from 

industrial and commercial sites.  In the case of residential sites, samples were transplanted and 

collected more than one kilometre away from motorways and 50 m away from all types of roads in 

order to minimize the direct impact of traffic.   

 

During the transplantation process, tree branches with a sufficient coverage of target lichen species and 

healthy lichen thalli from the clean site were tightly attached to a well exposed branch of the host 

Metrosideros excelsa tree at the target site.  To attach tree branches with lichens to the host tree, 0.5 

mm nylon fishing lines were used.  The dimensions of the tree branches were about 60 cm in length 

and two to five centimetres in diameter.  A transplantation location on the host tree was selected with 

the following characteristics: 1) a small branch strong enough to hold the tree branch with transplanting 

lichens, because such a branch eliminates the possibility of blocking the sunlight and also eliminates 

problems related to wind direction; 2) with direct exposure to sunlight, hence eliminate sun shading due 

to the tree canopy; 3) well exposed and with good surrounding air circulation; and 4) away from 

footpaths, reasonably out of reach, and above two meters from the ground in order to discourage 

vandalism.  All lichen transplants were made in triplicate in each site, in case of vandalism, destruction, 

or damage by natural causes.  The distances between the triplicates were not more than 20 m.         

 

Wind flow dynamics were not considered during the transplantation and lichen sample collection 

processes.  Freitas et al. (2000a) reported that there is a difference in heavy metal accumulation 

between wind-facing lichens and opposite wind-facing lichens based on lichens transplanted in a nylon 

bag.  However, his experiment was based on the lichen bag transplantation technique and the 

dimensions of the nylon bag were not clear.  These results are not comparable to those obtained under 

natural field conditions.  In contrast, Marques et al. (2004) showed that the orientation of the transplant, 

which is facing the wind direction or shielded from the wind by its substrate, or the wind direction 

generally, has no significant effect on the heavy metal bioaccumulation.  The problems caused by shade 

and wind-direction can be eliminated by collecting lichen samples from all directions on the tree trunk 

or branch.  Therefore, shade and wind direction were not considered in the processes of lichen 

transplantation and sample collection.  The transplants were attached to a branch of the host tree and 
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the diameter of the branch is usually two to three centimetres.  The rationale for selecting a small 

branch of the host tree is to allow maximum exposure to sunlight and minimum wind shielding.     

 

4.2.2 Specific field procedures   

 

This research involves four groups of lichens: 1) short-term (seasonal) transplants; 2) long-term 

transplants; 3) in-situ; and 4) transplants from a polluted site.  The specific procedures followed in the 

field in relation to the above four groups of lichens are discussed below.  

 

4.2.2.1 Procedures involved in short-term transplants   

 

Short-term transplants were collected from the Hunua Ranges and transplanted to 12 target sites at the 

start of each season over the two-year study period.  Therefore, these samples are also referred to as 

seasonal transplants.  Dead tree branches, but not decaying or destroyed, with sufficient growth of 

targeted lichen species were used to transplant.  The important consideration at this point was the 

availability of lichens of more than two grams from each species on the tree branch.  The reasons for 

selecting dead tree branches for transplantation are: 1) the growth-cover of two target lichen species are 

very high in such branches due to the direct exposure to sunlight; 2) about two grams of both lichen 

species can be easily collected from a single branch of 60 to 90 cm; 3) dead tree branches are very 

common in the Hunua Ranges, which can be collected without damaging a live tree; 4) light weight; 5) 

ease of cutting and handling; and 6) the species of the phorophyte tree is immaterial since the tree 

branch is dead and the branch is only a substrate.  The short-term transplants that were moved at the 

start of the season and exposed, were collected at the end of the season, bearing in mind that the aim of 

short-term transplant monitoring was to quantify the accumulation of heavy metals by each lichen 

species during the target season.   

 

4.2.2.2 Procedures involved in long-term transplants   

 

The long-term transplants were collected from the Hunua Ranges at the beginning of the research 

(March 2009) and transplanted at each target site.  These transplants were similar to short-term 

transplants but with two or more branches and with about 20 g of lichen from each species.  These 

samples showed symptoms of wilting only once during the entire study period, in the dry summer of 

2010.  A small amount of distilled water was sprayed on these transplants only once in order to prevent 

dehydration.  The amount of water applied was minimal so as to avoid wash-off from the lichen 

surface.  At the end of each season, about two grams of lichens were sampled from each site.  Since this 

transplantation was carried out only once at the beginning of the study, it was important to transplant a 
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sufficient amount of lichen to each site for consecutive sampling over the eight seasons.  The idea of 

the long-term transplant was to quantify how lichen species accumulated heavy metals continuously, 

over the two-year study period, and to understand how pollutants in the air achieved equilibrium within 

the lichen thallus over time.         

 

4.2.2.3 Procedures involved in in-situ lichen sample collection 

 

Lichen samples were only collected from Metrosideros excelsa trees.  This provided a homogeneous 

set of data, which made statistical comparisons easy.  The reasons for selecting this tree species for the 

lichen sample collection were: 1) it was a widespread species, cultivated as well as naturally occurring; 

2) it was widely distributed in all parks and reserves; 3) this tree has been used in previous lichen-

related studies in the North Island of New Zealand (e.g. Johnson et al., 1998); and 4) compared with a 

common tree with a single erect trunk, this species presented multiple trunks enabling multiple 

sampling on any single tree (Johnson et al., 1998).  All samples were collected at a height of more than 

1.5 m above the ground in order to avoid terrigenous and canine contamination (Bargagli & Nimis, 

2002).  Samples were not collected along the stem-flow tracks, because such samples may have 

contained lesser amounts of pollutants due to extensive washing.  Lichens were collected from all 

directions on the tree trunk.  A pooled sample of about two grams of lichens was collected from several 

trees (to a maximum seven trees).  All trees used for sample collection were within the same park or 

reserve, and all of them located within a radius of 200 m of each other.            

 

4.2.2.4 Procedures involved in transplants from a polluted site 

 

Following a similar procedure described in Section 4.2.2.1, lichen samples were collected from the 

Penrose site at the beginning of the research study and transplanted to all other commercial and 

residential sites.  During the preliminary stage of the research, the Penrose site showed the highest 

amount of heavy metals.  Therefore, transplants from this site were used to understand the fate or future 

of the accumulated heavy metals when the lichens were moved from a polluted site to another site with 

relatively low pollution.  At the inception of the research, it was planned to transplant lichens from the 

polluted site to the clean site (Hunua Ranges).  Due to on-going Kauri dieback disease-controlling 

regulations, materials that may have introduced this harmful pathogen into the Ranges were not 

permitted.  Thus, transplants from the polluted site were not moved to the clean site.         
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4.2.3 Procedures involved in sample collection 

 

Samples from the above four groups of lichens were collected at the end of each season as shown in 

Figure 4.1.  About two grams of sample per group were collected from each site.  Plastic forceps were 

utilized to detach lichen thalli from the substrate.  Re-sealable polythene bags were used to store 

samples and gloves used to handle lichen materials in order to avoid contamination.  The collected 

samples were transported to the laboratory.  The laboratory procedures involved in sample preparation 

for heavy metal analysis and quantification are discussed in Sections 4.2.4 to 4.2.5.  

 

4.2.4 Lichen sample preparation for heavy metal analysis 

 

Lichen samples were transported to the laboratory and air-dried for four to five days to a constant 

weight (Bennett et al., 1996).  Dry lichen samples were manually cleaned using nylon tweezers to 

remove senescent or dead lichen tissues, extraneous materials such as bark pieces, other lichen or moss 

species, insects, and large soil particles.  Each sample was separated into three parts: 1) the first part 

used to measure the concentration of total heavy metals representing the sum of both on-thallus and in-

thallus pollutant content (equation 4.1); 2) the second part was used to measure only the on-thallus 

concentrations of target heavy metals; and 3) the remaining part was stored in a freezer for archival 

purposes. 

 

4.2.4.1 Lichen sample preparation for total heavy metal quantification         

 

Solid lichen samples need to be converted into a liquid matrix though an appropriate effective digestion 

or ashing technique without vaporizing heavy metals.  There are more than 20 different organic 

material decomposition techniques described in the literature.  For example: closed wet digestion, 

Teflon pressure bomb, conventional or microwave heating, high pressure ashing, and dry ashing.  

However, there is no single comprehensive decomposition procedure which meets the needs of all 

analytical techniques or all types of problems for trace element determination (Bettinelli et al., 2002; 

Garty 2000b).  For example, a mixture of HNO3-H2O2 or HNO3-HCl can be used in order to 

decompose biological material containing soil, dust or silica-based particles, but this procedure does 

not assure a complete solubilisation of the sample (Bettinelli et al., 2002).  Some researchers have used 

a mixture of HF, HClO4, and HNO3 for complete solubilisation (Montero et al., 2009).  The idea of 

using HF is to dissolve Si-based materials, but for environmental biomonitoring studies, decomposition 

of soil particles and silicates is not important since the heavy metals attached to silicate structure are 

immobilized and not available for biological processes (Bettinelli et al., 2002; Moreira et al., 2005).  

Therefore, no HF-involved matrix conversion procedures were used in this study.   
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The air-dried lichen samples were pulverized and homogenized using a mortar and pestle.  A matrix 

conversion method was developed and tested for this research based on the techniques published by 

Almela, Clemente, Velez, and Montoro (2006) and Kuang, Zhou, Wen, and Liu, (2007).  About 0.25 g 

of the powdered lichen samples were accurately weighed and transferred into well-cleaned crucibles.  

Next, these crucibles were transferred to a muffle furnace (Vulcan 3-550) and converted to ash using 

the following temperature programme.  First, the samples were dried at 100 oC for four hours, then 

heated to 200 oC for 30 minutes, and finally incinerated at 450 - 500 oC for seven hours.  This process 

was used to avoid the release of heavy metals from the sample due to a sudden temperature increase.  

The ash was dissolved using a mixture of HCl (20%) and concentrated HNO3 (5:1) v/v and samples 

diluted with ultrapure water to a final volume of 25 ml.  These samples were analysed by graphite 

furnace atomic absorption spectrometry (GFAAS) to determine the total concentration of heavy metals 

in the thalli.  Each experiment was triplicated.  Therefore, three sub-samples were prepared from each 

sample, and their average was considered to be the final total heavy metal content. 

 

4.2.4.2 Sample preparation for on-thallus heavy metal quantification 

 

The on-thallus layer is defined for this study in terms of the heavy metal amount that located in the 

surface of the lichen thallus (Section 3.6.1).  It was assumed that these heavy metals can be extracted 

by a simple laboratory washing procedure using pure water adjusted to pH 5.5 within 30 seconds.  The 

amount of heavy metal that can be extracted from the on-thallus layer is referred to as the on-thallus 

heavy metal content.  The solubility of metals available on the lichen thallus depends on the length of 

washing time and the pH of the solvent (Garty, 2000a; Garty, 2001; Wolterbeek et al., 2003).  

Boonpragob, Nash, and Fox (1989) designed a study to remove pollutants attached to lichen thallus in 

the following two forms: 1) particulate matter that is adsorbed onto the thallus surface or within 

intercellular spaces; and 2) extracellular binding of cations (Sections 3.4.1.1. and 3.4.1.2).  They 

assumed that 30 seconds rinsing was sufficient to elude the above two types of pollutants from the 

lichen surface into distilled water.  Some studies have been conducted based on this assumption, for 

example, Boonpragob and Nash (1990) and Boonpragob and Nash (1991).  However, there is no 

evidence in the literature to prove the assumption.  Andrzej et al. (2007) named a similar area in the 

lichen thallus as the cationactive layer and defined it as the part of the lichen structure where cations 

bind reversibly.  They assumed that ion exchange occurs between the surroundings and the lichen 

through this layer.  Their study revealed details about the cation exchange process and equilibrium of 

H+, Na+, K+, Mg2+, and Ca2+ from the thallus to the environment but there were no details about the 

heavy metals targeted in this study.  These studies were mainly focused on the physiological aspects of 

ion leachate from the lichen thallus.  For these reasons, researchers have used distilled water for the 

rinsing process.   
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The present research is based on pollutant accumulation and release in natural conditions.  Therefore, 

instead of distilled water, ultrapure water adjusted to pH 5.5 was used to rinse lichen thalli in order to 

mimic natural rain water.  Based on Henry’s Law, the pH of the triple distilled water is 5.65 due to the 

dissolution of atmospheric CO2 (Charlson & Rhode, 1982; Khemani et al., 1984).  Tarhanen (1998) 

adjusted his treatment solutions to pH 5 with H2SO4 to simulate the pH of natural rain water of Finland 

for his acid rain and heavy metal deposition in lichen studies.  The Ministry of Environment (2007) 

reported that the pH of New Zealand’s rain water typically ranges from 5 to 6.  Considering all above, 

ultrapure water was adjusted to pH 5.5 using HNO3, to simulate the natural rain water of New Zealand.  

This water was used to wash the lichen samples to measure the on-thallus heavy metal content.  A 30 

second washing time was used throughout the study in order to obtain comparable results.  It is 

noteworthy that 30 second washing using pH 5.5 water will not guarantee the total elution of on-thallus 

heavy metals in a given surface layer.  That is why the on-thallus pollutant content was defined in terms 

of pollutant content, which can be extracted by a simple laboratory washing procedure using water 

adjusted to pH 5.5 within 30 seconds.  It is not defined in terms of an area or volume in the lichen 

thallus. 

 

From each site, about 0.25 g of air-dried lichens were accurately weighed and rinsed by placing each 

sample in a clean beaker with 20 ml of ultrapure water adjusted to pH 5.5 and stirred with a clean glass 

rod for 30 seconds.  The pH of the ultrapure water was adjusted using HNO3 with the aid of a PHM 220 

type pH meter (Radiometer, Analytical, Villeurbanne, France).  Next, the liquid portion was separated 

through filtration using Whatman ashless quantitative filter papers.  The liquid samples of the lichen 

washing were analysed by GFAAS for target heavy metals.  Similar to the total heavy metal 

quantification, three sub-samples were prepared from each sample and the average of these was 

considered to be the final on-thallus heavy metal concentration. 

 

4.2.5 Heavy metal analysis 

 

There are several analytical techniques for the quantification of heavy metals present in minute 

quantities in biological material (Section 2.6.1.3).  The target heavy metals of this research were 

analysed using the GBC 933A System with an attached GF3000 unit.  This system is equipped with a 

deuterium arc background correction system and GBC PAL3000 auto-sampler and is housed at the 

School of Environment, University of Auckland.  The standard operating conditions and parameters are 

confirmed to the manufacturer’s recommendations.  The guidelines provided by the EPA are also used 

in the process of heavy metal analysis (EPA, 2007).   
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GFAAS provides greater precision compared to other heavy metal quantifying techniques, but it can 

only analyse samples in a liquid matrix (Ward, 1995).  Samples presented to the instrument are heated 

and atomized using an optimum temperature programme in a graphite tube (Sardans, Montes, & 

Penuelas, 2010).  A hollow cathode lamp passes a light of specific wavelength through the excited 

atoms and the amount of light absorbed by the sample is used to determine the concentration of heavy 

metals (Goreti & Welz, 2004).  The concentration of target heavy metals in the sample is calculated 

with the assistance of a calibration curve.   

 

At the initial stage of this study, eight heavy metals were considered as the target pollutants.  They 

were As, Cd, Co, Cr, Cu, Ni, Pb, and Zn.  Subsequently, As, Cd, Co, and Ni were removed from the 

research because their content in thallus was below the machine detection limit and due to their 

insignificant availability in the surface layer of the lichen (Chapter 6).  The remaining four heavy 

metals, namely Cr, Cu, Pb, and Zn, were targeted in the full-scale field research.           

 

4.2.6 Standards, chemicals, dilutions, and glassware cleaning  

 

All the heavy metal standards for the calibration curve of the GFAAS were prepared by successive 

dilution of stock solutions provided by BDH SpectrosoL®.  The standards were acidified by adding 

analytical grade HNO3 to approximate pH of 2 for storage purposes.  Ultrapure water (ELGA 

PURELAB, 18.2 MΩ/cm resistivity) was used in the preparation of all standards and samples for 

instrumental analysis.  All glassware used, such as crucibles and PAL3000 sample tubes was 

thoroughly cleaned following a standard cleaning procedure (Cheon, 2002; Mendil et al., 2009; Yildiz, 

2011).     

 

4.2.7 Quality control and quality assurance  

 

The quality control process included: 1) the use of replicates to establish precision; 2) the analysis of 

certified reference materials (CRMs); 3) the analysis of blank samples; and 4) continuous checks of the 

concentration of the known standard solution throughout the instrumental analysis.  As explained in 

Section 4.2.4.1, all lichen samples were analysed in triplicate and the average taken as the final value.  

During the sample analysis process of the GFAAS, the equipment was set to take three readings from 

each sample and the average was considered the final reading.  A method widely used to establish the 

accuracy of the analytical procedure involved reference materials in which the element contents had 

been quantified by various procedures and authenticated by the issuing body.  In the current research, 

two reference materials were used: 1) CRM 281 (Ryegrass) provided by the commission of the 

European Community; and 2) SRM 1573a (Tomato leaves) provided by the National Institute of 
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Standards and Technology (NIST).  Samples of reference materials were converted to ash following the 

procedure given in Section 4.2.4.1, and quantified using GFAAS.  The recoveries of all target heavy 

metals were within the acceptable range, near 100%.  This proved that the analytical procedures used in 

the present research were correct.  Laboratory method blanks were prepared using the same procedure 

(Section 4.2.4.1) and were also analysed with the actual samples.  The laboratory method blanks were 

prepared following the same procedure without the lichen sample (analyte), which was used to evaluate 

the amount of contamination during the analysis (Loconto, 2006).  After every 20 samples, a sample 

with known concentration was presented to the GFAAS.  These samples, known as internal standards, 

were made out of stock solutions AccuTraceTM reference standards provided by AccuStandard, Inc., 

USA.  The samples were used to monitor the analysing accuracy of the GFAAS equipment.   

 

For quality assurance purposes, 12 randomly selected lichen samples were analysed in the School of 

Environment as well as in Hill Laboratories, Hamilton.  There was very good agreement between the 

heavy metal concentrations measured in both laboratories.  The machine or instrument detection limit 

(MDL or IDL) was calculated for each targeted heavy metal to determine the lowest possible 

concentration able to be reliably measured by the GFAAS.  Based on the guidelines provided by EPA 

and the Code of Federal Regulations (CFR), the above limits were calculated as three times the 

standard deviation, which was obtained from measurements of ten laboratory water blanks (Loconto, 

2006; Mendil et al., 2009).   

 

4.2.8 Analysing PAHs in lichens 

 

Samples from Homai, Hunua, Penrose, and Symonds Street were analysed for PAHs during the 

preliminary stage of the research (Table 4.3).  The results revealed that out of the 16 target PAHs, most 

of the compounds were below the detection limit for most of the sites.  Therefore, PAHs were removed 

from the full-scale survey.  At the inception of the study, all common PAHs were targeted for the 

analysis.  The target PAHs were: acenaphthene, acenaphthylene, anthracene, benzo [a] anthracene, 

benzo [b] fluoranthene, benzo [k] fluoranthene, benzo [g,h,i] perylene, benzo [a] pyrene, benzo [e] 

pyrene, chrysene, dibenzo [a,h] anthracene, fluoranthene, fluorene, indeno [1,2,3-cd] pyrene, 

napthalene, phenanthrene, and pyrene.  The methods used to extract and analyse PAHs are described 

below. 
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4.2.8.1 PAH extraction from lichen samples 

 

Accelerated solvent extraction (ASE), also known as the pressurized fluid extraction method, was used 

to extract PAHs from lichen material to an organic solvent.  To do this, an accelerated solvent extractor 

(Dionex ASE 200) was used.  The extraction procedure used was based on the U.S. EPA method 3545, 

Dionix (2004), and Giergielewicz-Mozajska et al. (2001).  An air-dried lichen sample of about 0.25 g 

was accurately weighed and placed in 33 ml stainless extraction cells.  The extraction process was 

carried out at 100 oC temperature and a pressure of 1500 psi (10 MPa).  PAHs were extracted into 

dichloromethane.  The extracted samples were then reduced to approximately one millilitre using a 

rotary evaporator (Buchi Rotavapor).  During the process of evaporation, the solvent dichloromethane 

was exchanged with hexane by adding hexane in between the evaporation process.  The evaporated 

samples were quantitatively transferred and stored in two millilitre vials until the clean-up process. 

 

4.2.8.2 The sample clean-up process 

 

The analysis of PAH is challenging due to the complicated nature of the lichen matrix.  This contains a 

large amount of lipid compounds (Section 2.6.2.2).  Therefore, employing a clean-up process which 

removes the interfering lipid compounds from the sample is very important.  A chromatographic clean-

up using silica gel packed in a glass pipette as the column sorbent was used in the present study.  A 

selective elution process using specific solvents was employed to remove lipids from lichen samples.  

The following clean-up method was adopted for the research based on the studies reported by 

Fernandez et al. (2011), Guidotti et al. (2003), Domeno et al. (2006), and Hubert et al. (2003).     

 

A slurry of activated silica gel with dichloromethane was added to the pipette up to about 2/3 of the 

column.  A pesticide grade glass wool plug was used at the neck of the pipette to prevent the release of 

the silica gel.  About one centimetre of anhydrous sodium sulphate was added at the top of the silica gel 

column to absorb water from the sample.  The column was first conditioned by eluting 30 ml of 

hexane.  Next the lichen sample extract was transferred to the column, followed by elution of 20 ml 

hexane, and then 20 ml of dichloromethane/hexane (2:3 v/v).  The entire elute was collected and 

concentrated to about one millilitre, using a rotary evaporator followed by a gentle stream of nitrogen 

gas.  The final samples were stored in gas-chromatography vials below 4 oC until analysis. 

    

4.2.8.3 PAH analysis using gas chromatography-mass spectrometry  

 

A Hewlett-Packard (HP) GC-MS at the School of Chemistry, University of Auckland, was used for the 

PAH analysis in this research.  This apparatus was composed of a gas chromatograph (HP 6890 GC 
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system) coupled with a mass spectrometer (HP 5973 mass selective detector) controlled by a personal 

computer running with Chemstation software.  The  GC column used in this study was a 5% phenyl, 

95% dimethylsiloxane capillary column (Rtx-5MS, 30 m, 0.25 mm ID, 0.25 µm) (Restek Corporation 

Bellefonte, PA, USA).  The system was equipped with software libraries to assist in the identification 

of compounds in the chromatogram.  The GC was operated using a temperature programme in order to 

obtain a proper separation of PAH peaks.  PAH analysis was not continued from identification stage to 

quantification stage, due to the limited availability of PAHs in lichen extracts.  The results of the PAH 

analysis of lichen samples are discussed in Chapter 5.            

 

4.3 Air pollution data 

 

The information on ambient air pollution levels at various study locations was gathered to assess 

whether there were significant pollution changes over the two year study period.  If trends existed, this 

would affect the interpretation of the data gathered from lichens.  As discussed earlier, sophisticated 

electronic real-time (active) air pollution monitors would be needed for precise measurement of air 

quality.  Their high cost precluded their use in the current research, as several would be required.  

There were also problems of power supply and security at the various study sites.  In light of this, three 

alternative approaches were employed, involving the use of bioindicators, passive air samplers, and 

archived air pollution data from active air samplers.            

 

4.3.1 Use of bioindicators    

 

The bioindicating method is discussed in Sections 2.3 to 2.3.2.  This method involved finding an IAP 

value for a given site.  This was based on a phytosociological approach for monitoring air pollution by 

using the sensitivity of lichen communities to air pollutants, and by identifying the responses of the 

organisms to various levels of pollution (Asta et al., 2002).  All of these procedures were developed 

and tested under the Swiss Project in the 1980s (Section 2.3.1.2).  The resultant IAP values were 

compared with the air pollution data from the nearby air pollution monitoring stations.  A strong 

correlation between the resultant IAP values and active air pollution data was observed.  Therefore, the 

accuracy of IAP calculating methods was proven.  IAP procedures have been widely used in 

bioindicating research throughout the world.  Some European countries have developed their own 

guidelines and protocols for the measuring of IAP values using these procedures (Kricke & Loppi, 

2002).  There were nearly 20 derivatives of IAP calculation procedures developed by the Swiss Project, 

but only one procedure used for the present study given as equation 4.2.  This is the only derivative that 

includes vitality and damage characteristics of the lichen community, in addition to all three 

quantitative phytosociological information e.g. accompanying species, percentage cover, and lichen 
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diversity (Figure 2.1).  Therefore, it provides a complete cover of the lichen community in a target area 

in terms of lichen diversity, as well as qualitative parameters induced on the lichen thallus by 

pollutants.  The level of air pollution pertaining to different sites can be compared based on the IAP 

data.  Higher index values represent less polluted air and lower index values correspond to polluted air.  

The IAP is given as:    
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where Q is factor of accompanying species, C is percentage cover, F is frequency based on the 

diversity of lichen species, V is vitality, and S is damage.  The properties of these variables are 

discussed below. 

 

The factor of an accompanying species (Q) is also known as an index of the tolerance of the species to 

air pollution.  It estimates the average number of lichen species co-occurring with the lichen in the 

investigated area (Kricke & Loppi, 2002).  Cricke and Loppi reported that high Q values indicate that 

the lichen is sensitive to air pollution, while low values mean that the lichen is tolerant.  The Q value 

for each species is determined for each site separately using Equation 4.3 (Batic, 2002).    
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Where n is the number of species and m is the number of sites where the species of interest is present.  

The term Sij equals one if species i is present in the site j, where species i is not the species of interest.  

A percentage cover of each lichen species within the grid is based on a scale of: 0, 1, 2, 3, 4, and 5 

(Batic, 2002).  The frequency coverage value (F) was assessed using a quadrate for each partial field in 

the grid.  Each identified species in the quadrate was assigned a numerical frequency coverage value 

(F) according to the following scale: 1 - a species which is very rare and has a very low degree of 

coverage; 2 - a species which is very infrequent or has a low degree of coverage; 3 - a species which is 

infrequent or has a moderate degree of coverage on some trees; 4 - a species which is frequent or has a 

high degree of coverage on some trees; and 5 – a frequently occurring epiphyte with a high degree of 

coverage on most trees (Richardson, 1991).  Vitality (V) is the evaluation of the health and growth 

condition of each species on the basis of the macroscopic and morphologic appearances of the thallus 

by using 3 scales: 1 - very well; 2 – medium; and 3 - poorly developed (Kricke & Loppi, 2002).  

Injuries (S) are the same as vitality, a macroscopic description of visible injuries in the form of necrosis 

or chlorosis of the lichen thalli based on three stages: 1 – none; 2 – slight; and, 3 – injured (Batic, 

2002).   

 

(4.2) 

(4.3)
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IAP values were calculated for each site at the beginning (March 2009), at the end of the first year 

(March 2010), and then again at the end of the research (March 2011).  These three IAP values were 

used to understand the pollution levels for each site in terms of the phytosociological aspects of lichen 

communities over the two-year study period.  At the end of the study period, the IAP values were 

statistically analysed to answer the question: was there any significant change in air pollution for each 

site during the study period?  The collected information was used to validate the classification of the 

three land use types.   

 

During the preliminary stage of the research, 10 trees were selected to calculate IAP values from each 

site within a 500 m radius.  Melia azedarach was selected as the main phorophyte for floristic study.  

The reasons were: 1) this was one of the most widely planted trees in parks and along streets in the 

Auckland Region; 2) easy access, because these trees were managed under the local authorities and at 

present by the Auckland Council; 3) there were a sufficient number of mature trees available at each 

site; 4) this tree hosted a considerable amount of corticolous lichen species; and 5) this tree species had 

already been successfully used for IAP bioindicating studies in the Auckland Region, e.g., Kooperberg 

(2002).  At some sites, it was difficult to find all ten trees from the same species of Melia azedarach.  

In these cases, the remaining numbers of trees were selected from Fraxinus excelsior (Ash) or Quercus 

robur (Oak).  In the present study, there are two sites in which all selected 10 trees are Melia 

azedarach.  The maximum number of phorophytes other than Melia azedarach per site used is four.  

These are three Quercus robur trees and one Fraxinus excelsior tree.  This applied to only one site out 

of 12 sites.  The details about each phorophyte in each study site are given in Appendix 2.  Selection of 

tree species other than Melia azedarach for IAP calculation in each sampling site may introduce a 

variation into the IAP value, and can be considered a disadvantage (Batic, 2002).  However, it is 

recommended that this variation can be minimised by selecting a lesser number of phorophytes other 

than Melia azedarach from each site.  The criteria used to select a suitable tree were: free standing, 

suitably sunlit, either Melia azedarach or Fraxinus excelsior or Quercus robur, of a girth at 1.5 m 

above ground of more than 70 cm, and with a straight or nearly straight tree trunk (Asta et al., 2002).  

The same 10 trees were used to collect data from during the study period (Figure 4.1).   

 

A sampling grid of 10 × 50 cm with five contiguous quadrates was attached to the trunk at each 

cardinal point as shown in Figure 4.6.  The upper edge of the grid was placed 1.5 m above ground.  

Based on the guidelines provided by Batic (2002) and Asta et al. (2002), the following situations were 

avoided: damaged, painted or decorticated parts of the trunk, knots on the trunk, seepage tracks, and 

areas heavily covered with algae, bryophytes and fungus.  All lichen species with their frequency, 

coverage, vitality, and injuries for each sampling grid and each cardinal point, were recorded (Batic, 

2002; Kricke & Loppi, 2002).  All details relevant to the phorophyte were recorded.  They are: species 
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of the phorophyte; girth at 1.5 m above ground; height to first branch; number of cells covered by 

algae, mosses, liverworts, and fungi; and number of empty cells.  When a lichen species could not be 

identified in the field, a sample was collected and identified in the laboratory with the help of a lichen 

identification key developed using Lucid software.  Digital colour images were taken based on the 

guidelines provided by Purvis et al. (2002) in order to assist the process.  The information gathered was 

used to calculate IAP values for each site based on the equation 4.2. 

 

The calculation of IAP values is specifically not designed for estimating changes in air pollution over a 

short period of time (Richardson, 1991).  The reason is that a relatively longer time is required to 

register the impact of air pollution in terms of species diversity and coverage in a lichen community 

(Batic, 2002).  This registered impact is not observable in the short term.  However, the IAP 

information along with data from passive air samplers and archived air pollution monitoring data from 

Auckland Council is providing a reasonable answer the question whether there was any significant 

change in air pollution for each site during the study period.  However, the impact of a significant air 

pollution increase observed in terms of vitality (V) and damage (S) (Equation 4.2) in the short term 

(Batic, 2002; Jeran, 2002).    

   

 

Figure 4.6.  (a) Sampling grid with five contiguous quadrates; (b) Diagram to show how sampling grids 
were attached to a tree trunk; (c) Sampling grid attached to a Melia azedarach tree; and (d) Section of a 
lichen community through the grid. 
 

Using the above procedures, all calculated IAP values for all target sites ranged from 704 at the East 

Tamaki site (March 2010) to 1,395 at the Howick site (March 2010).  For easy representation and less 

complicated comparison purposes, all IAP values were divided by 100.  Hence, the adjusted IAP values 

ranged from 7.04 to 13.95.  These results showed no significant change in IAP values for a given site 
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during the two-year study period.  Therefore, no adjustments were necessary for lichen data 

interpretation or for the models described in Chapter 3.  The analysis of IAP values and inferences 

based on the IAP values are included in Chapter 5.   

 

4.3.2 Passive air sampler   

 

The second method for assessing air pollution levels involved the use of passive air samplers.  

Compared to the IAP data, passive air samplers give a direct measure of pollution levels of the target 

heavy metals for a given site for the period of concern.  Passive air samplers adsorb pollutants from the 

surrounding air into a passive sampler medium (PSM).  The target heavy metals that were adsorbed 

onto the PSM were analysed using a laboratory analysis procedure.  

 

Passive air samplers are chemical accumulators used to assess ambient concentrations of target 

pollutants in a medium into which they are deployed (Shoeib & Harner, 2002).  For some situations, 

these samplers may be the only option, for the reasons discussed in Section 4.3.  The efficiency of the 

passive air sampler is dependent on the ability of the PSM to accumulate chemicals through diffusion 

of pollutants from the surrounding air.  The efficiency of the PSM is based on the passive sampler 

medium – air partition coefficient (KPSM-A) and is defined as a ratio of the analyte concentration in the 

PSM, divided by the concentration of the same analyte in the air, when the two phases are in 

equilibrium (Shoeib & Harner, 2002).  In quantitative studies, the passive air sampler needs to be 

calibrated against an active air sampling technique.  Since no active air samplers were employed in this 

study, the KPSM-A value for PSM used in the passive air sampler is unknown.    

       

Shoeib and Harner (2002) provided an illustrative profile for a passive air sampler, showing different 

stages of target chemical uptake over time (Figure 4.7).  Their model shows the rapid accumulation of 

chemicals at the initial linear stage, followed by a curvilinear stage that achieves equilibrium.  After 

achieving equilibrium, pollutant sequestration remains constant over time. 

 

There are accounts of the use of passive air samplers to investigate inorganic pollutants, e.g. NO2, NH3, 

and H2S, (e.g. De Santis, Allegrini, Bellagotti, Vichi, & Zona, 2006; Sujetoviene, 2010) and organic 

pollutants, e.g. VOCs, POPs, and pesticides (e.g. Harner, Shoeib, Diamond, Ikonomou, & Stern, 2006), 

but there are only a few articles published based on heavy metals.  Tennant and Rees (1985) identified 

a number of design criteria for a passive air sampler, applicable to any target pollutant: 1) the PSM 

must be protected from direct wind in order to prevent impaction of larger particles; 2) there must be 

maximum ambient air exchange around the PSM; 3) the PSM should not be contaminated by dust or 
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insects; 4) a metal-free container must be used to house the PSM, where  the target pollutant is a metal; 

and 5) the PSM should have a minimal fibre diameter for maximum collection efficiency.   

 

 

Figure 4.7.  Illustrative profile for a passive air sampler showing three phases of pollutant uptake.  
Time to establish 25% and 95% of equilibrium concentrations are t25 and t95 respectively (source: 
Shoeib & Harner, 2002). 
 

Sloof (1995) compared the passive extracellular binding in uptake and or release of heavy metals in the 

transplanted lichen thalli using a ‘rag’ (Section 3.4.1.2).  In this research, a rag consisting of a muslin-

like cloth impregnated with a resinous material was used as a passive sampler.  Sloof argued that the 

rag had a known passive uptake mechanism, and that the use of rag samples provided an insight into 

the lichen pollutant uptake mechanism of particulate matter that adsorbed onto the thallus surface, or 

within intercellular spaces as discussed in Sections 3.4.1.1 and 3.4.1.2.  Therefore, the amount of heavy 

metal absorbed, measured through a passive sampler, is comparable to the amount of heavy metals that 

are adsorbed onto the lichen thallus surface.  However, in this research, passive air samplers were used 

to strengthen the information about the air pollution levels gained through the bioindicating method 

(IAP values).     

 

4.3.2.1 Design of the passive air sampler  

 

Based on the criteria specified by Tannant and Rees (1985), a passive air sampler was designed, 

assembled, and tested during the preliminary stage of this research, using inexpensive materials from 

the laboratory (Figure 4.8).  The expected function of the passive air sampler was to collect airborne 

heavy metals by diffusion into a PSM.  The passive air sampler was designed using a plastic container 

with a screw cap.  The flat part of the screw cap was replaced with a polythene mesh to allow 

maximum air movement from the surrounding area to the inside of the sampler.  This mesh also 

protected the PSM from direct wind, rain and insects, in order to prevent contamination by larger 
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particles.  The PSM was acid washed Whatman quantitative (ashless grade 41) filter paper strips (2 cm 

 10 cm dry weight about 0.25 g).  Strips were glued to the top of the container in order to allow space 

between the strips, giving sufficient air circulation between them.  Four air holes covered with 

polythene mesh were placed at the top of the container to permit air circulation. 

 

 

Figure 4.8.  Passive air sampler. 

 

4.3.2.2 Deployment of the passive air sampler 

 

Two passive air samplers were located in each site along with the lichen transplants, and exposed to the 

air.  Each sampler was tied to a tree branch as shown in Figure 4.8.  Rain water entering into the 

sampler was prevented by the screw cap covered with a plastic mesh facing the ground.  The first 

passive sampler was used to expose seasonal strips.  At the start of each season four strips were 

included in the sampler and exposed for a season.  At the end of the season, strips were collected to 

analyse the target heavy metals.  The second air sampler was used to expose long-term strips.  At the 

start of the research (March 2009), a sufficient number of strips were included in each sampler and 

exposed to the air.  At the end of each season four strips were collected from each site for heavy metal 

analysis and the remaining strips were exposed for another season.  The analysis results for these strips 

were used to understand the long-term heavy metal accumulation after exposure periods of one to eight 

seasons.  All strips that were collected after each season were analysed for the target heavy metals 

based on the method described above (Sections 4.2.4.1 and 4.2.5).   

 

The pattern of heavy metal accumulation on the long-term strips showed a similar profile to that given 

by Shoeib and Harner (2002).  It is important to note that the accumulation pattern of the long-term 
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strips was also the same as the accumulation pattern of ‘long-term lichen transplants’ as discussed 

under the PARM (Section 3.6.2).  The measurements obtained from passive air samplers are analysed 

in Chapter 5.   

 

4.3.3 Archived air pollution data  

 

Published air pollution data pertaining to the Auckland Region were obtained from the Auckland 

Council.  These secondary data were compared with the pollution data obtained through the 

bioindicating method (IAP values) and passive air samplers.  All the above three types of data were 

graphically and statistically analysed to answer the question: Is there any significant change in air 

pollution for each site during the study period? as explained in Section 4.3.  The meteorological 

variables (from the New Zealand MetService, Auckland Council, and NIWA) were utilized to explain 

the seasonal accumulation and release patterns of heavy metals in lichen thalli.    

 

4.4 Monitoring particulate matter 

 

The scanning electron microscope (SEM) and energy dispersive spectrometer (EDS) facility available 

at the research centre for surface and materials science (RCSMS) of the Faculty of Engineering, 

University of Auckland, were used to carry out semi-quantitative analysis of PM on the lichen surface.  

The SEM (Philips XL30S Field Emission Gun) is an imaging technique used to investigate samples at 

high magnification.  The EDS (SiLi with a super ultra-thin window) was used to collect data about the 

element content in the PM, coupled with the SEM.  The elemental data generated by the EDS are 

quantifiable.  The lichen samples were mounted by their lower surfaces onto aluminium SEM stubs 

(12.5 mm diameter), using double-sided adhesive sheets and each stub was platinum coated (5-10 mA; 

1.1 kV).  During the preliminary stage of this research, lichen samples from Hunua, Homai, Symonds 

Street, and Penrose were used to take SEM images for semi-quantitative analysis of PM.  The images 

were used to count the PM on a given area.  Further information is included in Chapter 5.   

 

4.5 Data analysis 

 

Based on the PARM (Section 3.6.2), accumulation and release graphs for target heavy metals were 

developed for each study site to answer the research questions introduced in Chapter 3.  Graphs were 

generated using PASW, IBM SPSS Statistics 19, Statistica (version 10) and Microsoft Excel.  Pollution 

distribution maps were developed to understand the distribution of heavy metals in the Auckland 

Region using software packages such as Surfer (Golden Software) and SigmaPlot.  The hierarchical 

cluster analysis is used to understand the similarities between different heavy metal pollutant levels 
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amongst study sites.  The dendrogram facility available on the Statistica software package was used to 

illustrate the above similarities.  Statistical tools such as paired t-test, independent-measurers t 

statistics, multivariate analysis, and one-way analysis of variance (ANOVA) were used for statistical 

comparisons.     

 

The interactive key for the identification of corticolous lichens using Lucid software was developed by 

Kooperberg (2004) and used in lichen species identification in the laboratory where they could not be 

identified in the field.  Lucid was developed by the Centre for Biological Information Technology 

(CBIT) at the University of Queensland, Australia, as a flexible and powerful knowledge management 

tool in order to help users with identification or diagnosis problems (Lucidcentral, 2011).  

 

4.6 Summary 

 

Lichens were used as biomonitors as well as bioindicators throughout this research.  The major portion 

of the study was based on chemical analysis, which directly measured the amount of pollutants 

available in the thallus of the lichen.  The techniques employed to measure the pollutant content in 

lichens can be referred to as biomonitoring techniques and lichens were used as biomonitors.  Where 

there are instances of lichen communities used to measure IAP values, deploying the phytosociological 

characteristics of lichens, they can be expressed as bioindicating techniques.  In this case, lichens were 

used as bioindicators.   

 

One of the main objectives of this study is to understand the spatial and temporal accumulation patterns 

of pollutants in lichens.  Both active and passive biomonitoring techniques were utilized.  Passive 

biomonitoring was used to identify the spatial distribution of the pollution.  Active biomonitoring was 

used to measure temporal distribution of the accumulation of pollutants.  The lichen transplantation 

technique was employed in the present study because the procedure was easy to adopt and had the 

minimum possibility for contamination.  This technique was used to understand heavy metal 

accumulation and release from the lichen thallus, and to gain insight into how the lichen thallus 

achieved equilibrium based on sites with different pollution levels.  The pollution levels of different 

sites were identified through the bioindicating technique and passive air samplers.  The pollutant 

content on-thallus and in-thallus was measured to gain an insight into the lichen equilibrium process.  

GFASS was used to quantify the heavy metal contents in lichen samples and passive air sampler PSM 

strips.  GC-MS used to identify accumulated PAHs in lichen thalli.  SEM images were used to monitor 

PM deposited on the lichen thallus.  The methods, techniques, and procedures used in this research are 

summarized in Figure 4.9. 
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Figure 4.9.  Summary of the methods, techniques, and procedures used in the research. 
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CHAPTER 5 

 

RESULTS AND DISCUSSION: AIR POLLUTION LEVELS AT SAMPLING SITES 

 

5.1 Introduction  

 

This chapter presents results and discusses the spatial and temporal distribution of pollution levels in 

the study area, monitored using alternative air pollution monitoring approaches (Section 4.3).  The 

results of airborne PAH investigation based on lichens and semi-quantitative analysis of PM deposited 

on the lichen surface are analysed and discussed in this chapter.  At the end of this chapter, different 

categories of PM deposited in lichens and their composition are reported. 

 

The objectives of measuring ambient air pollution at different study sites are discussed in the first 

section of this chapter.  The results obtained from employing lichens as bioindicators are analysed and 

discussed in detail in Section 5.2.  The application of the hierarchical cluster analysis technique in order 

to justify the similarities between study locations is discussed in Section 5.3.  Section 5.4 analyses and 

discusses the results derived from the employment of passive air samplers.  The archived air pollution 

data compiled by the Auckland Council are analysed in Section 5.5, to support the conclusions made 

using the two alternative air pollution monitoring approaches.  The inferences made on spatial and 

temporal air pollution levels based on three alternative air pollution monitoring approaches for each site 

for the two-year study period are summarised in Section 5.6.  The results of the PAH analysis are 

included in Section 5.7.  The semi-quantitative PM analysis using SEM surface images and categories 

of PM are discussed in the last section. 

 

The ambient level of pollutants in the surrounding air is the most important factor in any biomonitoring 

study.  The amount of pollutants that accumulates in the lichen thallus is mainly determined by the 

concentration of such pollutants in the ambient air.  For example, elevated pollutant concentration in 

the air tends to accumulate higher amounts of the same pollutant in the lichen, or those pollutants may 

impose adverse visual impacts on the phytosociological characteristics of the lichen community.  The 

most popular method for measuring pollutant content in the air is the employment of a high-volume 

active air sampler (Section 2.5), but due to the reasons given in Section 4.3, three alternative methods 

are used in this research.  They are: 1) the use of lichens as bioindicators to calculate IAP (Section 5.2); 

2) deploying passive air samplers (Section 5.4); and 3) archived air pollution data (Section 5.5).  The 

spatial and temporal results obtained through employing bioindicators and passive air samplers during 

the study period are discussed below.  Next, these results are compared against archived air pollution 

data.   
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The two conceptual models presented in Sections 3.6.1 and 3.6.2 were developed under the assumption 

that the ambient air pollution level in the study area did not significantly change during the study 

period.  Therefore, measuring the air pollution in the study area for the period concerned is important.  

The first objective of measuring air pollution is to ascertain whether the fluctuation of air pollution in 

each study site during the study period is significant.  If the air pollution fluctuation is significant, then 

adjustments need to be incorporated into the conceptual models at the time of data interpretation.  The 

second objective is to understand and compare the pollution levels among different study sites (spatial 

distribution).  The four categories of land use types are selected for the current study and they were 

assumed to have an air pollution gradient based on the concentrations of the pollutants in the 

surrounding air.  The assumption was that when the pollution gradients were arranged in ascending 

order of magnitude, they should be: clean < residential < commercial < industrial.  The spatial 

information generated from the alternative approaches is used to justify the existence of four categories 

of land use and they represent a gradient of air pollution.  The third objective is to validate four sites 

that were selected under each land use type possessing similar characteristics in terms of air pollution.   

 

5.2 Air pollution results based on lichens as bioindicators 

 

The calculation of IAP is one of the most popular techniques used to estimate air pollution (Richardson, 

1991).  The resulting IAP value is a reflection of cumulative air pollution impact on the phytosociology 

of the lichen community for a given site (Section 2.3.1).  Lichen-based IAP is not a direct air pollution 

measurement, but it is either an estimation of the degree of alteration from natural conditions by 

pollution-reactive components of the ecosystems, or it assists in the evaluation of the effects of 

pollution on the lichen community (Kricke & Loppi, 2002).  For this research, the IAP values were 

calculated for all study sites on the following three occasions: 1) at the start of the study (March 2009); 

2) at the end of the first year (March 2010); and 3) at the end of the study (March 2011) (Figure 4.1).  

These IAP data provided spatial and temporal estimation of lichen-based air pollution distribution for 

the Auckland Region. 

 

The IAP values for Hunua were not calculated, due to the unavailability of sufficient numbers of 

phorophytes (either Melia azedarach or Fraxinus excelsior or Quercus robur) near the lichen sample 

collection site within a 500 m radius.  The reason for this may be that the Hunua Ranges are a 

conservation area with native forest vegetation with limited distribution of introduced tree species.  The 

IAP data that were calculated for three consecutive rounds (March 2009, March 2010, and March 2011) 

in 12 locations are summarized in Table 5.1.  The calculated indices for each phorophyte from all 

sampling locations are tabulated as Appendix 1.  The details for each phorophyte, for example: species 
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name, circumference at 1.5 m above the ground, and height to the first branch, are attached as 

Appendix 2.   

 

Table 5.1  

 

IAP values calculated for 12 study sites in the Auckland Region for the period 2009 - 2011 

            

 
Land use type 

  March 2009   March 2010   March 2011 
Site Mean SD Mean SD Mean SD 
Homai Residential 12.43 1.61 11.19 1.70 13.06 1.58 
Mount Eden Residential 12.90 2.24 12.40 1.91 13.85 1.80 
Royal Oak Residential 10.15 2.03 12.03 2.65 12.35 2.15 
Howick Residential 13.60 2.14 13.95 1.79 13.72 3.42 
New Lynn Commercial 8.44 1.66 9.17 1.88 9.10 1.71 
Sylvia Park Commercial 10.59 2.43 10.26 2.55 10.99 2.79 
Newmarket Commercial 9.07 2.69 9.80 3.01 10.21 2.85 
Symonds Street Commercial 10.27 1.82 9.43 1.83 9.15 1.41 
Rosebank Road  Industrial 10.95 3.41 11.09 3.14 9.98 2.62 
Penrose Industrial 7.70 1.84 7.38 1.28 7.21 1.42 
East Tamaki Industrial 7.67 1.17 7.04 1.37 7.45 1.39 
Wiri Industrial 7.14 0.65 7.06 0.59 7.11 0.66 
Note. SD = standard deviation. 

 

According to the bioindicating approach, the frequency occurrence of epiphytic lichens from a 

sampling site is the centre of IAP and gives information on the long-term effects of air pollutants, 

eutrophication, and evidence of anthropogenic factors on these sensitive lichens (Asta et al., 2002).  

The indices were used as indicators to predict the purity of the surrounding air (Gombert et al., 2004).  

Those IAP data were directly proportionate to atmospheric purity (Section 2.3.1).  Higher IAP values 

represent relatively clean, good air quality, while low IAP values correspond to polluted, low air 

quality (Section 4.3.1). 

 

5.2.1 Spatial air pollution distribution based on bioindicators  

 

The line plots to show the spatial distribution of IAP in 12 study sites are given in Figure 5.1.  The 

graph clearly shows that the highest and the lowest values correspond to residential and industrial sites 

respectively.  Commercial sites have moderate indices.  The highest IAP was from Howick and the 

lowest from Wiri.  Rosebank Road, which is categorized as an industrial site, reported an unusually 

high value, which is in the range of commercial sites.     
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Figure 5.1.  Line plot of the distribution of IAP values based on monitoring sites in the Auckland 
Region classified as ‘residential’, ‘industrial’, and ‘commercial’, for the period 2009 -2011. 
  

As expected, of all 12 study sites, the residential sites showed the highest IAP, representing cleaner air 

due to lack of industrial and commercial activities.  The residential sites’ indices were distributed from 

10.15 to 13.95.  Royal Oak’s index in March 2009 corresponded with some of the commercial sites’ 

indices.  The exact reason for this unusual index was not clear.  Only three industrial sites showed the 

lowest values (range: 7.04 to 7.70), which may be due to emissions from nearby industries and intense 

vehicular movement.  The Rosebank Road site showed unusually high values, the possible reason being 

that the sampling location was close to the upper reaches of the Waitemata harbour (Figure 4.4).  In this 

site, the study location was the Saunders Reserve, the western border of the Rosebank Road industrial 

site.  On the other side of the reserve was a tidal river.  Therefore, the possibility of mixing clean air 

coming from the upper reaches of the harbour, with pollution emissions from the industrial site, was 

very high.  Additionally, colonisation of lichens from the Waitakere Ranges may influence the high 

IAP values reported from this location.  All four commercial sites represented a moderate level of air 

pollution based on their corresponding IAP values.  Figure 5.1 clearly distinguishes three main land use 

types, industrial with highest air pollution, commercial with moderate air pollution and residential with 

lowest air pollution.  The same graph proves the existence of an air pollution gradient.  The land use 

types arranged in ascending order of magnitude of air pollution based on IAP data were: residential < 

commercial < industrial.   
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5.2.2 Temporal air pollution distribution based on bioindicators    

 

Only three IAP values were recorded from each site for the two-year study period with an interval of 

one year.  A repeated measures analysis of variance (ANOVA) test was carried out in order to 

understand any significant difference among each year’s IAP values in all 12 study sites.  This 

statistical test was used to evaluate the difference between three IAP sampling rounds belonging to 

years 2009, 2010, and 2011.  The results revealed that there is no significant difference between the 

three groups of IAP values, F (3,12) = 0.059, p < .05, η = 0.003, hence there is no significant ambient 

air pollution change during the study period.  In order to strengthen the above conclusion, graphical 

methods were employed.  Two-dimensional line plots were used to illustrate the temporal distribution 

of IAP as indicated in Figure 5.2.  The line plots showed no significant increase, decrease, or trend for 

any location other than simple fluctuations.  Therefore, the resulting indices clearly illustrated that there 

was no temporal fluctuation of IAP, hence, no significant change of air pollution in the 12 study sites 

during the two-year study period.   

 

 

Figure 5.2.  Line plots to illustrate the temporal distribution of IAP data in the Auckland Region, for 
the period 2009 -2011.  
 

5.2.3 Contour maps based on lichens as bioindicators  

 

Contour maps (yellow contour lines depicting IAP values) drawn on the boundary map (source: Google 

Earth, 2011) of the study area, with superimposed bubble plots, were used to further strengthen the 

conclusion in Section 5.2.2.  IAP-based contour maps were drawn for each floristic study round, in 
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order to visualize and compare the spatial and temporal distribution of the air pollution (Figure 5.3, 

Figure 5.4, and Figure 5.5).  Bubble plots were included on the same contour maps for comparison 

purposes.  The size of each bubble corresponded with the respective IAP value for each site.  The 

calculated index for each site was given in each bubble under the respective land use type sign.  The 

three contour maps show no noteworthy change.  Hence, these maps are indicating that there was no 

significant temporal air pollution change in the Auckland Region from March 2009 to March 2011.   

 

IAP-based contour maps are not the best method to estimate spatial and temporal changes in air 

pollution.  The reasons are the scarcity of data points over the study area and the fact that these data 

points are not evenly distributed.  Possible methods of overcoming these drawbacks are discussed in 

Section 7.8.  Contour maps with embedded bubble plots are used in this analysis to obtain a visual 

feeling on how air pollutants are distributed in the study area in terms of space and time.   

 

 

Figure 5.3.  IAP-based contour map showing the spatial distribution of air pollution in the Auckland 
Region for March 2009.   
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Figure 5.4.  IAP-based contour map showing the spatial distribution of air pollution in the Auckland 
Region for March 2010.   
 

 

Figure 5.5.  IAP-based contour map showing the spatial distribution of air pollution in the Aucland 
Region for March 2011.   
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5.3 Cluster analysis to justify the four land use types 

 

According to the degree of pollution, four broad categories of land use were identified for this research.  

As explained in Section 4.1.5, these were classified as industrial, commercial, residential, and clean.  

The IAP values obtained from all 12 sites during the three floristic study rounds were used to describe 

the behaviour of underlying pollution level patterns.  The behaviour patterns of IAP from study sites 

that belong to the same land use category should show similar patterns compared to other land use 

types.  Data mining procedures, such as cluster analysis, are helpful in such situations to recognise 

groups based on their similarities.          

 

Cluster analysis can be defined as an unsupervised pattern recognition technique with the capability of 

uncovering the intrinsic structure or underlying behaviour of a data set without making priori 

assumptions about the data (Vega, Pardo, Barrado, & Deban, 1998).  Additionally, the same analysis 

may be used in order to classify the objects of the system into categories or clusters based on their 

nearness or similarity.  This data mining technique is used to develop meaningful aggregations of 

entities based on independent variables.  This analysis groups objects or individuals into clusters.  The 

objects in the same cluster are more similar to each other than they are to objects in other clusters.  

Cluster analysis attempts to maximise the homogeneity of objects within the clusters while maximising 

heterogeneity between the clusters (Hair, Black, Babin, Anderson, & Tatham, 2006).  In hierarchical 

cluster analysis, the distance between samples is used as a measure of similarity.  There are different 

approaches for cluster analysis, and hierarchical agglomerative cluster is the most common (Vega et al., 

1998).  It is used to indicate groupings of samples by linking inter-sample similarities, and shows the 

overall inter-relationships of variables in the data set.  The dendrogram (tree graph) is the graphical 

representation of cluster analysis results, in which each object is arrayed on one axis, while the other 

axis portrays the steps in the hierarchical procedure (Hair et al., 2006).  Additionally, each object 

represents a separate cluster, the dendrogram showing graphically how they are combined at each step 

of the procedure until all are contained in a single cluster.       

 

Hierarchical cluster analysis was performed on the indices obtained from the 12 sites through the three 

floristic study rounds.  This analysis allowed grouping the sampling sites based on their similarities in 

IAP values.  From these results, four distinctive groups were revealed.  The result of the hierarchical 

cluster analysis is shown below as a horizontal dendrogram (Figure 5.6).  The first group at the top of 

the dendrogram only comprised the sites categorized as residential sites with relatively high indices 

representing less pollution.  The last three sites, designated as industrial land use type, formed the 

fourth cluster, with low indices attributable to the most polluted three sites: East Tamaki, Penrose, and 

Wiri.  Rosebank Road was the remaining designated industrial site and was grouped with Sylvia Park 
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(a commercial site) to form the third group from the top.  The remaining three sites formed the second 

group from the top and all of them were categorized under commercial land use.  IAP-based cluster 

analysis grouped 12 sampling sites into three main types and these three types are comparable to the 

three land use types originally used in this research (Table 4.3).  This proved that the selection criteria 

used in land use type selection and the chosen locations under each type were acceptable.      

 

The possible reason for Rosebank Road’s relatively high IAP values, due to low air pollution, was 

explained in Section 5.2.1.  Therefore, based on the amalgamation rule of cluster analysis, Rosebank 

Road created another group (third from the top) between commercial and industrial land use types 

using: 1) the site with highest pollution (lower IAP values) among commercial sites; and 2) the site 

with least pollution (higher IAP values) from the industrial sites.  However, this group is artificial and 

the reason may be the higher index values reported from Rosebank Road.  Therefore, the third 

additional group derived from Figure 5.6 was not given further consideration.  The original three 

polluted land use categories with the clean category (Table 4.3) are used for the remaining analysis.  

 

 

Figure 5.6.  Dendrogram for 12 sampling locations from cluster analysis (amalgamation rule:  un-
weighted pair-group average, distance metric: Euclidean distance) showing the major groups of land 
use types.  
 

The lichen-based phytosociological data depend on many factors other than air pollution and it is often 

difficult to discriminate between the effects of pollution and those of climate, substratum ecology, and 

other types of anthropogenic interference (Brunialti & Giordani, 2003).  Therefore, it is not wise to 

depend purely on IAP results in order to understand pollution changes in the study area.  In order to 
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overcome this problem, passive air samplers were employed during the study period to monitor air 

pollution levels, to support the results obtained from the bioindicating approach.       

 

5.4 Utilization of passive air samplers  

 

The passive air samplers’ design, deployment, and the procedure for obtaining results are discussed in-

depth in Section 4.3.2.  As explained, the main idea of the employment of the passive air sampler is to 

obtain comparable measurements for the ambient air pollution in different study sites (Harner et al., 

2006).  Unlike the IAP data, the results of the passive sampler were more representative of the 

availability of each target heavy metal in the air (Shoeib & Harner, 2002).  The passive air sampler is 

used to measure the short-term (seasonal) and long-term concentrations of target heavy metals in the 

air. 

 

5.4.1 Short-term pollution measurements based on passive air samplers 

 

The passive sampler medium (PSM) used is Whatman quantitative (ashless grade 41) filter paper strips.  

The passive air samplers with the filter paper strips were placed in each site (Table 4.3) at the start of 

each season and exposed for three months.  At the end of the season, the strips were collected and 

analysed for the target heavy metals.  The heavy metal results derived from the passive air samplers for 

each site from eight seasons are illustrated as box-plots in Figure 5.7.  Zn reported with the highest 

concentration in all study sites followed by Pb, Cu, and Cr.  In order to show the variation among the 

heavy metal contents from different study sites, different Y axis scales are used in Figure 5.7 (0 to 250 

ng g-1 for Cr and Cu, 0 to 350 ng g-1 for Pb, and 0 to 1,200 ng g-1 for Zn).  The temporal variation of air 

pollution levels, based on the short-term passive air sampler measurements, is illustrated as two-

dimensional line plots in Figure 5.8.  Different Y axis scales are used in order to show the heavy metal 

concentration variation among the different sample collection rounds (0 to 240 ng g-1 for Cr, 0 to 200 

ng g-1 for Cu, 0 to 350 ng g-1 for Pb, and 0 to 1,200 ng g-1 for Zn) .   

 

The Penrose, E. Tamaki, and Wiri sites showed the highest levels of heavy metal pollution.  These sites 

were categorised under the industrial land use type.  The recorded higher levels of heavy metal 

concentrations corresponded with their emission sources due to industries and heavy traffic.  Rosebank 

Road is the remaining industrial site and it reported unusually low heavy metal pollution levels.  

Sometimes, these pollutant levels were similar to, or less than, the pollution levels of commercial sites.  

The possible reason for low levels of target pollutants recorded in this site is explained above in detail 

(Section 5.2.1).     
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The four commercial sites recorded a moderate level of air pollution.  The heavy metal pollution is 

mainly due to traffic emissions and was significant at these sites.  Sylvia Park showed the highest 

pollution for Cu, Pb, and Zn, which may be a result of vehicular emissions from heavy traffic.  The 

reason for higher Cr levels in New Lynn was unknown.  The four residential sites showed 

comparatively less pollution levels, mainly due to lesser industrial and commercial activities.  Of the 

above four sites, Mount Eden showed the highest pollution level.  The only possible pollution source 

was vehicular emissions.  Compared to the other study sites, Mount Eden, located in the middle of the 

Auckland isthmus, was further away from the sea with less possibility of dilution from clean air.  

Additionally, the Mount Eden volcanic cone is a famous recreation centre on the Auckland isthmus.  

Therefore, the traffic movement around this area was higher compared to the other residential sites.  As 

expected, Hunua showed the lowest heavy metal pollution.  Based on the above passive air sampler 

results, it can be inferred that the pollution levels varied according to land use type.  The land use types 

arranged in descending order of magnitude of pollution based on airborne heavy metals was: industrial 

> commercial > residential > clean.  A similar research conducted by Shoeib and Harner (2002) and 

Harner et al., (2006) in Canada, and showed the successful applicability of passive air samplers in 

monitoring spatial and temporal trends in organic pollutants.  Both research showed decreasing trend of 

pollutants along an urban-rural transect which is comparable to the present research.   
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Figure 5.7.  Box-plots showing heavy metal concentrations obtained from short-term passive air samplers from different locations (labels on lowermost X-
axis apply to both graphs) during the eight seasons.  The central tendency of each heavy metal for a given site for eight seasons is shown in terms of the 
median as the smallest box in the plot.  The spread of the heavy metal concentration is illustrated as quartiles (e.g. the 25th and 75th percentiles, which 
represent the top and the bottom of the larger box).  The minimum and maximum seasonal values of the heavy metals are the whiskers in the plot. 
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Figure 5.8.  Two-dimensional line plots to illustrate the seasonal heavy metal accumulation for Cr, Cu, Pb, and Zn measured by passive air samplers during 
the eight sampling rounds (labels on lowermost X-axis apply to both graphs) in the Auckland Region, for the period autumn 2009 - summer 2010.   
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The two dimensional line graphs (Figure 5.8) show that there was no clear seasonal pattern for airborne 

heavy metal pollution.  None of the heavy metal concentrations showed a clear trend of increase or 

decrease with time for any study site.  Therefore, it was evident that there was no significant seasonal 

change in pollution levels in all study sites concerned during the study period.   

 

5.4.2 Long-term pollution measurements based on passive air samplers 

 

Long-term passive air samplers were utilized in this study to understand the long-term accumulation 

behaviour of airborne heavy metals.  In contrast to the process of seasonal passive air sampling, the 

only difference in long-term passive sampling was that filter paper strips of the passive air sampler 

were exposed from the start of the study until the date they were collected for analysis.  As explained in 

Section 4.3.2.2, at the start of the research (March 2009), a sufficient number of strips were included in 

each long-term air sampler and commenced exposure to air in all study sites.  At the end of each 

season, only four strips were collected, leaving the remainder for continued exposure.  The analysis 

results for these strips were used to understand long-term heavy metal accumulation after exposure 

periods of one to eight seasons.  Since the PSM was synthetic, it was assumed that there was a 

maximum number of binding sites per unit area of the strip.  Thus, the pollutant level that could be 

measured by the passive air sampler would reach an equilibrium state based on the atmospheric 

concentration of heavy metals.  This process was described in detail in Section 4.3.2 and Figure 4.7 

using the illustrative profile introduced by Shoeib and Harner (2002).  Their model showed the 

following three stages: rapid accumulation of pollutants at the initial linear stage, followed by a 

curvilinear stage that achieved equilibrium, and finally, after achieving equilibrium, pollutant 

sequestration remained constant over time.   

 

The long-term heavy metal accumulation measured through the passive air samplers is illustrated in 

Figure 5.9.  Zn achieved the highest concentrations in all 12 sites in long-term passive air samplers 

after two years.  Pb reported the next highest concentration followed by Cu and Cr.  In order to show 

the intra-site heavy metal accumulation variation from different sampling rounds, different Y axis 

scales are used in Figure 5.9 (0 to 500 ng g-1 for Cr, 0 to 400 ng g-1 for Cu, 0 to 500 ng g-1 for Pb, and 0 

to 1,600 ng g-1 for Zn).   



 5-15 

 
Figure 5.9.  Two-dimensional line plots to illustrate the long-term heavy metal accumulation measured for Cr, Cu, Pb, and Zn by passive air sampler during 
the eight sampling rounds (labels on lowermost X-axis apply to both graphs) in the Auckland Region, for the period autumn 2009 - summer 2010.   
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The two-dimensional line plots for target heavy metals in all sites clearly show all three stages 

explained by Shoeib and Harner (2002).  Based on Figure 5.9, most of the heavy metals achieved their 

equilibrium stage after three or four seasons (9-12 months).  The two-dimensional plots (Figure 5.9) 

show no significant change (increase or decrease) in pollution levels for each target heavy metal in 

each location.  The pollutant levels showed a sharp increase for the first two seasons and then achieved 

equilibrium.  There was no evidence of sudden change in accumulation other than for Cu in the Wiri 

and New Lynn sites in summer 2009 and autumn 2009 respectively.  The reasons for these unusual 

values are not clear.  The results obtained through the long-term passive air sampler provided further 

evidence of no significant change in the pollution levels in the study area over the study period.  This 

information strengthens the inferences derived from the results of the short-term passive air sampler. 

 

Sloof (1995) reported a similar application of a passive air sampler in the Netherlands, called rag, 

which consisted of muslin-like cloth impregnated with resinous material (Royal Unirag type GTI 

33204, Unichem B.V.).  This PSM was exposed only for a month, which was compatible with the 

passive air sampler of the present study.  The surface area of the rag was about 42 cm2 and the only 

common heavy metal targeted for both studies was Zn.  The PSM’s surface area in the present study 

was about 160 cm2.  The reported range for Zn in the present study and Sloof’s study was 58 to 1,428 

ng g-1 (for three months), and 11,700 to 44,000 ng g-1 (for one month) respectively.  These results 

showed that pollution levels measured in the Netherlands were relatively higher than in the Auckland 

Region.  The amount of pollutants that can accumulate on the PSM depends on the available number of 

binding sites and the number of binding sites depends on the PSM.  These results showed that muslin-

like cloth impregnated with resinous material was a better PSM than Whatman quantitative (ashless 

grade 41) filter paper.  Therefore, muslin-like cloth impregnated with resinous material is 

recommended as the PSM for future passive air sampler-based studies.    

 

Figures 5.7 and 5.8 clearly show that the most abundant target heavy metal in the Auckland Region was 

Zn, followed by Pb, Cu, and Cr.  The same observation was supported by each element’s signal 

strength, which is the amount of pollutants accumulated in order to achieve equilibrium as illustrated in 

Figure 5.9.  

 

The results obtained through the lichen as biomonitors and passive air samplers clearly proved that 

there was no significant change in temporal air pollution in the Auckland Region during the study 

period.  This observation was confirmed by air pollution data archived by the Auckland Council, with 

the assistance of the Ministry of Environment, National Institute of Water and Atmospheric Research 

(NIWA), and Watercare for the period of March 2009 to February 2011.  The following sections are 
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intended to strengthen the observations made using the bioindicating method and passive air samplers, 

with the aid of archived air pollution data.      

 

5.5 Archived air pollution data for the Auckland Region  

 

The Auckland Council continuously monitors five main categories of air pollutants: CO, NO2, O3, SO2, 

and particulate matter (PM10 and PM2.5) at 15 sites spread across the Auckland Region (Auckland 

Regional Council, 2006).  All air pollutant categories are not monitored in all 15 monitoring stations.  

The daily air pollution data archived by the Auckland Council is used to calculate the seasonal average 

values.  The seasonal average air pollution information is tabulated in Table 5.2 and portrayed as 

Figure 5.10.  Six air pollution monitoring stations were selected for the current study based on: 1) the 

availability of data for the entire period of concern (March 2009 to February 2011); 2) the proximity of 

the monitoring station to the nearest lichen sampling site of the present study (aerial distance is less 

than 5 km); and 3) the general site characteristics of the monitoring station specified by the Regional 

Council.    

 

Table 5.2  
 
Seasonal average air pollution recorded for CO, NO2, O3, SO2, PM2.5, and PM10, from six air pollution 
monitoring sites in the Auckland Region.  All air pollutants are expressed in terms of µg m-3 (source: 
Auckland Council, 2011)  
           

 Khyber 
Pass Road 

Queen Street Musick Point Penrose Pakuranga Botany Downs 

Pollutant PM10 CO NO2 NO2 O3 SO2 PM2.5 PM10 PM10 PM10 
Autumn 2009 25.6 0.7 167.5 11.9 35.6 3.7 6.7 17.8 15.0 10.7 
Winter 2009 25.3 0.7 185.7 16.9 46.3 4.7 9.6 20.2 20.3 12.4 
Spring 2009 23.2 0.7 158.3 8.4 45.4 4.9 6.7 16.8 15.7 13.5 
Summer 2009 19.3 0.5 123.0 7.3 30.8 2.4 5.4 15.4 14.5 11.3 
Autumn 2010 19.9 0.7 145.6 10.2 40.4 2.5 6.0 15.6 13.6 10.4 
Winter 2010 20.0 0.7 181.7 16.8 46.1 1.5 8.2 16.3 17.6 11.1 
Spring 2010 20.3 0.5 136.9 7.5 48.9 1.9 6.2 16.2 12.8 11.8 
Summer 2010 21.9 0.5 130.2 7.8 31.3 2.2 5.9 16.1 14.9 10.9 

 

5.5.1 Analysis of archived air pollutant data 

 

The major sources for particulate matter (PM10 and PM2.5) were vehicular emissions and domestic fires 

(Auckland Council, 2010).  Based on Figure 5.10 (a), no increasing or decreasing trend could be 

observed in seasonal air pollution concentrations from March 2009 to February 2011.  Auckland 

Council classified Pakuranga and Botany Downs as ‘urban’ sites, but they were classified as 

‘residential’ sites for the present research.  The primary air pollution source of such sites was wood 

burning for domestic heating during winter and spring, reflected as high PM10 values in Figure 5.10 (a).  
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Figure 5.10 (b) shows a similar seasonal pattern for PM2.5 levels in Penrose, and this site was 

categorised as ‘industrial’ under both classifying methods.  The PM10 values in Khyber Pass Road 

showed a significant reduction from autumn 2009 to summer 2009 and after that remained relatively 

static: the reason was unknown.  There were no distinctive seasonal fluctuation of PM10 values in 

Penrose, and these PM10 values mainly represented industrial emissions.  The line graph for Penrose 

PM10 shows no considerable seasonal pattern for the winter and spring seasons.  Therefore, it can be 

inferred that there was no significant contribution of domestic heating sources to PM10 emissions in 

Penrose, and PM10 pollution was mainly due to industrial and vehicular emissions.      

 

Vehicular emissions are the main sources of NO2 which may react with O3 and unburned hydrocarbons 

from exhaust pipes producing acidic compounds (Auckland Council, 2010).  NO2 and the above acidic 

compounds can be the cause of irritated lungs; can increase susceptibility to asthma and influenza, 

cause reduction of plant growth, and reduction in visibility by contributing to the formation of haze and 

fog (Auckland Regional Council, 2006).  Auckland experienced degraded visibility due to air pollution 

during rush hours, mainly from vehicular emissions, about 30 days per year (Auckland Council, 2010).  

This is known as ‘brown haze’, and occurs under specific weather conditions, such as cold and calm 

winter mornings and nights, and in periods of stagnation caused by opposing sea breezes blowing 

onshore during the day (Senaratne & Shooter, 2004).  Figure 5.10 (a) illustrates higher seasonal levels 

for NO2 in winter due to poor dispersion conditions, which develop because of low temperature, rather 

than an increase in NO2 emissions during the season (Auckland Council, 2010).  The seasonal 

fluctuation of NO2 during the study period for Queen Street and Musick Point remained the same, but 

the emissions from the former site were very high compared to the latter.  The high NO2 emissions 

from Queen Street were accounted for by higher vehicular circulation in the area, and the lesser 

emissions from Musick Point were attributable to its location near the sea and the lesser movement of 

vehicles.   

 

CO is produced as a result of the incomplete combustion of carbon-based fuel.  Based on the Queen 

Street monitoring station, CO levels were comparatively low with no distinctive seasonal fluctuation 

patterns.  SO2 is a by-product of fossil fuel combustion and showed a fluctuating pattern within the 

range from 1.5 to 4.9 µg m-3.  Musick Point was the only O3 monitoring station in the Auckland 

isthmus and showed a distinctive increase in O3 concentration in spring and winter.  This can be 

attributed to high ultra violet (UV) radiation due to the thin ozone layer.   

 

The archived data monitored and compiled by the Auckland Council for six air pollutants (CO, NO2, 

O3, PM10, PM2.5, and SO2) for the study period were utilized for the above trend analysis.  The 

following two graphs, Figure 5.10 (a) and (b), clearly show there was no significant increase or 
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decrease in seasonal trends for the above six air pollutants for the period concerned.  Therefore, it can 

be inferred that the air pollution in the study area did not significantly change during the study period. 

      

 

Figure 5.10.  (a) Line graph to illustrate the seasonal trend of PM10 in four air pollution monitoring 
stations.  The superimposed bar graph shows the same trend for NO2 in Musick Point and Queen Street 
(scale on right Y-axis), and (b) Line graph to show the seasonal trend for CO in Queen Street, O3 in 
Musick Point, and PM2.5 and SO2 in Penrose (source: Auckland Council, 2011). 
 

5.5.2 Comparison of air pollution data  

 

The air pollution measurements based on IAP and passive air sampler were compared with archived air 

pollution data.  A corresponding lichen sampling site from the present study was selected for each of 

the air pollution monitoring stations for comparison purposes.  The aim was to understand the 

compatibility of the results generated employing three different air pollution monitoring approaches, 

and to understand any existing seasonal patterns in recorded pollutant levels.   

 

The main selection criteria when choosing the corresponding sites were: the proximity of two sites in 

aerial distance; and the equivalent general site characteristics specified by the Auckland Council of the 

land use category in this study.  The approximate aerial distance from the air pollution monitoring 

station to the nearest lichen sampling site was measured using Google Earth software and given in 

Table 5.3.   

 

 

 

2 
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Table 5.3  
 
Air pollution monitoring sites corresponding to the nearest lichen sampling sites in the present study 
 

Pollution data 
monitoring site 

General site 
characteristic1 

Nearest sampling site 
from the present study 

Land use 
category2 

Approximate 
aerial distance 

Khyber Pass Road Urban New Market Commercial 1.4 km 
Queen Street Urban Symonds Street Commercial 0.7 km 
Musick Point Urban Howick Residential 4.4 km 
Penrose Industrial Penrose Industrial 2.6 km 
Pakuranga Urban Howick Residential 3.3 km 
Botany Downs Urban Howick Residential 3.6 km 

Note. 1 = based on the Auckland Council classification; 2 = based on the present research 
classification. 
 

There were three classes under the ARC classification system based on general site characteristics: 

industrial, urban, and rural (Auckland Regional Council, 2006).  Both systems: the ARC and the 

present study, classified Penrose under the industrial category.  Based on the ARC classification 

system, both land use types classified under commercial and residential sites for this study, were 

grouped under the urban category.  All the rural sites based on the ARC system (e.g. Pukekohe and 

Whangaparaoa) were further away from all lichen sampling sites and resembled the characteristics of 

the present study’s clean site.   

 

The air pollution monitoring sites Khyber Pass Road, Queen Street, and Penrose were directly 

comparable with the Newmarket, Symonds Street, and Penrose study sites of the present study.  The 

aerial distances between each site were 1.4, 0.7, and 2.6 km respectively (Figure 4.4).  However, the 

Howick sampling site was centrally located to three pollution monitoring sites: Musick Point, 

Pakuranga, and Botany Downs.  It was decided to consider Pakuranga as a corresponding station for 

Howick based on the following reasons: 1) minimum aerial distance (3.6 km); 2) the location of the 

Musick Point monitoring station was very close to the sea, therefore, the possibility of underestimating 

the site’s pollution measurements due to dilution of air with clean air from the sea was very high; and 

3) Pakuranga was closer to East Tamaki and Sylvia Park, therefore, the level of pollution may be 

overestimated due to the proximity of two highly polluted sites.  Finally, it was decided to use archived 

air pollution data from Khyber Pass Road, Queen Street, Penrose, and Pakuranga to compare with data 

generated through two alternative approaches in the current study and the corresponding locations were 

Newmarket, Symonds Street, Penrose, and Howick respectively.  Data collected in the above eight 

locations from March 2009 to March 2011 were used for the comparison.              
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5.5.3 Comparison of air pollution data with IAP values and short-term passive air sampler 

results 

 

The data: IAP values, archived air pollution data, and passive air sampler measurements from two 

comparable sites are used to draw the bar charts with superimposed two-dimensional line charts (Figure 

5.11).  Each figure represents data from two comparable sites based on Table 5.3.  The green colour 

bars in the charts are used to illustrate the IAP values for March 2009, March 2010, and March 2011.  

These IAP values are calculated to represent the start, middle and the end of the study period.  Hence, 

they do not directly correspond to any particular season.  Therefore, these values are allocated to the 

nearest season for easy comparison and illustration purposes.  On each figure, the IAP scale is shown 

on the right hand side along with the available air pollution data monitored by the Auckland Council.  

The same scale, Y axis on the right hand side, is used to depict CO, PM10, PM2.5, and SO2 where 

available.  The Y axis on the left hand side is used to portray the heavy metal concentrations measured 

by the passive air samplers.     

 

The air pollutants illustrated in Figure 5.11 show no significant increasing or decreasing trends.  The 

reason for unusual reduction of PM10 from autumn 2009 to summer 2009 (Figure 5.11 a) in Khyber 

Pass Road is unknown and there is no similar pattern reported for any other pollutants or IAP values.  

Other than PM10 in the above location, all other reported readings fluctuate within a range.  Therefore, 

it is reasonable to infer that levels of pollutants in all the sites were static over the study period.   
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Figure 5.11.  Temporal variation of air pollution data measured employing three different monitoring techniques in the Auckland Region for the period 2009 – 2011: (a) 
heavy metal concentrations from passive samples and IAP values from the present study measured in Newmarket, with PM10 measured by the Auckland Council in Khyber 
Pass Road; (b) heavy metal concentrations from passive samples and IAP values from the present study measured in Howick, with PM10 measured by the Auckland 
Council in Pakuranga; (c) heavy metal concentrations from passive samples and IAP values from the present study measured in Penrose, with PM2.5, PM10, NO2, and SO2 
measured by the Auckland Council in Penrose; and (d) ) heavy metal concentrations from passive samples and IAP values from the present study measured in Symonds 
Street, with CO and NO2 measured by the Auckland Council in Queens Street.  In each graph, the line graphs represent heavy metal concentrations (scale on left X axis), 
and gaseous pollutants and PM concentrations (scale on right X axis).  The superimposed green bars illustrate IAP values (scale on right X axis). 
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5.5.4 Correlation analysis for seasonal pollution levels 

 

In order to support the inferences made in Section 5.5.3, a statistical correlation analysis was conducted 

to investigate the relationships among different types of pollution measurements.  Assuming a linear 

relationship existed among pollution concentrations, Pearson product-moment correlation coefficients 

were calculated.  For the correlation coefficient calculating process, seasonal short-term passive air 

sampler data, and seasonal average air pollution values calculated from archived data were used from 

each corresponding site.  In the case of IAP values, there were only three annual corresponding values, 

but no seasonal values were available for comparison purposes.  Therefore the available three indices 

were spread across the study period as follows: 1) the index for the year 2009 was used as the 

representative value for the first and second rounds; 2) the index for 2010 was used as the 

representative value for the third, fourth, and fifth rounds; and 3) the index for 2011 was used as the 

representative value for the last three rounds.  The calculated coefficients clearly indicated that there 

was no significant correlation (p > .05) between the three air pollution monitoring approaches in each 

compatible site other than on six occasions.  The resulting correlation coefficients are attached as 

Appendix 3.   

 

5.6 Inference based on three alternative air pollution monitoring approaches 

 

The main idea for utilizing the three alternative air pollution monitoring approaches was to prove the 

assumption made at the start of the study (Section 1.3) that there is no significant change in air 

pollution levels during the period of study.  The IAP values obtained based on lichens as bioindicators 

clearly indicated that the pollution levels at each study site were relatively static.  Passive air samplers 

were deployed during the study period in all study sites to measure the four targeted heavy metals.  The 

results indicated that the recorded heavy metal concentrations have no noticeable trend of increase or 

decrease with time.  The analysis of archived pollution data confirmed the same observation.  

Therefore, the inference is that the overall ambient air pollution of the Auckland Region did not 

significantly change during the study period (March 2009 – March 2012).  Hence, no adjustments 

needed to be incorporated into the two models at the time of data interpretation.  

 

5.7 Other pollutants monitored using lichens   

 

During the initial stage of the present study, three main pollutant groups were targeted for monitoring 

using lichens as biomonitors.  These pollutant groups are heavy metals, PAHs, and PM.  After 

analysing the results obtained at the initial stage, it was decided to remove PAHs and PM from the 

research.  The reason is the insignificant presence of PAHs in lichen samples, and the inconclusive 
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results obtained through the PM semi-quantitative analysis.  The time consumed, the complex nature of 

PAH analysis, and the cost involved in SEM usage, supported this decision.  The results of PAH 

analysis and semi-quantitative PM analysis are discussed below. 

 

5.7.1 PAHs in lichens 

 

Heavy metals are the main target pollutant group in the plethora of lichen-based biomonitoring 

research.  For this reason, the scientific community is interested in investigating the ability of lichens to 

accumulate other pollutants.  PAHs are one such pollutant group.  They are defined as hydrocarbons, 

consisting of two or more fused benzene rings in linear, angular or cluster arrangements (Baek et al., 

1991).  As explained in Section 2.6.2, the main sources of PAHs are: vehicular emissions, home 

heating, re-suspended soils, incineration, petroleum cracking and refining in petrochemical industries, 

oil spills, power plants, and chemical manufacturing (Augusto et al., 2009b; Shukla & Upreti, 2009; 

Srogi, 2007).  Attention on PAH-centred studies has increased with improved understanding of the 

highly carcinogenic and mutagenic properties of PAHs (Augusto et al., 2010).  The US Environmental 

Protection Agency’s (USEPA) declaration of 16 unsubstituted PAHs as priority pollutants strengthened 

this interest (Srogi, 2007).        

 

There have been a number of interesting studies on lichens’ PAH bioaccumulation capability conducted 

around the world during the last few years (e.g. Augusto et al., 2009b, 2010; Blasco et al., 2006; 

Domino et al., 2006; Fernandez et al., 2011; Guidotti et al., 2003; Guidotti et al., 2009; Shukla & 

Upreti, 2009).  The lichen species used in the above research were: Evernia prunastri, Parmelia 

sulcata, Parmotrema hypoleucinum, Phaeophyscia hispidula, Pseudevernia fufuracea, Pyxine spp., and 

Xanthoria parietina.  Other than the Xanthoria parietina, no other lichen species are very common in 

the Auckland Region.  There have been only minor research attempts to correlate PAH concentrations 

in lichen with other variables such as heavy metal content and IAP values.  For example, Balsco et al. 

(2006) compared PAH contents in lichens with IAP values, and Guidotti et al. (2009) reported PAH 

concentrations with heavy metal content.  In light of this, the three lichen species selected for the 

preliminary study of this research were tested for PAH content to investigate their potential as PAH 

biomonitors.  

 

A sufficient quantity of samples, from each lichen species were collected from Hunua, Homai, 

Symonds Street, and Penrose during the months of August and September, 2008.  PAHs from the 

lichen samples were extracted and cleaned using the methods explained in Sections 4.2.8.1 and 4.2.8.2.  

The cleaned extracts were analysed using the GC-MS method as explained in Section 4.2.8.3.  The GC-

MS system was controlled by an HP personal computer running with Chemstation software, equipped 



 5-25

with software libraries to assist in identification of compounds in the chromatogram.  After careful 

analysis of the resulting chromatograms, the following PAHs were identified in the extracts of the three 

lichen species from the four target locations (Table 5.4).   

 

Table 5.4 

 

PAHs identified in three lichen species collected from four different locations in the Auckland Region 

 

Lichen species Parmotrema reticulatum Ramalina celastri Usnea rubicunda 
 Hu Ho SS Pe Hu Ho SS Pe Hu Ho SS Pe 
Acenaphthene             
Acenaphthylene             
Anthracene  + + +    +    + 
Benzo [a] anthracene  + + +   + +     
Benzo [b] fluoranthene             
Benzo [k] fluoranthene             
Benzo [g,h,i] perylene             
Benzo [a] pyrene             
Benzo [e] pyrene             
Chrysene             
Dibenzo [a,h] anthracene             
Fluoranthene   + +         
Fluorene + + +    +      
Indeno [1,2,3-cd] pyrene             
Naphthalene  + + +  + + +   +  
Phenanthrene +   +        + 
Pyrene   +          
Note. Hu = Hunua (clean site); Ho = Homai (residential site); SS = Symonds Street (commercial site); 
Pe = Penrose (industrial site). 
  

5.7.2 PAHs in lichen samples collected in the Auckland Region 

 

Table 5.4 shows that the PAHs present in the Auckland Region were anthracene, benzo [a] anthracene, 

fluoranthene, fluorene, naphthalene, phenanthrene, and pyrene.  Of the three target lichen biomonitors, 

Parmotrema reticulatum accumulated the highest number of PAHs into the thalli.  The reason for this 

may be their higher rough surface area compared to the other two species (Figure 4.3).  The other two 

lichen species Ramalina celastri and Usnea rubicunda, which have relatively low surface area, 

accounted only for four and three PAHs respectively.  Therefore, the following discussion is limited to 

the results obtained from the lichen species Parmotrema reticulatum.  

 

Naphthalene with two benzene rings in the structure was the most common PAH discovered in all sites 

and this may be due to domestic wood-based heating (Domeno et al., 2006, Ministry of Environment, 

2007).  The lichen samples for PAH analysis were collected at the end of the winter season and the 
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results are compatible with the availability of pollutant signatures based on emissions due to domestic 

heating.  The next two prominent PAHs were anthracene and benzo [a] anthracene, and they have three 

and four benzene rings in their structures respectively.  This may result from automobile emissions 

(catalyst and non-catalyst), especially from diesel and natural gas internal combustion (Domeno et al., 

2006).  Industrial and commercial sites showed the highest number of PAHs, which corresponded with 

their intense vehicular and industrial activities.  The residential and clean sites reported four and two 

PAHs respectively.  The four PAHs reported in the residential site corresponded to pollution due to 

domestic heating and vehicles.  As expected, the least number of PAHs were from the clean site and the 

available two compounds were fluorene and phenanthrene.  Based on the chromatograms, the two 

signals corresponding to these two chemicals were very small and very close to the machine detection 

limit; hence, the concentrations were insignificant.  The exact reason for the presence of these PAHs in 

the clean site was unknown, but could be attributed to the long-distance atmospheric transportation of 

low molecular-weight pollutants.   

 

The chromatograms for lichen extracts from Parmotrema reticulatum for four sampling sites are shown 

in Figure 5.12.  Based on the chromatograms, it was evident that all the corresponding peaks for each 

identified PAH were very small.  In a chromatogram, the peak area corresponds to the concentration of 

the compound.  Therefore, the amount of PAH present in lichen extractions were minute.  It was 

decided to discontinue the PAH analysis, without proceeding to the PAH quantification stage, due to 

the following reasons: 1) the number of compounds in the lichen samples was limited (only six out of 

16); 2) the quantities present in lichen extractions were limited and close to the machine detection limit; 

and 3) the extensive time required for analysis.      
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Figure 5.12.  Chromatograms of the extracted PAHs from Parmotrema reticulatum sampled from four 
different land use types. 
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The summary (Table 5.5) presented below is based on recent international lichen-centred PAH 

biomonitoring publications, and compares the reported PAHs (Table 5.4).  The published results from 

five countries show that anthracene, benzo [a] anthracene, fluoranthene, fluorene, naphthalene, 

phenanthrene, and pyrene are the most common PAHs.  The same six PAHs are observed in the 

Parmotrema reticulatum samples collected in the Auckland Region.   

 
Table 5.5 
 

Summary of reported PAH concentrations (maximum - minimum in ng g-1) in different lichen species 
from different countries 
 

 Portugal1 Italy2 India3 Spain4 Venezuela5 
Acenaphthene 7.0-0.9 n.a. n.a. 192-14 3,060-n.d. 
Acenaphthylene 1.0-1.0 n.a. 22,137-n.d. 85-14 1,480-n.d. 
Anthracene 12.3-1.0 38.0-2.0 381-n.d. 140-5 120-n.d. 
Benzo [a] anthracene 54.0-2.9 10.0-n.d. 132-n.d. 344-17 280-n.d. 
Benzo [b] fluoranthene 41.3-2.8 10.0-n.d. 98-n.d. 123-27 950-n.d. 
Benzo [k] fluoranthene 19.4-n.d. 7.0-n.d. 31-n.d. 103-28 970-n.d. 
Benzo [g,h,i] perylene 44.0-1.0 10.0-n.d. n.a. 47-14  
Benzo [a] pyrene 26.0-1.0 1.0-n.d. 37 46-13 1,820-n.d. 
Benzo [e] pyrene n.a. n.a. n.a n.a.  
Chrysene 30.3-3.9 27.0-n.d. n.a. 95-7 500-n.d. 
Dibenzo [a,h] anthracene 4.5-1.0 4.0-n.d. 316-n.d. 55-16 470-n.d. 
Fluoranthene 173.9-17.6 n.a. 3,586-9 1,170-33 440-n.d. 
Fluorene 19.0-2.8 107.0-14.0 n.a. 509-29 1,480-n.d. 
Indeno [1,2,3-cd] pyrene 21.7-n.d. 7.0-n.d. 203-n.d. n.a.  
Naphthalene 156.3-7.7 6.0-n.d. 5,659-n.d. 414-21 1,900-n.d. 
Phenanthrene 27.7-2.2 64.0-12.0 6,473-n.d. 2,659-95 320-6 
Pyrene 208.7-1.0 124.0-5.0 14,466-88 276-16 300-n.d. 
Lichen species used for the 
study 

Parmotrema 
hypoleucinum 

Pseudevernia 
furfuracea 

Phaeophyscia 
hispidula 

Evernia 
prunastri 

Pyxine spp. 

Note. n.d. = not detected; n.a. = not available.  
1 = Augusto et al. (2011); 2 = Guidotti et al. (2009); 3 = Shukla and Upriti (2009); 4 = Blasco et al. 
(2006); 5 = Fernandez et al. (2011). 
 

The research methodologies for the studies summarised above in Table 5.5 are designed to display and 

to help in understanding the direct impact of the pollution sources; hence, the samples were collected in 

close proximity to pollution sources.  In the current study, all lichen samples were collected at least 50 

m away from roads to avoid the direct impact of vehicle emissions.  In the Auckland Region, vehicles 

can be considered the main pollutant source for PAHs.  Thus, the distance from the road to the lichen 

sampling location is a determining factor for the accumulated PAH concentration.  PAHs with low and 

medium molecular weight can be transported further away from the emission source and PAHs with 

high molecular weight will be deposited closer to the source (Blasco et al., 2006).    

 

All six observed PAHs in Parmotrema reticulatum are either two-ring (naphthalene, fluorene), three-

ring (anthracene, phenanthrene, fluoranthene) or four-ring (Benzo [a] anthracene, Pyrene).  These 
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compounds have low or medium molecular weight, compared to high molecular weight structures with 

five or six rings.  Relatively low molecular weight PAHs may be transported (atmospheric dispersion) 

further away from the road (Blasco et al., 2006).  This may be one reason for the presence of PAHs 

with low and medium molecular weight in the analysed lichen samples.   

 

Since this PAH study has not been continued to the quantification stage, it was not possible to compare 

the PAH results from the Auckland Region to other reported values summarised in table 5.5.  Out of 

the three tested lichen species, Parmotrema reticulatum showed the highest accumulation and proved 

to be a prospective PAH biomonitor.  The amount sampled for analysis from a location was about 0.25 

g.  If it had been possible to increase the weight of the sample, the probability of obtaining a 

quantifiable result might have been very high.  However, the accumulation capability of PAHs in the 

lichen thallus is species dependent, and there may be some other lichen species, which could produce 

better results.  Further investigations in this area are required.  In the event of a source apportionment 

research, collecting or transplanting lichen samples closer to the pollutant source might provide more 

conclusive results, including the detection of PAHs with high molecular weight. 

 

5.8 Lichens as PM biomonitors  

 

Lichens accumulate large quantities of air pollutants directly over their whole surface showing a 

chemical composition that reflects atmospheric inputs (Giordano et al., 2010).  The bioaccumulation 

efficiency of all biomonitors largely depends on their ability to entrap particulate matter (Adamo et al., 

2007).  Additionally, Adamo et al. reported that the accumulation efficiency is directly proportionate to 

their high surface to mass ratio.  This may be enhanced by the characteristics of the lichen surface, such 

as roughness and the lichens’ species specific ability to hold PM.  

 

Due to the multiple origins of PM, it is quite difficult to distinguish the relative contribution of natural 

sources (i.e., soil, sea-salt, biogenic materials such as pollen and spores, mineral dust, volcanic 

emissions, and forest fires), from anthropogenic sources (i.e.. mainly from vehicular emission, tyre and 

brake wear, re-suspended road dust, domestic heating, and industrial processes) (Auckland Council, 

2010; Giordano et al., 2010).  The possible methods of the source apportionment are based on the 

relation of the sampling location to the nearest pollution source or identifying specific chemical 

signatures unique to the source.  The main PM contributors in industrial and commercial sites are 

vehicles and industrial processes.  For residential sites, the PM source may be due to domestic heating 

during winter, and to a certain extent vehicular emissions.  Sometimes PM content can be enhanced by 

biogenic materials, such as pollen and spores.        
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5.8.1 Semi-quantitative analysis of PM on lichen surface 

 

The objective of the semi-quantitative analysis of PM on the lichen surface employed in the present 

study is to understand: 1) the behaviour of PM in different land use types (spatial patterns); and 2) the 

seasonal contribution (temporal patterns) on PM accumulation; and 3) the behaviour of the three target 

lichen species in PM accumulation.  For the semi-quantitative analysis of PM, images of lichen 

surfaces were taken using the scanning electron microscope (SEM) (Section 4.4).  For this research, 

particles less than 10 µm (PM10) were counted on each SEM image.  Samples from the lichen species 

of the current research were collected in September 2008, December 2008, and March 2009, 

representing the PM accumulation during the winter, spring and summer respectively.  Three images 

from each sample were taken under a magnification of 2,500.  Each image represented an area of 100 × 

67.5 µm of the lichen surface.  For example, six SEM images that were used for PM calculation are 

shown in Figure 5.13.  The number of PM on each image was counted and recorded.  The average 

number of PM on three images from four sampling sites, for three target lichen species, during three 

seasons are summarised as Table 5.7.      

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13.  SEM images used for semi-quantitative PM analysis: (a) Parmotrema reticulatum at 
Homai (September, 2008); (b) Ramalina celastri at Penrose (December, 2008); (c) Usnea rubicunda at 
Symonds Street (March, 2009); (d) Parmotrema reticulatum at Hunua (September, 2008); (e) Ramalina 
celastri at Penrose (December, 2008); and (f) Usnea rubicunda at Homai (March, 2009). 
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Table 5.6 
 

Average number of PM10 from four sites for three sampling rounds  
  

 September 2008 December 2008 March 2009 
 Pr. Rc. Ur. Pr. Rc. Ur. Pr. Rc. Ur. 
Penrose 6.7 5.7 7.0 6.7 6.0 6.7 6.7 6.3 6.3 
Symonds St. 4.7 6.0 4.7 2.0 4.7 2.7 4.0 2.3 3.7 
Homai 4.0 5.3 4.3 2.0 5.0 3.7 4.7 3.0 4.7 
Hunua 1.7 2.7 1.7 3.7 5.0 4.0 3.3 2.7 3.3 

Note. Pr. = Parmotrema reticulatum; Rc. = Ramalina celastri; Ur. = Usnea rubicunda.  

 

The results of the semi-quantitative analysis (Table 5.6) were used to generate the following bar graphs 

(Figure 5.14) and those graphs used to understand the PM behaviour, as explained in Section 5.8.1 

above. 

 

 

Figure 5.14.  Seasonal average numbers of PM10 on three target lichen species from four locations in 
three sampling rounds: (a) September 2008; (b) December 2008; and (c) March 2009 (Pe. = Penrose; 
S.St. = Symonds Street; Ho. = Homai; Hu. = Hunua). 
 

Penrose samples showed the highest amount of average PM10 content for all three seasons, in 

comparison to the rest of the sites.  However, a distinguishable seasonal variation was not observable.  

These high PM values from the Penrose site can be accounted for by the nature of the surrounding, with 

industrial emissions and heavy traffic movement.  Out of the three sampling rounds, only the first 

round (September 2009, Figure 5.14 a) supported the assumed pollution gradient among the four sites 

to a certain extent.  The seasonal average number of PM10 shows the pollution gradient in the order of: 

Penrose (industrial) > Symonds Street (commercial) > Homai (residential) > Hunua (clean).  The 

remaining two seasons (Figure 5.14 b and c) did not support the observation of a similar pollution 

gradient.  Based on Figure 5.14 (b), the second highest polluted site, based on PM, was Hunua, which 

could not be explained.  Based on all three graphs, there was no identifiable seasonal pattern in PM 

accumulation.   
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There was no noticeable spatial PM10 pollution difference among the sites, other than in March 2008.    

The archived air pollution monitoring data (Table 5.2 and Figure 5.10) clearly shows elevated PM 

readings for the winter and spring seasons due to wood burning for domestic heating in urban sites.  

That seasonal variability was not observable in lichen-based PM10 measurements.  

  

The objectives of the semi-quantitative PM analysis were explained in Section 5.8.1 and, based on the 

results, the following three inferences were made: 1) there was no noticeable spatial distribution among 

the sites concerned, within three seasons (other than a single season); 2) there was no justifiable 

temporal variation among PM accumulation; 3) all the target lichen species showed the capability of 

PM bioaccumulation through the PM deposited on their surface.  The available information was not 

sufficient to determine their efficiency in PM10 bioaccumulation; and further research is needed to be 

carried out on lichens as biomonitors employing semi-quantitative PM10 analysis.  Possible reasons for 

the inconclusive results were: 1) unequal deposition of PM on lichen surface; 2) each investigated SEM 

image has an area of 100 µm × 67.5 µm, which was a very small representation of the entire lichen 

thallus; 3) counting the number of PM was subjective; 4) the location of the lichen thallus in its natural 

habitat may determine the amount of PM that deposited on its thallus, e.g., growing location of the 

lichen on the phorophyte and wind direction.  Based on the inconclusive results, it was decided not to 

monitor PM using lichens during the two-year study period.    

 

5.8.2 Varieties of PM observed in the Auckland Region 

 

In order to complete the discussion about PM on lichens, the following section illustrates some of the 

PM observed during the semi-quantitative analysis.  There were several categories of particles observed 

under SEM.  The chemical composition of PM was analysed using the energy dispersive spectrometer 

(EDS).  Different categories of PM observed during the study are included in Figure 5.15.  The 

respective EDS chemical spectrum for each PM is illustrated next to the SEM image and this spectrum 

gives an idea of the chemical composition of the PM and its origin.  The SEM images indicate that the 

available categories of PM in the Auckland Region are mineral material (e.g. sand) and biological 

material (e.g. fungal spores and pollen).        
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Figure 5.15.  SEM images of PM belonging to different categories and their EDS chemical spectra: (a) 
mineral material on Parmotrema reticulatum at Penrose; (b) fungal spore on Parmotrema reticulatum 
at Hunua; (c) mineral material on Usnea rubicunda at Penrose; and (d) mineral material on Ramalina 
celastri at Symonds Street.  
 
 
 

(a) 

(b) 

(c) 

(d) 
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5.8.3 Heavy metal concentrations of PM in the Auckland Region 

 

Davy et al. (2007) reported the elemental composition of PM in the Auckland Region (Table 5.7) as 

part of their source apportionment study for airborne particles in the Auckland Region.  These reported 

heavy metal concentrations based on 24 hour air samples carried out during January – December 2006 

in three sites.  Penrose showed the highest concentrations of heavy metals compared to other sites, 

reflecting its industrial land use nature.  Of the remaining two sites, Khyber Pass Road showed higher 

heavy metal concentrations than Queen Street.  The Khyber Pass Road sampling location is located 

near two motor vehicle source profiles (Khyber Pass Road and Southern Motorway) compared to the 

Queen Street site.  Table 5.7 shows Zn is the heavy metal with highest concentration in PM, followed 

by Pb, Cu, As, Co, Ni, and Cr in descending order.  Ratios of the accumulated heavy metals reported 

from each sampling site did not vary significantly.  Therefore, it can be inferred that the distribution of 

heavy metal concentrations in PM is not affected by the location.  Hence, the targeted heavy metal 

concentrations in PM show no ‘point specific’ pollutant sources in these three sites. 

 

Table 5.7 
 

Elemental composition (average in ng m-3 sampled for 24 hours) of PM reported from three sites in the 
Auckland Region (source: Davy et al., 2007)   
 
 

Heavy metal Queen Street Khyber Pass Road Penrose 
PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 

As 5 4 5 4 7 7 
Cd n.a. n.a. n.a. n.a. n.a. n.a. 
Co 1 2 1 3 1 2 
Cr 1 1 1 1 1 2 
Cu 6 12 4 15 3 8 
Ni 2 2 1 2 1 1 
Pb 6 11 11 12 12 16 
Zn 14 18 15 22 34 39 

Note. n.a. = data not available. 

 

5.9 Summary 

 

The objective of this chapter is to understand the change of ambient air pollution levels in different 

study sites during the study period.  The most widely used method of air pollution measuring is the 

employment of high-volume air samplers, but for several reasons they were not employed in this study.  

As alternatives, lichens as bioindicators and passive air samplers were used.  The results based on the 

bioindicating approach concluded that the air pollution levels in each study site did not significantly 



 5-35

change during the period concerned.  The same results were used to justify the land use classification 

system used in the present study, and to illustrate the existence of a pollution gradient between different 

land use types.  The selected four study sites under each land use type showed similar IAP distribution 

patterns during the study, proving that their air pollution levels were close to each other.  The study’s 

conclusion of an insignificant change in ambient pollution levels at each study site was reconfirmed by 

the passive air sampler measurements.  The same conclusion was strengthened by the results of the 

archived air pollution data compiled by the Auckland Council.  The final conclusion was that there was 

no significant change of air pollution in the Auckland Region during the study period.  Hence, no 

adjustments were required for the two models developed for the study.  Therefore, it was considered 

that the Auckland Region’s air pollution was relatively static when interpreting data obtained through 

lichen-based biomonitoring as discussed in Chapter 6.  The results pertaining to the remaining two 

groups of pollutants PAHs and PM were analysed and discussed in this chapter.  The insignificant 

presence of PAHs in lichen thalli and the inconclusive results obtained through SEM image-based 

semi-quantitative PM analysis, led to the decision to exclude the two pollutant groups from further 

investigation. 
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CHAPTER 6 

 

RESULTS AND DISCUSSION: LICHENS AS AIR POLLUTION BIOMONITORS 

 

6.1 Introduction 

 

This chapter presents and discusses the results from the initial stage of the current research (Section 

4.1.1).  The results of heavy metal accumulation from two potentially clean sites in the Auckland 

Region are analysed and compared in order to select a single clean site for the remaining part of the 

research.  The performance of lichens as biomonitors is assessed based on: total heavy metal 

accumulation, sampling location, accumulation in transplants, accumulation trends, and location of the 

pollutant in the thallus.  Additionally, this chapter investigates the heavy metal accumulation rates in 

different lichen species.  

 

The first section of the chapter reiterates the five research questions proposed under the first research 

aim of the current study.  The three potential lichen species selected for the investigation are listed in 

Section 6.2.  The heavy metal accumulation results from the two clean sites, namely Hunua and 

Waitakere Ranges, are analysed and discussed in Sections 6.2.1 and 6.2.2.  The results of the initial 

stage are analysed in detail in order to investigate the performances of three lichen species in terms of 

pollutant accumulation.  The answers for the first two research questions of the current study are 

discussed in depth in Sections 6.3 to 6.3.6.  Section 6.4 recapitulates the different types of pollutants 

that were targeted in the study and their overall bioaccumulation performances.  The last two sections 

examine the questions: ‘do different lichen species accumulate a target pollutant at different rates?’ and 

‘do different pollutants accumulate in a single lichen species at different rates?’       

 

The research aims of the present study are introduced in Chapter 3 (Section 3.7).  They are: 1) to 

identify lichens common to the Auckland Region likely to be suitable as biomonitors for air pollution; 

and 2) to assess the performance of selected lichen species as air pollution biomonitors.  Apart from 

these two aims, this study is designed to understand how air pollutants achieve equilibrium within the 

lichen thallus.   

 

The main objective of this chapter is to analyse and discuss the results concerning the five research 

questions that are proposed under the first research aim (Section 3.7).  The research questions and the 

corresponding sections that these questions discussed are as follows.         

1. What are the potential lichen biomonitor species in the Auckland Region? (Section 6.2) 

2. How do these lichens perform as accumulators of air pollutants? (Sections 6.3 to 6.3.6)  
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3. Which air pollutants accumulate in lichens? (Section 6.4) 

4. Do different lichen species accumulate a target pollutant at different rates? (Section 6.5) 

5. Do different pollutants accumulate in a single lichen species at different rates? (Section 6.6) 

 

The research methodology of the initial stage of the present research was designed to find answers for 

these questions.  The field research was conducted for six months from September 2008 to March 

2009.  The following sections from 6.2 to 6.6 analyse the results and discuss the outcomes pertaining to 

the above five research questions.      

 

6.2 The potential lichen biomonitor species in the Auckland Region 

 

The Auckland Region is rich with high lichen biodiversity as it includes nearly 200 lichen species 

(Section 2.7.1).  A list of common corticolous lichens was prepared for the study area based on the 

literature reported by various researchers.  This lichen list is given as Table 4.2.  This list includes only 

foliose and fruticose lichen growth-forms.  Details about each lichen species, such as colour of thalli, 

chemistry used to identify them, secondary metabolites, and morphological descriptions are given in 

the same table.  Based on the selection criteria given in Section 4.1.4, only three lichen species were 

selected for the initial study.  This study was designed to answer the research questions of the first 

research aim with the aid of the three following selected lichen species: 1) Parmotrema reticulatum; 2) 

Ramalina celastri; and 3) Usnea rubicunda.  The important details of each species are discussed in 

Sections 4.1.4.1 to 4.1.4.3 with their images (Figure 4.3).  The above three lichen species were selected 

as the potential lichen biomonitor species in the Auckland Region.          

 

6.2.1 Selection of a ‘clean’ site   

 

In order to investigate the pollutant accumulation capability of the above three lichen species, samples 

from a clean site were transplanted to three other land use types.  At the inception of the study, the 

Hunua Ranges and the Waitakere Ranges were selected as clean locations.  Both sites are located well 

away from pollution sources and changes due to human presence were absent or negligible (Figure 4.5) 

(Auckland Council, 2010).  The climatic conditions of these two ranges and the selected study sites for 

this research are very similar to each other and located in the Auckland Region.  The similarity of 

climatic conditions between the lichen collection site and the site of transplantation is very important as 

this helps the transplanted lichens to acclimatise quickly to their new environment (Garty, 2002).  This 

part of the study was started in September, avoiding the dry summer in order to protect lichens from 

desiccation. 
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The idea of selecting two clean locations for the initial survey was to discover which site had the lowest 

pollution and to use that site for the full-scale field study.  The advantage of using samples with the 

lowest pollutant level is that they provide a greater pollutant difference, between the pollutant level of 

in-situ samples of the transplanted site and the pollutant level of the clean site (Ayrault, 2007).  This 

difference is defined as the signal strength in the PARM (Section 3.6.2 and Figure 3.2).  Greater signal 

strength provides a better understanding of the pollution accumulation and the process of achieving 

equilibrium.  The in-situ samples from both Hunua and Waitakere Ranges were analysed during this 

stage of the study to decide which location had the lowest levels of air pollutants.  The results are 

discussed in the following section.    

 

6.2.2 Analysis of in-situ samples from clean sites  

 

The in-situ samples were collected from the Hunua and Waitakere Ranges in three consecutive rounds.  

The sample collection rounds were September 2008 (Round 1), December 2008 (Round 2), and March 

2009 (Round 3).  The samples were collected during the first week of each month.  Round 1 sample 

collection represented the start of the study (early spring).  Samples for Round 2 were collected after 

three months (early summer) of the first sampling round. Samples of the final round were collected at 

the end of the initial study (early autumn) and three months after the second round.  The gap between 

each sampling round was three months or one season.    

 

The collected lichen samples were analysed for eight targeted heavy metals: As, Cd, Co, Cr, Cu, Ni, 

Pb, and Zn, based on the procedures discussed in Chapter 4.  As explained in Section 2.6.1, the reason 

for selecting these heavy metals is that they are the common elements in industrial and vehicular 

emissions with major impacts on human health (Ali & Aboul-Enein, 2006; Adachi & Tainosho, 2004; 

Charlesworth et al., 2003; Sabin et al., 2006; Tam et al., 1987; Zanders, 2005; Zechmeister et al. 2005).  

The on-thallus and total concentration of each heavy metal for each sample was quantified.  The 

concentrations of heavy metals reported from the Hunua and Waitakere Ranges are tabulated and 

attached as Appendix 4.  Range plots were drawn based on the heavy metal results, illustrated in Figure 

6.1 (a) and (b).  The spread of the heavy metal concentration (maximum and minimum out of three sub 

samples analysed) is illustrated as whiskers.  The on-thallus heavy metal concentrations and total heavy 

metal concentrations of the thallus are represented by blue solid circles and red hollow boxes 

respectively.  These values are calculated by averaging the measurements of three sub samples.  Same 

Y axis scale (0 to 14,000 ng g-1) used in both figures for easy comparison purposes.   
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Figure 6.1 (a).  Range plots illustrating Cr, Cu, Pb, and Zn accumulation in three lichen species 
sampled from two clean sites, sampled over six-month period.  The blue solid dots and red hollow 
boxes depict the on-thallus heavy metal concentration and total heavy metal concentration of each 
lichen species respectively.  Pr, Rc, and Ur represent the three lichen species: Parmotrema reticulatum, 
Ramalina celastri, and Usnea rubicunda respectively.  R1, R2, and R3 are three consecutive sampling 
rounds namely September 2008, December 2008, and March 2009. 
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Figure 6.1 (b).  Range plots illustrating As, Cd, Co, and Ni accumulation in three lichen species 
sampled from two clean sites, sampled over six-month period.  The blue solid dots and red hollow 
boxes depict the on-thallus heavy metal concentration and total heavy metal concentration of each 
lichen species respectively.  Pr, Rc, and Ur represent the three lichen species: Parmotrema reticulatum, 
Ramalina celastri, and Usnea rubicunda respectively.  R1, R2, and R3 are three consecutive sampling 
rounds namely September 2008, December 2008, and March 2009. 
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These graphs were used to compare the pollutant concentrations recorded in each round from the two 

study sites representative of the clean land use type.  Based on Figure 6.1 (a), (b), and Appendix 4, the 

Waitakere Ranges shows a relatively higher heavy metal concentration in both on-thallus and total 

measurements.  The corresponding measurements from the two clean sites (e.g. Round 1 Cr 

concentrations for Parmotrema reticulatum from Hunua and Waitakere Ranges), were compared. 

Based on this comparison, the pollutant contents in the Hunua Ranges exceeded the Waitakere Ranges 

only in 11 samples out of a total 144 samples.  Out of these 11 samples, the total pollutant content in 

the lichen thallus was exceeded only in six samples and the rest is only for on-thallus pollutant content.  

The remaining 133 samples showed higher heavy metal contents in samples from the Waitakere 

Ranges compared to the corresponding samples from the Hunua Ranges.  Therefore, it is evident that 

the study site located in the Hunua Ranges is cleaner than the study site located in the Waitakere 

Ranges.   

 

The paired t-test is employed to understand the difference between corresponding samples belonging to 

the two clean sites.  This test is used to compare two population means, where two samples in which 

observations in one sample can be paired with observations in the other sample (Gravetter & Wallnau, 

2009).  For the above test, the corresponding pairs of lichen samples from the two clean sites were 

compared.  For example, Cr concentration of Round 1 Parmotrema reticulatum from the Waitakere 

Rages, with Cr concentration of Round 1 Parmotrema reticulatum from the Hunua Rages.  The 

concentrations of Cr, Cu, Pb, and Zn were only used for this analysis, because some of the 

measurements of the other four heavy metals were below the machine detection limit.  The results of 

paired t-test and total mean values from both sites are tabulated in Table 6.1.   

 

For the paired t-test, the mean ( X HM) was calculated using the following equation:  

n

XX
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where, XHM-W is the heavy metal concentration of the Waitakere Ranges for a given sampling round, 

XHM-H is the same heavy metal concentration of the Hunua Ranges for the same sampling round, n is 

the number of sampling rounds and that is three.  The paired t-test results show that the differences 

between the corresponding measurement means are significant only on five occasions.  That signifies, 

in most situations, heavy metal concentrations in the Waitakere Ranges were greater than in the Hunua 

Ranges.  On all occasions, the mean heavy metal concentration ( X HM) is positive.  The positive mean 

values indicate that the average concentration of a target heavy metal for a given species in the 

Waitakere Ranges is greater than in the Hunua Ranges.  Therefore, based on the results of the present 

study, in-situ lichen samples from the Hunua Ranges showed the lowest pollutant concentrations when 

(6.1)
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compared to the Waitakere Ranges.  Therefore, the Hunua Ranges can be considered the cleaner site of 

the two locations concerned, and lichen samples from this location were used for the transplantation 

activities of the full-scale study.    

 

Table 6.1 

 

(a) The results of paired t-test analysis for average heavy metal concentrations (ng g-1) recorded for all 
three sampling rounds from the Waitakere Ranges and the Hunua Ranges  
 

Description HM Parmotrema reticulatum Ramalina celastri Usnea rubicunda 

Mean SD Sig. Mean SD Sig. Mean SD Sig.
On-thallus Cr 203 83 .052 56 162 .610 187 51 .024
Total Cr 584 1,541 .579 2,395 863 .051 731 1,234 .413
On-thallus Cu 103 196 .459 188 34 .011 59 124 .495
Total Cu 887 1,308 .361 1,694 193 .054 715 1,723 .547
On-thallus Pb 121 111 .199 120 158 .318 222 79 .039
Total Pb 1,570 501 .032 1,537 406 .052 745 1,695 .526
On-thallus Zn 574 120 .014 424 322 .150 3,239 4,843 .366
Total Zn 2,328 1,222 .081 2,447 1,283 .081 3,980 1,990 .074

Note. The mean difference of heavy metal concentration (mean of: Waitakere heavy metal 
concentration – Hunua heavy metal concentration, for three rounds: equation 6.1) for on-thallus and 
total concentration for the three potential lichen species.  Standard deviation (SD) and significance 
(Sig.) are calculated from the mean difference of heavy metal concentrations.  Significance (< .05) is 
shown in boldface and calculated using paired t-test (2-tailed). 
 

(b) Mean values for total and on-thallus heavy metal contents (ng g-1) of lichens sampled from the two 
clean sites 
 

Total heavy metal content On-thallus heavy metal content 
Hunua Ranges Waitakere Ranges Hunua Ranges Waitakere Ranges 

Pr. Rc. Ur. Pr. Rc. Ur. Pr. Rc. Ur. Pr. Rc. Ur. 
Cr 8,477 7,124 7,638 9,061 8,921 8,369 272 305 183 475 361 369
Cu 8,435 6,694 7,393 9,322 8,388 8,107 481 385 301 584 573 360
Pb 9,369 8,734 8,878 10,939 10,272 9,623 471 455 318 592 575 540
Zn 7,241 8,179 7,363 9,569 10,626 11,343 904 1,163 892 1,477 1,587 4,131
Note. Pr. = Parmotrema reticulatum; Rc. = Ramalina celastri; Ur. = Usnea rubicunda. 

 

6.2.3 Heavy metal concentrations reported from various clean sites around the world 

 

Researchers are studying heavy metal concentrations in different lichen species collected from 

relatively clean areas around the world, e.g. Himalayas, Mount Kenya, and the Alps (Bergamaschi et 

al., 2004).  The objectives of these studies are to identify least polluted sites in the world, to expand 

knowledge on background air pollution levels and to compare results.  Even though New Zealand has 



 6-8

the reputation of being ‘green and clean’, there is no lichen-based background pollution information 

available for comparison purposes.    

 

Further information about heavy metal accumulation ranges in different lichen species from various 

clean sites are given in Table 6.2.  Bergamaschi et al. (2004) compiled baseline element composition of 

lichens from unpolluted or very low polluted areas from Himalayas (Nepal), Mt. Kenya (Kenya) and 

the Alps (Italy). Rossbatch and Lambrecht (2006) reported baseline heavy metal concentrations in 

Usnea spp. that are collected from rural areas from Germany (Bavarian Forest), Canada (Alberta), 

Siberia (Lake Baikal), and Sri Lanka (mountainous rain forest).  All of these samples were collected 

from rural areas over 1,200 m above mean sea level.  Based on all information, it can be inferred that 

the Hunua and Waitakere Ranges air pollution levels remain within a similar range of other clean sites 

of the world in terms of pollution accumulation in lichens.  Hence, both sites are suitable as clean sites 

to collect lichen samples for transplanting studies.   However, lichen transplant studies based on the 

three target lichen species of the present study are scant in the reviewed literature.  Therefore, 

insufficient information is available about these species for comparison; hence no detailed assessment 

comparing clean sites from around the world with Hunua and Waitakere Ranges was carried out.  

 

Table 6.2 

 

Heavy metal concentrations (ng g-1) reported from various clean sites in lichen transplanting studies 

 

Species Location Cr Cu Pb Zn Reference 
Parmelia sulcata South Africa 29,100 9,300 5,830 28,000 Oluwoyo et al. 

(2010) 
Evernia prunastri Italy 1,300 8,900 3,800 40,800 Frati et al. (2005) 
Hypogymnia physodes Poland n.a. 6,300 9,600 6,200 Klos et al. (2011) 
Evernia Prunastri Italy n.a. 1,930 1,000 8,900 Paoli et al. (2011) 
Pseudevernia furfuracea Turkey n.a. BD BD BD Oztetik and Cicek 

(2011) 
Various lichen spp. Nepal 

Kenya 
Italy 

2,500 
2,500 
1,700 

5,900
5,300
4,100

14,000 
3,600 
4,800 

34,000 
67,000 
35,000

Bergamaschi et al. 
(2004) 

Note. BD = below the machine detection limit; n.a. = not available. 

 

6.3 Lichen performances in pollution accumulation  

 

Samples belonging to three targeted lichen species (Section 6.2) collected from the Hunua Ranges were 

used to transplant in order to investigate their performances in pollution accumulation.  To assess the 

biomonitoring capability of these species, a small-scale transplantation study was conducted during the 

initial study.  Only three locations, one from each land use type, representing a pollution gradient were 
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selected for this study.  The duration of the transplant study was six months from September 2008 to 

March 2009.  Samples of three potential lichen species were collected from the Hunua Ranges at the 

beginning of the study (Round 1) and transplanted at three different land use sites.  The lichen 

transplanted sites were Penrose, Symonds Street, and Homai, representing industrial, commercial, and 

residential land use types respectively.  A portion of the transplanted lichens were collected at the end 

of each season after the exposure periods of three (Round 2) and six months (round 3).  At the same 

time, in-situ samples from all three species were collected from each site.  The field procedures 

involved in lichen transplantation and sample collection are discussed in Sections 4.2 to 4.2.3.  The 

sampled lichens were used to measure total and on-thallus heavy metal concentrations.  The 

concentrations of all eight targeted heavy metals were measured as explained in Sections 4.2.4 to 4.2.5.  

The total heavy metal concentrations for all eight target pollutants, measured from the potential three 

lichen species, in three rounds, were summarised and tabulated in Appendix 5.   

 

The same transplantation procedure was carried out using the lichen samples from the Waitakere 

Ranges.  However, the results based on the transplants from the Waitakere Ranges are not analysed and 

discussed in the present study.  The reason for this is that samples from the Waitakere Ranges that used 

to transplant showed higher pollution levels.  Hence, the sensitivity of Waitakere lichens is not as high 

as Hunua lichens.   

 

The total heavy metal concentrations of in-situ lichens and lichen transplants from three sampling 

rounds were used to assess the performances of the potential lichen species.  The total heavy metal 

concentrations of lichens from the clean site from three rounds were used as controls for comparison 

purposes.  Clustered bar graphs in Figure 6.2 (a, b, and c) are drawn using the total heavy metal 

concentration in each lichen sample.  There are three three-contiguous bars in each cluster and three 

clusters in each window.  The first three three-contiguous bars represent lichen species Parmotrema 

reticulatum.  The second and third three-contiguous bars represent Ramalina celastri and Usnea 

rubicunda respectively.  The vertical error bars depict the standard deviation in each lichen species 

calculated from three sub samples.  Same Y axis scale (0 to 100,000 ng g-1) used in all three figures for 

easy comparison purposes.   
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Figure 6.2(a).  Clustered bar graphs illustrating the heavy metal accumulation in potential lichen 
species from the industrial land use site (Penrose), sampled over a six-month period.  Pr, Rc, and Ur 
represent the three potential species: Parmotrema reticulatum, Ramalina celastri, and Usnea rubicunda 
respectively.  R1, R2, and R3 are three consecutive sampling rounds namely September 2008, 
December 2008, and March 2009.  
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Figure 6.2(b).  Clustered bar graphs illustrating the heavy metal accumulation in potential lichen 
species from the commercial land use site (Symonds Street), sampled over a six-month period.  Pr, Rc, 
and Ur represent the three potential species: Parmotrema reticulatum, Ramalina celastri, and Usnea 
rubicunda respectively.  R1, R2, and R3 are three consecutive sampling rounds namely September 
2008, December 2008, and March 2009. 
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Figure 6.2(c).  Clustered bar graphs illustrating the heavy metal accumulation in potential lichen 
species from the residential land use site (Homai), sampled over a six-month period.  Pr, Rc, and Ur 
represent the three potential species: Parmotrema reticulatum, Ramalina celastri, and Usnea rubicunda 
respectively.  R1, R2, and R3 are three consecutive sampling rounds namely September 2008, 
December 2008, and March 2009. 
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6.3.1 Assessing the performances based on the species of the lichen 

 

According to the visual comparison based on Figure 6.2 (a, b, and c), Parmotrema reticulatum showed 

higher accumulations of pollutants than Ramalina celastri and Usnea rubicunda.  When comparing the 

performances of Ramalina celastri and Usnea rubicunda, the former species accumulated higher 

amounts of heavy metals compared to the latter.  Based on the heavy metal concentrations accumulated 

by the lichen transplants, it is evident that all three lichen species accumulated significant amounts of 

Cr, Cd, Cu, Pb, and Zn.  Accumulation of As, Co, and Ni was not significant and the accumulation is 

relatively low compared to the other five target heavy metals.  The above heavy metal accumulation 

patterns are very similar to the heavy metal concentration patterns in PM sampled in the Auckland 

Region reported by Davy et al. (2007) (Section 5.8.3 and Table 5.7).         

 

As expected, all three lichen species showed higher amounts of target pollutants from the industrial 

sites and less from the residential sites.  Similar observations were reported by Brunialti and Frati 

(2007) based on their retrospective study over a 7-year time span conducted in Italy.  They employed 

Xanthoria parietina as the biomonitor.  Higher accumulations of Cr, Cd, Cu, Pb, and Zn in urban and 

industrial areas were attributable to industrial and traffic emissions.  Aprile et al. (2010) reported higher 

accumulation of Fe, Zn, Pb, and Cu in Parmotrema chinense compared to Flavoparmelia caperata 

transplants in urban areas with busy roads.        

 

6.3.2 Assessing the lichen performances based on in-situ samples 

 

The majority of the in-situ samples showed significant amounts of all the target heavy metals in all 

three sampling rounds (Figure 6.2 a, b and c).  Based on the above graphs, Cr, Co, Cu, Pb, and Zn are 

the five heavy metals that were recorded in all in-situ samples above the machine detection limit.  Of 

the above five heavy metals, Zn showed the highest amount of accumulation in each site, followed by 

Pb, Cu, Cr, and Co.  Cd was the next element that appeared in most of the in-situ samples.  Lichen 

samples from Penrose, the industrial site, accounted for the highest concentrations of most of the heavy 

metals other than Cd.  The highest concentration of Cd was reported from Symonds Street, a 

commercial site.  The possible source of Cd in Symonds Street was from tyre wear of vehicles (Section 

2.6.1.2).  The Symonds Street sampling site was in the Auckland CBD and in the middle of a complex 

road network with heavy traffic (Figure 4.4).  This may be the reason for the higher reported Cd 

content in this location.  The sample collection site of Homai was significantly distant from all types of 

roads, hence the Cd concentration in in-situ samples was relatively low.  The Cd concentration was 

below the detection limit in only one sample, from Round 2 in Ramalina celastri.  Jason et al. (2004) 

conducted a study based on Ramalina celastri in Argentina, and their results showed similar 
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accumulation ranges for As, Co, Cr, and Zn compared to the present study.  However, they did not 

target the heavy metal accumulation of Cd, Co, Ni, and Pb.      

 

Ni expressed a pattern similar to Cd, but with lower concentrations.  Ni was not reported in Usnea 

rubicunda samples from Homai.  Motor vehicles were the major reason for Ni emissions (Adachi & 

Tainosho, 2004; Charlesworth et al., 2003; Sabin et al., 2006; Tam et al., 1987; Zechmeister et al. 

2005).  Out of the three sites, Homai had the lowest vehicular emissions as it was a residential site with 

low vehicular movement.  Therefore, Ni concentrations in Homai samples showed lower values 

compared to the other two sites.  In comparison to the other elements in all lichen samples, As was 

reported in very low concentrations.  Concentrations of As were recorded below the detection limits in 

three lichen samples.  The reported highest As concentration was 6,743 ng g-1 from Penrose.  Based on 

the in-situ samples (Figure 6.2 a, b, and c), it was evident that all three lichen species accumulated all 

target heavy metals, but in different concentrations.  In decreasing order of magnitude, the common 

heavy metals in lichen samples were: Zn > Pb > Cu > Cr > Co > Cd > Ni > As.  Other than Cr, Cu, Pb 

and Zn, Cd was the only element that showed higher levels of accumulation, but only in the 

commercial site.  Therefore, Cr, Cu, Pb, and Zn showed a clear higher accumulation of heavy metals in 

in-situ lichen thallus, compared to As, Cd, Co, and Ni.  In order to obtain a clear visualization of the in-

situ heavy metal accumulation in three lichen species during the three sampling rounds, the following 

two-dimensional line graphs were drawn (Figure 6.3). 
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Figure 6.3.  Two-dimensional line graphs illustrating the in-situ heavy metal accumulation in three 
lichen species sampled from three different land use types, over six months.  R1, R2, and R3 are the 
three consecutive sampling rounds namely September 2008, December 2008, and March 2009.     
 

The above two-dimensional line graphs clearly show that there was no increasing or decreasing trend of 

in-situ heavy metal accumulation during the six-month exposure period.  Therefore, it can be assumed 

that the targeted pollutants in the air were in equilibrium with the lichen thallus, and that the ambient 

level of heavy metals in each location did not change significantly over the six-month study period.  Zn 

was the highest accumulated heavy metal in all three lichen species.  Most of the published data 

confirmed Zn as one of the highest accumulating heavy metals in lichen-based passive air sampling 

research (e.g. Jasan et al., 2004; Wen & Carignan, 2009; Mendil et al., 2009; Naeth & Wilkinson, 

2008).  The reason may be the presence of a high concentration of Zn in the ambient air in most of the 

areas tested due to traffic and industrial emissions.    

 

In most cases, the second and third highest accumulated heavy metals in the in-situ lichen samples were 

Pb and Cu.  Considering all three land use types, the industrial site showed the highest levels of all 

targeted pollutants, while Homai, the residential site, reported the lowest accumulation.   Figure 6.3 

illustrates that the highest level of pollutants were accumulated by Parmotrema reticulatum.  Therefore, 

it can be assumed that this lichen species was more effective in heavy metal accumulation compared to 
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the other two lichen species.  Comparing Figure 6.2 (a, b, and c) and Section 6.3, it can be inferred that 

Ramalina celastri accumulated higher amounts of target pollutants than Usnea rubicunda.  When 

comparing the other two lichen species Ramalina celastri performed better than Usnea rubicunda in 

terms of accumulating airborne heavy metals.    

   

6.3.3 Assessing the lichen performances based on transplants 

 

At the start of Round 1 (September 2008), healthy lichen thalli of all three species were collected from 

the Hunua Ranges.  Then, these samples were transplanted to the three polluted sites following the 

procedures discussed in Section 4.2.2.2.  These lichen samples showed the lowest levels of heavy metal 

concentrations as they belonged to the less polluted site.  At the time of the sample collection from the 

clean site, the pollutants in the thallus were in equilibrium with the same pollutants in the air because 

these lichens were already exposed to the existing air pollution level over a considerable period of time 

(Garty, 2001; Pilegaard, 1979).  As discussed under the conceptual model of lichen-air equilibrium 

(Section 3.6.1 and Figure 3.1), at the time of sample collection, the lichen thalli were in equilibrium 

with the air in terms of target air pollutants.  The existence of the equilibrium state can be demonstrated 

using Figure 6.1 (a) and (b).  In the same figure, the total concentrations of target heavy metals for each 

lichen sample indicate no significant increasing or decreasing trend over six months.  In other words, 

for a given lichen species, the trend of a target heavy metal concentration over the study period was 

static for samples collected from the clean site.  This implied that there was no significant heavy metal 

pollution change in the ambient air of the clean site and that the lichen thalli were in equilibrium.   

 

The green bars in Figure 6.2 (a, b, and c) illustrate the total heavy metal concentration of lichen 

samples from the clean site.  In most cases, these green bars show no increasing or decreasing trend 

other than for Zn.  The Zn concentration of all lichen samples collected from the Hunua Ranges 

showed a considerable increase from Round 1 to Round 2 for Parmotrema reticulatum and Usnea 

rubicunda.  This abnormality was only indicated for Zn.  These samples were reanalysed and produced 

the same results.  Probably the reason for this unusual behaviour of Zn in the clean site is sample 

contamination during the sampling process.                           

 

When the samples were moved from the clean site to the other three locations, equilibrium within the 

thalli was disturbed.  The reason is that the heavy metal concentrations in the new locations were 

greater than the original clean site.  Then, the equilibrium state within the thallus was changed and 

pollutants started accumulating from the air to on-thallus and then from on-thallus to in-thallus (Figure 

3.1).  None of the transplants achieved the concentration levels of the in-situ samples within the six-

month study period.  Therefore, it can be inferred that none of the lichen transplants achieved the 
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equilibrium state at the new locations during the study period.  Since all transplants’ heavy metal 

concentrations were in between the clean level and the in-situ level, it can be assumed that the lichen 

thalli were still in the process of achieving equilibrium.  Similar situations were reported in studies 

conducted in Europe by Aprile, et al. (2010), Conti et al., (2004), and Godinho et al. (2008).  The two 

transplant sample collection rounds, namely Round 2 and Round 3, represented two different states of 

pollution accumulation by the lichen thalli in their new environment.  These two states represented the 

pollution accumulation after three and six-month exposure periods respectively.  These states can be 

explained using Figure 3.2 using the conceptual model of pollution accumulation and release (Section 

3.6.2).  Rounds 1, 2, and 3 represent the first two seasons of Figure 3.2.  The transplants moved from 

the clean site to each polluted site correspond to the ‘long-term transplant’ line in the above figure.  The 

‘pollutant level of in-situ samples’ and the ‘less polluted site’ correspond to ‘in-situ samples’ and 

‘samples from the clean site’ of the initial study respectively.  This study was restricted to a six-month 

exposure period, and hence there was not enough time given for the lichen thalli to achieve 

equilibrium.  An investigation of how lichen thallus achieves the equilibrium process is not part of the 

initial stage of the study.  The full-scale field campaign under the second research aim was designed to 

gain an in-depth understanding of the achieving of the equilibrium process.  The results of the full-scale 

field campaign are analysed and discussed in detail in Chapter 7, 8, and 9.  Therefore, pollution 

accumulation and release graphs were not drawn for this part of the study as it covers only three 

sampling rounds (two seasons), out of which only two rounds cover pollutant accumulation results of 

transplants.  Therefore, Figure 6.2 (a, b, and c) is only used to assess the lichen species’ heavy metal 

accumulation performances based on the lichen transplants.             

 

The blue bars in Figure 6.2 (a, b, and c) illustrate the heavy metal accumulation in different lichen 

transplants at each location for each round.  In order to quantify the target heavy metal accumulation in 

lichen transplants, 27 samples were analysed during this part of the research.  For all the lichen species 

for most locations, Cr, Cu, Pb, and Zn showed an increasing trend in pollution accumulation.  The 

increasing trends are not clear for As, Cd, Co, and Ni in most locations.  On the other hand, the 

increment in accumulation is not clear when compared with the clean site.  Out of the total 27 

transplant samples (three lichen species collected from three study sites over three sampling rounds), 

As accumulated only in 15 samples and Ni accumulated only in 16 samples.  The rest of the samples 

showed no As and Ni accumulation.  In other words, the accumulated concentrations were below the 

machine detection limit.  In order to visualise a proper accumulation trend, all three sampling rounds 

should have measurable accumulations.  Without all three measurements from the consecutive three 

rounds, it was difficult to observe a trend.  Therefore, the As and Ni accumulation in lichen transplants 

were not significant for most locations.  Based on the accumulated heavy metal contents in transplants 
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belonging to the three sampling rounds, the order of heavy metal accumulation in descending order 

was: Zn > Pb > Cu > Cr > Cd > Ni > As.   

 

Aprile et al. (2010) compared the suitability of two lichen species Flavoparmelia caperata and 

Parmotrema chinense, for assessing airborne Cu, Fe, Pb, and Zn near Naples, Italy.  The above 

researchers employed the active biomonitoring technique.  The results revealed that the pollutant 

accumulation in the ascending order was: Cu < Pb < Zn < Fe.  The same accumulation patterns were 

shown over a four-month study period in both species.  The researchers calculated the relative 

accumulation rates (day -1) for each heavy metal.  The rates are getting closer to zero towards the end of 

the study.  The relative accumulation was zero, which meant there was no net pollutant accumulation in 

the thallus in other words, the thallus achieved the equilibrium state.  The same study revealed a strong 

correlation between heavy accumulation and vehicle density.  The observations in this study are 

directly comparable with the observations of the present study.  Parmotrema reticulatum and 

Parmotrema chinense both belong to the same genus and are morphologically very similar, and hence 

are proven as an effective biomonitor (Galloway, 2007b).  The accumulation patterns of Cu, Pb, and Zn 

are the same in both studies.  

                    

The quantification of heavy metal accumulation trends based on a clustered bar graph (Figure 6.2) is 

not easy, because there are too many bars representing various variables.  Therefore, a trend analysis is 

carried out to compare the accumulation rates of eight heavy metals in potential lichen species based on 

the results pertaining to three sampling rounds.  The details are discussed in the following section.    

           

6.3.4 Trend analysis to assess the lichen performance in pollution accumulation 

 

Transplants belonging to three lichen species were used for the trend analysis.  The transplants were 

moved from the clean site to each target site only once at the start of the study.  Therefore, all Round 1 

pollutant concentrations of lichen transplants for a single lichen species were the same in all locations, 

and this is the reason for depicting the equal concentrations for ‘transplants from clean site’ and 

‘samples from clean site’ (or, equal heights of blue and green bars) for all Round 1 bars, in Figure 6.2 

(a, b, and c).   

 

In the process of analysing lichen transplants in terms of accumulation efficiency, three variables were 

considered.  They are: the species of the lichen, the land use type, and the targeted heavy metal.  Thus, 

the comparison of transplant accumulation is not simple due to the involvement of these three 

variables.  For easy comparison purposes, ‘relative heavy metal accumulation (RHM)’ was calculated at 

the end of each exposure period for each lichen species for each location.  RHM is defined as a 
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percentage increase of a target pollutant, based on the average concentration of pollutants reported from 

the clean site during the study period.  It is easy to compare the RHM values, since they are expressed as 

a percentage increment relative to the clean site.  The total heavy metal concentrations reported from all 

three sampling rounds at the clean site were averaged and used as the relative base for the RHM 

calculation.  This base was referred to as the ‘average pollutant concentration at the clean site (CHM)’.  

The RHM was calculated for each lichen species using equation 6.2 and expressed as a percentage.       
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THM is the total concentration of the targeted heavy metal at the end of the exposure period for the 

lichen transplant.  CHM was calculated as follows: 
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where, TC-HM-Round 1, TC-HM-Round 2, and TC-HM-Round 3 are the total concentrations of target heavy metals 

from the clean site belonging to three sampling rounds.  The average of the clean site’s heavy metal 

concentrations from three rounds was used to get a better representative value for the clean site.  

Similar equation used by Aprile et al., (2010) to interpret their heavy metal accumulation results.      

 

The two-dimensional line graphs were drawn based on RHM (Figure 6.4).  These graphs were drawn to 

illustrate the accumulation trends of target heavy metals in three potential lichen species in three 

different land use types.  These percentage rates are comparable to each other, irrespective of the lichen 

species, land use type, and the target heavy metal, as they are based on CHM.  Based on the explanation 

given at the start of this section (Section 6.3.4), theoretically, the Round 1 value of each line graph 

should be equal to zero.  The argument is that all samples were collected from the same clean site and 

transplanted to different land use sites at the start of Round 1.  Therefore, the Round 1 value for the 

clean site is the same as the transplant value.  Then THM is equal to CHM and RHM becomes zero.  

However, the two-dimensional line graphs in Figure 6.4 do not start at zero, because the average 

pollutant concentration at the clean site was used to calculate RHM.  In this situation THM is not equal to 

CHM.  Therefore, RHM is not equal to zero.  If TC-HM-Round1 was used instead of CHM, then RHM would be 

zero.  

  

(6.2)

(6.3)
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Figure 6.4.  Two-dimensional line graphs showing relative heavy metal accumulation trends for the 
targeted eight heavy metals in three potential lichen species from three land use types i.e., industrial 
(Penrose), commercial (Symonds Street), and residential (Homai).  R1, R2, and R3 are three 
consecutive sampling rounds, namely September 2008, December 2008, and March 2009.     
 

Most of the relative pollutant accumulation lines (Figure 6.4) showed an increasing trend over the six-

month study period.  Heavy metals with lower accumulation quantities such as Co and Cr showed a 

greater accumulation trend compared to other heavy metals.  The reason being their CHM value is 

comparatively lower than other heavy metals.  Therefore, relatively a small quantitative increment 

(accumulation) of THM reflects a large percentage increase.  Therefore, in the process of heavy metal 

accumulation comparison, the magnitude of RHM is not considered a significant factor.  As was only 

recorded in Homai from Usnea rubicunda samples and Ni only from Ramalina celastri.  Therefore, As 

and Ni accumulations were not included in Figure 6.4.  Co showed higher accumulation in Parmotrema 

reticulatum in all three sites.  Similar higher accumulation rates were observed for Cd in Ramalina 

celastri transplants.  The reason for this is not clear.  Hence, Parmotrema reticulatum and Ramalina 

celastri have a greater accumulation potential for Co and Cd respectively.  The rest of the heavy metals 

i.e., Cr, Cu, Pb, and Zn showed steady significant accumulation in all locations for all three lichen 
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species.  Therefore, based on Figure 6.4, it can be inferred that all three potential lichen species were 

effective in accumulating target heavy metals, except for As and Ni.      

 

The trend line gradient of each two-dimensional line was calculated in order to quantify the 

accumulation rate of each heavy metal.  The ‘add trend line’ facility of Microsoft Excel 2010 was used 

to fit the trend line.  The number of each sampling round was used as the independent variable and the 

rate of pollution accumulation was considered the dependent variable.  The number of sampling round 

is a direct representative of the exposure time.  Sampling Round 1 was the start of the initial study 

when the transplants were moved from the clean site to the targeted sites with an exposure period of 

zero months.  Round two and three represent the exposure periods of three and six months respectively.  

The difference between the exposure periods was a constant, which is three months (one season).  

Therefore, the number of the sampling round was used as the independent variable.  Based on the 

equation of each trend line, the gradient (regression coefficient) was recorded.  This may be expressed 

as the ‘rate of relative heavy metal accumulation per season’.  In this section the rate of relative heavy 

metal accumulation per season is referred to as the ‘rate of pollutant accumulation’ for easy reference.  

The unit is ‘percentage increase of heavy metals per season (% season-1)’.  The rates of pollution 

accumulation for each potential lichen species are tabulated in Table 6.3.      

 

Table 6.3 

 

The rates of pollutant accumulation (% season-1), which are calculated for eight heavy metals, based on 
relative heavy metal accumulation (RHM) from the three lichen species transplanted to three land use 
types  
 

Lichen species Location As Cd Co Cr Cu Ni Pb Zn

Parmotrema 
reticulatum 

Penrose N.C. 4.1 294.2 53.7 37.9 N.C. 88.3 70.2
Symonds St. N.C. 23.1 183.9 12.1 62.4 N.C. 34.6 98.1
Homai N.C. -3.5 112.5 -4.8 23.4 N.C. 13.2 54.0

Ramalina 
celastri 

Penrose N.C. 189.8 33.1 42.8 95.7 31.8 25.0 30.0
Symonds St. N.C. 382.8 74.9 0.6 21.7 72.4 96.9 42.0
Homai N.C. 48.5 5.6 1.3 14.2 3.4 6.3 22.8

Usnea 
rubicunda 

Penrose N.C. 7.2 41.7 25.5 7.8 N.C. 70.3 43.4
Symonds St. N.C. 28.9 36.1 -11.7 45.1 N.C. 66.0 69.2
Homai 44.4 -2.5 -0.5 -1.8 19.0 N.C. 10.1 37.9

Note. N.C. = Not calculated. 

 

The pollutant accumulation rates for As were not calculated for eight sites out of the total nine sites.  

This was due to the reported As concentrations being below the machine detection limit in most sites 

(Appendix 4).  The only available As measurements were reported from Homai, the residential site.  
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The reasons for the availability of As only in the residential area and not in other polluted locations are 

not known, though it may be due to contamination during the transplant, exposure, sampling, or 

laboratory analysis stages.   Based on the overall analysis (Table 6.3), it can be inferred that As was not 

a common pollutant in the Auckland Region air-shed.  Ni is only reported in Ramalina celastri and not 

in any other lichen species.  Therefore, it can be deduced that it is the only lichen species, which is 

sensitive to Ni and effective in Ni biomonitoring.  The Ni accumulation rates in the industrial and 

commercial sites were greater than the residential site.  The reason may be the elevated availability of 

the heavy metal in the ambient air due to industrial activities and vehicular emissions.   

 

The accumulation rates of Parmotrema reticulatum were negative for Cd and Cr in Homai samples.  

Similarly, Usnea rubicunda samples showed negative rates for Cd, Co, and Cr samples in Homai.  The 

same lichen species showed another negative value for the Symonds Street samples, but only for Cr.  

The interpretation of the above negative coefficients is as follows.  The pollutants already accumulated 

in the thallus when they were in the Hunua Ranges were removed or washed off from the thallus when 

they were exposed in Homai.  This can be explained using the lichen-air equilibrium model (Section 

3.6.1 and Figure 3.1).  In this case, lichens were transplanted from a relatively polluted site (Hunua 

Ranges) to a less polluted site (Homai).  If the Homai ambient air was cleaner than the Hunua Ranges, 

then the on-thallus pollutants in the surface area may be washed away.  In order to achieve a new 

equilibrium, the same pollutant from the in-thallus will be mobilised to the on-thallus.  This will 

continue until the lichen surface layer achieves equilibrium with the air.  This situation is illustrated as 

‘transplants from a polluted site’ in Figure 3.2 and discussed under the PARM (Section 3.6.2).  With 

the knowledge of these two conceptual models, it can be inferred that pollution levels of Cd, Co, and Cr 

in Homai were lower than the clean Hunua site and similarly for Cr in Symonds Street.  However, this 

explanation is not valid for Ramalina celastri, which showed positive accumulation for Cd, Co, and Cr.  

The high sensitivity of Ramalina celastri to these three heavy metals or its higher capacity to store 

greater amounts of these elements in the lichen thallus or the physiological and anatomical 

characteristics of the species, may be the reasons for these above contradictory results.  All three lichen 

species show positive accumulation rates for Cu, Pb, and Zn in all three land use types.  Therefore, all 

three species are effective as active biomonitors for the above three heavy metals.  Ramalina celastri is 

recommended for Cd, Co, and Cr biomonitoring over the other two lichen species. The reason is that 

Ramalina celastri shows positive accumulations for the aforesaid three heavy metals, whereas the other 

two lichen species show negative accumulation for the same elements. 

 

There have been few published active biomonitoring studies, which have shown increasing heavy metal 

accumulation trends, similar to the present study.  However, these studies employed different lichen 

species as the biomonitor.  Conti et al. (2004) conducted their study based on Evernia prunastri in 
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Italy.  They carried out the biomonitoring research over a year targeting the heavy metal accumulation 

of Cd, Cr, Cu, Pb, and Zn.  The reported accumulation ranges were similar to the heavy metal 

accumulation ranges of the present study.  Bergamaschi et al. (2007) showed an increasing 

accumulation trend for Al and Ti using Hypogymnia physodes.  The accumulations of Al and Ti during 

the five-month exposure period were about 950 µg g-1 and 110 µg g-1 respectively.  Similar increasing 

accumulations were reported by Oluwole et al. (2010) for Cd, Cr, Cu, Mn, Ni, Pb, Sb, Sn, and Zn based 

on Parmelia sulcata. 

 

The pollutant accumulation rates (Table 6.3) were used to understand the underlying similarities among 

the heavy metal accumulation patterns of different lichen transplants.  Hierarchical cluster analysis was 

used to display the similarity linkage between heavy metal accumulation patterns in different lichen 

transplant groups.  The resultant dendrogram from the above analysis is shown as Figure 6.5.  Based on 

the dendrogram, Cr, Cu, Pb, and Zn are clustered within a shorter Euclidean linkage distance (from 100 

to 110), showing closer similarities in accumulation rate patterns.  This implies that all three lichen 

species show similar pollutant accumulation rate patterns for Cu, Zn, Pb, and Cr, in all three land use 

types.  Co linked to the dendrogram at a later stage implying it has a different pattern of heavy metal 

accumulation compared to Cr, Cu, Pb, and Zn.  The accumulation pattern of Cd is the most distant 

pattern compared to the other five heavy metals, since it joined the dendrogram at the last stage.         

      

 

Figure 6.5.  Dendrogram showing the underlying similarities among pollutant accumulation rates 
(Table 6.3) for six targeted heavy metals from hierarchical cluster analysis (amalgamation rule:  un-
weighted pair-group average, distance metric: Euclidean distance).  Accumulation rates belonging to 
three potential lichen species transplanted to three land use types for three sampling rounds were used 
in this analysis.   
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Bari et al. (2001) reported a similar observation based on biomonitoring results employing 

Pseudevernia furfuracea in Italy.  They targeted eight heavy metals, namely Cd, Cr, Cu, Fe, Mn, Ni, 

Pb, and Zn, and analysed the accumulation patterns based on the similarity function of the correlation 

coefficient and the complete linkage algorithm.  The resulting dendrogram clustered Pb and Zn; Cr and 

Cu; and Ni and Fe.  Cd and Mn joined the cluster at a later stage.  These observations are similar to the 

present study in the context of Cr, Cd, Cu, Pb, and Zn accumulations.  However, the dendrogram in the 

Bari et al. study grouped Pb and Zn much closer compared to Cr and Cu based on Euclidean distance.  

In contrast, the dendrogram (Figure 6.5) of the present study clustered all four pollutants in very close 

proximity.  

 

6.3.5 Lichen performance in pollution accumulation based on in-thallus and on-thallus 

concentrations 

 

The on-thallus and in-thallus pollutant concentrations measured for in-situ and lichen transplant 

samples were used to assess the performance of three potential lichen species as biomonitors.  The total 

heavy metal concentration (THM) and on-thallus heavy metal concentration (SHM) was quantified as 

discussed in Sections 4.2.4.1 and 4.2.4.2.  As discussed in Section 4.1.1 and illustrated as Equation 4.1, 

the in-thallus pollutant concentration (IHM) was calculated by subtracting the on-thallus heavy metal 

concentration (SHM) from the total heavy metal concentration (THM).  The on-thallus pollutant 

percentage (PHM) was calculated for each heavy metal using the following equation:   
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The resultant on-thallus pollutant percentages for all eight target heavy metals were attached as 

Appendix 6.  The percentages for in-situ samples and lichen transplants were tabulated separately as 

two different tables.  For discussion purposes, a summary of on-thallus pollutant percentage (PHM) was 

extracted from Appendix 6 and given as Table 6.4.  
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Table 6.4 

 

Mean and standard deviation for on-thallus pollutant (PHM) percentages (%) calculated from in-situ and 
lichen transplants, during the three sampling rounds for three potential lichen species, for the period 
September 2008 – March 2009   
 

In-situ lichens Lichen transplants 
Heavy Residential Commercial Industrial Residential Commercial Industrial 
metal Sp. Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

Cr Pr 4.9 (2.8) 3.0 (0.2) 3.3 (0.6) 7.9 (2.0) 7.6 (2.5) 7.0 (1.9) 
Cu Pr 3.8 (0.2) 4.3 (1.2) 3.8 (0.2) 8.8 (1.6) 8.1 (2.5) 5.9 (0.7) 
Pb Pr 4.2 (2.0) 4.1 (2.0) 3.6 (1.0) 8.5 (2.1) 8.3 (3.2) 6.7 (1.6) 
Zn Pr 4.3 (0.9) 3.9 (0.7) 7.2 (2.4) 5.5 (0.8) 8.1 (3.2) 5.7 (0.4) 
As Pr N.C. N.C. N.C. N.C. N.C. N.C. 
Cd Pr N.C. N.C. N.C. N.C. N.C. N.C. 
Co Pr N.C. N.C. N.C. N.C. N.C. N.C. 
Ni Pr 5.9 (8.3) N.C. 5.8 (8.2) N.C. 1.0 (1.4) 0.6 (0.8) 
Cr Rc 4.5 (2.7) 4.3 (3.0) 3.3 (1.5) 7.3 (3.0) 5.0 (0.4) 7.2 (2.1) 
Cu Rc 6.8 (3.4) 4.5 (2.6) 3.9 (1.6) 9.3 (3.1) 7.8 (3.1) 7.9 (3.1) 
Pb Rc 5.4 (0.6) 5.9 (2.9) 4.5 (1.3) 8.6 (2.7) 8.4 (2.1) 7.5 (2.9) 
Zn Rc 4.0 (2.3) 3.8 (2.0) 3.3 (1.0) 8.2 (2.4) 7.7 (3.6) 7.7 (2.1) 
As Rc N.C. N.C. N.C. N.C. N.C. N.C. 
Cd Rc N.C. N.C. N.C. N.C. N.C. N.C. 
Co Rc N.C. N.C. N.C. N.C. N.C. N.C. 
Ni Rc N.C. N.C. N.C. N.C. N.C. N.C. 
Cr Ur 5.3 (1.4) 4.6 (2.0) 4.6 (1.9) 7.4 (3.1) 7.3 (2.4) 7.8 (2.0) 
Cu Ur 7.1 (6.9) 3.3 (2.2) 2.7 (1.1) 7.5 (2.5) 6.6 (2.7) 5.2 (0.7) 
Pb Ur 3.9 (1.1) 4.3 (2.4) 3.5 (1.0) 7.2 (2.2) 7.4 (2.4) 5.9 (1.7) 
Zn Ur 5.8 (2.6) 3.6 (1.2) 5.1 (1.8) 6.3 (0.8) 7.5 (3.4) 6.2 (0.8) 
As Ur N.C. N.C. 2.8 (4.0) N.C. N.C. 0.9 (1.2) 
Cd Ur N.C. N.C. N.C. N.C. N.C. N.C. 
Co Ur N.C. N.C. N.C. N.C. N.C. N.C. 
Ni Ur N.C. N.C. N.C. N.C. N.C. N.C. 

Note. Sp. = Lichen species; SD = standard deviation; N.C. = not calculated; Pr = Parmotrema 
reticulatum; Rc = Ramalina celastri; Ur = Usnea rubicunda. 
 

The on-thallus pollutant percentages are not calculated for lichen samples, as those on-thallus pollutant 

concentrations are below the detection limit.  Such situations are reported as N.C. (not calculated) in 

Table 6.4.  The on-thallus pollutant concentration of Cd and Co reported below the machine detection 

limit in all land use types in all three potential lichen species.  Therefore, the targeted three lichen 

species were not suitable for Cd and Co on-thallus pollutant accumulation-related studies.  The reasons 

for the below machine detection limit measurements for Cd and Co may be the low levels of such 

pollutants in the ambient air.  On the other hand, it may be due to the limited accumulation capabilities 

of the potential lichen species as biomonitors for the same heavy metals.  The on-thallus Ni was 

reported only on four occasions and only for Parmotrema reticulatum.  These Ni on-thallus 
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accumulations were reported from both in-situ and transplants.  Therefore, Parmotrema reticulatum 

can be used as a biomonitor for Ni based on-thallus pollution accumulation-related research.  A similar 

situation was noticed for As, in Usnea rubicunda.  The industrial site reported a significant on-thallus 

As accumulation for both in-situ and transplant samples.  The implication was that Penrose ambient air 

may have had a considerable amount of As.  However, higher As concentrations were not reflected by 

the other two lichen species.  Based on these observations, it can be inferred that Usnea rubicunda 

accumulates a significant amount of As on its surface layer and is good for on-thallus As-related 

accumulation studies.   

 

All three lichen species showed substantial on-thallus Cr, Cu, Pb, and Zn accumulation percentages 

from in-situ and lichen transplants (Table 6.4).  Therefore, it is evident that Parmotrema reticulatum, 

Ramalina celastri, and Usnea rubicunda accumulated significant amounts of the above elements in 

their surface layer as on-thallus pollutants.  The generalized outcome of the above analysis was that all 

three lichen species were capable of accumulating Cr, Cu, Pb, and Zn in their surface layer.  Therefore, 

only these four heavy metals were used in the following analysis.   

 

The range of on-thallus pollutant percentage for in-situ lichen samples was from 2.7% (Cu: Usnea 

rubicunda at Penrose) to 7.2% (Zn: Parmotrema reticulatum at Penrose).  The same percentage range 

for lichen transplants was from 5.0% (Cr: Ramalina celastri at Symonds Street) to 9.3% (Cu: Ramalina 

celastri at Homai).  An independent measurers t-test was used to determine whether the on-thallus 

pollutant percentages of in-situ samples were similar to the on-thallus pollutant percentages of the 

lichen transplants.  The results showed that the in-situ samples (M = 4.40, SD = 1.1) were not 

significantly different from the lichen transplants (M = 7.30, SD = 1.04) in terms of on-thallus pollutant 

accumulation.  The mean difference was insignificant at, t (70) = 11.5, p < .05, d = 2.71.  Therefore, the 

heavy metal accumulation on the surface layer (on-thallus heavy metal content) of both in-situ and 

lichen transplants showed no significant difference.  Thus, all in-situ and lichen transplants could be 

considered a single group in terms of on-thallus heavy metal accumulation.  Accordingly, the new 

range of on-thallus pollutant percentage is from 2.7% to 9.3%.      

 

Clustered bar graphs were drawn in order to get a broader picture of the on-thallus and in-thallus heavy 

metal accumulation distribution among the three lichen species from different land use sites for three 

sampling rounds (Figure 6.6, a and b).  The minus vertical error bar represents the in-thallus pollutant 

concentration.  The blue and red bars represent the total heavy metal concentrations in lichen 

transplants and in-situ samples respectively. 
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Figure 6.6 (a) shows the total heavy metal and on-thallus heavy metal concentration distributions in 

three sampling rounds for Cr and Cu.  Figure 6.6 (b) provides same information for Pb and Zn.  Each 

window shows the heavy metal accumulation in three targeted lichens from three land use types.  Cr 

and Cu accumulation during the study period is relatively low compared to Pb and Zn.  Therefore, the 

Y axis scale used to illustrate Cr and Cu is from 0 to 35, 000 ng g-1 (Figure 6.6 a).  Different Y axis 

scales were used for Pb (0 to 45,000 ng g-1) and Zn (0 to 100,000 ng g-1) in Figure 6.6 (b) in order to 

distinguish the heavy metal accumulations among different land use sites.        

 

The inferences from Figure 6.6 (a) and (b) are similar to the outcomes discussed in Section 6.3.1.  

Additionally, it can be noticed that Zn accumulation was highest for on-thallus contents considering all 

locations for all three lichen species.  It is significant to note that irrespective of the heavy metal, the 

lichen species, or the on-thallus pollutant quantity, the percentage of on-thallus to in-thallus usually 

remained at less than 10% (Table 6.4).  Based on the lichen-air equilibrium model (Section 3.6.1 and 

Figure 3.1), for in-situ samples, the air around the lichen, the surface layer of the lichen (on-thallus), 

and the interior tissues of the lichen (in-thallus) were in equilibrium.  Therefore, the concentrations of 

on-thallus and in-thallus pollutants did not change over time.  Since the on-thallus layer is a relatively 

smaller portion of the entire lichen thallus, the amount of pollutant content is relatively low compared 

to the in-thallus.  The surface layer maintains equilibrium between the air and the in-thallus, while 

keeping its concentration at a certain level (Figure 3.1).  In the case of the lichen transplants, 

equilibrium was disturbed and the lichen thallus started accumulating pollutants to the in-thallus area.  

The on-thallus pollutants reported for lichen transplants (Table 6.4) underwent the pollutant 

accumulation as a part of the process of achieving equilibrium.  Even though the thallus was 

accumulating pollutants, it maintained the same on-thallus to in-thallus percentage (Table 6.4 and 

Figure 6.6).  Therefore, it can be inferred that irrespective of the pollutant accumulation stage (either in 

equilibrium or in the process of achieving equilibrium), the lichen thallus tends to maintain a constant 

on-thallus pollutant percentage.        
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Figure 6.6 (a).  Clustered bar graphs showing Cr and Cu accumulation in three lichen species sampled from three land use sites, sampled over six-month 
period.  R1, R2, and R3 are three consecutive sampling rounds, namely September 2008, December 2008, and March 2009.  The vertical bars depict the on-
thallus heavy metal content in each lichen sample.    
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Figure 6.6 (b).  Clustered bar graphs showing Pb and Zn accumulation in three lichen species sampled from three land use sites, sampled over six month 
period.  R1, R2, and R3 are three consecutive sampling rounds, namely September 2008, December 2008, and March 2009.   The vertical bars depict the on-
thallus heavy metal content in each lichen sample.    
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6.3.6 Summary of lichen performances in heavy metal accumulation 

 

The analysis of the initial study results showed that all three potential lichen species did not perform 

equally in terms of heavy metal accumulation in their thalli.  Some of the targeted heavy metals such as 

As, Co, Cd, and Ni showed relatively low concentrations in most of the lichens (Figure 6.2).  The same 

four heavy metals reported below the detection limit for most of the on-thallus heavy metal 

concentrations.  In order to get an overall idea of each lichen species’ performances, a summary table 

was created based on their heavy metal accumulation capabilities (Table 6.5).  This table is based on 

the results, analysed and discussed in Sections 6.3 to 6.3.5.  The heavy metal accumulation in each 

species was assessed on: overall heavy metal accumulation (Section 6.3.1); accumulation in in-situ 

samples (Section 6.3.2); accumulation in lichen transplants (Section 6.3.3); accumulation trends in 

lichen transplants (Section 6.3.4); and in-thallus and on-thallus accumulation (Section 6.3.5).  

Performances of each heavy metal was scored based on accumulation capabilities in each lichen 

species on a qualitative scale of 1 to 3 (1 = poor; 2 = moderate; and 3 = good).        

 

Table 6.5 

 

Summary of heavy metal accumulation performances of the three potential lichen species  

 

Assessment characteristics  As Cd Co Cr Cu Ni Pb Zn Total 
Parmotrema reticulatum 
Overall heavy metal accumulation  1 3 1 3 3 1 3 3 18 
Accumulation in in-situ samples 1 2 3 3 3 2 3 3 20 
Accumulation in lichen transplants 1 2 2 3 3 1 3 3 18 
Accumulation trends   1 2 3 3 3 1 3 3 19 
In-thallus and on-thallus accumulation 2 1 1 3 3 2 3 3 18 
Total 6 10 10 15 15 7 15 15 93 
Ramalina celastri 
Overall heavy metal accumulation  1 2 1 2 2 1 2 2 13 
Accumulation in in-situ samples 1 1 3 3 3 2 3 3 19 
Accumulation in lichen transplants 1 2 2 3 3 1 3 3 18 
Accumulation trends   1 3 1 3 3 1 3 3 18 
In-thallus and on-thallus accumulation 2 1 1 3 3 2 3 3 18 
Total 6 9 8 14 14 7 14 14 86 
Usnea rubicunda 
Overall heavy metal accumulation  1 2 1 2 2 1 2 2 13 
Accumulation in in-situ samples 1 2 3 3 3 1 3 3 19 
Accumulation in lichen transplants 1 2 2 3 3 1 3 3 18 
Accumulation trends   1 2 1 3 3 2 3 3 18 
In-thallus and on-thallus accumulation 2 1 1 2 2 2 2 2 14 
Total 6 9 8 13 13 7 13 13 82 
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The following two inferences were made about the potential lichen species and targeted heavy metals: 

based on the results of the initial study analysed and discussed in Section 6.3 to 6.3.5 and Table 6.5. 

 

 Parmotrema reticulatum and Ramalina celastri accumulated higher concentrations of the targeted 

heavy metals compared to Usnea rubicunda.  Therefore, these two lichen species have the 

capability of accumulating higher amounts of targeted heavy metals, and hence have a higher 

sensitivity as a biomonitor.     

 

 Out of the eight targeted heavy metals, Cr, Cu, Pb, and Zn reported higher concentrations in in-situ 

and lichen transplants.  As, Co, Cd, and Ni were not reported in some of the in-situ and lichen 

transplants.  The same observation was made about on-thallus heavy metal concentrations for the 

same heavy metals.  The reason may be the limited availability of these air pollutants in the ambient 

air of the study area, or because the three potential lichen species are not efficient in accumulating 

these elements.  Therefore, As, Co, Cd, and Ni are not effective in lichen-based biomonitoring in 

the study area.  

 

Considering the above two inferences, Parmotrema reticulatum and Ramalina celastri were selected as 

the biomonitors for the full-scale field study, which was designed to answer the research questions 

proposed under the second research aim (Section 3.7).  Out of the eight targeted heavy metals, only Cr, 

Cu, Pb, and Zn accumulated effectively in the potential lichens.  Therefore, only the previously 

mentioned four heavy metals were targeted in the above study.   

 

The results of the initial stage of the present study are used to select the most suitable two lichen 

species for the full-scale field study.  The reason for limiting the number of target lichen species to two 

is based purely on the availability of time and resources for the study.  The variations of heavy metal 

accumulation between the lichen species are not quantified at this stage.  Comparison of heavy metal 

accumulation among the two selected lichen species over a two-year study period is performed in 

Chapter 8.     

 

6.4 Airborne pollutants that accumulate in lichens 

 

Gaseous air pollutants, heavy metals, radionuclides, metal isotopes, other metals, PAHs, PCBs, dioxins, 

furans, and PM are examples of airborne pollutants monitored by employing lichens (Augusto et al., 

2011; Blasco et al., 2006; Hawksworth, 2001; Heinrich & Remele, 2002; Purvis, 2000).  The 

possibility of monitoring airborne pollutants mainly depends on the target lichen species’ ability to 

accumulate significant amounts of these pollutants in its thallus (Garty, 2001; Purvis and Pawlik-
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Skowronska, 2008).  In the present research, three pollutant groups were targeted at the design stage: 

PAH, PM, and heavy metals.   

 

The three potential lichen species were tested for PAH biomonitoring and results discussed in detail in 

Sections 5.7.1 and 5.7.2.  Based on the PAH analysis (Table 5.4) it was revealed that PAH pollution in 

the study area was not significant.  Out of the three potential lichen species, Parmotrema reticulatum 

accumulated seven PAHs, showing its capability as a good PAH biomonitor.  According to the Table 

5.4 Ramalina celastri and Usnea rubicunda accumulated only four and three PAHs respectively.  The 

three lichen species arranged, based on PAH biomonitoring performance, in descending order were: 

Parmotrema reticulatum > Ramalina celastri > and Usnea rubicunda.  

 

The three potential lichen species were tested for PM biomonitoring during the initial stage of the 

present research (Section 5.8.1).  The SEM images showed that all three lichen species had significant 

deposition of PM on their thalli.  However, the semi-quantitative PM analysis based on all potential 

lichen species ended inconclusively.  Therefore, it was impossible to infer, which lichen species had 

better performances in terms of PM accumulation.   

 

Heavy metals are the third and main pollutant group targeted for biomonitoring using lichens.  Of all 

heavy metals, only eight heavy metals were targeted in the initial stage of the current study.  The 

targeted heavy metals were As, Cd, Co, Cr, Cu, Ni, Pb, and Zn (Section 2.6.1).  The five research 

questions based on the first research aim mainly targeted these elements.  The results pertaining to the 

first research aim was analysed and discussed in detail in this chapter.  As inferred in Section 6.3.6, Cr, 

Cu, Pb, and Zn accumulated in higher concentrations in all three potential lichen species in comparison 

to As, Co, Cd, and Ni.  

 

The accumulations of Cr, Cu, Pb, and Zn, reported in various international studies were summarised in 

Table 3.1.  Based on this table, it is evident that Zn accumulates generally in higher quantities 

compared to the other three heavy metals in most of the lichen species.  Of the remaining three heavy 

metals, Pb showed higher accumulation quantities. Cr and Cu showed relatively lower accumulations.  

However, there are deviations from these accumulations (Table 3.1).  The heavy metal accumulation 

quantities of the present research were compared with heavy metal accumulation quantities reported in 

overseas studies (Table 3.1).  Based on these comparisons, it can be inferred that most of the pollutant 

accumulation quantities in the present research correspond with the heavy metal accumulation ranges 

reported in the studies carried out in abroad.  There are few international research publications based on 

the three potential lichen species of the current study (e.g. Jasan et al., 2004; Pignata ae al., 2007; 
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Rodriguez et al., 2007).  Therefore, the above comparison was based only on the heavy metal 

accumulation amounts, and not on the lichen species.            

 

6.5 Do different lichen species accumulate a target pollutant at different rates? 

 

The results pertaining to lichen transplants during the three sampling rounds were used to answer the 

above question, because that is the only group of lichens, which illustrated accumulation trends.  The 

in-situ samples and samples from the clean site did not show any trends as they were in the equilibrium 

state.  As discussed in Section 6.3.6, Cr, Cu, Pb, and Zn accumulated significant quantities in lichen 

transplants.  Therefore, only the above four elements were used in this analysis.  The net pollutant 

accumulation (NPAHM) was calculated for each sample using the following equation: 

cHMtHMHM TTNPA    

where, THM-t is the total heavy metal accumulation of the target site for the given sampling round, and 

THM-c is the total heavy metal accumulation of the same round in the clean site.  The NPAHM was used 

in this analysis and its unit is ng g-1 season-1.  Therefore, the net accumulation of Round 1 is zero; hence 

the graphs start from zero, making the comparison easier.  The calculated NPAHM values used to draw 

two-dimensional line graphs against the round number (exposure period).  The sampling round number 

was selected as the independent variable of the two-dimensional line graphs.  The net pollutant 

accumulation rate is expressed as the amount of pollution accumulation per season and its unit is 

expressed as the net amount of pollutants accumulated per season (ng g-1 season-1). 

    

The two-dimensional line graphs (Figure 6.7) show the increasing trend for most of the heavy metal 

accumulation in three potential lichen species.  As expected, the residential site showed lower 

accumulation rates than the commercial and industrial sites.  Based on the two-dimensional line graphs, 

the commercial site showed higher accumulation rates than the industrial site, which was unusual.  That 

the moderately polluted site showed a higher pollution accumulation cannot be explained with the 

available information.  The same lichen species did not show similar accumulation rates in the three 

land use types. On the other hand, different land use types show similar accumulation rates.  In Figure 

6.7 it can be observed that different lichen species accumulate a target pollutant at different rates, 

which are dependent on the land use type.  These results are comparable to the results discussed in 

Section 6.4 based on Figure 6.4 and Table 6.3.   

 

(6.5) 
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Figure 6.7.  Two-dimensional line graphs showing net heavy metal accumulation trends for Cr, Cu, Pb, 
and Zn in three potential lichen species from three different land use types.  R1, R2, and R3 are three 
consecutive sampling rounds namely September 2008, December 2008, and March 2009.     
 

Further statistical analysis is required to answer the question ‘do different lichen species accumulate a 

target pollutant at different rates?’  To obtain a better understanding, the net accumulation rates were 

calculated for each heavy metal using the ‘add trend line’ facility of the Microsoft Excel software.  The 

net accumulation trends for each element, coefficient of determination (R2) for each trend line, and their 

descriptive statistics for each heavy metal are attached as Appendix 7.  A summary of the Appendix is 

extracted for comparison purposes and tabulated as Table 6.6. 

 

Other than Cr in the residential site, all three lichen species showed an increasing pollutant 

accumulation trend in all three land use types over six-months.  The Cr concentration in Homai ambient 

air may be less than in the clean site, and this may be the reason for the negative trend for Cr in the 

residential site.  In this situation, the Hunua Ranges act as a polluted site in comparison to the Homai 

site.  Therefore, all three lichen transplants were moved from a relatively polluted site to a less polluted 

site.  Then, Cr aimed to achieve equilibrium in the new environment, releasing Cr from the thallus as 

explained in Section 3.6.1 and Figure 3.1, based on the lichen-air model.  For the rest of the transplants, 

all three lichen species in all three new locations accumulated all four heavy metals.  
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Table 6.6 

 

The net pollutant accumulation rates (ng g-1 season-1) of Cr, Cu, Pb, and Zn for three potential lichen 
species from three land use types calculated for six months 
 

Parmotrema reticulatum Ramalina celastri Usnea rubicunda 

Res. Com. Ind. Res. Com. Ind. Res. Com. Ind.

Cr -1,051 1,181 3,905 -560 3,987 1,389 -778 2,589 2,637

Cu 1,985 5,272 3,208 1,215 1,719 6,669 1,548 3,471 4,954

Pb 845 2,849 6,642 2,298 10,208 8,129 1,603 6,566 7,419

Zn 766.5 10,802 4,448 3,989 8,857 5,819 2,369 9,839 5,119

Mean 636 5,026 4,551 1,736 6,193 5,501 1,185 5,616 5,032

SD 1,255 4,201 1,484 1,910 4,004 2,903 1,362 3,291 1,953

Note. Res. = residential (Homai); Com. = commercial (Symonds Street); Ind. = Industrial; SD = 
standard deviation. 
 

Analysis of variance (ANOVA: two-factor without replication) tests were carried out for net pollution 

accumulation rates for the three lichen species separately.  The idea of this statistical test was to 

compare means and to identify whether the heavy metal accumulation rates recorded under each land 

use type was significant or not.  At each test, the accumulation rates from three land use types recorded 

under a single lichen species were compared with each other.  Parmotrema reticulatum showed a 

significant difference in net accumulation rates between the three land use types, F = (3, 12) = 1.18, p < 

.05, η2 = 0.17.  Ramalina celastri indicated the same significant differences in accumulation rates, F = 

(3, 12) = 3.96, p < .05, η2 = 0.30.  The results for Usnea rubicunda were also the same with F = (3, 12) 

= 4.42, p < .05, η2 = 0.26.  Therefore, the ANOVA test indicated that there was no significance between 

the mean net pollution accumulation rates for three land use types within a single lichen species.  As 

the next step, the ANOVA test was carried out between the three lichen species, which corresponded to 

the three land use types.  The result was that there was no significant similarity among land use types 

belonging to three lichen species in terms of net pollutant accumulation rates, F = (9, 36) = 8.48, p < 

.05, η2 = 0.22.  Finally, the same statistical test was carried out between the three lichen species 

considering all land use types together.  The result was that there was no significant similarity among 

three lichen species in terms of net pollutant accumulation rates, F = (3, 36) = 11.43, p < .05, η2 = 0.45. 

  

The heavy metal accumulation rates in lichen transplants belonging to three lichen species were 

analysed based on two-dimensional line graphs, descriptive statistics, and ANOVA.  The results clearly 

showed that different lichen species accumulate various target pollutants at different rates.  No two 

lichen species accumulate the same heavy metals at the same rate.  The heavy metal rate of 
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accumulation is lichen species-specific, and it also depends on the amount of air pollutants in the 

ambient air.  Hence it is dependent on the type of land use.   

 

Hierarchical cluster analysis is used to understand how the net heavy metal accumulation rate was 

influenced by the land use type.  The resultant dendrogram was shown as Figure 6.8.  Based on the 

following dendrogram, it was clear that lichen transplants were grouped based on their land use type.  

The underlying similarities of net heavy metal accumulation rates are closer in each land use type.  

Therefore, the following dendrogram clearly categorises the three land use types, showing the close 

relatedness of their heavy metal accumulation rate patterns.         

 

 

Figure 6.8.  Dendrogram showing the underlying similarities among net heavy metal accumulation 
rates (Table 6.5) for Cr, Cu, Pb, and Zn from hierarchical cluster analysis (amalgamation rule:  un-
weighted pair-group average, distance metric: Euclidean distance).  Accumulation rates were from 
three potential lichen species transplanted to three land use types calculated for six months.   
 

Lichen transplantation studies employing two or more lichen species are scant in the reviewed 

literature. Aprile et al. (2010) calculated relative accumulation rates for Cu, Fe, Pb, and Zn 

accumulation in Parmotrema chinense and Falvoparmelia caperata transplants in Italy.  The results 

revealed that different lichen species accumulate a target pollutant at different rates.  Branquinho et al. 

(2008) reported their research on spatial and temporal impact of dust-pollution in the vicinity of a 

cement industry.  According to their results, Ramalina canariensis and Xanthoria parietina showed 

different pollution accumulation rates for Ca.    
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6.6 Do different pollutants accumulate in a single lichen species at different rates? 

 

A summary of descriptive statistics belonging to net heavy metal accumulation rates of lichen 

transplants is extracted from Appendix 7 and tabulated as Table 6.7.  This table summarises the heavy 

metal accumulation rates of lichen transplants irrespective of land use type and the species of the 

lichen.   Based on the following table, Zn and Pb show the highest accumulation rates followed by Cu 

and Cr.  Out of the four heavy metals Cr shows the lowest pollutant accumulation rates.  This 

observation agrees with most of the results published on lichen transplant studies (Table 3.1).      

 

Table 6.7 

 

Descriptive statistics of the net pollutant accumulation rates (ng g-1 season-1) of Cr, Cu, Pb, and Zn for 
three potential lichen species from three land use types calculated for six months 
 

Descriptive statistics Cr Cu Pb Zn 
Maximum 3,987 6,669 10,208 10,802 
Minimum -1,051 1,215 845 766 
Range 5,038 5,453 9,363 10,035 
Mean 1,477 3,338 5,173 5,779 
Standard Deviation 1,953 1,925 3,324 3,416 

 

ANOVA (two-factor without replication) test was carried out to answer the question ‘Do different 

pollutants accumulate in a single lichen species at different rates?’  For the above statistical analysis, it 

was tested for equal sample means, assuming the mean net heavy metal accumulation rates of all four 

heavy metals were the same.  The test indicated a significant difference between the four net heavy 

metal accumulation rates, F = (4, 36) = 4.54, p < .05, η2 = 0.29.  Therefore, based on the ANOVA test 

it can be inferred that different pollutants accumulate in a single lichen species at different rates. 

 

6.7 Summary 

 

Parmotrema reticulatum, Ramalina celastri, and Usnea rubicunda are the three lichen species, which 

were selected to assess as air pollution biomonitors.  Lichen samples from the Hunua Ranges showed 

lower levels of heavy metals compared to the Waitakere Ranges, and hence the former site was selected 

as the clean site for the present study.  Air pollutant accumulation capabilities were analysed based on: 

species of the lichen (Parmotrema reticulatum, Ramalina celastri, and Usnea rubicunda); type of 

heavy metal (As, Cd, Co, Cr, Cu, Ni, Pb, and Zn); location of the sample (in-situ samples from 

residential: Homai, commercial: Symonds Street, industrial: Penrose); lichen transplants (samples from 

the clean site to three land use types); heavy metal accumulation trends; and pollutant location in the 
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thallus (in-thallus and on-thallus concentrations).  The above analysis revealed that the three lichen 

species arranged based on heavy metal accumulation in descending order of performance was: 

Parmotrema reticulatum > Ramalina celastri > Usnea rubicunda.  The heavy metals Cr, Cu, Pb, and 

Zn showed higher accumulation in lichen thallus compared to As, Cd, Co, and Ni.  Based on these 

results it can be inferred that different lichen species accumulate a target pollutant at different rates, and 

different pollutants accumulate in a single lichen species at different rates. 
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CHAPTER 7 

 

RESULTS AND DISCUSSION: AIRBORNE HEAVY METAL BIOMONITORING WITH 

LICHENS 

 

7.1 Introduction 

 

This chapter presents and discusses answers to the first research question proposed under the second 

research aim (Section 3.7).  The results from the full-scale field campaign of the present research, 

conducted over a two-year period, are analysed.  Two lichen species, four heavy metals, and 13 study 

sites belonging to four land use types were investigated.   

 

The objective of this chapter is to investigate the heavy metal accumulation rates over short (seasonal) 

and longer (two-year) time periods in three different groups of lichens.  These were short-term 

transplants, long-term transplants, and in-situ samples.  The performances of lichens as air pollution 

biomonitors for short-term heavy metal accumulation are analysed in Sections 7.2 and 7.3.  The short-

term accumulation rates are compared in different land use types among Parmotrema reticulatum and 

Ramalina celastri.  Seasonal weather impact on seasonal accumulation rates is investigated in the same 

section.  The heavy metal accumulations in long-term lichen transplants are examined in detail in 

Section 7.4.  The long-term heavy metal accumulation in lichens is analysed in terms of accumulation 

rates, land use types, and seasonal meteorological variables in the same section.  The process of 

achieving equilibrium in lichens in terms of seasonal and long-term transplants is discussed in Section 

7.5.  Heavy metal accumulation in in-situ lichen samples is examined with respect to different land use 

types in Section 7.6.  The inter-relationships between long-term transplants after equilibrium with in-

situ samples are discussed in the last section of this chapter.         

 

Three lichen species were assessed as potential biomonitors during the initial stage of the present study 

based on their heavy metal accumulation capabilities over six months (Chapter 6).  The three targeted 

lichen species arranged in descending order based on pollution accumulation performances were 

Parmotrema reticulatum > Ramalina celastri > Usnea rubicunda (Section 6.3.6).  After considering the 

limited availability of laboratory resources and time, it was decided to use the best two lichen 

biomonitor species for the full-scale field campaign.  Therefore, Parmotrema reticulatum and 

Ramalina celastri were selected for the above campaign (Table 6.5). 

 

Three land use types were employed in the present research.  These were categorised based on the level 

of ambient air pollution as discussed in Section 4.1.5.  Four locations were selected under each land use 
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type for comparisons (Table 4.3).  This field study began in March 2009 and was conducted until 

March 2011.  The duration of the study was based on the assumption that the lichen thallus could 

achieve equilibrium in its new transplanted location within a two-year time period.  Mikhailova and 

Sharunova (2008) have reported that transplanted Hypogymnia physodes samples took more than a year 

to reach pollutant levels similar to in-situ samples.  Based on their observations, and to gain further 

understanding about post-equilibrium processes, it was decided to conduct this research over a two-

year period.  This full-scale field campaign was conducted as explained in Section 4.1.1.  Samples from 

the two lichen species were transplanted from a clean site to study sites and were collected after three-

month exposure periods according to Figure 4.1.  For easy reference, the number of the sampling round 

is considered the independent variable when drawing graphs, calculating correlation coefficients, and 

fitting lines or curves when calculating accumulation rates.  For example, R0 or 0 is the start of the 

study, R1 or 1 is the first round, R2 or 2 is the second round and finishes at R8 or 8 which is the eighth 

round and the end of the field campaign (Figure 4.1). 

 

This full-scale field campaign was designed to provide answers to the research questions put forward 

under the second research aim of the current study.  This aim is to assess the performances of two 

selected lichen species as air pollution biomonitors (Section 3.7).  The first research question under this 

research aim is: what is the rate of accumulation in lichens of the various heavy metal pollutants over: 

a) short (seasonal) time periods; and b) longer (two-year) time periods?  The results based on short-

term lichen transplants are analysed and discussed in order to understand the heavy metal accumulation 

in short (seasonal) time periods.  Results from the long-term lichen transplants and in-situ lichen 

samples are analysed and discussed in order to comprehend the heavy metal accumulation in lichens 

over longer (two-year) time periods. 

 

7.2 Accumulation rates over short time periods and longer time periods   

 

The objective of analysing heavy metal accumulation in two biomonitor lichen species over a short 

period is to understand the rate at which pollutants are accumulated in the lichen thalli when they are 

exposed only for a season at different land use types.  In order to understand the impacts of seasonal 

weather conditions in air pollution accumulation on lichen thallus, seasonal meteorological variables, 

such as mean air temperature, rainfall, the number of rain days, and relative humidity are compared 

with short-term pollution accumulation rates.  The results of the long-term transplants are analysed to 

understand the performance of pollutant accumulation in the two biomonitor lichen species over a 

longer period of time in terms of heavy metals, land use types, and seasons.  The net seasonal heavy 

metal accumulation rates in long-term transplants are calculated to understand how seasonal 

accumulation changes as equilibrium approaches.  The long-term accumulation rates are compared with 
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meteorological variables to understand the impact of weather on long-term heavy metal accumulation.  

The long-term accumulation data are compared with short-term accumulation data.  The idea of this 

comparison is to understand the process of pollutant accumulation in a long-term lichen transplant in 

terms of cumulative short-term accumulation. 

 

7.3 Short-term heavy metal accumulation  

 

The short-term lichen transplants that were moved from the clean site to the target sites at the beginning 

of each season and left in place for that season were collected at the end of the season as discussed in 

Sections 4.1.1, 4.2.1, 4.2.2.1, and 4.2.3.  These samples we analysed for Cr, Cu, Pb, and Zn as 

mentioned in Sections 4.2.4, 4.2.4.1, and 4.2.5.  The results of the seasonal heavy metal accumulations 

for two lichen species from 13 study sites are tabulated and attached as Appendix 8.  The seasonal 

accumulations are categorized as ST (short-term) in the appendix with long-term accumulations (LT).  

It is noticeable that all the seasonal and long-term accumulations for a given heavy metal in Round 0 

are the same, and are equal to the heavy metal content of the clean site.  The reason for this is that at the 

start of the study (Round 0) lichen samples from the Hunua Ranges were transplanted to all 12 study 

sites.  Therefore, the heavy metal content in all 12 sites at the beginning of the study was assumed to be 

the same as the clean site for the heavy metal concerned.  The in-situ total heavy metal content in the 

clean site varies according to the lichen species and the targeted heavy metal.  Two-dimensional line 

graphs were drawn to understand the heavy metal accumulation variation amongst the seasons for the 

two targeted lichen species (figure 7.1).  Standard deviation of the three sub samples are illustrated as 

error bars in the following figure. 

 

 

Figure 7.1.  Two-dimensional line graphs to show inter-seasonal heavy metal accumulation variation in 
Parmotrema reticulatum and Ramalina celastri sampled from the clean site (Hunua Ranges).    
 

The line graphs (Figure 7.1) illustrate the variation of total heavy metal content between seasons over 

the two-year period for a given lichen species is trivial.  For Parmotrema reticulatum, mean and 
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standard deviation of seasonal heavy metal content over the study for Cr, Cu, Pb, and Zn are 8,176 (± 

603) ng g-1, 8,831 (± 537) ng g-1, 10,065 (± 830) ng g-1, and 29,900 (± 1,851) ng g-1 respectively.  For 

Ramalina celastri, mean and standard deviation of seasonal heavy metal content for Cr, Cu, Pb, and Zn 

are 6,873 (± 711) ng g-1, 7,431 (± 493) ng g-1, 8,945 (± 819) ng g-1, and 24,566 (± 1,848) ng g-1 

respectively.                          

 

7.3.1 Calculation of short-term heavy metal accumulation rates 

 

The in-situ heavy metal concentration of the clean site (the Hunua Ranges) was variable over the two-

year study period; however no discernible increase or decrease in concentration was observed over the 

study period (Figure 7.1).  This implies that there was no increase or decrease of pollution in the 

ambient air of the clean site in terms of four heavy metals concerned.  The short-term (seasonal) heavy 

metal accumulation rates (RST-HM) in lichens are calculated using the clean site as the base level.  The 

terms ‘short-term accumulation’ and ‘seasonal accumulation rate’ are to be considered synonyms in the 

following analysis, and both terms are used interchangeably.  The RST-HM provides only the net 

accumulation of heavy metals during a season in the transplanted site, after deducting the in-situ heavy 

metal content in the clean site and it is easy for comparison purposes.  Therefore, RST-HM can be defined 

as the net accumulation of heavy metal at a given study site compared to the clean site for a season 

concerned, and is calculated as follows: 

HMISHMSTHMST TTR    

where, TST-HM is the total accumulation of a given heavy metal at a study site during the season, and TIS-

HM is the total heavy metal content of the in-situ samples of the clean site sampled at the end of the 

same season.  The unit of RST-HM is the heavy metal concentration per season (ng g-1 season-1).  The RST-

HM was calculated for both biomonitor species for four heavy metals at 12 study sites from all sampling 

rounds.  The resultant RST-HM values from all eight rounds for a given site were then averaged in order 

to get a single value for comparison purposes.  Mean short-term heavy metal accumulation rates ( R ST-

HM), maximum RST-HM, and minimum RST-HM from each site during the two-year study period are 

summarized and tabulated as Table 7.1.  Range plots were drawn using the information given in Table 

7.1 in order to obtain a visual understanding of the variation in short-term heavy metal accumulation 

rates in different land use sites over the study period (Figure 7.2).       

 

 

 

 

 

 

(7.1) 
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Table 7.1 
 
Mean short-term (seasonal) heavy metal accumulation rates ( R ST-HM), standard deviation (SD), 
maximum RST-HM (Max.), and minimum RST-HM (Min.) from the two target lichen species for Cr, Cu, Pb, 
and Zn.  The unit of these descriptive statistics is ng g-1 season-1.  They are calculated from short-term 
lichen transplants during the two-year period (eight rounds) from 12 study sites in the Auckland 
Region.  The land use type of each location is given in parentheses (R, C, and I and denote residential, 
commercial, and industrial respectively) 
 
(a) Parmotrema reticulatum 
 Cr Cu 
Location R ST-HM SD Max. Min. R ST-HM SD Max. Min.
Homai (R)  -1,307 339 -790 -1,736 259 798 1,429 -761
Royal Oak (R) 153 897 1,857 -1,028 220 1,074 1,776 -987
Mount Eden (R) 656 888 2,451 -230 1,688 1,537 3,462 -207
Howick (R) 494 605 1,334 -624 1,077 958 2,071 -817
Symonds St. (C) 1,475 1,847 4,234 -938 2,223 2,067 5,218 -59
Newmarket (C) 1,895 1,254 3,392 -55 919 1,086 2,314 -691
Sylvia Park (C) 2,272 1,875 5,449 -437 5,676 2,367 7,768 575
New Lynn (C) 2,020 1,115 3,875 393 1,521 1,162 3,222 -70
Rosebank Rd. (I) 2,534 2,142 5,513 -1,465 3,116 1,331 5,092 572
Wiri (I) 2,205 1,734 4,664 35 4,553 3,107 7,886 -437
East Tamaki (I) 5,199 3,747 10,166 582 6,579 4,188 11,178 -98
Penrose (I) 5,479 3,165 10,366 1,304 7,344 2,196 10,563 4,411
 Pb Zn 
Location R ST-HM SD Max. Min. R ST-HM SD Max. Min.
Homai (R)  491 1,032 2,093 -1,033 2,159 4,069 8,740 -2,230
Royal Oak (R) 2,766 2,597 6,183 -1,253 3,655 4,153 10,219 -1,030
Mount Eden (R) 3,035 2,289 5,490 -1,371 3,990 4,378 8,899 -2,340
Howick (R) 4,263 1,868 7,677 1,445 2,990 2,327 6,769 -562
Symonds St. (C) 3,638 2,832 6,871 -959 8,597 2,383 13,167 5,932
Newmarket (C) 4,660 1,227 7,086 3,254 10,348 2,956 14,834 4,936
Sylvia Park (C) 7,908 2,337 10,645 3,802 13,269 4,428 18,458 8,001
New Lynn (C) 4,875 1,833 7,350 1,684 7,418 1,757 10,619 4,881
Rosebank Rd. (I) 3,149 2,975 8,821 -1,260 6,775 1,625 9,078 3,989
Wiri (I) 8,230 1,872 10,109 4,852 8,703 4,381 15,135 1,006
East Tamaki (I) 3,677 2,122 7,872 1,011 14,560 6,255 21,178 1,845
Penrose (I) 4,683 3,090 7,305 -2,433 15,605 5,330 21,436 6,719

 (b) Ramalina celastri 
 Cr Cu 
Location R ST-HM SD Max. Min. R ST-HM SD Max. Min.
Homai (R)  192 729 916 -855 -170 1,072 1,255 -2,374
Royal Oak (R) 546 550 1,587 -135 89 1,201 1,687 -1,882
Mount Eden (R) 1,663 1,070 3,788 445 433 699 1,496 -516
Howick (R) 1,076 829 2,027 -178 171 713 985 -1,390
Symonds St. (C) 1,313 1,030 3,084 10 1,191 1,748 3,399 -784
Newmarket (C) 2,311 937 3,829 705 1,652 1,983 4,407 -590
Sylvia Park (C) 2,559 1,328 4,406 928 796 1,056 1,721 -1,400
New Lynn (C) 1,188 1,231 3,132 -890 2,477 1,826 4,934 -366
Rosebank Rd. (I) 1,944 1,001 3,540 735 4,067 1,984 6,300 910
Wiri (I) 2,020 1,218 3,610 629 3,387 1,892 6,310 583
East Tamaki (I) 2,899 2,020 6,378 -281 2,319 2,049 5,591 -165
Penrose (I) 5,037 3,363 10,359 935 2,681 2,239 5,654 44

(Continued on next page)
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Table 7.1 (Continued) 
 Pb Zn 
Location R ST-HM SD Max. Min. R ST-HM SD Max. Min.
Homai (R)  1,567 1,335 3,167 -229 1,007 3,202 5,594 -3,304
Royal Oak (R) 1,814 1,280 2,635 -597 2,528 3,231 7,706 -813
Mount Eden (R) 2,185 1,961 5,380 -213 4,609 2,420 8,862 212
Howick (R) 2,133 2,374 5,192 -483 4,357 2,228 7,171 700
Symonds St. (C) 5,095 2,417 7,846 1,180 9,971 4,996 16,302 1,000
Newmarket (C) 4,180 3,007 8,859 443 4,199 1,952 6,775 1,645
Sylvia Park (C) 7,089 1,253 8,860 5,394 4,694 2,524 7,859 -924
New Lynn (C) 2,316 1,719 5,770 -59 3,102 2,479 7,459 275
Rosebank Rd. (I) 2,183 2,162 5,470 -239 6,123 2,167 10,368 3,596
Wiri (I) 4,546 3,387 8,470 -171 13,650 4,299 21,526 5,914
East Tamaki (I) 4,854 3,756 9,529 -229 19,990 10,104 34,363 1,113
Penrose (I) 5,822 3,470 11,118 1,170 17,323 9,709 34,457 4,025

 

Some of the mean values in Table 7.1 show negative values.  The reason may be that the short-term 

heavy metal accumulations in these sites were less than the recorded in-situ heavy metal accumulation 

in the clean site.  The calculated R ST-HM values for Cr in Parmotrema reticulatum and Cu in Ramalina 

celastri in the Homai residential site show negative averages (Figure 7.2).  That may be due to higher 

Cr concentration in the Hunua Ranges than at the Homai site for Parmotrema reticulatum. Similarly, 

Cu concentration in the Hunua Ranges was higher than the Homai site for Ramalina celastri.  On these 

two occasions, lichen transplants from the clean site to the residential sites were similar to transplanting 

lichens from a polluted site to a clean site.  Therefore, based on the lichen-air equilibrium model 

(Section 3.6.1), the lichen thallus tried to achieve new equilibrium in the new environment through 

releasing heavy metals from its thallus.  Hence, negative averaged short-term heavy metal 

accumulation rates were reported.  Other than the Homai site, all sites showed positive R ST-HM values 

for all four heavy metals (Table 7.1 and Figure 7.2).  This implied that all other locations’ ambient 

heavy metal pollution levels were greater than the clean site.               

 

Mendil at al. (2009) reported their passive biomonitoring study based on five lichen species, which was 

carried out in Turkey.  The reported Cr, Cu, Pb, and Zn accumulations were compared with the same 

heavy metals recorded in the present study.  In general, both studies showed similar ranges for all four 

heavy metals.    
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Figure 7.2.  Range plots illustrating mean short-term (seasonal) heavy metal accumulation rates in two 
lichen species in 12 study sites: HO = Homai, RO = Royal Oak, ME = Mount Eden, HW = Howick, SS 
= Symonds Street, NM = Newmarket, SP = Sylvia Park, NL = New Lynn, RB = Rosebank Road, WR = 
Wiri, ET = East Tamaki, and PR = Penrose.  Homai, Royal Oak, Mount Eden, and Howick sites are the 
residential sites.  The commercial sites are Symonds Street, Newmarket, Sylvia Park, and New Lynn.  
The remaining four sites Rosebank Road, Wiri, East Tamaki, and Penrose are industrial sites.  The blue 
dots depict the mean short-term heavy metal accumulation, and two whiskers represent minimum and 
maximum accumulation rates. 
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7.3.2 Biomonitor performance comparison based on short-term heavy metal accumulation rates 

 

Bar graphs were drawn using the mean short-term heavy metal accumulation rates ( R ST-HM) from 

different study sites in order to compare the performances of the two biomonitor species in terms of 

seasonal (short-term) air pollutant accumulation (Figure 7.3).  In general, both lichen species 

accumulated Zn in higher rates and Cr in lower rates during a season in most study sites.  The 

ascending order of heavy metal accumulation rates are Cr < Cu < Pb < Zn.  This pollution 

accumulation pattern exists amongst the heavy metals in all locations in both lichen species.  This 

implies that the ratios of the four target heavy metals in the ambient air in all study sites were more or 

less the same.  In other words, none of the sites contain a point source, which excessively emit any of 

the targeted heavy metals.  A similar observation, but on a smaller scale, was made during the initial 

stage as discussed in Section 6.3.1 and Figure 6.2.   

 

As expected, industrial sites have the highest seasonal accumulation compared to the other two land use 

types.  The seasonal accumulation rates are higher in commercial sites compared to residential sites.  

Overall, based on that data as shown in Figures 7.2 and 7.3, Parmotrema reticulatum show higher 

short-term pollution accumulation rates compared to Ramalina celastri.  A paired t test was used to test 

the hypothesis that the short-term heavy accumulation rates of Parmotrema reticulatum and Ramalina 

celastri are not equal.  The statistical test results showed that the mean short-term heavy metal 

accumulation rates (M = 4,326, SD = 3, 749) of Parmotrema reticulatum are not equal to the Ramalina 

celastri mean short-term heavy metal accumulation rates (M = 3,691, SD = 4,062); t (.05) = 1.77, p = 

.08).  The same paired t test was employed to examine the hypothesis that short-term heavy metal 

accumulation rates of Parmotrema reticulatum and Ramalina celastri belonging to the same land use 

types are also not equal.  The results of the statistical test for residential land use sites showed that 

mean short-term heavy metal accumulation rates (M = 1,661, SD = 1,643) of Parmotrema reticulatum 

are not equal to the Ramalina celastri mean short-term heavy metal accumulation rates (M = 1,512, SD 

= 1,428); t (.05) = 0.54, p = .59).  Similar conclusions obtained for commercial land use sites with 

mean short-term heavy metal accumulation rates (M = 4,919, SD = 3,664) of Parmotrema reticulatum 

not equal to the Ramalina celastri mean short-term heavy metal accumulation rates (M = 3,383, SD = 

2,457); t (.05) = 2.07, p = .55).  The industrial land use types showed similar inference with mean 

short-term heavy metal accumulation rates (M = 6,399, SD = 3,924) of Parmotrema reticulatum not 

equal to the Ramalina celastri mean short-term heavy metal accumulation rates (M = 6,177, SD = 

5,644); t (.05) = 0.31, p = .76).         

 

The above observation favours Parmotrema reticulatum as an effective biomonitor in terms of short-

term pollution accumulation rates.  That means Parmotrema reticulatum accumulates higher amounts 
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of heavy metals from the ambient air in a given period of time faster than Ramalina celastri.  However, 

Ramalina celastri short-term Zn accumulation in industrial areas such as Wiri and East Tamaki showed 

higher rates compared to Parmotrema reticulatum.  The reason for this is not known.  

 

 

Figure 7.3.  Bar graphs illustrating the mean short-term heavy metal accumulation rates ( R ST-HM) ± 
standard deviation in Parmotrema reticulatum and Ramalina celastri from 12 study sites belonging to 
three land use types, sampled over two-year study period.   
 

For both lichen species, the industrial sites showed the highest short-term accumulation rates.  This 

indicated higher heavy metal concentrations in the industrial ambient air (Figure 7.3).  As expected, 

both lichen species showed lower short-term accumulation rates in residential sites where there were 

less pollutants in the ambient air.  The lowest mean short-term heavy metal accumulation rate ( R ST-HM) 

recorded in Parmotrema reticulatum from Homai was 1,307 ng g-1 season-1, which was below the clean 

site mean Cr level.  Similarly, for Ramalina celastri, the lowest value was from Homai for Cu and it 

was 170 ng g-1 season-1 below the clean site mean level.  The highest reported Zn accumulation rates 

were 15,605 ng g-1 season-1 for Parmotrema reticulatum from Penrose, and 19,990 ng g-1 season-1 for 

Ramalina celastri from East Tamaki. 
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7.3.3 Short-term accumulation rates in different land use types 

 

Hierarchical cluster analysis is used to group study sites based on underlying similarities of short-term 

heavy metal accumulation rates (RST-HM) calculated for each sampling round during the two-year study 

period (Hair et al., 2006; Vega et al., 1998).  In other words, cluster analysis was used to investigate the 

question: was there a similarity within the study sites grouped under a single land use type (Table 4.3) 

in terms of short-term accumulation rates?  If there were similarities, then they should be reflected in 

the dendrogram, locating those sites under a single cluster or connecting them within a shorter linkage 

distance (Hair et al., 2006).  The dendrograms based on Cr and Zn rates from the two lichen species are 

given in Figure 7.4.  Cr and Zn rates represent the minimum and maximum of the accumulation and the 

remaining two heavy metals, Cu and Pb, are located between these two.  Therefore, the dendrograms 

for the maximum and minimum seasonal accumulation rates are shown below.  Coloured ellipses on 

each dendrogram are used to illustrate the clusters of study sites belonging to the same land use types: 

green for the clean site, red for the residential sites, blue for the commercial sites, and black for the 

industrial sites.   

 

The RST-HM of Parmotrema reticulatum over eight sampling rounds for Cr and Zn showed a clear 

underlying similarity in all residential sites (Figure 7.4).  All four residential study sites, and the clean 

site, are clustered within a shorter linkage distance showing that all of these sites had similar short-term 

accumulation rate patterns over the study period.  Ramalina celastri also showed a similar clustering 

pattern for the residential sites, but it is not as prominent as Parmotrema reticulatum.  Figure 7.4 (c) 

shows Cr accumulation rates in Ramalina celastri and this dendrogram illustrates the grouping of sites 

belonging to different land use types.  For example, Mount Eden (residential site) with Newmarket 

(commercial site), and Sylvia Park (commercial site) with Rosebank Road (industrial site).  The reason 

may be that all rates are fluctuating within a small range and so there is no distinct difference amongst 

the different land use types in terms of RST-HM.  In most of the cases, East Tamaki and Penrose sites are 

clustered together as the last group.  In general, based on all four dendrograms, the study sites from the 

same land use types are clustered together showing their relatedness in short-term accumulation rates.  

Therefore, it can be inferred that sites belonging to the same land use types showed a similar pattern in 

short-term accumulation rates over the study period.     
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Figure 7.4.  Dendrograms from the hierarchical cluster analysis (amalgamation rule: complete linkage, 
distance metric: Euclidean distance) based on short-term heavy metal accumulation rates, showing the 
major groups of land use types: (a) Cr short-term accumulation in Parmotrema reticulatum, (b) Zn 
short-term accumulation in Parmotrema reticulatum, (c) Cr short-term accumulation in Ramalina 
celastri, and (d) Zn short-term accumulation in Ramalina celastri.  Green, red, blue, and black ellipses 
on each dendrogram represent clean, residential, commercial, and industrial land use types respectively.   
 

The results of the hierarchical cluster analysis provides evidence for the existence of underlying 

similarities among the study sites categorised under each land use type in terms of short-term seasonal 

accumulation (Figure 7.4).  Therefore, all study sites under each land use type are considered together 

and descriptive statistics for RST-HM are calculated for each type and tabulated in Table 7.2. 
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Table 7.2 

 

The descriptive statistics calculated from short-term accumulation rates (ng g-1 season-1) in 
Parmotrema reticulatum and Ramalina celastri samples for four heavy metals over the two-year study 
period  
 

Parmotrema reticulatum Ramalina celastri 
Cr Cu Pb Zn Cr Cu Pb Zn 

Residential sites (Homai, Royal Oak, Mount Eden, and Howick)   
Average -1 811 2,639 3,198 869 131 1,925 3,125 
Standard deviation 895 705 1,573 808 642 248 289 1,690 
Maximum 656 1,688 4,263 3,990 1,663 433 2,185 4,609 
Minimum -1,307 220 491 2,159 192 -170 1,567 1,007 
Range 1,963 1,468 3,771 1,832 1,470 603 617 3,603 
Commercial sites (Symonds Street, Newmarket, Sylvia Park, and New Lynn)   
Average 1,915 2,585 5,270 9,908 1,843 1,529 4,670 5,491 
Standard deviation 333 2,128 1,839 2,543 693 722 1,985 3,060 
Maximum 2,272 5,676 7,908 13,269 2,559 2,477 7,089 9,971 
Minimum 1,475 919 3,638 7,418 1,188 796 2,316 3,102 
Range 797 4,756 4,270 5,851 1,371 1,681 4,773 6,869 
Industrial sites (Rosebank Road, Wiri, East Tamaki, and Penrose)   
Average 3,854 5,398 4,935 11,411 2,975 3,113 4,351 14,272 
Standard deviation 1,724 1,924 2,287 4,333 1,441 775 1,544 6,022 
Maximum 5,479 7,344 8,230 15,605 5,037 4,067 5,822 19,990 
Minimum 2,205 3,116 3,149 6,775 1,944 2,319 2,183 6,123 
Range 3,274 4,228 5,082 8,830 3,093 1,748 3,639 13,867 

 

The descriptive statistics given in Table 7.2 reconfirmed the inference that the short-term accumulation 

rates of targeted heavy metals was in the ascending order of Cr < Cu < Pb < Zn.  Based on the 

information summarised in Table 7.2, it may deduced that Parmotrema reticulatum accumulates higher 

amounts of target heavy metals during a season compared to Ramalina celastri.  It is evident that the 

sites belonging to the industrial land use type are the most polluted sites in terms of RST-HM compared to 

the other two land use types.  The study sites from the commercial land use types showed higher 

ambient heavy metal air pollutants compared to the residential sites based on RST-HM.  Therefore, it can 

be inferred that Parmotrema reticulatum and Ramalina celastri can be successfully used as 

bioaccumulators to monitor the seasonal air pollution caused by Cr, Cu, Pb, and Zn.         

 

7.3.4 Impact of seasonal weather on short-term accumulation rates 

 

Since lichens may be used to monitor seasonal heavy metal air pollution, it is worthwhile to investigate 

the question of whether there is any relationship between meteorological variables and the seasonal 

accumulation rates of pollutants in lichen thalli.  The idea of this analysis is to examine the impact of 
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common meteorological variables on short-term heavy metal accumulation during a season.  The main 

meteorological variables used in this investigation are: 1) total rainfall in mm (total of the daily rainfall 

during the season); 2) mean air temperature in oC (average of the daily air temperature over the season); 

3) the number of rain days (total number of days with > 0.1 mm precipitation during the season); and 4) 

seasonal mean of relative humidity at 0900 hours (ϕ).  The above four variables change significantly 

from season to season and make each season unique.  Daily observations of the above variables from 

three observation stations: 1) Auckland Aero, 2) Auckland, Mangere EWS, and 3) Khyber Pass Road 

are used for this comparison.  Using information from Google Earth, the aerial distance from Khyber 

Pass Road to Mangere is about 13 km and from Mangere to Auckland Aero about 5 km.  The combined 

statistics for the above meteorological variables were calculated from daily observations from March 

2009 to March 2011.  These observations were downloaded from the New Zealand National Climate 

Database through CliFlo (http://cliflo.niwa.co.nz/) web system (NIWA, 2011).  The meteorological 

information from the above three observation sites was pooled and averaged to calculate seasonal 

values.          

 

Lichens are poikilohydric organisms and are very efficient in absorbing water vapour from the 

surrounding environment (Hawksworth, 2001; Wolterbeek, et al., 2003).  They up take most of the 

materials into the thallus in a soluble form such as wet and dry deposition (Ahmadjian, 1993; Nash 

2008b; Richardson, 1991).  On the other hand, the only possible method of pollutant removal is 

through ‘wash-off’ or leaching, which depends on precipitation (Gailey et al., 1985).  Rainfall also can 

remove particles deposited on the lichen surface.  Therefore, understanding the relationship between 

the precipitation and pollutant accumulation rate in the lichen thallus is important.  Rainfall gives an 

indication of how precipitation acts on pollutant accumulation and release from the thallus.  The 

number of rain days indicates how many days the lichen thallus is exposed to precipitation during a 

season.  Temperature is also an important parameter for lichens in terms of the physiological functions 

of the lichen thallus (Hauck, 2011).  In high temperatures the lichen is physiologically more active and 

may absorb more materials into the thallus.  The relative humidity gives information about the amount 

of water vapour in the air, which lichens can absorb.            

 

Two-dimensional line graphs for short-term heavy metal accumulation rates with superimposed bar 

graphs depicting the meteorological variables are drawn in order to understand the relationship between 

pollutant accumulation and changes of weather during the study period (Figures 7.5 and 7.6).  Bar 

graphs in Figures 7.5 and 7.6 illustrate the rainfall and the number of rain days respectively.  The two-

dimensional lines in each graph depict seasonal accumulation rates over the eight sampling rounds for 

Mount Eden, Sylvia Park, and Penrose study sites.  These three sites showed the highest average short-

term seasonal heavy metal accumulation rates from each land use type over the study period.  Only Pb 
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and Zn accumulation in two lichen species were included in Figures 7.5 and 7.6.  The reason for this is 

that these two heavy metals showed the highest accumulation rates in both lichen species.  Therefore, if 

relationships exist between seasonal pollution accumulation and meteorological variables, then it may 

be observed easily.  Variations within sample measurements are not included in these graphs in order to 

avoid complications.   

 

 

 

Figure 7.5.  Two-dimensional line plots of short-term seasonal heavy metal accumulation rates from 
Mount Eden (residential), Sylvia Park (commercial), and Penrose (industrial) study sites (scale on left 
Y-axis applies to both) for Pb and Zn in Parmotrema reticulatum and Ramalina celastri over the two-
year study period.  The superimposed vertical bar graphs represent the seasonal rainfall (mm) (scale on 
right Y-axis applies to both).  Rainfall data are from the National Climate Database (NIWA, 2010). 
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Figure 7.6.  Two-dimensional line plots of short-term seasonal heavy metal accumulation rates from 
Mount Eden (residential), Sylvia Park (commercial), and Penrose (industrial) study sites (scale on left 
Y-axis applies to both) for Pb and Zn in Parmotrema reticulatum and Ramalina celastri over the two-
year study period.  The superimposed vertical bar graphs represent the number of rain days (scale on 
right Y-axis applies to both).  The number of rain days data are from the National Climate Database 
(NIWA, 2010).   
 
Figure 7.7 portrays the mean seasonal air temperature fluctuation for comparison purposes.  This two-

dimensional line graph clearly shows that the mean highest temperatures were recorded during Rounds 

4 and 8, which is summer, and the lowest temperature from Rounds 2 and 6, which is winter.  In 

general, based on Figures 7.5 and 7.6, there is no visible relationship between the short-term heavy 

accumulation and meteorological variables.  Therefore, it can be inferred that seasonal weather changes 

have no direct impact on heavy metal accumulation in seasonal lichen transplants.   
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Figure 7.7.  Two-dimensional line diagram to show the fluctuation of mean seasonal air temperature in 
the Auckland Region over the two-year study period.  Air temperature data are from the National 
Climate Database (NIWA, 2010).  
 

Pearson’s product moment correlation coefficients (γ) were calculated between the seasonal 

accumulation rates and the meteorological variables in order to reconfirm the inference discussed in the 

previous paragraph based on Figures 7.5, 7.6, and 7.7 (Gravetter & Wallnau, 2009).  For this analysis, 

short-term accumulation rates from Pb and Zn belonging to 12 study sites were compared with the 

three meteorological variables (rainfall, rain days, and mean air temperature).  The resultant correlation 

coefficients are summarized and given as Table 7.3. 

 

Out of 144 correlation coefficients, only 11 coefficients showed significance above the .05 level.  Out 

of these 11 significant correlations, three are negative.  There are only two coefficient values showing a 

strong correlation (> .9) and only four coefficients showing moderately strong correlation (> .8 to > .9) 

between the two variables.  Based on the correlation analysis results, it can be inferred that in most of 

the study sites (92.3%), there is no relationship between the seasonal heavy metal accumulation and the 

meteorological variables.  The reason for the existing significant correlation may be random.  The 

statistical results of Table 7.3 confirmed the observations based on Figures 7.5 and 7.6.  The 

implication is that there was no impact of the above meteorological variables on the seasonal heavy 

metal accumulations in lichen thalli.  Similarly, correlation analysis was conducted for Cr and Cu with 

the same three meteorological variables.  The results indicated no strong relationship between the 

variables.   
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Table 7.3 

 

Pearson’s product moment correlation coefficients (γ) were calculated to show the relationship between 
the seasonal Pb and Zn accumulation rates and the meteorological variables (seasonal rainfall, mean air 
temperature, and the number of rain days). The land use type of each location is given in parentheses 
(R, C, and I and denote residential, commercial, and industrial respectively) 
 

Parmotrema reticulatum Ramalina celastri 
 Pb Zn Pb Zn 

Rf. T. R.D. Rf. T. R.D. Rf. T. R.D. Rf. T. R.D. 
Homai (R) 0.11 -0.33 0.17 0.54 -0.24 0.37 0.18 -0.58 0.53 -0.52 0.31 -0.36
Royal Oak (R) 0.24 -0.87 0.83 0.73 0.11 0.13 -0.27 0.47 -0.62 0.02 0.14 -0.12
Mt. Eden (R) -0.22 -0.48 0.54 0.23 -0.33 0.45 -0.45 0.26 -0.23 -0.49 -0.23 0.14
Howick (R) -0.43 0.55 -0.41 -0.65 0.42 -0.52 -0.62 0.12 -0.31 -0.39 0.04 0.06
Symonds St. (C) 0.14 -0.69 0.75 0.63 -0.68 0.82 0.04 0.52 -0.34 -0.12 0.79 -0.63
Newmarket (C) -0.40 0.06 -0.09 0.31 -0.47 0.54 0.39 -0.53 0.43 0.23 0.62 -0.52
Sylvia Park (C) -0.46 -0.59 0.39 0.04 0.18 -0.06 0.13 -0.57 0.64 -0.63 0.39 -0.64
New Lynn (C) 0.39 -0.39 0.40 -0.25 0.48 -0.26 -0.03 -0.69 0.47 -0.43 0.19 -0.14
Rosebank Rd. (I) 0.44 -0.63 0.82 -0.18 0.88 -0.71 -0.47 -0.19 -0.03 -0.23 0.04 0.08
Wiri (I) 0.51 -0.43 0.33 -0.1 0.09 0.13 -0.03 0.31 -0.43 -0.57 -0.03 -0.02
E. Tamaki (I) 0.43 -0.73 0.90 0.06 -0.59 0.63 0.57 -0.05 0.06 0.88 -0.48 0.52
Penrose (I) 0.09 0.19 -0.23 -0.07 -0.39 0.45 0.68 -0.24 0.21 0.91 -0.36 0.44

Note. The correlations significant at the .05 level (2-tailed) are in boldface. Rf. = rainfall; T. = 
temperature; R.D. = rain days. 
 

Additionally, the correlation coefficients between seasonal accumulation rates and the seasonal mean of 

0900 hours relative humidity were calculated for the present analysis.  The 0900 hours relative 

humidity is used to describe the amount of water vapour in air measured at that time.  Therefore, it is an 

indication of the amount of airborne water vapour, which lichen could absorb.  The resultant correlation 

coefficients showed no significance between short-term heavy metal accumulation rates and relative 

humidity.  The maximum and minimum seasonal mean of 0900 hours relative humidity reported during 

the study period in the Auckland Region was 86.8 % and 75.4 %.  These two extreme values clearly 

indicated that the seasonal humidity change in the study area during the study period was within a 

range of 11.4 %.  Therefore, the fluctuation of humidity during the period concerned was trivial.  Based 

on the observed humidity data, the average seasonal 0900 hours humidity was 79.3%.  This shows a 

relatively higher content of water vapour in the air of the study area.  The reason may be the 

geographical location of the study area, closer to the sea, in between the two harbours (Auckland 

Council, 2010).  The implication is that lichens in the study area were continuously exposed to a higher 

level of atmospheric moisture content during the study period.  This also helps the lichen thallus to 

grow continuously and to avoid desiccation.   

 

Weather data reported by NIWA (2011) showed the seasonal change of 0900 hours relative humidity 

was small and with insignificant fluctuation.  Therefore, the level of humidity in the study area was 
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high and static during the study period.  Lichens absorb water vapour from the surrounding air with 

nutrients including air pollutants (Ahmadjian, 1993; Hawksworth, 2001).  Since the seasonal 

availability of water vapour around the lichen thallus is static, their seasonal pollutant accumulation is 

also static.  That may be the reason for there being no relationship between the short-term heavy metal 

accumulation rates and mean seasonal humidity (Ahmadjian, 1993).  Even though there is no direct 

relationship between relative humidity and short-term pollutant accumulation, relative humidity is an 

important element that helps lichens to maintain their physiological activities, and hence accumulate 

pollutants as a biomonitor.  Since the relative humidity in the study area was high and relatively static 

throughout the year, there were no drought-like conditions, which may have suppressed the physiology 

of the lichens.  Therefore, lichens in the Auckland Region are fully functional throughout the year.  

Thus, lichens accumulate pollutants over the year without showing any seasonal pollutant accumulation 

patterns.  On the other hand, the relative humidity is based on temperature and amount of water vapour.  

The amount of water vapour in the air depends on precipitation; hence rainfall and the number of rain 

days are indicators of precipitation.  Therefore, it can be inferred that all of the above discussed 

meteorological variables: air temperature, rainfall, rain days, and relative humidity, are important in 

terms of lichens as biomonitors.  The study area provides optimum weather conditions for lichens to 

maintain continual physiological function in their thalli throughout the year.  The implication is that 

Parmotrema reticulatum and Ramalina celastri growing in the Auckland Region accumulate pollutants 

indifferently over the year, showing no seasonal patterns.      

 

A similar lichen transplanting study was reported by Bergamaschi et al. (2007).  They transplanted 

Parmelia sulcata and Usnea gr. hirta to urban sites in Italy and compared the heavy metal 

accumulation with rainfall after a five-month exposure period.  The regression analysis between the 

heavy metal accumulation and rainfall revealed Zn accumulation with increasing rainfall.  However, Fe 

and Sc showed pollution release from the thallus with increasing rainfall.  The results of the present 

research did not compare the amount of rainfall with pollution accumulation, it compared the seasonal 

fluctuations of pollution levels with seasonal rainfall.  Therefore, results of both studies are not entirely 

comparable.   

  

7.4 Long-term heavy metal accumulation 

 

The objective of studying long-term accumulation in lichen transplants is to identify how heavy metals 

are integrated in the thallus over two years.  Live lichen thalli from the Hunua Ranges were collected 

and transplanted in all 12 study sites at the start of the full-scale field campaign as discussed in Sections 

4.2.1 and 4.2.2.2.  Samples from these transplants were then collected based on Figure 4.1, following 

the procedures explained in Section 4.2.3.  The heavy metal content of the collected long-term 
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transplants was quantified as discussed in Sections 4.2.4, 4.2.4.1, and 4.2.5.  The results of the heavy 

metal accumulation in long-term transplants provided insights about the process of continuous heavy 

metal accumulation in the thalli; heavy metal accumulation rates in two lichen species; seasonal impact 

on long-term heavy metal accumulation; relationships between accumulation rates and meteorological 

variables; and accumulation rates in different land use types.             

 

Transplanting lichens from their original environment to a new location is an example of changing the 

equilibrium status of pollutants in the ambient air with the thallus (Aksoy et al., 2010; Garty 200).  

Similarly, equilibrium between the lichen thallii and the ambient heavy metals was disturbed during the 

process of transplanting lichens from the clean site to the polluted sites.  This happened at the start of 

the field campaign of the present study.  After the transplantation process, the lichens tried to re-

establish equilibrium through accumulating heavy metals from the surrounding air of the new 

environment into the thalli (Section 3.6.1).   

 

Lichen thalli take time to achieve a new equilibrium when transplanted from a clean site to a polluted 

site (Pilegarrd, 1979).  Taking samples periodically from the long-term transplants and analysing them 

provides vital information about how pollutants accumulate heavy metals in the thallus over a long 

period.  This information can be used to understand how lichens achieve equilibrium based on the 

PARM (Section 3.6.2 and Figure 3.2).  The results pertaining to the long-term accumulation of four 

heavy metals in different land use types in terms of biomonitoring are analysed and discussed in this 

chapter.  Analysis of air pollutants achieving the equilibrium process in lichen thalli is discussed in 

detail in Chapter 9.          

 

7.4.1 Long-term heavy metal accumulation over two years 

 

The results of long-term heavy metal accumulation are tabulated in Appendix 8.  It is noticeable that 

Round 0 long-term concentrations for a given heavy metal for a given lichen species is the same in all 

12 sites (Appendix 8).  The reason is that the samples from the Hunua Ranges were transplanted to all 

12 sites at the start of the study (Round 0).  Therefore, the heavy metal concentration of the clean site at 

the beginning of the study was considered to be the same as the initial concentration of heavy metals in 

all study sites.  The long-term heavy metal accumulation results were used to draw two-dimensional 

line graphs in order to understand how the two biomonitor species accumulated heavy metals in their 

thalli over a two-year period at different study sites.  Figures 7.8 and 7.9 graphically illustrate the long-

term heavy metal accumulation information for Parmotrema reticulatum and Ramalina celastri 

respectively.  Variations within the sample measurements are not included into these graphs in order to 

make them less complicated.          
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Figure 7.8.  Two-dimensional line plots to show the long-term seasonal heavy metal accumulation in Parmotrema reticulatum from 12 sites over the two-
year study period. Homai, Royal Oak, Mount Eden, and Howick sites are the residential sites.  The commercial sites are Symonds Street, Newmarket, Sylvia 
Park, and New Lynn.  The remaining four sites Rosebank Road, Wiri, East Tamaki, and Penrose are industrial sites. 
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Figure 7.9.  Two-dimensional line plots to show the long-term seasonal heavy metal accumulation in Ramalina celastri from 12 sites over the two-year study 
period.  Homai, Royal Oak, Mount Eden, and Howick sites are the residential sites.  The commercial sites are Symonds Street, Newmarket, Sylvia Park, and 
New Lynn.  The remaining four sites Rosebank Road, Wiri, East Tamaki, and Penrose are industrial sites. 
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In general, the long-term heavy metal accumulation in both lichen species shows an increasing trend up 

to Round 4 or 5, but after that the trend becomes static, and the same static trend continues until the end 

of the study period (Figures 7.8 and 7.9).  The accumulation of all four heavy metals in both species 

shows a similar accumulation trend according to PARM discussed in Section 3.6.2 and Figure 3.2.  The 

two-dimensional line graphs illustrate that all heavy metals achieve equilibrium around the 4th or 5th 

round.  The long-term heavy metal concentration after achieving equilibrium for a given species should 

be closer to the heavy metal concentration of in-situ samples of the transplanted site from the same 

species (Section 3.6.2 and Figure 3.2).   

 

As expected, the industrial land use sites reported the highest amount of heavy metal accumulation, 

after achieving the equilibrium state, in both lichen species.  Sites categorised under commercial sites 

showed the next highest level of pollution accumulation, and residential sites the lowest level of 

accumulation.  There are however some deviations.  For example, in some seasons, some of the 

commercial sites’ concentrations have gone above the industrial sites, or gone below the residential 

sites.  The reason may be that the ambient air pollution gaps in between two land use types are not 

drastically different.  The in-situ level of the clean site, which shows the lowest level of pollution, is 

incorporated into the graph as a benchmark for comparison purposes.  The in-situ lichen samples from 

the clean site were already in equilibrium with the ambient air of the clean site (Section 3.6.1 and 

Figure 3.1).  Therefore, the heavy metal content of the clean site shows no increasing trend similar to 

the other transplants.  The pollutant accumulation in each site in each round has to be compared with 

the clean site (green dotted line in two-dimensional line graphs) in order to get an idea of the actual 

long-term accumulation during the season. 

 

In all the study sites, Zn showed the highest accumulation after the two-year study period followed by 

Pb.  Cr and Cu showed more or less similar long-term accumulations.  The two-dimensional line graphs 

(Figure 7.8 and 7.9) show similar long-term heavy metal accumulation ranges in both biomonitoring 

species, in all 12 sites.  Therefore, based on Figures 7.8 and 7.9, both biomonitors performed 

indifferently in terms of long-term heavy metal accumulation.          

 

The East Tamaki, Penrose and Wiri sites showed the highest long-term accumulation of heavy metals 

after the two-year study period.  These three sites were categorised under the industrial land use type 

(Table 4.3).  As expected, sites belonging to the industrial land use type accounted for the highest level 

of long-term pollution accumulation.  Rosebank Road, the only remaining study site categorised under 

the industrial category, showed lower levels of long-term pollution accumulation (pink dotted line in all 

eight two-dimensional line graphs in Figures 7.8 and 7.9).  In most cases this pink dotted line is in the 

range of commercial sites showing a relatively lower level of pollution compared to industrial sites.  
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Based on this, it can be deduced that the ambient pollution level in the Rosebank Road area is not high 

as the other three industrial sites.  This observation coincides with the inference made under the 

analysis of IAP and passive air sampler results (Sections 5.2.1 and 5.4.1).  The possible reason for the 

above low levels of pollution is discussed in detail in Section 5.2.1.   

 

The New Lynn, Newmarket, Sylvia Park, and Symonds Street sites were categorised under commercial 

land use type (Table 4.3).  These four sites showed moderate levels of pollution based on long-term 

pollution accumulation.  No distinctive features or patterns of heavy metal accumulation are observable 

from Figures 7.8 and 7.9.  As expected, four residential land use types, namely Homai, Howick, Mount 

Eden, and Royal Oak, portrayed the lowest levels of long-term heavy metal accumulation at the end of 

the study period.  It is evident that the Homai site (blue solid line in each graph) showed lower levels of 

ambient pollution as it lies just above the green dotted line (the Hunua Ranges). 

 

This research was conducted over a two-year period covering eight seasons (Figure 4.1).  There were 

two rounds in the research corresponding to a single season.  For example, Round 1 and 5 for autumn, 

Round 2 and 6 for winter, Round 3 and 7 for spring, and Round 4 and 8 for summer.  When drawing 

the two-dimensional line graphs, time or the round number was used as the independent variable of the 

X axis.  Therefore, Figures 7.8 and 7.9 are useful in understanding if there is a seasonal pattern in long-

term heavy metal accumulation.  Based on the above graphs, there is no significant seasonal long-term 

heavy metal accumulation. Hence, it can be inferred that there is no seasonal impact on long-term 

heavy metal accumulation in the two biomonitor species.     

      

7.4.2 Long-term heavy metal accumulation rates 

 

The long-term heavy metal accumulation shows the features of a logarithmic function (Figures 7.8 and 

7.9).  Therefore, the long-term heavy metal accumulation can be expressed as follows: 

 XRCY HMLT 10logˆ
  

Where Ŷ is the predicted long-term heavy metal accumulation (in ng g-1), C is the constant, RLT-HM is 

the long-term heavy metal accumulation rate (ng g-1 season-1), and X is the sampling round number.  

The ‘Fit trend line’ facility under Statistica software was used to calculate RLT-HM.  The calculated RLT-

HM values are compiled in table 7.4.   

 

 

 

 

 

(7.2) 
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Table 7.4 

 

The long-term heavy metal accumulation rates (RLT-HM) in ng g-1 season-1, from 12 study sites for 
Parmotrema reticulatum and Ramalina celastri.  The land use type of each location is given in 
parentheses (R, C, and I and denote residential, commercial, and industrial respectively) 
 

Parmotrema reticulatum Ramalina celastri 
Location Cr Cu Pb Zn Cr Cu Pb Zn 
Homai (R) 3,351.9 4,699.9 12,485.3 21,667.1 2,847.5 3,933.2 9,292.9 14,169.8 

Royal Oak (R) 5,824.1 7,056.3 12,921.9 19,866.9 4,455.2 4,772.1 11,001.8 20,432.5 

Mt. Eden (R) 4,979.6 8,239.7 11,882.5 18,894.0 5,022.7 5,304.9 10,095.8 21,690.5 

Howick (R) 4,539.3 4,090.4 10,412.0 22,519.7 4,110.3 2,550.8 8,361.4 22,602.2 

Symonds St. (C) 15,027.0 14,692.7 28,515.5 52,843.2 12,217.3 20,176.2 23,859.5 50,639.5 

Newmarket (C) 14,051.7 12,165.0 28,277.9 46,606.9 12,265.8 10,409.1 11,769.7 67,179.5 

Sylvia Park (C) 19,347.7 15,745.8 31,856.4 61,360.0 15,659.1 18,041.2 18,630.8 51,659.8 

New Lynn(C) 9,044.2 10,821.2 25,951.4 29,414.9 12,400.1 9,007.2 13,528.0 55,436.8 

Rosebank Rd. (I) 15,436.8 11,282.7 25,767.0 52,973.0 10,529.0 16,734.0 23,345.7 44,329.9 

Wiri (I) 35,860.0 25,548.2 37,550.1 79,097.2 15,428.4 21,962.5 31,670.7 84,692.7 

E. Tamaki (I) 29,249.6 27,919.5 41,740.1 89,416.7 19,678.7 29,165.1 38,206.4 84,633.2 

Penrose (I) 28,563.8 32,148.0 41,996.6 90,850.1 24,350.4 25,201.1 31,679.1 86,180.1 
 

The calculated long-term heavy metal accumulation rates (RLT-HM) (Table 7.4) from the two biomonitor 

species are represented in Figure 7.10.  The resultant RLT-HM clearly indicates significant differences 

between the three land use types, as well as between the heavy metals.  In general, Zn showed highest 

accumulation rates, followed by Pb, in both lichen species.  The Cr and Cu accumulation rates showed 

no significant differences.  The study sites belonging to the residential land use type showed the lowest 

accumulation rates, while the sites categorised as industrial reported the highest accumulation rates.  

The unusually low accumulation reported in the Rosebank Road site is clearly visible through the 

accumulation calculated in Table 7.4.   
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Figure 7.10. Bar graphs to portray the long-term heavy metal accumulation rates (RLT-HM) in 
Parmotrema reticulatum and Ramalina celastri from 12 sites during the two-year study period.   
 

The accumulation rates (Table 7.4) and bar graphs based on those accumulation rates (Figure 7.10) 

show similar performances from both biomonitors, in terms of long-term pollution bioaccumulation.  

Therefore, two sample t-tests were performed in order to identify which lichen species is effective in 

terms of long-term pollution accumulation rates.  The accumulation rates of four heavy metals were 

compared among the two biomonitors assuming unequal population variances.  The results of the 

statistical test showed the long-term accumulation rates of all four heavy metals are higher in 

Parmotrema reticulatum than in Ramalina celastri (degrees of freedom is 18 and p < .05).  Therefore, 

it can be inferred that Parmotrema reticulatum performed better than Ramalina celastri as a biomonitor 

in terms of long-term heavy metal accumulation.  The descriptive and inferential statistics of the above 

statistical test are given in Table 7.5.   
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Table 7.5 

 

Descriptive and inferential statistics of the two sample t-tests performed in order to examine the 
performances of two lichen species in terms of long-term heavy metal accumulation 
 

 Cr Cu Pb Zn 

Biomonitor Pr Rc Pr Rc Pr Rc Pr Rc 
M 15,439 11,580 14,534 13,938 25,779 19,287 48,792 50,303 
SD 124.2 107.6 9,261.4 9,104.2 11,592 10,290 27,079 26,596 
p(T<=t) two-tail 0.31 0.87 0.16 0.90 
d 1,075.3 20.62 205.9 -30.6 

Note. Pr = Parmotrema reticulatum; Rc = Ramalina celastri; M = mean; SD = standard deviation; p = 
P value; d = standardised measure of mean difference. 
 

7.4.3 Long-term accumulation rates in different land use types 

 

The long-term accumulation rates calculated from different land use sites were investigated using 

hierarchical cluster analysis.  The objective of this analysis is to understand the underlying similarities 

between different study sites in terms of long-term heavy metal accumulation rates from the two 

biomonitor species (Hair et al., 2006; Vega et al., 1998).  The dendrograms generated from the above 

analysis are given in Figure 7.11.  The top two dendrograms (a) and (b), clearly show the clusters of all 

four residential sites as a single group (Figure 7.11).  This single group illustrates the similar 

accumulation rate patterns from residential sites belonging to the two biomonitoring species.  Similar 

clustering is observable for the three industrial sites (East Tamaki, Penrose, and Wiri) in both lichen 

species.  The accumulation rates reported from Rosebank Road is grouped with the commercial sites 

due to its low pollution rates.  The above observations based on long-term heavy metal accumulation 

are similar to the results obtained from the short-term heavy metal accumulations (Section 7.3.3 and 

Figure 7.4).  Therefore, it can be inferred that the short-term and long-term heavy metals accumulations 

show a similar pattern in both lichen species.       

 

Dendrogram (c) is based on the accumulation rates of both lichen species collectively and it shows a 

similar clustering system as in (a) and (b).  This illustrates that the long-term heavy metal accumulation 

patterns are the same, even accumulations by two species.  Dendrogram (d) shows that both lichen 

species have similar underlying long-term accumulation rate patterns for Cu and Zn.  Cr and Pb 

accumulation rates in two lichen species do not show close similarities in terms of the lichen species.  
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Figure 7.11.  Dendrograms from the hierarchical cluster analysis (amalgamation rule: single linkage, 
distance metric: Euclidean distance) based on long-term heavy metal accumulation rates.  Dendrograms 
from (a) to (c) showing the major groups of land use types and (d) showing the similarities among 
accumulations from two species: (a) all four heavy metals from all 12 land use types for Parmotrema 
reticulatum, (b) all four heavy metals from all 12 land use types for Ramalina celastri, (c) all four 
heavy metals from all 12 land use types for both Parmotrema reticulatum and Ramalina celastri 
collectively, and (d) Four heavy metal accumulation rates from both Parmotrema reticulatum (Pr) and 
Ramalina celastri (Rc) collectively.  Red, blue, and black ellipses on each dendrogram represent 
residential, commercial, and industrial land use types respectively.   
 

7.4.4 Net seasonal heavy metal accumulation rates in long-term transplants   

 

The long-term accumulation data given in Appendix 8 was used to calculate the net seasonal heavy 

metal accumulation rates in long-term transplants (
nRHMLTN  ).  The 

nRHMLTN  can be defined as the 

concentration of heavy metals accumulated in the long-term transplant during a season, and is 

calculated as follows:  

nnnn RCHMRHMRHMRHMLT TTTN  
1

 

where, 
nRHMT   is the total heavy metal accumulation of the long-term transplants in the nth round, 

1 nRHMT  is the total heavy metal accumulation of the long-term transplants in the n-1th (the preceding) 

(7.3) 
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round, and  
nRCHMT  is the total heavy metal accumulation of the long-term transplants in the nth round 

in the clean site.  The clean site’s heavy metal concentration was deducted from the transplanted lichen 

heavy metal concentration in order to calculate the net heavy metal accumulation during the season.  

This represents the net heavy metal concentration of the long-term transplant at the new location.     

 

The objective of calculating
nRHMLTN  is to analyse the accumulation patterns of heavy metals in long-

term transplants during a season.  Therefore the unit of 
nRHMLTN  is ng g-1 season-1.  The calculated 

nRHMLTN  is used to investigate how the heavy metal accumulation rates change in a long-term 

transplant, especially when the lichen transplant is achieving equilibrium.  Based on Figures 7.8 and 

7.9, it can be seen that the long-term transplants achieved equilibrium towards the end of the study 

period.  Therefore, the calculated 
nRHMLTN  is illustrated in the form of two-dimensional line plots 

(Figure 7.12) to illustrate how these rates behaved during the study period.  

 

The net long-term heavy metal accumulation rates show larger values at the start of the study, and 

gradually decrease towards the end of the research.  That means at the start of the research transplants 

tend to accumulate heavy metals in higher rates per season, and as equilibrium approaches, the 

accumulation rates decrease and move closer to zero (Figure 7.12).  According to the PARM, the 

accumulation rate should be zero after achieving the equilibrium state (Section 3.6.2 and Figure 3.2).  

Net accumulation rates are relatively high from Round 1 to Round 4 or 5 with greater fluctuations in 

most locations.  After that the rates show relatively less fluctuation, and especially in Rounds 6, 7, and 

8 the rates are relatively low.  Therefore, it can be inferred that these long-term heavy metals have 

achieved equilibrium after the 4th or 5th season.  Similar observations were reported by Aprile et al. 

(2010) for airborne Cu, Fe, Pb, and Zn using Flavoparmelia caperata and Parmotrema chinense.  

There is no identifiable relationship between the
nRHMLTN  and land use type based on Figure 7.12.       
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Figure 7.12.  Two-dimensional line plots to illustrate the net seasonal heavy metal accumulation rates 
in long-term transplants (

nRHMLTN  ) of Parmotrema reticulatum and Ramalina celastri from 12 sites 

over the study period. Homai, Royal Oak, Mount Eden, and Howick sites are the residential sites.  The 
commercial sites are Symonds Street, Newmarket, Sylvia Park, and New Lynn.  The remaining four 
sites Rosebank Road, Wiri, East Tamaki, and Penrose are industrial sites. 
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7.4.5 Impact of seasonal weather on long-term accumulation rates 
 

It is evident that long-term accumulation of heavy metals in lichen transplants follows the properties of 

a logarithmic function (Figures 7.8 and 7.9).  However, the seasonal meteorological variables followed 

a linear seasonal fluctuation pattern.  Therefore, the possibility of showing a relationship between these 

two variables is very limited.  On the other hand, it is important to investigate the question of whether 

there is a relationship between long-term heavy metal accumulation and meteorological variables under 

natural conditions.  Therefore, a correlation analysis was conducted between seasonal long-term heavy 

metal accumulation and the four meteorological variables: total seasonal rainfall, mean seasonal air 

temperature, the number of rain days during the season, and relative humidity at 0900 hours (Section 

7.3.4).  The correlation coefficients (γ) were calculated for each study site for the entire duration of the 

study.  The resultant coefficients are tabulated and are attached as Appendix 9.  The correlation 

coefficients for Parmotrema reticulatum and Ramalina celastri are distributed between the ranges +.42 

to -.55 and +.41 to -.41 respectively.  None of above coefficients show a strong correlation and are 

insignificant at the .05 level (2-tailed).  Therefore, based on the results of the correlation analysis, it can 

be inferred that there is no relationship between the long-term heavy metal accumulation in the two 

biomonitoring lichen species with the meteorological variables such as rainfall, mean air temperature, 

the number of rain days, and relative humidity at 0900 hours.  

 

There are not many long-term transplant accumulation studies to be seen in the reviewed literature.  

Bergamaschi et al. (2007) reported increasing accumulation trends in Hypogymnia physodes, Parmelia 

sulcata, Pseudevernia furfuracea, and Usnea hirta transplants over a five-month study period for 30 

elements.  Based on their results, the seasonal long-term accumulation rates for Cr, Cu, Pb, and Zn 

were calculated, and compared with the long-term accumulation rates of the present research.  The 

accumulation rates in both studies are within a similar range.      

 

7.5 The process of achieving equilibrium in a lichen transplant 

 

The process of achieving equilibrium by a long-term lichen transplant can be explained using the lichen 

– air equilibrium model (Figure 3.1).  As discussed in Section 3.6.1, the surface layer of the lichen 

transplants, which is exposed to the ambient air, tends to achieve equilibrium with the new environment 

with elevated pollutant levels.  Therefore, pollutants in the ambient air accumulate in the lichen surface 

layer.  At the same time, pollutants of the surface layer aim to achieve equilibrium with the interior 

tissues of the lichen.  Since the lichen thallus was from a clean site, it has the capacity to accumulate 

pollutants in its interior tissues.  Therefore, the pollutants in the surface layer move from the surface 
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area to the interior tissues of the lichen.  This movement of pollutants from the ambient air, through the 

surface layer, into the interior tissues of the lichen continues until the thallus achieves equilibrium.   

 

The long-term lichen transplants continuously accumulate pollutants from the surrounding air until they 

achieve the equilibrium state, because they were exposed to the new environment for a longer period of 

time.  Therefore, long-term lichen transplants are helpful as temporal air pollution biomonitors, until 

they reach equilibrium.  In other words, long-term lichen transplants provide information about time-

based air pollution accumulation.  This is useful in comparing pollution accumulated during the period 

concerned till they achieve equilibrium.  The rate of pollution accumulation depends on the ambient 

pollution level of the transplanted site.  Based on Table 7.4, it is clear that polluted sites have higher 

accumulation rates compared to a less polluted site.  The time taken to achieve equilibrium is also 

dependent on the ambient pollutant level of the transplant site.   

 

In the equilibrium state, the rate of pollutants deposited from the air to the surface layer is the same as 

the release of pollutants from the surface layer to the surrounding air (Figure 3.1).  At the same time, 

the rate of pollutant accumulation from the surface layer to the interior tissues, and the release of 

pollutants from the interior tissues to the surface layer, is also the same in the equilibrium state (Section 

3.6.1).  In other words, when a lichen thallus is in equilibrium with the air pollutants, the pollutant 

concentration in the thallus shows a direct relationship to the ambient air pollution concentration.  

Based on the PARM (Figure 3.2), after achieving the equilibrium state, the concentration of heavy 

metals in the long-term lichen transplant should be the same as the heavy metal concentration of in-situ 

lichen samples that were collected from the same site (Section 3.6.2).  Therefore, the pollutant content 

of a lichen thallus, which is in the equilibrium state, can be used to assess the ambient air pollution 

level.   

 

After achieving equilibrium, the behaviour of long-term transplants in terms of pollutant accumulation 

is the same as in-situ lichen samples.  The reason is that in-situ samples were exposed to the same level 

of ambient air at the same location over a longer period of time, and they were already in equilibrium 

with the ambient air.  Therefore, the information gathered about the ambient pollution levels, using 

either long-term lichen transplants after achieving equilibrium, is the same as for in-situ lichen samples.  

This information can be used to compare sites with different air pollution levels.  Therefore, both types 

of lichen samples, namely long-term transplants after equilibrium, or in-situ lichen samples, can be 

used as air pollution biomonitors and the information gathered is useful in spatial air pollution 

monitoring and comparisons.  The long-term lichen transplants analysed from industrial sites showed 

higher levels of pollution, while transplants from residential sites showed lower levels of pollution after 

achieving equilibrium (Figures 7.8 and 7.9).  The results from the commercial sites showed 
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intermediate level of pollution.  Thus, long-term lichen transplants showed their capability in spatial air 

pollution monitoring.      

 

7.6 Heavy metal accumulation in in-situ samples  

 

According to the pollutant PARM (Figure 3.2) discussed in Section 3.6.2, the behaviour of pollution 

accumulation in long-term transplants after achieving equilibrium should be similar to the pollution 

accumulation behaviour of in-situ lichen samples collected from the same study site.  The heavy metal 

accumulations in in-situ samples were measured for all study sites during the study period.  The in-situ 

lichen samples from each study site were collected according to Figure 4.1.  The procedures followed 

during sample collection were discussed in Sections 4.2.1, 4.2.2.3, and 4.2.3.  The collected samples 

were analysed for Cr, Cu, Pb, and Zn.  The laboratory procedures followed in the processes of sample 

preparation and heavy metal analysis is discussed in Sections 4.2.4, 4.2.4.1, and 4.2.5.  The quantified 

in-situ heavy metals from 12 study sites are tabulated and attached as Appendix 10.      

 

7.6.1 Temporal heavy metal accumulation based on in-situ samples  

 

The heavy metal accumulation in in-situ lichens was analysed in order to understand the temporal and 

spatial patterns of air pollution in the study area.  Two-dimensional line graphs were drawn to 

understand how different heavy metals were temporally accumulated in different land use types (Figure 

7.13).  Measurement variations within the samples are not included in these graphs to show the two-

dimensional lines clearly.  The two-dimensional lines in each of the graphs for each targeted heavy 

metal show no increasing or decreasing trends, hence the heavy metal accumulation in in-situ samples 

are static over the study period.  When comparing the accumulation levels in two lichen species, it can 

be seen that Parmotrema reticulatum accumulated higher levels of air pollutants compared to Ramalina 

celastri.  Therefore, it can be inferred that Parmotrema reticulatum performed better than Ramalina 

celastri in terms of heavy metal accumulation in in-situ samples.  Both biomonitors accumulated Zn in 

larger concentrations followed by Pb.  Of the two remaining heavy metals, Cr showed higher 

accumulation followed by Cu.  As expected, industrial sites and residential sites reported the highest 

and the lowest levels of pollutant accumulations respectively.  Commercial sites showed an 

intermediate level of pollution accumulation.  Based on effective heavy metal uptake, it can be inferred 

that in-situ samples of Parmotrema reticulatum and Ramalina celastri can be used to monitor the 

ambient level of air pollution due to heavy metals.   
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Figure 7.13.  Two-dimensional line plots illustrating how heavy metal accumulation in in-situ lichen 
samples varies over the two-year study period.  Homai, Royal Oak, Mount Eden, and Howick are the 
residential sites.  The commercial sites are Symonds Street, Newmarket, Sylvia Park, and New Lynn.  
The remaining four sites Rosebank Road, Wiri, East Tamaki, and Penrose are industrial sites. 
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A study similar to the current research, but only using passive biomonitoring method was reported by 

Conti et al. (2009) in Argentina based on Usnea barbata in-situ samples.  Researchers compared the 

two lichen samples collected in September 2005 and September 2006 and revealed no significant 

accumulation patterns.  Based on their results it can be implied that there was no significant change in 

the ambient air pollution in the study area.    

 

7.6.2 Spatial heavy metal accumulation distribution based on in-situ samples  

 

Box plots were drawn to understand the spatial distribution of heavy metal air pollution based on in-

situ lichen samples (Figure 7.14).  The inferences from this analysis are similar to the inferences 

discussed in Section 7.6.1.  The study sites belonging to different land use types were illustrated using 

coloured ellipses: red for residential sites, blue for commercial sites, and black for industrial sites.  In 

most of the cases, study sites belonging to the same land use type are clustered together except for the 

Rosebank Road site (Figure 7.14).  Due to the reported low heavy metal accumulation in in-situ lichen 

samples, Rosebank Road’s heavy metal concentrations are aligned with the reported concentrations 

from in-situ lichen samples from commercial sites.  The possible reasons for the reported low air 

pollution levels in Rosebank Road are discussed in detail in Section 5.2.1.  The Cu and Pb 

concentration in Ramalina celastri in-situ samples collected from Newmarket and New Lynn showed 

low values compared to Parmotrema reticulatum.  The reason is unknown.       

 



 7-35

 

Figure 7.14.  Boxplots depicting spatial distribution of the heavy metal accumulation in two lichen 
species (in-situ samples) based on 12 study sites: HO = Homai, RO = Royal Oak, ME = Mount Eden, 
HW = Howick, SS = Symonds Street, NM = Newmarket, SP = Sylvia Park, NL = New Lynn, RB = 
Rosebank Road, WR = Wiri, ET = East Tamaki, and PR = Penrose.  Red, blue, and black ellipses on 
each dendrogram represent residential, commercial, and industrial land use types respectively.   



 7-36

 7.7 Relationship between long-term transplants after equilibrium with in-situ samples  
 

The following section investigates the relationship between in-situ pollution accumulations and long-

term pollution accumulations in the lichen thallus after achieving the equilibrium state.  Based on 

Figures 7.8, 7.9, and 7.12, the long-term transplants achieved equilibrium around Round 4 or 5.  This 

was discussed in detail in Sections 7.4.1 and 7.4.4.  Therefore, for the following analysis, the results 

belonging to sampling Rounds 4, 5, 6, 7, and 8 are used, assuming all lichen transplants achieved 

equilibrium after Round 4.  Rounds 0 to 4 were removed from this analysis assuming the lichen thalli 

were in the stage of achieving equilibrium.  The accumulation of long-term transplants from Round 0 to 

4 represents the heavy metal accumulation prior to the equilibrium state.  Accumulation concentrations 

in the last five rounds of long-term transplants were compared with the last five rounds of short-term 

transplant concentrations in order to understand the long-term heavy metal accumulation in terms of 

short-term accumulation.  This comparison is discussed in Section 7.8.        

 

Bar graphs were drawn in order to illustrate the relationship between long-term and in-situ heavy metal 

accumulation.  Figures 7.15 and 7.16 depict the long-term and in-situ heavy metal concentrations after 

achieving equilibrium from all 12 sites for Cr and Zn respectively.  The reason for selecting Cr and Zn 

for Figures 7.15 and 7.16 is that they represent the minimum and maximum accumulations of the 

targeted heavy metals.  The accumulated concentrations of Cu and Pb are distributed between the 

concentrations of Cr and Zn.  The bar graphs show that long-term accumulation of a given heavy metal 

in each round is close to the accumulation of the same heavy metal in in-situ samples for a given 

biomonitor species.  Therefore, it can be deduced that the heavy metal accumulation behaviour of a 

long-term lichen sample is similar to the in-situ lichen samples that are exposed in the same location for 

a longer period of time. 
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Figure 7.15.  Bar graphs illustrating Cr concentration of in-situ lichen samples and long-term 
transplants after achieving equilibrium (Rounds 4 to 8) in 12 study sites in two lichen species.  Error 
bars represent the standard deviation.  The X axis illustrates each study site: HO = Homai, RO = Royal 
Oak, ME = Mount Eden, HW = Howick, SS = Symonds Street, NM = Newmarket, SP = Sylvia Park, 
NL = New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, and PR = Penrose.   
 

 

Figure 7.16.  Bar graphs illustrating Zn concentration of in-situ lichen samples and long-term 
transplants after achieving equilibrium (Rounds 4 to 8) in 12 study sites in two lichen species.  Error 
bars represent the standard deviation.  The X axis illustrates each study site: HO = Homai, RO = Royal 
Oak, ME = Mount Eden, HW = Howick, SS = Symonds Street, NM = Newmarket, SP = Sylvia Park, 
NL = New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, and PR = Penrose. Homai, 
Royal Oak, Mount Eden, and Howick sites are the residential sites.  The commercial sites are Symonds 
Street, Newmarket, Sylvia Park, and New Lynn.  The remaining four sites Rosebank Road, Wiri, East 
Tamaki, and Penrose are industrial sites. 
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The heavy metal contents in in-situ lichen samples and long-term transplants from 12 study sites are 

compared in each window (Figures 7.15 and 7.16).  The concentrations measured from each sampling 

round (Round 4 to 8) are depicted using five contiguous bars in each figure.  In most of the locations, 

the long-term heavy metal concentrations exceed the in-situ heavy metal concentrations (Figures 7.15 

and 7.16).  This can be observed in most sampling rounds in both lichen species.  A paired t test was 

used in order to investigate the above observation statistically (Gravetter & Wallnau, 2009).  The tested 

hypothesis is: long-term heavy metal accumulations are greater than in-situ heavy metal accumulations 

after achieving equilibrium (Rounds 4 to 8) for a given lichen species and heavy metal.  The results of 

the paired t test revealed that heavy metal accumulation in long-term transplants are higher than the in-

situ samples, irrespective of the sampling round, lichen species, and land use type.  The descriptive 

statistics in relation to the above statistical analysis are summarised in Table 7.6.  Based on bar graphs 

and paired t test analysis, it can be inferred that long-term lichen transplants accumulated higher 

amounts of heavy metals compared to the in-situ samples of the same species (Table 7.6, Figure 7.15, 

and Figure 7.16).   

       

Table 7.6 

 

Descriptive and inferential statistics of the paired t-tests performed to compare the heavy metal 
accumulation in long-term and in-situ samples from Round 4 to 8 
 

Cr  Zn  
Biomonitor Pr Rc Pr Rc 
Description LT IS LT IS LT IS LT IS 
M 19,958 19,041 16,204 14,835 68,204 66,416 62,879 63,962
SD 8568 8196 5496 5481 19529 19239 20561 19647 
t (.05)  3.46 5.96 3.35 1.16 
p (T<=t) one-tail 0.005 0.001 0.001 0.126 

Note. Pr = Parmotrema reticulatum; Rc = Ramalina celastri; M = Mean; SD = standard deviation; t = 
test statistics; p = P value; LT = long-term transplants; IS = in-situ samples. 
 

The heavy metal accumulations in each round (Round 4 to 8) were averaged and compared, in order to 

gain a general understanding about the relationship between long-term transplants after equilibrium 

with in-situ samples.  Bar graphs were drawn of average heavy metal concentrations of all four heavy 

metals (Figure 7.17).  Window (a) and (b) of Figure 7.17 represent average heavy metal concentrations 

in Parmotrema reticulatum and Ramalina celastri respectively.  The 12 study sites are illustrated in 

each window.  The concentrations of in-situ and long-term lichen samples are depicted using two 

contiguous bars in Figure 7.17.  The first bar of the two contiguous bars represents the average in-situ 

heavy metal concentration and the second bar depicts the average value for long-term transplants.  In 

most of the locations, the average long-term heavy metal concentrations, calculated from the last five 
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sampling rounds, exceed the average in-situ heavy metal concentrations.  Based on Figure 7.17 it can 

be inferred that long-term lichen transplants accumulated higher amounts of heavy metals compared to 

the in-situ samples of the same species.  The reasons for this observation are discussed in detail in 

Chapter 9. 

 

 

Figure 7.17.  Bar graphs showing the average heavy metal concentration of in-situ lichen samples and 
long-term transplants after achieving equilibrium in 12 study sites in two lichen species: (a) 
Parmotrema reticulatum, and (b) Ramalina celastri.  Sampling Rounds 4 to 8 are used to calculate the 
average accumulations and error bars represent standard deviation.  The X axis illustrates each study 
site: HO = Homai, RO = Royal Oak, ME = Mount Eden, HW = Howick, SS = Symonds Street, NM = 
Newmarket, SP = Sylvia Park, NL = New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, 
and PR = Penrose.  Homai, Royal Oak, Mount Eden, and Howick sites are the residential sites.  The 
commercial sites are Symonds Street, Newmarket, Sylvia Park, and New Lynn.  The remaining four 
sites Rosebank Road, Wiri, East Tamaki, and Penrose are industrial sites. 
        
 A paired t test was used in order to test the hypothesis: average long-term heavy accumulations are 

greater than average in-situ heavy metal accumulations after achieving equilibrium (Rounds 4 to 8) in 

two targeted lichen species.  The statistical test results showed that average heavy metal accumulations 

in long-term transplants are greater than the average in-situ samples except Pb in Parmotrema 

reticulatum and Zn in Ramalina celastri.  However, the differences between two averages (long-term 

and in-situ) on two occasions are relatively low compared to other comparisons.  The descriptive 

statistics in relation to the above statistical analysis are summarised in Table 7.7.  Based on bar graphs 

and paired t test analysis, the inference that long-term lichen transplants accumulated higher amounts of 
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heavy metals compared to the in-situ samples of the same species, irrespective of the land use site is 

strengthened (Table 7.7, Figure 7.17).    

 

Table 7.7 

 

Descriptive and inferential statistics of the paired t-tests performed to compare the average heavy metal 
accumulation in long-term and in-situ samples from Round 4 to 8 in two lichen species: (a) 
Parmotrema reticulatum and (b) Ramalina celastri 
 

(a) Parmotrema reticulatum 

Cr Cu Pb Zn 
Description LT IS LT IS LT IS LT IS 
M 19,958 19,041 20,860 19,492 30,808 30,291 68,203 66,416 
SD 8,669 8,414 7,565 7,406 8,899 9,052 19,973 19,840 
t (.05)  2.80 4.80 0.92 2.97 
p (T<t) One-tail 0.008 0.001 0.187 0.006 

 

(b) Ramalina celastri 

Cr Cu Pb Zn 
Description LT IS LT IS LT IS LT IS 
M 16,204 14,835 17,789 16,167 25,726 24,135 62,879 63,961 
SD 5,521 5,573 6,963 7,048 7,748 7,812 20,484 20,279 
t (.05)  5.12 11.13 4.21 0.90 
p (T<t) One-tail 0.001 0.001 0.001 0.192 

Note. M = mean; SD = standard deviation; t = test statistics; p = P value; LT = long-term transplants; IS 
= in-situ samples. 
 

7.8 Contour maps-based on spatial distribution of in-situ heavy metal accumulation 

 

The heavy metal concentrations of in-situ lichen samples were used to draw contour maps to illustrate 

the spatial heavy metal pollution distribution over the study area.  The heavy metal concentrations in 

in-situ samples over the two-year study period from each site were averaged and used as a 

representative value to draw contour maps (Figure 7.18).  The contour maps based on Cr and Zn in two 

biomonitor species are shown in the same figure.  The maps based on Cu and Pb also show similar 

characteristics; hence they are not included in the following figure.  There are two main contour cells 

prominent in all four maps; one is around Mount Eden and Royal Oak, and the other around Penrose, 

East Tamaki and Wiri.  All four contour maps show a similar contour line pattern with different 

pollutant levels.  The contour lines depend on the heavy metal concentration in the in-situ lichen 

samples.  A sharp pollution gradient can be observed between a residential site and an industrial site; 

especially when the two sites are nearby.  The reason is that these two sampling sites correspond to the 
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lowest and maximum pollution levels, and hence the contour lines have to run parallel to show the 

sharp gradient over a short distance. 

 

 

Figure 7.18.  Contour maps showing the spatial heavy metal pollution distribution based on in-situ 
lichens: (a) Cr based on Parmotrema reticulatum, (b) Cr based on Ramalina celastri, (c) Zn based on 
Parmotrema reticulatum, and (d) Zn based on Ramalina celastri.  The value on the contour line 
represents heavy metal concentration (ng g-1 × 103) (source: Google Earth and http:// koordinates. 
com).   
   

The above four contour maps are included in order to illustrate the possibility of using in-situ lichen 

samples as spatial biomonitors in air pollution assessing studies.  However, the distribution of study 

sites within the study area of the current study is not suitable for a study of spatial pollution distribution 

based on contour maps.  The reason is that the study sites within the study area were not evenly 

distributed and did not properly cover the study area in order to illustrate the information on contour 

maps.  An even distribution of sampling sites within the study area is very important in order to 

understand the spatial pollution distribution in a contour map.  Therefore, the best method of 

distributing the sampling sites is according to a grid covering the entire study area.  However, the above 

 : Residential sites 

 : Commercial sites 

: Industrial sites 
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contour maps give an indication of the possibility of using the in-situ lichens in spatial air pollution 

biomonitoring.   

 

There are a few interesting studies reported using pollution contour maps for different heavy metals 

based on in-situ lichen samples and transplants.  The usefulness of these pollution contour maps is 

based on a higher number of sampling sites, scattered evenly throughout the study area.  Brunialti and 

Frati (2007) provided naturality/alteration maps based on the concentration of the nine elements 

detected in lichens for Ancona Province, Italy.  They drew these maps to compare the pollution change 

between years 1996 and 2003.  The maps clearly show the increase of pollution during the seven-year 

period.  Similar maps were provided by Freitas et al. (2000a) and Yildiz et al. (2011) based on 

Parmelia sulcata and Pseudevernia furfuracea respectively. These air pollution contour maps are 

helpful in pollution distribution studies, especially in spatial pollution comparisons.      

 

7.9 Summary 

 

All three groups of lichens: short-term transplants, long-term transplants, and in-situ samples, 

accumulated the targeted four heavy metals at different rates in different study sites.  In general, for the 

Auckland Region, Zn showed the highest accumulation rates in all three lichen groups, followed by Pb, 

Cu, and Cr, in that order.  The industrial land use sites exhibited the highest heavy metal accumulation 

rates, followed by commercial and residential land use sites.  The mean air temperature, rainfall, rain 

days, and relative humidity show no significant relationship to total heavy metal accumulation in 

lichens.  Based on long-term accumulation rates, it can be inferred that both lichen species achieve the 

equilibrium state in approximately the 4th Round.  Long-term lichen transplants are helpful as temporal 

air pollution biomonitors, until they reach equilibrium.  After achieving equilibrium, these transplants 

behave like in-situ samples.  The pollutant content in the in-situ lichen sample has a direct correlation 

to the pollutant content in the air.  Therefore, the air pollution information based on long-term 

transplants after equilibrium and in-situ lichen samples is useful in comparing sites with different air 

pollution levels.  Overall, the results based on accumulation rates belonging to three groups of lichens 

showed that lichen species Parmotrema reticulatum and Ramalina celastri may be successfully used to 

monitor spatial and temporal pollution patterns caused by even very low concentrations of Cr, Cu, Pb, 

and Zn. 



 8-1

CHAPTER 8 

 

RESULTS AND DISCUSSION: POLLUTANTS IN THE SURFACE LAYER AND THE 

INTERIOR TISSUES 

 

8.1 Introduction    

 

This chapter analyses and discusses the results from the full-scale field campaign in order to answer the 

second, third, and fourth research questions based on the second research aim of the present study 

(Section 3.7).  The main objective of this chapter is to investigate the inter-relationships between the 

heavy metal concentrations in the surface layer (on-thallus) and interior tissues (in-thallus) of the lichen 

thallus, based on the lichen-air equilibrium model (Section 3.6.1 and Figure 3.1).  In this analysis, three 

different groups of lichens were used: in-situ samples, short-term transplants, and long-term transplants 

from the two biomonitor lichen species.   

 

Section 8.1 and 8.2 introduce chapter objectives and the different groups of lichens used for on-thallus 

pollutant concentration monitoring in the present study.  The on-thallus pollutant concentrations of in-

situ samples, short-term transplants, and long-term transplants with respect to lichen species, targeted 

heavy metals, different land use types, and seasonal weather impacts are analysed and discussed in 

Sections 8.3 to 8.5.  The temporal heavy metal accumulation patterns are reviewed in detail in Section 

8.6.  The possible morphological reasons for on-thallus accumulation variations in two lichen species 

are investigated in Section 8.7.  The on-thallus heavy metal concentration in terms of in-thallus 

accumulation and total accumulation is examined in Sections 8.8 and 8.9.    

 

To recapitulate, the three research questions examined in this chapter are as follows: 

1. Does the on-thallus pollutant content depend on other variables such as lichen species, land use 

type, or weather conditions?  

2. What is the relationship between the in-thallus accumulation of pollutants and the on-thallus 

loading?   

3. Is on-thallus loading lost (washed off); that is, does the in-thallus accumulation of lichens 

underestimate the ambient pollutant level in the air?  
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8.2 On-thallus pollutant content in lichens 

 

The on-thallus pollutant content is defined for the present research as the concentration of heavy metals 

located in the surface layer of a lichen thallus (Section 4.2.4.2, Section 3.6.1, and Figure 3.1).  The in-

thallus pollutant content is the concentration of heavy metals located in the interior tissues of the lichen 

thallus (Figure 3.1).  The relationship between on-thallus and in-thallus pollutant concentrations is 

discussed in detail in the lichen-air equilibrium model (Section 3.6.1).  Based on the lichen-air 

equilibrium model (figure 3.1), the thickness of the surface layer is unknown.  Therefore, the dimension 

of the surface layer surrounding the entire lichen thallus is unknown.  Thus, the exact volume of on-

thallus pollutants located on the thallus is not known.  As a solution to this problem, it was assumed 

that the heavy metals located on the surface of the lichen thallus could be extracted using a simple 

laboratory washing procedure.  This area is referred to as the surface area or the interface (Section 

3.6.1).  The amount of pollutants that can be extracted after a simple washing procedure is referred to 

as the on-thallus pollutant content.  The parameters of the laboratory washing procedure were set to use 

ultrapure water adjusted to pH 5.5 for 30 seconds.  Details of the washing procedure and the 

justification for setting the parameters for pH 5.5 and 30 seconds are discussed in depth in Section 

4.2.4.2.  The extracted on-thallus pollutants were quantified following the procedures in Section 4.2.5.        

 

The on-thallus pollutant content (SHM) or the pollutant concentration in the surface layer was measured 

for each lichen sample belonging to the three lichen groups: in-situ lichen samples, short-term 

transplants, and long-term transplants (section 4.1.1).  These three lichen groups were collected at 13 

sites at the end of each round over a two-year period from the two lichen biomonitor species (Figure 

4.1).  The in-thallus pollutant concentration (IHM) of each sample was calculated as discussed in Section 

4.1.1, and is based on HMHMHM STI   (equation 4.1).  The THM represents the total heavy metal 

content of a lichen sample.  The measures of on-thallus heavy metal concentration from different lichen 

groups, in-situ lichen samples, short-term transplants, and long-term transplants are tabulated and 

attached as Appendices 11, 12, and 13 respectively.    

 

The on-thallus pollutant concentration in a lichen thallus represents the amount of heavy metal 

concentration located or deposited on the surface layer of the lichen when it is in equilibrium with the 

ambient air pollutants.  Boonpragob et al. (1989) argued that simple laboratory washing may be used to 

remove pollutants attached to the lichen thallus in the following two forms: 1) particulate matter that is 

adsorbed onto the thallus surface or within intercellular spaces; and 2) extracellular binding of cations 

(Sections 3.4.1.1. and 3.4.1.2).  Therefore, it may be assumed that the pollutants that can be extracted 

by the simple washing procedure as on-thallus pollutants belong to the above two forms.  For the 

lichen-air equilibrium model, the lichen thallus was considered to be a homogeneous substrate, and the 
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surface layer as a thin layer that surrounds the entire lichen thallus (Section 3.6.1).  The surface layer 

acts as an interface between the surrounding air and the interior tissues of the lichen, and is important 

as an intermediate or interface between the air and the interior tissues.    

 

Analogous seasonal on-thallus accumulation patterns were observed from the four targeted heavy 

metals in all three lichen groups over the study period.  Zn is the highest accumulated on-thallus heavy 

metal, followed by Pb, Cu, and Cr in descending order in all three lichen groups.  The same seasonal 

on-thallus accumulation patterns were observed in most locations for both lichen species.  Therefore, 

only Cr and Zn were used in the following illustrations, analysis, and discussions.  Cr and Zn represent 

the minimum and maximum on-thallus accumulations respectively.  The accumulation patterns of Cu 

and Pb are similar to Cr and Zn, and the concentrations of Cu and Pb remain in between the 

concentration levels of Cr and Zn.  Therefore, Cu and Pb concentrations are not shown in the following 

graphs and tables.  

 

8.3 On-thallus pollutant concentration of in-situ lichen samples  

 

The on-thallus pollutant concentration of in-situ lichen samples was the amount of heavy metals 

located on the surface of the lichen when the thallus was exposed to the ambient levels of air pollution 

over a longer period of time.  The on-thallus pollutant content of in-situ lichen samples showed the 

relationship between the surrounding air with the interior tissues of the thallus when lichen was in 

equilibrium.  The data based on on-thallus heavy metal concentrations of in-situ lichen samples were 

analysed in order to understand how it varied with different land use types, in two biomonitor species, 

and in different seasons under different weather conditions.        

 

The on-thallus heavy metal concentrations of in-situ lichen samples corresponding to each season were 

used to draw box plots to illustrate the pollutant distribution in different study sites (Figure 8.1).  The 

objective of this analysis was to understand how the on-thallus heavy metal accumulation varied 

according to different ambient air pollution levels in different land use types.  As expected, study sites 

with higher levels of ambient air pollution such as industrial sites showed higher on-thallus pollutant 

content.  Study sites belonging to the same land use type are shown in different coloured circles: red for 

residential, blue for commercial, and black for industrial, in Figure 8.1.  In all situations, industrial sites 

showed the highest on-thallus accumulation followed by commercial and residential sites.  The Hunua 

Ranges showed the lowest on-thallus pollutant concentrations.  Based on Figure 8.1, it can be inferred 

that the on-thallus heavy metal contents of in-situ lichen samples showed a direct relationship with the 

level of ambient air pollution.  Therefore, the on-thallus pollutant concentration of in-situ lichen 

samples may be successfully used to monitor the pollution level of ambient air in the location 
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concerned.  Parmotrema reticulatum reported higher amounts of on-thallus accumulations in most sites 

compared to Ramalina celastri.  The accumulation data showed that Parmotrema reticulatum had 

higher capabilities to accumulate on-thallus heavy metals compared to Ramalina celastri.     

  

 

Figure 8.1.  Box plots showing the on-thallus pollution concentrations of Cr and Zn accumulated in in-
situ samples collected from 13 sites over the study period.  The X axis labels denote different land use 
types: HO = Homai, RO = Royal Oak, ME = Mount Eden, HW = Howick, SS = Symonds Street, NM = 
Newmarket, SP = Sylvia Park, NL = New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, 
PR = Penrose, and HU = Hunua.  Red, blue, and black ellipses on each dendrogram represent 
residential, commercial, and industrial land use types respectively.   
     
 

8.3.1 Seasonal impacts on in-situ on-thallus heavy metal accumulation 

 

The surface layer is the outermost cover of the lichen thallus, exposed to all weather conditions in each 

location.  Therefore, it is worthwhile to examine whether there is any relationship between the 

meteorological variables and on-thallus pollutant concentrations deposited on the surface layer of the 

in-situ lichen thallus in different study sites.  The same set of meteorological variables used in Section 

7.3.4 were employed in this analysis: 1) total rainfall during the season (mm); 2) mean air temperature 

(oC) over the season; 3) the number of rain days during the season; and 4) seasonal mean of 0900 hours 

relative humidity (ϕ).  These are the variables having a direct impact on heavy metal accumulation and 

release from the lichen thallus.  The impacts of these variables on heavy metal accumulation in a lichen 

thallus are discussed in detail in Section 7.3.4.     
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Two-dimensional line graphs were drawn depicting the on-thallus heavy metal concentration of in-situ 

lichen samples in each season (Figures 8.2 and 8.3).  Bar graphs illustrating total rainfall and the 

number of rain days during the season are superimposed on the same two-dimensional line graphs for 

comparison purposes.  Wash-off due to precipitation is the main possible pollutant removal method 

from the lichen thallus.  Therefore, total rainfall during the season is used as an indicator of 

precipitation.  The number of rain days during the season gives an indication of how many days the 

lichen thallus was exposed to rainfall; hence it is also an indicator of wash-off.  The fluctuation of mean 

seasonal temperature and seasonal mean of 0900 hours relative humidity is illustrated separately as a 

two-dimensional line graph (Figure 8.4) for comparison purposes.  No sample variations included into 

these graphs in order to show the accumulation lines clearly. 

 

 

Figure 8.2.  Two-dimensional line plots illustrating on-thallus heavy metal concentrations (scale on left 
Y axis applies to both) of in-situ lichen samples collected from 13 study sites for Cr and Zn in two 
lichen species over the two-year study period.  The superimposed vertical bar graphs represent the 
seasonal rainfall (mm) (scale on right Y axis applies to both).  Homai, Royal Oak, Mount Eden, and 
Howick sites are the residential sites.  The commercial sites are Symonds Street, Newmarket, Sylvia 
Park, and New Lynn.  The remaining four sites Rosebank Road, Wiri, East Tamaki, and Penrose are 
industrial sites.    
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Figure 8.3.  Two-dimensional line plots illustrating on-thallus heavy metal concentrations (scale on left 
Y axis applies to both) of in-situ lichen samples collected from 13 study sites for Cr and Zn in two 
lichen species over the two-year study period.  The superimposed vertical bar graphs represent the 
number of rain days (scale on right Y axis applies to both).  Homai, Royal Oak, Mount Eden, and 
Howick sites are belonging to residential land use type.  The commercial sites are Symonds Street, 
Newmarket, Sylvia Park, and New Lynn.  The remaining four sites Rosebank Road, Wiri, East Tamaki, 
and Penrose are industrial land use types.         
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Figure 8.4.  Two-dimensional line graphs to illustrate the fluctuation of seasonal mean air temperature 
(oC) and seasonal mean of 0900 hours relative humidity (%).         
 

Lower on-thallus heavy metal concentrations are reported from Rounds 2 and 6 in all graphs (Figure 

8.2 and 8.3).  In contrast, Rounds 0, 4, and 8 account for higher on-thallus heavy metal concentrations.  

Rounds 2 and 6 represent winter, the wettest season of the year.  Rounds 0, 4, and 8 represent the driest 

season of the year, summer.  Therefore, it is noticeable that there is a direct negative relationship 

between on-thallus heavy metal accumulation of in-situ lichen samples with rainfall and the number of 

rain days.  The main reason is that the lichen interface is the outermost layer and it is directly exposed 

to wash-off by precipitation.  Thus, the heavy metals located in this layer are susceptible to wash-off by 

rain, as indicated by lower accumulations during winter.  Less precipitation is recorded in summer.  

Therefore, lichen thalli are exposed to less wash-off, and hence there are higher accumulations of heavy 

metals in this season.   

 

The annual fluctuation of relative humidity is similar to rainfall and the number of rain days.  The 

reason is that humidity increases with precipitation.  Thus, seasons with high rainfall and an elevated 

number of rain days were always reported with high relative humidity.  Therefore, on-thallus heavy 

metal accumulations of in-situ lichens showed a direct negative relationship with the seasonal mean of 

0900 hours relative humidity.  Seasonal temperature fluctuation showed an opposite direction to 

humidity (Figure 8.4).  Therefore, the on-thallus accumulation of heavy metals of in-situ samples 

showed a positive relationship with the mean seasonal temperature.  

 

The inferences made based on Figure 8.1 are reconfirmed from the evidence obtained from Figures 8.2, 

8.3 and 8.4.  Sites with industrial land use showed higher accumulations in all four seasons and 

Parmotrema reticulatum showed higher accumulation compared to Ramalina celastri.  An elevated on-



 8-8

thallus Zn accumulation was reported throughout the study period for Parmotrema reticulatum from 

Penrose, an industrial site. 

 

Pearson’s product moment correlation coefficients (γ) were calculated between the on-thallus pollutant 

concentrations of in-situ lichen samples and meteorological variables (Gravetter & Wallnau, 2009).  

The goal of this analysis was to identify the statistical relationship between the pollution accumulations 

in the on-thallus layer with weather conditions.  The resultant correlation coefficients are tabulated and 

attached as Appendix 14 (a).  The resultant correlation coefficients clearly indicated a negative 

relationship between the on-thallus heavy metal accumulation of in-situ lichen samples with rainfall, 

the number of rain days, and humidity.  In contrast, all correlation coefficients between on-thallus 

heavy metal accumulations of in-situ samples showed positive relationships with temperature.   

 

Most of the correlation coefficients calculated for both lichen species were significant at the .05 level.  

The majority of the significant correlations showed strong (γ > .9), or moderately strong (.9 > γ > .8) 

relationships between the meteorological variables and on-thallus pollutant content.  Therefore, the 

results of the correlation analysis revealed that on-thallus heavy metal concentrations of in-situ samples 

decrease with rainfall, the number of rain days, and relative humidity.  Additionally, the results showed 

more heavy metal accumulation in the surface layer of the in-situ lichens with increased temperatures.  

The increased temperatures provided better conditions for the lichen physiology, hence lichens are 

more active in high temperatures and accumulate more pollutants (Hauck, 2011).       

 

8.4 On-thallus pollutant concentration of short-term lichen transplants  

 

The on-thallus pollutant concentration of short-term transplants represents the amount of heavy metals 

that are accumulated on the surface layer of the lichen, exposed in the new location only for a season.  

This pollutant concentration represents the amount of heavy metals on the lichen surface at the start of 

the pollution accumulating process (Section 3.6.1).  Therefore, it gives an indication of how lichens 

tend to adapt to a new environment at the initial stage.  The lichen samples were transplanted to 

different sites with different levels of air pollution at the start of each season and collected at the end of 

the season to quantify the short-term on-thallus accumulation (Figure 4.1).  Therefore, the short-term 

on-thallus heavy metal contents provided an insight into how lichen transplants acclimatised during 

their first season in new sites with different levels of ambient air pollution.  The quantified on-thallus 

short-term heavy metal data reported from different land use types are illustrated using boxplots in 

Figure 8.5.  The reported heavy metal accumulation from the Hunua Ranges over the study period is 

included at the extreme right in each window for comparison purposes. 
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All transplants showed a significant amount of heavy metal accumulation during their first season in 

the new environment.  According to Figure 8.5, a trivial variation of on-thallus pollutant accumulation 

based on land use types can be observed.  The box plots are not suitable to compare the temporal 

distribution of season-transplants.  Therefore, two-dimensional lichen graphs are used to illustrate the 

seasonal distribution pattern of on-thallus short-term heavy metal accumulation.  Bar graphs 

representing rainfall and rain days are also superimposed on the same line graphs in order to compare 

the impacts of meteorological variables on short-term accumulation (Figures 8.6 and 8.7).    

 

 

Figure 8.5.  Box plots portraying the on-thallus pollution concentrations of Cr and Zn accumulated in 
short-term lichen transplants from two biomonitor species sampled from 13 sites over the study period.  
The X axis labels denote different land use types: HO = Homai, RO = Royal Oak, ME = Mount Eden, 
HW = Howick, SS = Symonds Street, NM = Newmarket, SP = Sylvia Park, NL = New Lynn, RB = 
Rosebank Road, WR = Wiri, ET = East Tamaki, PR = Penrose, and HU = Hunua.   Red, blue, and 
black ellipses on each dendrogram represent residential, commercial, and industrial land use types 
respectively.   
         
The sites belonging to the industrial land use type accumulated higher amounts of on-thallus heavy 

metals in short-term lichen transplants compared to commercial and residential sites (Figure 8.5).  For 

example, according to Figures 8.6 and 8.7, East Tamaki and Penrose showed higher accumulations in 

both heavy metals in two lichen species.  Homai and Royal Oak sites exhibited the lowest 

accumulations in most cases, showing the lower accumulation of on-thallus heavy metals in short-term 

transplants.   Most of the remaining two-dimensional lines are overlapping; hence it is very difficult to 
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order the land use types based on the level of pollutant accumulation (Figures 8.6 and 8.7).  Intra-

sample variations are not included to following graphs in order to avoid complications. 

 

 
 

Figure 8.6.  Two-dimensional line plots illustrating on-thallus heavy metal concentrations (scale on left 
Y axis applies to both) of short-term lichen samples collected from 13 study sites for Cr and Zn in two 
lichen species over the two-year study period.  The superimposed vertical bar graphs represent the 
seasonal rainfall (mm) (scale on right Y axis applies to both).  Homai, Royal Oak, Mount Eden, and 
Howick sites belong to the residential land use type.  The commercial sites are Symonds Street, 
Newmarket, Sylvia Park, and New Lynn.  The remaining four sites Rosebank Road, Wiri, East Tamaki, 
and Penrose are industrial land use types.         
 

The short-term on-thallus accumulation reflected the first season of each transplant in its new 

environment, therefore the lichen tends to adapt to the new environment.  Since the new environment is 

relatively polluted compared to its site of origin, the lichen aims to develop defence mechanisms in the 

new environment against the pollutants accumulating from the air.  Examples of defence mechanisms 

are: increased extracellular binding affinity for pollutants, exclusion of toxic metals, reduced 

intracellular uptake of pollutants, and the production of lichen acids that can bind with metals 

(Mikhailova & Sharunova, 2008; Wells, Brown, & Beckett, 1995).  The adaptation procedure is 

complex and the lichen physiology is involved in this process (Garty, 2001; Garty & Ammann, 1987; 
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Mikhailova & Sharunova, 2008; Wells et al., 1995).  On the other hand, the short-term transplants are 

in the early stage of achieving equilibrium.  Therefore, the short-term accumulation patterns in the 

thallus show higher fluctuations among different sites.  There appears to be no simple distinguishable 

relationships between pollution accumulation and land use type.  

 

 
 

Figure 8.7.  Two-dimensional line plots illustrating on-thallus heavy metal concentrations (scale on left 
Y axis applies to both) of short-term lichen samples collected from 13 study sites for Cr and Zn in two 
lichen species over the two-year study period.  The superimposed vertical bar graphs represent the 
number of rain days (scale on right Y axis applies to both).  Homai, Royal Oak, Mount Eden, and 
Howick sites belong to the residential land use type.  The commercial sites are Symonds Street, 
Newmarket, Sylvia Park, and New Lynn.  The remaining four sites Rosebank Road, Wiri, East Tamaki, 
and Penrose are industrial land use types.         
 

The starting points of all two-dimensional lines are the same in each graph.  The reason for this is that 

all transplants were collected from the clean site and transplanted in each site at the start of the study.  

Therefore, the heavy metal concentration of Round 0 in each site represents the heavy metal 

concentration of the clean site.  This value is not an accumulation, but the in-situ on-thallus 

concentration of the Hunua Ranges.  However, the concentrations of the samples from the clean site 

were included in the line graphs for comparison purposes.  The seasonal distribution patterns of short-
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term on-thallus heavy metal accumulation were very similar to in-situ on-thallus accumulation.  The 

lowest and highest accumulations represented winter and summer, showing a direct negative 

relationship to rainfall, the number of rain days, and humidity.  The correlation coefficients were 

calculated in between on-thallus short-term heavy metal accumulation and meteorological variables.  

The resultant coefficients are tabulated and attached as Appendix 14 (b).  The inferences regarding the 

seasonal short-term on-thallus accumulation distribution based on Figures 8.6, 8.7, and Appendix 14 

(b) are similar to the inferences made on in-situ on-thallus accumulation patterns (Section 8.3.1).            

 

Higher seasonal accumulations were shown by Parmotrema reticulatum short-term transplants when 

compared with Ramalina celastri short-term transplants.  The implication is that Parmotrema 

reticulatum accumulated higher amounts of heavy metals on its thallus during the first season of 

exposure in the new environment compared to Ramalina celastri.  Nevertheless, this is similar to the 

observation made based on on-thallus heavy metal content of in-situ lichen samples, hence proving 

Parmotrema reticulatum accumulated higher contents of pollutants on its surface compared to 

Ramalina celastri (Section 8.3).    

 

8.5 On-thallus pollutant concentration of long-term lichen transplants  

 

The on-thallus pollutant concentration of long-term transplants is attributed to the amount of heavy 

metals accumulated on the lichen surface layer continuously over the study period.  The early rounds 

(Rounds 1 to 4) of on-thallus content represent the stages until equilibrium was achieved, and the 

remaining rounds (Rounds 4 to 8) represent the lichen after achieving the equilibrium state (Section 

7.7).  Therefore, the accumulation patterns of short-term on-thallus heavy metals during Rounds 4 to 8 

should be similar to the corresponding Rounds of on-thallus in-situ lichen accumulations.     

 

The long-term on-thallus heavy metal concentrations were measured during the study period as 

explained in Section 4.2.4.2.  Box plots were drawn in order to illustrate the heavy metal concentrations 

according to different land use types of long-term accumulations in the study area (Figure 8.8), and 

two-dimensional line graphs were used to portray how on-thallus pollutant accumulation was 

distributed over the study period (Figures 8.9 and 8.10).  Variations within the sample measurements 

are not included into these figures in order to show the accumulation lines clearly.  Bar graphs 

depicting rainfall and the number of rain days per season were superimposed onto the above two-

dimensional line graphs, in order to compare the meteorological variables with long-term on-thallus 

accumulation.  The correlation coefficients were calculated to understand the statistical relationship 

between on-thallus accumulation and meteorological variables.  The resultant correlation coefficients 

are tabulated and attached as Appendix 14 (c).   
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Figure 8.8.  Box plots showing the on-thallus pollution concentrations of Cr and Zn accumulated in 
long-term lichen transplants from two biomonitor species sampled from 13 sites over the study period.  
The X axis labels denote different land use types: HO = Homai, RO = Royal Oak, ME = Mount Eden, 
HW = Howick, SS = Symonds Street, NM = Newmarket, SP = Sylvia Park, NL = New Lynn, RB = 
Rosebank Road, WR = Wiri, ET = East Tamaki, PR = Penrose, and HU = Hunua.  Red, blue, and black 
ellipses on each dendrogram represent residential, commercial, and industrial land use types 
respectively.   
        

The samples collected from industrial sites showed higher on-thallus heavy metal accumulations 

compared to the samples collected from commercial and residential sites (Figures 8.8, 8.9, and 8.10).  

The heavy metal accumulation behaviour of long-term on-thallus transplants showed a close 

relationship to the accumulation behaviour of in-situ lichen samples.  The reason is that long-term 

transplants achieved equilibrium at about Round 4 or 5 and thereafter long-term transplants behaved 

similarly to in-situ lichen samples (Section 7.7).  Based on Appendix 14 (c), the correlation between 

on-thallus accumulations with seasonal rainfall, the number of rain days, and relative humidity are 

negative.  On the other hand, the correlation between long-term on-thallus heavy metal accumulation 

and seasonal mean temperature is positive.  The explanations for the above observations are the same 

as discussed in Sections 8.3.1 and 8.4.        
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Figure 8.9.  Two-dimensional line plots illustrating on-thallus heavy metal concentrations (scale on left 
Y axis applies to both) of long-term lichen samples collected from 13 study sites for Cr and Zn in two 
lichen species over the two-year study period.  The superimposed vertical bar graphs represent the 
seasonal rainfall (mm) (scale on right Y axis applies to both).  Homai, Royal Oak, Mount Eden, and 
Howick sites belong to the residential land use type.  The commercial sites are Symonds Street, 
Newmarket, Sylvia Park, and New Lynn.  The remaining four sites Rosebank Road, Wiri, East Tamaki, 
and Penrose are industrial land use types.          
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Figure 8.10.  Two-dimensional line plots illustrating on-thallus heavy metal concentrations (scale on 
left Y axis applies to both) of long-term lichen samples collected from 13 study sites for Cr and Zn in 
two lichen species over the two-year study period.  The superimposed vertical bar graphs represent the 
number of rain days (scale on right Y axis applies to both).  Homai, Royal Oak, Mount Eden, and 
Howick sites belong to the residential land use type.  The commercial sites are Symonds Street, 
Newmarket, Sylvia Park, and New Lynn.  The remaining four sites Rosebank Road, Wiri, East Tamaki, 
and Penrose are industrial land use types.         
 

8.6 Temporal on-thallus heavy metal accumulation patterns  

 

It is important to note that all on-thallus accumulations belong to three lichen groups: in-situ, short-

term, and long-term, and show similar temporal patterns (Figures 8.2, 8.3, 8.6, 8.7, 8.9, and 8.10).  The 

on-thallus accumulation is higher in summer and lower in winter.  The correlations of all types of on-

thallus accumulations with rainfall, rain days, and humidity are negative.  The relationship between all 

types of on-thallus accumulations with temperature is positive.  Most of these correlation coefficients 

are significant at the .05 level (2-tailed) and they are either strong or moderately strong relationships 

(Appendix 14).  The explanations for the above correlations in all three types of transplants are the 
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same (Section 8.3.1).  Therefore, it can be inferred that the temporal patterns of on-thallus pollution 

accumulation is similar, irrespective of the group of lichen transplant: in-situ, short-term or long-term.   

 

The on-thallus heavy metal concentrations in three different lichen groups belonging to a single site 

were compared with each other in order to understand their temporal accumulation similarities.  A 

representative site from each land use type was selected for comparison purposes.  Penrose, Symonds 

Street, and Homai were chosen to represent industrial, commercial, and residential land use types 

respectively.  The reason for selecting the above three sites is that they showed relatively higher on-

thallus accumulations when compared to the other member sites from the same land use type.  The on-

thallus heavy metal accumulations during each season were illustrated using two-dimensional line 

graphs.  The accumulations in three lichen groups, namely in-situ, short-term, and long-term, are 

depicted in Figures 8.11, 8.12, and 8.13 respectively.  On-thallus Cr and Zn accumulation reported 

from the clean (Hunua) site is also included in the same graphs for comparison purposes (green line). 

      

 
 

Figure 8.11.  Two-dimensional line plots illustrating seasonal on-thallus Cr and Zn accumulations for 
in-situ lichen samples from industrial (Penrose), commercial (Symonds Street), residential (Homai), 
and clean (Hunua) sites.  The sample collection round is shown as R0 to R8 as explained in Figure 4.1.   

 

These two-dimensional lines are exactly the same as in the respective two-dimensional line graphs in 

Figures 8.2, 8.3, 8.4, 8.6, 8.7, 8.9, and to 8.10 and discussed in Section 8.3.1 to 8.5.  The only 

difference is that the three different types of lichen groups were incorporated into a single graph.  All 

these lines corresponding to three lichen groups: in-situ samples, short-term transplants, and long-term 

transplants show similar temporal accumulation patterns.  Based on Figures 8.11, 8.12, and 8.13, it can 
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be inferred that the temporal on-thallus accumulation patterns in all three lichen groups are similar: 

higher accumulations in summer and lower accumulations in winter.  Higher on-thallus accumulations 

were reported from industrial sites, and lower accumulations from the clean site and the residential site.    

 

 
 

Figure 8.12.  Two-dimensional line plots illustrating seasonal on-thallus Cr and Zn accumulations for 
short-term lichen samples from industrial (Penrose), commercial (Symonds Street), residential 
(Homai), clean (Hunua) sites.  The sample collection round is shown as R0 to R8 as explained in 
Figure 4.1.   
 

 
 

Figure 8.13.  Two-dimensional line plots illustrating seasonal on-thallus Cr and Zn accumulations for 
long-term lichen samples from industrial (Penrose), commercial (Symonds Street), residential (Homai), 
and clean (Hunua) sites.  The sample collection round is shown as R0 to R8 as explained in Figure 4.1.   
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Independent-measurers t test was carried out to understand whether the on-thallus accumulation during 

corresponding seasons is equal (Gravetter & Wallnau, 2009).  Therefore, on-thallus accumulations in 

Round 2 (winter 2010) compared with Round 6 (winter 2011), and Round 4 (summer 2010) compared 

with Round 8 (summer 2011) from different land use sites.  Round 0 is not included in this analysis as 

it represented the start of the study.  The accumulations in winter and spring are selected for the 

statistical analysis as these two seasons show the lowest and the highest accumulations respectively.  

The on-thallus heavy metal accumulations during spring and autumn are reported between winter and 

summer, and hence are not included in this analysis.  The descriptive and inferential statistics resulting 

from the two sample t-tests assuming equal variance is given in Table 8.1.   

 

Table 8.1  

 

Summary of descriptive and inferential statistics resulting from the two sample t-tests performed to 
compare the on-thallus heavy metal accumulation between two corresponding seasons.  The on-thallus 
heavy metal concentrations for this calculation were measured from three lichen groups, namely in-situ, 
short-term, and long-term from Penrose, Symonds Street, and Homai respectively  
 

(a) On-thallus Cr accumulation 

  Parmotrema reticulatum Ramalina celastri 

Round number 2 6 4 8 2 6 4 8 

Season & year 
Winter 
2009 

Winter 
2010 

Summer 
2010 

Summer 
2011 

Winter 
2009 

Winter 
2010 

Summer 
2010 

Summer 
2011 

Mean 589.9 758.2 2,249.8 2,271.9 534.5 574.3 1,939.1 2,067.5 
SD 190.9 306.8 1,341.5 1,140.2 254.7 282.6 1,032.6 1,007.9 
p(T<=t) two-tail 0.15 0.96 0.74 0.78 
d -32.0 -1.9 -7.3 -12.1 
 
(b) On-thallus Zn accumulation 
  Parmotrema reticulatum Ramalina celastri 

Round number 2 6 4 8 2 6 4 8 

Season & year 
Winter 
2009 

Winter 
2010 

Summer 
2010 

Summer 
2011 

Winter 
2009 

Winter 
2010 

Summer 
2010 

Summer 
2011 

Mean 2,031.8 3,438.7 8,536.6 9,015.0 1,230.8 2,319.0 5,712.7 6,282.1 
SD 651.3 2,269.0 4,210.8 4,157.3 447.8 2,514.4 4,438.8 4,327.5 
p(T<=t) two-tail 0.07 0.8 0.19 0.77 
d -110.5 -22.2 -84.8 -25.8 

Note. The round number, season, and year are referred according to Figure 4.1. SD = standard 
deviation; p = P value; d = Standardised measure of mean difference.   
 

The on-thallus heavy metal concentrations of three groups of lichens: in-situ, short-term, and long-term 

from three study sites: Penrose, Symonds Street, and Homai, were used for the t-test.  Based on Table 

8.1, the on-thallus heavy metal accumulation in corresponding seasons shows no significant difference.  

Therefore, it can be deduced that the on-thallus accumulation of heavy metals in lichen thallus is 
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similar in corresponding seasons.  The on-thallus pollutant accumulation did not vary based on the type 

of lichen, such as in-situ, short-term transplant, or long-term transplant.  It is noticeable that the mean 

heavy metal accumulation in studies of two seasons, winter and summer, in 2010 was always lower 

than the corresponding seasons in 2011.  The reason may be that the lichen transplants were 

acclimatising during the first few seasons and in the process of achieving equilibrium.  The physiology 

of the lichen thallus may not be fully adapted to the new environment.  However, the above comparison 

includes in-situ samples, which were already acclimatised to the environment.  Therefore, the above 

argument is not totally valid for all samples used in the above t test.  Results only from two years are 

not sufficient to make conclusions about the above observation.      

 

The highest and the lowest amounts of on-thallus concentrations are reported from summer and winter 

respectively.  Sections 8.3.1 to 8.5 discussed the direct correlation between rainfall, the number of rain 

days, relative humidity, and temperature with on-thallus heavy metal accumulation.  Thus, the 

determining factor of on-thallus pollutant accumulation in the lichen surface layer is precipitation.  On 

the other hand, one of the possible reasons for the removal of on-thallus heavy metals from the surface 

layer is also precipitation.  These two indicators have a direct impact on washing the on-thallus heavy 

metals off the lichen surface, through dissolving them in rainwater, which comes in contact with the 

surface layer.  The pollutants accumulated on the lichen surface are either from particulate materials 

adsorbed onto the thallus surface or within intercellular spaces or extracellular binding of cations, are 

susceptible to wash-off.  These are the two groups of pollutants that dominate the surface layer of the 

lichen, and hence could be washed off from the thallus (Sections 3.4.1 to 3.4.1.2).        

 

The heavy metal content in the lichen thallus may be washed away by precipitation (Mikhailova and 

Shrunova, 2008).  Pilegaard (1979) compared the correlation between some metals in the lichen thallus 

and precipitation and revealed a negative relationship.  This implies that the higher the precipitation, 

the lower the metals in the thallus. On the other hand precipitation removes pollutants from the thallus.  

The rainfall and the number of rain days are indicators of precipitation.  However, relative humidity has 

no direct impact on the process of heavy metal removal from the surface layer through wash-off as it 

does not flow over the lichen surface. Relative humidity is based on precipitation; hence it also shows a 

negative correlation with on-thallus accumulation.  Some amount of on-thallus heavy metals may be 

washed off from the surface layer by the rainwater, depending on the pH of the rainwater.  On the other 

hand, nutrients and pollutants may also transfer onto the thallus through wet deposition.  However, the 

pollutant moving direction can be either from rainwater to thallus or from thallus to rainwater.  The 

pollutant moving direction and quantity of pollutants that move among the two phases are dependent on 

the concentration of the same pollutant dissolved in rainwater.  If the pollutant concentration in 

rainwater is high, then pollution accumulation on the lichen surface layer can be expected.  In contrast, 
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if the pollutant concentration in the rainwater is low, then pollution release from the thallus may be 

expected.  Andrzej et al. (2007) stated that the pollution concentration around the lichen changes 

together with the intensity and duration of precipitation, and is higher at initial precipitation stage, and 

when there is fog or drizzle.  Considering all the above information, it was assumed that the 

concentration of four targeted heavy metals dissolved in rainwater is relatively lower than the on-

thallus pollutant content for the present study.  This assumption was made based on the geographical 

location of the study area (Auckland Council, 2010).    

 

After every rainfall, a significant amount of heavy metal loss was expected from the lichen surface.  

Therefore, sample collection was not carried out on rainy days (Section 4.2.1).  According to the 

lichen-air equilibrium, the surface layer is relatively thin compared to the interior tissues of the lichen.  

Hence, it can be assumed that the amount of pollutant accumulated on the surface layer is less 

compared to the interior tissues.  Therefore, the time taken to achieve equilibrium between the surface 

and the surrounding air is shorter, compared to the time taken to achieve equilibrium between the 

surface and the interior tissues of the lichen.   

 

Andrzej et al. (2007) reported their research result on how Hypogymnia physodes lichen thallus 

exchanges Cu ions between its cationactive layer and a surrounding aqueous solution.  The cationactive 

layer is defined as the part of the lichen structure that reversibly bonds cations in the surroundings.  

They assumed that the ion exchange occurs between the surroundings and the cationactive layer.  The 

function of the cationactive layer as described in the above research is similar to the function of the on-

thallus layer of the present study.  Researchers used an aqueous solution to simulate natural conditions 

in the laboratory.  Andrzej et al. (2007) reported that the ion exchange equilibria between the 

extracellular cationactive layer and the aqueous layer were attained in 30 minutes or even earlier.  

Branquinho, Brown, and Catarino (1997) observed it after 10 to 30 minutes.  The time taken to achieve 

the intracellular equilibria is reported as 60 to 90 minutes (Branquinho et al., 2008) or even four days 

(Ohnuki et al., 2003).  However, all of the above studies are laboratory based and not carried out under 

real environmental conditions.  PM also plays an important role in determining the heavy metal 

concentration in the on-thallus region.  The contribution of heavy metals in PM on the lichen-air 

equilibrium process is discussed in detail in Section 3.6.1.  Considering all the above facts, for the 

present study, it was assumed that five days are sufficient for the surface layer to achieve equilibrium 

with the surrounding environment.  However, there is no information available in the surveyed 

literature regarding the time required to achieve equilibrium after heavy rain under field conditions.  In 

a situation of heavy rain, lichen sample collection was carried out after five days from the last rain day, 

leaving five days to re-establish the equilibrium state.   
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8.7 On-thallus heavy metal accumulation performances based on the lichen species                

 

Parmotrema reticulatum were reported with higher on-thallus accumulation concentrations in all three 

groups of lichen transplants relative to Ramalina celastri (Figures 8.1, 8.5, 8.6, and 8.7).  The reason 

for the difference in pollutant accumulation in these two biomonitors can be explained using their 

surface morphology.  Parmotrema reticulatum shows a rough surface compared to Ramalina celastri 

(Figure 4.3).  The rough surface is effective in attracting particulate matter compared to a smooth 

surface.  The Parmotrema reticulatum thalli are thin and the surface is corrugated, while the thallus of 

Ramalina celastri is thick and its surface is flat.  Therefore, the former lichen species has a higher 

surface area compared to the latter.  Since Parmotrema reticulatum has a higher surface area and rough 

surface, it can therefore accumulate more pollutants from the surrounding air than Ramalina celastri.            

 

8.8 The relationship between the in-thallus and on-thallus pollutants 

 

The on-thallus pollutant concentration (SHM) as a percentage of in-thallus pollutant concentration (IHM), 

hereafter referred to as Sp, is calculated for every group of lichens: in-situ, short-term, and long-term in 

every season (sampling round).  The idea of calculating Sp is to understand the heavy metal loading 

from the ambient air into the lichen surface layer considering the entire lichen thallus as a 

homogeneous substance.  The Sp is a relative value expressing on-thallus pollutant concentration as a 

percentage of in-thallus pollutant concentration; hence its unit is % and this makes comparison easy.  

The calculated Sp values of Cr and Zn for both lichen species are used in the following analysis.  The 

reasons for selecting Cr and Zn are discussed in Section 8.2.  The Sp values for each lichen sample 

belonging to the three groups that were sampled during eight sampling rounds are calculated by 

employing the following equation. 

100
HM

HM
p I

S
S  

 
8.8.1 Spatial distribution of Sp 

 
The descriptive statistics for the resultant Sp values for Cr and Zn are summarised and tabulated in 

Tables 8.2 and 8.3 for Parmotrema reticulatum and Ramalina celastri respectively.  Based on Table 8.2 

(a), the minimum and maximum Sp values for Cr accumulation in Parmotrema reticulatum are 2.4% 

and 30.8%.  These are reported from Wiri in-situ samples and Sylvia Park short-term transplants 

respectively.  Similarly, 1.7% is the minimum and 30.1% is the maximum for Zn Sp in Parmotrema 

reticulatum attributed to in-situ samples for Penrose and long-term transplants from Sylvia Park 

respectively.     

(8.1) 
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The descriptive statistics for Ramalina celastri show similar Sp ranges compared to Parmotrema 

reticulatum (Table 8.3).  The highest and lowest Sp percentages for Cr accumulation reported from 

long-term transplants of Howick and long-term transplants of Sylvia Park account for 2% and 30.2% 

respectively.  Similarly, for Zn, maximum and minimum Sp values are 0.9% from in-situ Penrose 

samples, and 30.9% from Wiri short-term transplants.    

 

Table 8.2 
 

Descriptive statistics of on-thallus heavy metal concentration in Parmotrema reticulatum as a 
percentage (%) of in-thallus heavy metal content for Cr and Zn over the two-year study period based on 
study sites.  The land use type of each location is given in parentheses (R, C, and I and denote 
residential, commercial, and industrial respectively) 
 

(a) Cr in Parmotrema reticulatum 
In-situ Short-term Long-Term 

Avg. SD Max. Min. Avg. SD Max. Min. Avg. SD Max. Min.
Homai (R) 9.8 3.8 16.6 5.3 12.2 5.2 21.8 6.5 10.9 4.2 19.7 6.8
Royal Oak (R) 12.3 6.2 24.7 6.9 11.9 4.2 19.1 6.1 15.4 6.1 26.5 9.0
Mt. Eden (R) 12.2 7.1 26.8 3.7 13.4 7.7 26.5 4.9 13.8 9.7 28.9 5.5
Howick (R) 12.6 5.3 23.0 7.8 13.1 5.4 23.7 7.8 14.2 7.3 25.8 6.5
Symonds St. (C) 9.5 5.4 18.8 3.4 12.3 5.2 21.7 7.0 13.1 7.4 26.4 5.4
Newmarket (C) 11.3 4.9 18.9 6.0 11.2 5.6 24.5 5.9 17.1 7.0 27.2 9.0
Sylvia Park (C) 9.6 6.5 20.5 3.0 13.5 9.3 30.8 5.4 13.6 8.4 27.6 5.4
New Lynn (C) 11.2 3.8 17.9 7.2 9.7 4.4 19.1 4.3 17.8 7.9 27.9 9.0
Rosebank Rd. (I) 11.0 6.2 22.5 5.4 17.4 7.8 28.0 9.0 17.7 18.3 23.0 6.5
Wiri (I) 7.6 4.8 16.1 2.4 13.7 6.8 27.3 6.4 13.1 7.5 25.8 4.2
E. Tamaki (I) 8.7 4.6 17.6 4.5 12.1 5.1 23.0 6.4 13.6 6.1 24.2 6.1
Penrose (I) 7.8 4.2 15.2 2.9 8.8 4.9 20.7 4.6 11.7 5.5 20.8 4.8
Hunua (I) 5.6 2.2 9.0 3.0 NA NA NA NA NA NA NA NA
 
(b)  Zn in Parmotrema reticulatum 
 In-situ Short-term Long-Term 

Avg. SD Max. Min. Avg. SD Max. Min. Avg. SD Max. Min.
Homai (R) 9.5 6.5 20.7 3.2 10.5 7.4 23.3 4.7 11.3 7.0 22.7 4.7
Royal Oak (R) 13.0 5.1 22.7 7.6 16.7 6.0 27.0 6.3 13.4 6.8 22.9 4.9
Mt. Eden (R) 11.6 7.6 26.2 4.7 12.5 8.4 27.4 4.5 13.4 9.1 29.8 4.9
Howick (R) 11.8 6.9 24.4 4.3 12.6 8.8 28.1 3.8 13.3 7.0 25.1 5.7
Symonds St. (C) 10.0 5.0 19.3 4.1 11.5 5.3 19.9 5.6 14.7 8.0 28.3 6.3
Newmarket (C) 9.7 4.8 18.0 4.4 11.1 4.8 19.0 6.3 13.2 7.9 28.1 6.3
Sylvia Park (C) 9.4 5.8 20.8 3.8 12.5 8.3 23.1 4.0 12.9 8.8 30.1 4.8
New Lynn (C) 9.5 5.7 18.8 3.3 11.9 8.6 27.4 4.3 11.3 6.2 21.6 4.3
Rosebank Rd. (I) 9.3 6.0 20.4 3.9 12.5 8.0 26.5 5.3 13.8 9.8 30.7 4.8
Wiri (I) 8.7 5.2 17.6 2.9 12.3 7.3 26.3 5.4 13.9 8.5 28.1 5.6
E. Tamaki (I) 10.3 4.2 16.7 3.7 15.6 9.5 31.9 5.4 15.3 6.7 25.3 6.3
Penrose (I) 7.8 5.2 17.1 1.7 7.5 7.0 22.9 3.0 12.8 8.2 29.2 5.6
Hunua (I) 4.9 1.5 6.6 2.8 NA NA NA NA NA NA NA NA

Note. Avg. = average; SD = standard deviation; Max. = maximum; Min. = minimum; NA = not 
applicable. 
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Table 8.3 

 
Descriptive statistics of on-thallus heavy metal concentration in Ramalina celastri as a percentage (%) 
of in-thallus heavy metal content for Cr and Zn over the two-year study period based on study sites.  
The land use type of each location is given in parentheses (R, C, and I and denote residential, 
commercial, and industrial respectively) 
 

(a)  Cr in Ramalina celastri 
 In-situ Short-term Long-Term 

Avg. SD Max. Min. Avg. SD Max. Min. Avg. SD Max. Min.
Homai (R) 13.3 6.8 22.9 4.4 11.9 5.5 21.6 5.0 11.7 6.7 23.7 4.2
Royal Oak (R) 12.9 6.9 27.0 4.8 13.3 7.6 27.2 5.2 13.3 7.2 25.1 5.4
Mt. Eden (R) 14.8 10.7 27.4 4.9 12.8 8.0 28.0 4.9 13.6 7.6 26.7 5.4
Howick (R) 9.8 5.0 17.4 3.9 12.4 8.7 27.1 4.3 5.7 4.0 13.3 2.0
Symonds St. (C) 9.9 6.0 20.1 2.0 12.9 7.8 26.7 4.8 12.6 8.3 26.2 3.6
Newmarket (C) 12.2 8.0 28.0 4.8 13.5 7.6 27.4 6.1 13.5 8.3 29.4 5.3
Sylvia Park (C) 10.5 5.9 20.5 4.8 14.3 6.5 27.3 7.3 13.0 8.8 30.2 5.1
New Lynn (C) 10.4 6.3 22.7 3.5 13.2 8.3 27.3 4.7 13.4 8.0 27.4 5.3
Rosebank Rd. (I) 9.6 5.6 20.5 4.4 14.0 7.9 29.3 6.1 12.8 8.8 28.5 4.5
Wiri (I) 11.8 4.5 19.7 8.2 13.2 7.2 25.6 5.2 16.1 7.3 26.4 7.3
E. Tamaki (I) 9.7 5.2 18.9 4.1 13.2 6.4 24.3 5.5 14.8 7.8 28.2 5.8
Penrose (I) 7.1 4.6 15.4 2.8 9.9 6.8 22.6 3.1 11.3 7.0 23.7 4.9
Hunua (I) 6.0 1.9 8.5 2.9 NA NA NA NA NA NA NA NA
 
(a)  Zn in Ramalina celastri 
 In-situ Short-term Long-Term 

Avg. SD Max. Min. Avg. SD Max. Min. Avg. SD Max. Min.
Homai (R) 12.7 1.1 22.4 6.3 13.1 5.4 24.9 7.9 12.9 6.5 24.4 5.7
Royal Oak (R) 13.7 1.8 25.5 7.0 13.5 7.7 26.2 6.1 12.3 6.4 23.2 5.8
Mt. Eden (R) 13.8 2.5 26.6 6.2 11.8 6.6 27.5 5.2 13.3 8.3 27.4 4.7
Howick (R) 13.1 1.8 25.0 6.3 12.9 8.1 26.9 5.2 13.0 7.9 26.6 5.9
Symonds St. (C) 13.1 1.8 23.7 6.1 13.4 7.8 26.8 5.3 13.9 7.2 25.1 5.1
Newmarket (C) 12.9 2.0 25.7 6.4 11.9 7.9 26.0 4.4 12.4 7.2 25.6 4.8
Sylvia Park (C) 13.4 2.4 25.4 6.1 13.4 8.5 21.7 6.3 13.1 7.5 26.3 7.3
New Lynn (C) 13.0 1.9 25.7 6.6 11.5 6.5 27.0 6.2 12.7 7.8 27.6 5.1
Rosebank Rd. (I) 13.7 2.3 26.3 6.8 14.4 10.6 22.7 5.0 10.4 6.4 24.2 1.8
Wiri (I) 13.6 3.3 29.5 5.9 14.1 9.4 30.9 5.7 14.0 9.2 22.5 4.9
E. Tamaki (I) 15.1 3.7 29.4 6.5 12.7 6.8 24.6 4.8 12.4 5.8 23.5 5.6
Penrose (I) 12.8 1.9 24.7 5.9 9.2 6.1 22.9 2.6 15.0 7.8 28.4 7.2
Hunua (I) 11.8 0.7 20.7 5.9 NA NA NA NA NA NA NA NA

Note. Avg. = average; SD = standard deviation; Max. = maximum; Min. = minimum; NA = not 
applicable.  
 

The spatial distributions of average on-thallus pollutant concentration as a percentage of in-thallus 

pollutant concentration (Sp) for Parmotrema reticulatum and Ramalina celastri are given in Tables 8.2 

and 8.3 respectively.  This information is graphically portrayed using range plots in Figures 8.14 and 

8.15.  In this range plot, the data range is represented by a ‘box’.  Top and bottom of the rectangular 

box represent minimum and maximum values of the range.  The blue dot in the midpoint denotes the 

average (or mean) on-thallus pollutant concentration as a percentage of in-thallus pollutant 

concentration (Sp).  The Sp percentages from all eight sampling rounds were averaged to obtain a 
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representative value for each study site, hereafter referred to as sspS  , which denotes the average on-

thallus pollutant concentration as a percentage of in-thallus pollutant concentration for a given study 

site.  sspS   values were calculated for all three groups of lichens, namely in-situ, short-term, and long-

term for a given study site and were used in the following analysis.  The Hunua Ranges provided 

information only about the in-situ samples, hence only the windows representing in-situ information 

included with range plots for Hunua (Tables 8.2 and 8.3). 

 

 
 

Figure 8.14.  Range plots illustrating average on-thallus pollutant concentration as a percentage of in-
thallus pollutant concentration (Sp) in Parmotrema reticulatum.  The average Sp percentages belonging 
to three lichen groups: in-situ, short-term, and long-term, from 12 study sites: HO = Homai, RO = 
Royal Oak, ME = Mount Eden, HW = Howick, SS = Symonds Street, NM = Newmarket, SP = Sylvia 
Park, NL = New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, and PR = Penrose are 
shown for Cr and Zn.  Homai, Royal Oak, Mount Eden, and Howick sites belong to the residential land 
use type.  The commercial sites are Symonds Street, Newmarket, Sylvia Park, and New Lynn.  The 
remaining four sites Rosebank Road, Wiri, East Tamaki, and Penrose are industrial land use types.         
 
 
The sspS   reported from all study sites fluctuate within the range of 7.6% to 15.4% in Parmotrema 

reticulatum and 2.8% to 16.1% in Ramalina celastri.  Based on Figures 8.14 and 8.15, it can be 

observed that there is no significant influence of the location on Sp percentages.  This observation is 

also true for both lichen species in all three lichen groups.  Therefore, it can be inferred that the on-

thallus to in-thallus accumulation ratio is not influenced by the ambient level of air pollution in a study 

site concerned.   
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Figure 8.15.  Range plots illustrating average on-thallus pollutant concentration as a percentage of in-
thallus pollutant concentration (Sp) in Ramalina celastri.  The average Sp percentages belonging to three 
lichen groups: in-situ, short-term, and long-term, from 12 study sites: HO = Homai, RO = Royal Oak, 
ME = Mount Eden, HW = Howick, SS = Symonds Street, NM = Newmarket, SP = Sylvia Park, NL = 
New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, and PR = Penrose are shown for Cr 
and Zn.  Homai, Royal Oak, Mount Eden, and Howick belong to the residential land use type.  The 
commercial sites are Symonds Street, Newmarket, Sylvia Park, and New Lynn.  The remaining four 
sites Rosebank Road, Wiri, East Tamaki, and Penrose are industrial land use types.         
  

Single factor ANOVA test is carried out to verify that there is no difference in sspS   reported from 

three different land use types namely industrial, commercial, and industrial.  The tested hypothesis is 

that sspS   reported from three different land use types did not significantly vary based on the type of 

heavy metal and the lichen group namely in-situ, short-term, and long-term.  The Sp values from Hunua 

are not included in this analysis because only in-situ Sp averages are available from this site (Table 8.2 

and 8.3).  The results of the ANOVA test for Parmotrema reticulatum showed that there is no 

significant difference between sspS   based on the land use type, F (3, 24) = 0.665, p < .05, η2 = 0.019.  

The mean sspS   for Parmotrema reticulatum reported from residential, commercial, and industrial land 

use types are 12.56, 11.98, and 11.79 respectively.  The standard deviations for sspS   for residential, 

commercial and industrial sites are 1.62, 2.27, and 3.07 respectively.  The same single factor ANOVA 

test also applied to Ramalina celastri.  The results showed that there is no significant difference 

between the sspS   based on the land use type, F (3, 24) = 0.0.38, p < .05, η2 = 0.001.  The mean sspS   

for Ramalina celastri calculated from residential, commercial, and industrial land use types are 12.57, 
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12.67, and 12.54 respectively.  The standard deviations of sspS   for residential, commercial, and 

industrial sites are 1.74, 1.12, and 2.23 respectively.  Based on the above ANOVA tests it can be 

inferred that there is no significant influence of the land use type on average Sp percentages for both 

targeted lichen species.   

 

Paired t tests employed to test the hypothesis of sspS   did not vary significantly based on the lichen 

species for a given study site.  In order to perform this statistical test, sspS   calculated from 

Parmotrema reticulatum for a given site was compared with the corresponding sspS   value of 

Ramalina celastri.  The results of the above test illustrated that there is no significant difference 

between sspS   reported from Parmotrema reticulatum (M = 12.11, SD = 2.38) and Ramalina celastri 

(M = 12.59, SD = 1.73); t (.05) = 1.62, p = .11).   Therefore, it can be concluded that the on-thallus to 

in-thallus heavy metal accumulation ratio of the two targeted lichen species shows no significant 

difference.  It can also be concluded that there is no direct impact from the ambient level of air 

pollution on the on-thallus to in-thallus heavy metal accumulation ratio.   

 

8.8.2 Temporal distribution of Sp 

 

The descriptive statistics were calculated based on Sp in order to investigate the temporal impact on the 

on-thallus to in-thallus ratio (Tables 8.4 and 8.5).  The temporal behaviour of Sp is similar to the 

temporal on-thallus pollution accumulation in all three lichen groups (Sections 8.3.1 to 8.5).  The 

highest and lowest Sp percentages were reported during summer and winter respectively.  The reasons 

for the above observations are discussed in detail in Section 8.6.  The average (or mean) on-thallus 

pollutant concentration as a percentage of in-thallus pollutant concentration (Sp) is calculated for every 

sampling round and given as ‘Avg.’ in Tables 8.4 and 8.5.  The Sp percentages from all 12 study sites 

were averaged to obtain a representative value for each sampling round, hereafter referred to as srpS  , 

which denotes the average on-thallus pollutant concentration as a percentage of in-thallus pollutant 

concentration for a given sampling round.  srpS   values were calculated for all three groups of lichens, 

namely in-situ, short-term, and long-term, for a given sampling round and were used in the following 

analysis.   
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Table 8.4 
 
Descriptive statistics of on-thallus heavy metal concentration in Parmotrema reticulatum as a 
percentage (%) of in-thallus heavy metal content for Cr and Zn over the two-year study period based on 
sampling round 
 
(a) Cr in Parmotrema reticulatum 
 In-situ  Short-term  Long-term  

Avg. SD Max. Min. Avg. SD Max. Min. Avg. SD Max. Min.
R0 8.2 1.1 9.2 4.9 9.0 0.0 9.0 9.0 9.0 0.0 9.0 9.0
R1 6.3 2.2 10.3 3.4 10.3 2.5 12.8 3.7 10.5 2.4 12.8 3.7
R2 5.1 2.5 11.3 2.4 7.5 5.5 25.4 3.2 9.2 6.5 23.2 3.2
R3 8.7 2.4 12.9 4.5 10.9 2.8 13.8 5.1 12.2 3.0 16.7 5.1
R4 17.7 4.6 26.8 8.2 20.5 6.4 30.8 8.2 27.7 12.6 39.5 8.2
R5 9.0 1.7 11.9 5.5 11.1 2.5 14.0 5.5 11.2 2.2 13.8 5.5
R6 7.3 3.9 14.7 3.0 7.9 6.2 28.0 3.0 9.4 7.2 27.9 3.0
R7 9.3 2.4 14.4 5.0 10.7 3.2 16.3 5.0 11.8 2.5 14.7 5.0
R8 17.8 4.4 24.7 7.9 19.6 6.2 27.4 7.9 22.1 6.3 29.1 7.9

 
(b) Zn in Parmotrema reticulatum 
 In-situ Short-term  Long-term 

Avg. SD Max. Min. Avg. SD Max. Min. Avg. SD Max. Min.
R0 7.8 1.4 11.4 5.5 6.3 0.0 6.3 6.3 6.3 0.0 6.3 6.3
R1 6.5 2.6 10.9 1.7 10.9 4.9 22.6 4.1 11.1 4.7 22.6 4.7
R2 4.1 1.3 8.0 2.4 6.2 3.0 14.1 2.8 5.8 1.3 8.1 2.8
R3 8.6 1.9 12.0 5.6 11.2 3.7 16.8 3.5 12.0 2.8 16.9 6.0
R4 17.6 4.3 24.4 6.4 21.3 7.0 27.4 6.4 24.3 6.2 30.4 6.4
R5 9.0 3.0 14.3 3.4 9.1 3.9 15.1 3.0 11.9 3.6 17.3 3.4
R6 5.3 1.8 9.6 3.2 6.0 3.8 18.1 3.2 6.4 2.1 10.3 3.2
R7 9.4 1.8 12.2 5.1 10.8 3.3 15.8 4.0 12.0 2.8 15.1 5.1
R8 18.8 4.7 26.2 6.6 23.6 6.6 33.1 6.6 23.9 6.4 30.7 6.6

Note. Avg. = average; SD = standard deviation; Max. = maximum; Min. = minimum.  

 
Table 8.5 
 
Descriptive statistics of on-thallus heavy metal concentration in Ramalina celastri as a percentage (%) 
of in-thallus heavy metal content for Cr and Zn over the two-year study period based on sampling 
round 
 

(a) Cr in Ramalina celastri 
 In-situ  Short-term  Long-term  

Avg. SD Max. Min. Avg. SD Max. Min. Avg. SD Max. Min.
R0 8.9 3.4 19.7 6.5 7.3 0.0 7.3 7.3 7.3 0.0 7.3 7.3
R1 8.0 3.9 14.4 2.0 11.2 3.4 15.3 4.8 11.2 3.4 15.3 4.8
R2 5.1 2.9 14.6 2.9 5.3 1.5 8.9 2.9 7.1 6.0 26.4 2.9
R3 9.0 2.3 11.9 3.9 11.2 2.9 14.7 4.6 10.3 3.3 13.5 2.0
R4 19.6 6.7 34.4 8.5 23.8 5.5 29.3 8.5 22.9 7.9 30.2 3.7
R5 9.7 2.6 14.4 5.5 12.2 3.1 19.5 5.5 11.2 2.7 15.8 5.5
R6 5.4 1.8 9.1 3.5 6.2 2.2 12.5 3.8 5.9 2.4 13.3 3.6
R7 9.9 3.4 16.4 3.9 11.4 2.7 15.1 5.2 11.3 3.9 18.0 2.0
R8 19.9 5.4 28.0 7.8 22.5 5.2 27.3 7.8 22.2 7.9 29.4 2.1
   (Continued on next page)
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Table 8.5 (Continued) 
 
(b) Zn in Ramalina celastri 
 In-situ (Zn) Short-term (Zn) Long-term (Zn) 

Avg. SD Max. Min. Avg. SD Max. Min. Avg. SD Max. Min.
R0 7.2 2.1 11.5 6.4 7.9 0.0 7.9 7.9 7.9 0.0 7.9 7.9
R1 9.7 0.5 11.3 5.6 9.8 2.2 12.7 4.4 10.1 2.1 12.7 4.4
R2 6.4 0.5 9.4 3.3 5.4 1.4 8.3 3.1 5.8 1.3 8.0 3.1
R3 13.8 2.1 16.5 6.8 11.5 1.9 14.8 7.5 12.2 1.9 15.4 7.5
R4 24.6 1.1 28.4 14.6 24.4 6.5 32.7 7.2 23.6 6.8 32.5 7.2
R5 11.5 0.5 15.6 6.1 10.7 2.1 13.8 5.7 12.1 2.9 17.3 5.7
R6 7.9 0.8 13.6 4.2 5.9 1.8 9.7 2.6 6.0 1.9 11.1 2.9
R7 14.2 2.5 18.4 5.7 10.8 2.7 16.0 5.4 12.2 2.8 16.9 5.4
R8 20.5 1.0 25.7 15.5 22.7 7.8 32.3 6.6 21.5 7.9 27.5 1.8

Note. Avg. = average; SD = standard deviation; Max. = maximum; Min. = minimum.  

 

The lowest and highest srpS   for Cr in Parmotrema reticulatum are 5.1% and 27.7%.  Similarly, 

lowest and highest srpS   for Cr in Ramalina celastri are 5.1% and 23.8%.  Comparatively, srpS   for 

Zn in Parmotrema reticulatum and Ramalina celastri ranged from 5.3% to 24.3%, and 2.5% to 24.4% 

respectively.  The information given in Tables 8.4 and 8.5 are graphically portrayed using range plots 

in Figures 8.16 and 8.17 in order to obtain a visual representation.  Based on Figures 8.16 and 8.17, the 

temporal behaviour of srpS   is similar to the temporal on-thallus pollution accumulation in all three 

lichen groups explained in Sections 8.3.1 to 8.5.   

  

Single factor ANOVA test was carried out to discover any difference in srpS   reported from the three 

different lichen groups namely: in-situ, short-term, and long-term (Gravetter & Wallnau, 2009).  The 

tested hypothesis is that srpS   did not significantly vary based on the lichen group.  The information 

given in Tables 8.5 and 8.6 are used in this analysis.  The results of the ANOVA test for both lichen 

species showed that there is no significant difference between srpS  .  The descriptive and inferential 

statistics about the above analysis is given in Table 8.6.   
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Figure 8.16.  Range plots illustrating average on-thallus pollutant concentration as a percentage of in-
thallus pollutant concentration (Sp) in Parmotrema reticulatum.  The average Sp percentages belonging 
to three lichen groups: in-situ, short-term, and long-term, from nine sampling rounds are shown for Cr 
and Zn.     
 

 

Figure 8.17.  Range plots illustrating average on-thallus pollutant concentration as a percentage of in-
thallus pollutant concentration (Sp) in Ramalina celastri.  The average Sp percentages belonging to three 
lichen groups: in-situ, short-term, and long-term, from nine sampling rounds are shown for Cr and Zn.     
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Table 8.6 
 
Summary of descriptive and inferential statistics resulting from the single factor ANOVA test 
performed to compare the Sp percentages averaged based on sampling round in two lichen species  
 
 
(a) Parmotrema reticulatum 
Heavy metal Cr Zn 
Lichen group In-situ Short-term Long-term In-situ Short-term Long-term 
Mean 9.93 11.94 13.68 9.68 11.71 12.63 
SD 4.63 4.78 6.61 5.14 6.46 7.00 
F (3,9), p < .05 1.08 0.53 
η2 0.04 0.04 

(b) Ramalina celastri 
Heavy metal Cr Zn 
Lichen group In-situ Short-term Long-term In-situ Short-term Long-term 
Mean 10.61 12.34 12.16 3.31 12.12 12.38 
SD 5.46 6.62 6.23 1.85 6.84 6.31 
F (3,9), p < .05 0.22 3.23 
η2 0.02 0.67 

Note. SD = standard deviation; p = P value; η2 = percentage of explained variance; F = F value.  
 

Paired t test employed to test the hypothesis of srpS   did not vary significantly based on the lichen 

species for a given sampling round.  In order to perform this statistical test, srpS   for Parmotrema 

reticulatum (Table 8.4) was compared with the corresponding srpS   of Ramalina celastri (Table 8.5).  

The results of the above test demonstrated that there is no significant difference between srpS   reported 

from Parmotrema reticulatum (M = 11.59, SD = 5.74) and Ramalina celastri (M = 10.48, SD = 6.43); t 

(.05) = 1.352, p = .13).   Therefore, it can be concluded that there is no significant difference between 

the on-thallus to in-thallus heavy metal accumulation ratio among the two targeted lichen species.   

 

The on-thallus pollutant concentration as a percentage of in-thallus pollutant concentration (Sp) is the 

ratio of the same pollution level distributed in two layers in the lichen thallus.  On the other hand, Sp 

gives information about the amount of heavy metals located in the surface layer with respect to the 

interior tissues of the lichen.  Sp values can be used to compare the amounts of heavy metals located in 

the surface layer, irrespective of the group of lichen, since it is a relative percentage based on the 

pollutant concentration located in the interior tissues.  Based on Tables 8.2 and 8.3, the minimum and 

maximum Sp values are summarised and tabulated in Table 8.7. 
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Table 8.7   

 

Maximum and minimum on-thallus pollutant concentration as a percentage (%) of in-thallus pollutant 
concentration (Sp) in two biomonitor species, calculated for Cr and Zn from all study sites in the 
Auckland Region.  The land use type and the study site of each extreme are given in parentheses  
 
 
Heavy metal 

Parmotrema reticulatum Ramalina celastri 
Maximum Minimum Maximum Minimum 

Cr 30.8 (SP – ST) 2.9 (WR – IS) 30.2 (SP – LT) 2.0 (HW – LT) 
Zn 30.1 (SP – LT) 1.7 (PR – IS) 30.9 (WR – ST) 0.9 (PR – IS) 
 Note. SP = Sylvia Park, WR = Wiri, HW = Howick, PR = Penrose, IS = in-situ, ST = short-term, LT = 
long-term.  
 

The Sp percentages ranged from a minimum 0.9% to a maximum 31.9% (Table 8.7).  There are no 

direct observable differences based on lichen species and the group of lichens on Sp.  The ratio of on-

thallus concentration to in-thallus concentration shows no direct relationship to the ambient pollution 

level of the location.  It may depend on other inter-related processes such as weather and environmental 

conditions at the location, lichen defensive mechanisms, and physiological conditions of the lichen 

thallus (Garty, 2001; Garty & Ammann, 1987; Mikhailova & Sharunova, 2008; Wells et al., 1995).  

However, based on the above results, it can be inferred that the percentage of on-thallus content to in-

thallus content can vary from 0.9% to 31.9%, and both lichen species show similar behaviour in terms 

of Sp.  According to Table 8.7, it can be assumed that the surface layer of the lichen thallus can 

accumulate up to 31.9% of the same pollutant in the interior tissues of the lichen.  Therefore, the load 

of pollutants that the surface layer can accumulate varies within the above range compared to the in-

thallus pollutant content.     

 

8.9 Impact of wash-off in estimating pollution load in the air  

 

The on-thallus pollutant concentration (SHM) as a percentage of total pollutant concentration of the 

lichen thallus (THM ), hereafter referred to as Op, is calculated for every group of lichens: in-situ, short-

term, and long-term for every sampling round for both lichen species.  The reason for calculating Op is 

to answer the fourth research question proposed under the second research aim (Section 8.1).  The Op is 

a relative value expressing on-thallus pollutant concentration as a percentage to total pollutant 

concentration of the lichen thallus; hence its unit is % and it is easy to make comparisons.  The 

calculated Op values of Cr and Zn are used in the following analysis and the reasons for this are 

discussed in Section 8.2.  The Op values for each lichen sample, belonging to three groups sampled 

during eight sampling rounds, are calculated using the following equation. 

100
HM

HM
p T

S
O  (8.2)
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The fluctuation patterns of the Op values based on different land use types, belonging to three lichen 

groups during the two-year study period in the two biomonitor species, are exactly the same as Sp.  The 

reason is that both values are calculated using the same principle.  The only difference between Sp and 

Op is that the former is expressed in terms of in-situ pollution concentration as the base, and the latter is 

expressed in terms of total pollution concentration in the lichen thallus.  The sole reason for calculating 

Op is to understand the possible amount of on-thallus pollutant concentration out of the total content of 

pollutant in the lichen thallus, assuming the entire amount of on-thallus pollutant concentration is 

susceptible to wash-off by precipitation.  According to the lichen-air equilibrium model, the pollutants 

in the surface layer are in equilibrium with both ambient pollutants in the air, as well as with the 

pollutants in the interior tissues of the lichen (Section 3.6.1).  Thus, the pollutants in this area are 

exposed to the environmental conditions, such as precipitation.  Therefore, they are vulnerable to wash-

off.  The Op percentages are relatively easier for the discussion compared to Sp, and directly express the 

amount of heavy metal content in the surface layer as a percentage of the total heavy metal 

concentration of the lichen.  On the other hand, Op can be used as an indicator to show the amount of 

on-thallus pollutants that can be washed-off the lichen thallus as a percentage of the total pollutant 

content of the lichen thallus. 

 

The Op percentages for Cr and Zn in each sampling round (R0 to R8) are calculated for every lichen 

group: in-situ samples, short-terms, and long-term transplants for both lichen species.  The Op 

percentages calculated from each type of lichen group and belonging to two lichen species are 

portrayed in histograms (Figure 8.16).  The calculated Op percentages are summarised, tabulated, and 

attached as Appendix 15.  The average, maximum, and minimum Op percentages during the study 

period are given in the above appendix.  A summary of descriptive statistics belonging to the calculated 

Op are given in Table 8.8.     

 

The Op percentages in both lichen species show normal distribution in all situations.  The reported 

minimum and maximum Op are 1% to 19.9% (Table 8.8).  Most of the calculated averages for Op range 

from 7.7% to 9.9% with an exception of 3% reported for Zn accumulation in in-situ samples for 

Ramalina celastri.  These Zn accumulations are removed from the following discussion, as they are 

considered to be outliers. 
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Figure 8.18.  Histograms portraying on-thallus pollutant concentration as a percentage of total pollutant 
concentration of the lichen thallus (Op) in two lichen biomonitor species for airborne Cr and Zn.       
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Table 8.8  

 

A summary table for descriptive statistics calculated for on-thallus pollutant concentration as a 
percentage of total pollutant concentration (Op) in two biomonitor species, calculated for Cr and Zn 
from all study sites in the Auckland Region  
 

Lichen group Species Heavy metal Avg. SD Max. Min. Range

 In-Situ 
  
  

Parmotrema reticulatum 
Cr 8.8 4.1 19.8 2.4 17.4 
Zn 8.5 4.3 19.6 1.7 17.9 

Ramalina celastri 
Cr 9.2 4.7 18.9 2.0 17.9 
Zn 3.0 1.8 10.3 0.9 9.4 

Short-term 
  

Parmotrema reticulatum 
Cr 9.8 4.0 19.7 2.9 16.8 
Zn 8.6 4.2 19.3 2.0 17.3 

Ramalina celastri 
Cr 8.6 4.5 19.6 1.0 18.6 
Zn 7.7 3.9 19.8 1.0 18.8 

 Long-term 
  
  

Parmotrema reticulatum 
Cr 9.9 4.2 19.9 2.0 17.9 
Zn 8.8 4.3 19.8 2.0 17.8 

Ramalina celastri 
Cr 8.2 4.4 19.8 1.0 18.8 
Zn 8.7 4.0 19.6 1.8 17.8 

 Note. Avg. = average; SD = standard deviation; Max. = maximum; Min. = minimum.   

 

The range of average Op values is distributed from 9.4% to 18.8%.  The Op percentages have no 

influence regarding land use type, lichen group, heavy metal, or lichen species.  The only possible 

reason for the above change is on-thallus pollutant wash-off due to precipitation.   Therefore, the 

average possible amount of pollutants that can be removed from the on-thallus as a percentage of the 

total amount of pollutants accumulated in the lichen thallus ranges from 7.7% to 9.9%.  However, it can 

fluctuate from a minimum of 1% to a maximum of 19.9%.   

 

As an answer for research question four: the on-thallus pollutant loading can be lost due to wash-off 

within an approximate average range of 8% to 10%.  Therefore, wash-off may underestimate the true 

pollutant load in the air, within a range of approximately 1% to 20%, when lichens are used as 

biomonitors in studying air pollution.  Therefore, the impact of rainfall has to be considered during the 

planning stage of any airborne pollution monitoring research based on lichens.  Samples should not be 

collected during heavy rain days (Section 8.6).     

 

The on-thallus region of lichen is always exposed to rainfall.  Therefore, the heavy metals located in 

this area are influenced by wash-off.  On the other hand, the on-thallus is relatively a smaller portion 

compared to the entire lichen thallus.  Even though it is a smaller portion, the impact that it may have 

on the representation of the total heavy metal content in the lichen is immense.  The heavy metal wash-

off from the on-thallus region can contribute an error of between 1% and 20% (Table 8.8).  However, 
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this variability is for a short period of time.  The reason is that the on-thallus area is relatively small 

compared to the interior tissues of the lichen.  Therefore, the time taken for the on-thallus to achieve 

equilibrium with surrounding air is relatively short compared to the time taken to achieve equilibrium 

with the interior tissues of the lichen (Figure 3.1 and Section 3.6.1).  Hence, it is important that not to 

wash the samples before the analysis, especially when the lichens are used to investigate shorter-term 

temporal heavy metal accumulations.  When lichens are used in longer-term temporal pollutant 

accumulation studies and pollutant spatial distribution studies, washed lichen samples provide 

reasonable heavy metal accumulation representation for the target sites for comparison purposes.  The 

reason is that the washed samples provide accumulation information only for the interior tissues, and 

that information represents a longer period of time because it takes longer time to achieve equilibrium 

(Figure 3.1 and Section 3.6.1).     

 

8.10 Summary 

 

The accumulation of on-thallus heavy metals showed a direct positive correlation with: total rainfall 

during the season, the number of rain days during the season, and the mean seasonal relative humidity.  

The accumulation of on-thallus heavy metals showed a negative correlation with seasonal mean air 

temperature.  The lichen species Parmotrema reticulatum accounted for higher amounts of on-thallus 

accumulations compared to Ramalina celastri.  The morphological features, such as rough surface and 

corrugated thalli of Parmotrema reticulatum may give it advantages over Ramalina celastri in 

accumulating particulate matter on the surface layer of the thalli.  The on-thallus pollutant 

concentration as a percentage of in-thallus pollutant concentration can range from 0.9% to a maximum 

of 31.9%.  The on-thallus pollutant loading as a percentage of the total pollutant content of the thallus 

can fluctuate within an approximate average range of 8% to 10%.  The reason for this fluctuation is 

wash-off due to precipitation and it may underestimate the ambient pollutant level in the air, within a 

range of approximately 1% to 20%.  Washed lichen samples are recommended for shorter-term 

temporal heavy metal accumulation studies.  Unwashed lichen samples are recommended for lichen-

based studies such as longer-term temporal and spatial heavy metal accumulation comparison studies. 
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CHAPTER 9 

 

RESULTS AND DISCUSSION: LICHENS IN EQUILIBRIUM  

 

9.1 Introduction 

 

This chapter analyses and discusses the results from the full-scale field campaign to answer the last two 

research questions proposed under the second research aim (Section 3.7).  The main objectives of this 

chapter are to investigate the time taken by air pollutants to achieve equilibrium in the lichen thallus, 

and the process of pollutant release from the lichen thallus over time when transplanted from a polluted 

site to a clean site.  

 

Section 9.2 analyses and discusses how air pollutants accumulate in and are released from the lichen 

thallus over time.  This is done by using pollution accumulation and release graphs.  Section 9.3 

discusses the time taken to achieve equilibrium by each lichen species in different study sites for 

different heavy metals.  Section 9.4 details the release of air pollutants from the thallus when the lichen 

is transplanted from a polluted site to a relatively less polluted site.  The achievement of equilibrium by 

a lichen transplant in a new environment with the ambient air pollution over time is discussed in detail 

in the last section.       

 

The two research questions examined in this chapter are: 

1. Over what period of time does the air pollutant content of the lichen, and the pollutants in the air, 

achieve equilibrium?  

2. Do the total pollutants accumulated in a thallus decrease over time if the lichen is transplanted to a 

less polluted site? 

 

9.2 Long-term pollution accumulation and release from the lichen thallus 

 

The heavy metal accumulation information obtained from long-term transplants is used to answer the 

above first research question.  The procedures pertaining to long-term lichens such as sample 

transplantation, sample collection, preparation for analysis, and the measurement of the heavy metal 

concentration is discussed in detail in Chapter 4.  The time table of sample transplanting and sample 

collection as carried out is shown in Figure 4.1.   

 

In the beginning, lichen samples from the Penrose site were transplanted to eight other study sites 

belonging to commercial and residential land use types in order to understand the pollutants release 



 9-2

from lichen thallus.  Based on the results of the initial stage (discussed in detail in Chapter 6), the 

Penrose site showed the highest heavy metal concentrations.  Lichen samples with higher 

concentrations of accumulated pollutants provide a better and clearer understanding of how they release 

the accumulated pollutants over time in a clean site.  The reason is the ambient air pollution gap 

between the two sites was distinct, and hence it took a longer time to release pollutants.  Therefore, 

lichen samples from Penrose were selected for this part of the full-scale field campaign.  Lichen 

samples from the polluted site were not transplanted to East Tamaki, Wiri, and Rosebank Road as they 

belonged to the same land use type and the ambient air pollution gap was not significant.   

 

The procedures involved in transplanting lichen samples from Penrose to other sites, sample collection, 

and sample analysis are discussed in Sections 4.2.2.4, 4.2.4, 4.2.4.1, and 4.2.5.  The model developed 

to understand the lichen behaviour in pollution accumulation and release is discussed in detail in 

Section 3.6.2.  The graphical representation of the PARM is given as Figure 3.2 and this model is used 

to answer the two research questions recapitulated in Section 9.1.  Pollution accumulation and release 

graphs are drawn in order to understand the long-term heavy metal accumulation and releasing patterns 

in lichens.  Heavy metal release data from two lichen species belonging to two land use types are 

tabulated and attached as Appendix 16.   

 

The patterns of pollution accumulation and release of heavy metals in both lichen species were similar 

in all study sites concerned.  Therefore, only a representative site from each land use type with the 

highest pollutant accumulation was selected for graphical representation and discussion.  Hence, Mount 

Eden, Symonds Street, and Penrose were selected to exemplify residential, commercial, and industrial 

sites respectively.  The Hunua Ranges were not included in this part of the research and the reasons for 

this are given in Section 4.2.2.4.  The pollution accumulation and release graphs for Parmotrema 

reticulatum and Ramalina celastri in residential (Homai) and commercial (Symonds Street) sites are 

portrayed by Figures 9.1 and 9.2 respectively.  

 

The accumulation trends of long-term transplants over the two-year study period are illustrated using 

black solid lines in Figures 9.1, 9.2, and 9.3.  The heavy metal accumulations of in-situ lichens are 

included in the graphs as solid blue lines.  Based on the PARM, the time taken by the long-term 

transplants to reach the level of in-situ samples (equilibrium point) is considered the response time 

(Section 3.6.2).  The green solid lines in each graph represent the level of pollution in the clean site and 

are useful in comparison purposes.  The pollution release from the lichen transplants moved from a 

polluted site is illustrated with red solid lines in Figures 9.1 and 9.2.  The standard deviation of three 

sub samples that were used to measure the heavy metal concentrations in each round are illustrated as 

vertical error bars (± SD) in each line.  Different Y axis scales were used in the above graphs in order to 
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obtain a clear picture of how pollutants achieve equilibrium in different heavy metals and lichen 

species.  The Y axis scale used for Cr and Cu is from 0 to 40,000 ng g-1.  For Pb and Zn, the Y axis 

scales used in the same figures are 0 to 50,000 ng g-1 and 0 to 100,000 ng g-1, respectively.    

 

The heavy metal accumulation patterns of long-term transplants with respect to meteorological 

variables, land use type, and lichen species are discussed in detail in Chapter 7.  The heavy metal 

accumulation in long-term transplants shows the features of a logarithmic function (equation 7.2 in 

Section 7.4.2).  The information about accumulation rates in long-term transplants from different land 

use types and lichen species are discussed in detail in Section 7.4.2.  At the time of the PARM 

development, it was assumed that the pollution release pattern of a lichen sample that transplanted from 

a polluted site to a less polluted site should show the opposite of pollution accumulation (Section 3.6.2 

and Figure 3.2).  In other words, it was assumed that the pollution release from a thallus over a longer 

period of time as a logarithmic relationship with a negative gradient over time.  However, based on the 

pollution release lines (solid red) in Figures 9.1 and 9.2, the pollution release of lichen transplants show 

the features of a straight line with a negative gradient.  These figures illustrate that there is no 

distinguishable seasonal impact on pollutant release in lichen transplants.  This observation is 

consistent with no seasonal impact on heavy metal accumulation in long-term transplants (Section 

7.4.1).        

 
Reis et al. (1999) reported the accumulation of Na, Al, and Pb in Parmelia sulcata transplants near a 

power plant in Portugal.  The results reported the accumulation up to 400 days and these show similar 

patterns to the results of the present study.  All three above elements showed increasing accumulation 

up to 150 days.  There were no in-situ sample accumulations for Pb given in the above study, and hence 

it is difficult to decide whether the transplants achieved equilibrium.  However, the Pb accumulation in 

the above research and the present study show similar patterns.   
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Figure 9.1.  Pollution accumulation and release graphs showing heavy metal concentrations in 
Parmotrema reticulatum and Ramalina celastri in residential (Mount Eden) site over the two-year 
study period (March 20009 – March 2011).   
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Figure 9.2.  Pollution accumulation and release graphs showing heavy metal concentrations in 
Parmotrema reticulatum and Ramalina celastri in commercial (Symonds Street) site over the two-year 
study period (March 2009 – March 2011).  
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Figure 9.3.  Pollution accumulation graphs showing heavy metal concentrations in Parmotrema 
reticulatum and Ramalina celastri in industrial (Penrose) site over the two-year study period (March 
2009 – March 2011).  
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9.3 Lichen response time  

 

The pollutant content of the in-situ samples in Figures 9.1, 9.2, and 9.3 are helpful in understanding the 

time taken by a long-term transplant to achieve the equilibrium state.  In-situ lichens are already in 

equilibrium with the ambient pollutants, hence the concentration of heavy metal in the lichen thallus 

represents the concentration of mean airborne heavy metal pollution within the local air-shed.  The data 

from long-term transplants show the accumulation of heavy metals in each season after its transplant 

from the clean site to the targeted site.  The period from the start of the study to the point in time at 

which the long-term transplant reaches the pollution concentration equals that of the in-situ lichen, is 

defined as the response time (Section 3.6.2) for pollution accumulation.   

 

The difference between the level of in-situ pollutant concentration and the pollutant level reported from 

the clean site is defined as the signal strength (Figure 3.2) for pollutant accumulation.  Also, this can be 

explained as the amount of heavy metals accumulated by a long-term transplant in order to achieve the 

equilibrium state at the transplanted site.  The signal strength for pollutant release of a transplant from a 

polluted site can be described as the pollution difference between the polluted site and the transplanted 

site.  In other words, this is the amount of pollutants released by the transplant to achieve the 

equilibrium state at the site with a lower pollution level.  Higher signal strength can be obtained when 

the lichens are transplanted from a heavily polluted site to a significantly cleaner site.  In fact, higher 

signal strength provides greater details about the response time in terms of seasonal pollution 

accumulation until the transplant achieves equilibrium.  The time taken by the transplants from the 

polluted site to achieve the equilibrium point with in-situ samples is known as response time for 

pollutant release.  

      

The response times and signal strengths for pollution accumulation and release are estimated based on 

Figures 9.1, 9.2, and 9.3.  The results of the above variables are summarised in Tables 9.1 and 9.3 and 

they are based purely on visual estimations with no involvement of mathematical calculations.  

Therefore, the response time is expressed to the nearest half a season and the signal strength stated to 

the nearest 500 ng g-1.      

 
It is noticeable that the response time is not the same in all land use types.  However, the response time 

shows no significant difference based on the heavy metal.  Longer response times are evident in the 

industrial sites, followed by the commercial and residential sites.  This observation is true for both 

lichen species.  In general, the response time for the residential site is from one to two seasons.  For 

commercial and industrial sites, the response times are two to three seasons and three to four seasons 

respectively.  The reason is that the residential sites are generally reported to have lower signal 
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strengths compared to the other two land use types (Table 9.1).  When comparing commercial and 

residential sites, the commercial sites’ air-shed have higher signal strengths than the residential sites.   

 
Table 9.1 
 
Response times and signal strengths for pollution accumulation reported from the two targeted lichen 
species based on Figures 9.1, 9.2, and 9.3 for three land use types  
 
(a) Response time (seasons) 

Site Lichen species Cr Cu Pb Zn Average ± SD 
Residential 

(Mount Eden) 
Parmotrema reticulatum 1 2 2 1.5 1.6 0.5 
Ramalina celastri 1 2 2.5 2 1.9 0.6 

Commercial 
(Symonds Street) 

Parmotrema reticulatum 2.5 2 5 4 3.4 1.4
Ramalina celastri 2.5 3 2.5 3.5 2.9 0.5 

Industrial 
(Penrose) 

Parmotrema reticulatum 4 5 4 4.5 4.4 0.5 
Ramalina celastri 4.5 3 4 5 4.1 0.9 

        
(b) Signal strength (ng g-1 × 103) 

Site Lichen species Cr Cu Pb Zn Average ± SD 
Residential 

(Mount Eden) 
Parmotrema reticulatum 3.5 6.5 7 19 9.0 6.8 
Ramalina celastri 4.5 3 5 13.5 6.5 4.7 

Commercial 
(Symonds Street) 

Parmotrema reticulatum 10.5 22.5 22.5 40 23.9 12.1 
Ramalina celastri 8.5 13 18 17 14.1 4.3 

Industrial 
(Penrose) 

Parmotrema reticulatum 20 24.5 32 64 35.1 19.9 
Ramalina celastri 19 18 26 63 31.5 21.3

Note. SD = standard deviation.     

 

Single factor ANOVA test is used to examine whether the mean response time reported from three 

different land use types are equal.  The results from both lichen species are used collectively in this 

analysis.  The statistical test results revealed that these mean response times in each land use type are 

not significantly equal, F (3, 8) = 22.17, p < .05, η2 = 2.1.  The mean response times for residential, 

commercial, and industrial are 1.75, 3.12, and 4.25 respectively.  The standard deviation for the same 

variable for residential, commercial, and industrial are 0.53, 0.99 and 0.65 respectively.  Another single 

factor ANOVA test was used to test whether all four heavy metals showed any significant difference in 

terms of response time in all three land use types.  The results disclosed that there is no significant 

difference in response time based on the type of heavy metal, F (4, 6) = 0.56, p < .05, η2 = .08.  The 

average response times for Cr, Cu, Pb, and Zn were 2.58, 2.83, 3.33, and 3.42 respectively.  The 

standard deviation for Cr, Cu, Pb, and Zn are 1.46, 1.16, 1.16, and 1.39 respectively.  The independent-

measurers t test was carried out to understand whether the mean response time in the industrial site is 

greater than the commercial site.  Inferential statistics of the above analysis revealed that mean 

response time in the industrial site is significantly greater than the commercial site, t (.05) = 2.6, (p = 

0.01).  The same statistical test applied to test the hypothesis of mean response time in the commercial 
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site is greater than the residential site.  The results showed that the response time in the commercial site 

is significantly higher than the residential site, t (.05) = 3.4, (p = 0.002). 

 

All the above statistical tests were conducted based on the assumption that both lichen species behave 

indistinctively in terms of response time in all three land use types.  Paired t test used to test the 

hypothesis of response times in two targeted species did not vary significantly in different land use 

types.  In order to perform this statistical test, the response time of Parmotrema reticulatum for a given 

site was compared with the corresponding response time of Ramalina celastri (Table 9.1).  The results 

of the above test illustrated that there is no significant difference between Parmotrema reticulatum and 

Ramalina celastri in any given land use type; t (.05) = 5.3, (p = .001) in terms of the response time.    

 

For a specified land use site, the response time and the signal strength show a closer relationship 

irrespective of the lichen species (Table 9.1).  In order to investigate this relationship, a scatter diagram 

is drawn (Figure 9.4).  Based on the scatter diagram, an increasing relationship between the two 

variables can be seen.  The Pearson’s product moment correlation coefficient between these two 

variables is .7 (R2 = .49).  Therefore, a moderately strong relationship can be seen between the two 

variables, and hence proved that the response time is increased based on the signal strength.  

 

 

Figure 9.4.  Scatter diagram illustrating the relationship between the response time and the signal 

strength.   

 

In general, the heavy metal accumulation in long-term transplants ‘overshoots’ the heavy metal 

accumulation line of in-situ samples (Figures 9.1, 9.2, and 9.3) after achieving the equilibrium status.  

However, it comes to the same level at a later stage.  This can be observed in all three land use types 

irrespective of the heavy metal and lichen species.  In order to test the significance of this observation, 

a statistical test was carried out using data recorded from Rounds 4 to 7 assuming that these rounds 
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represent the equilibrium state in all long-term transplants (Section 7.7).  Data belonging to Round 1 to 

3 are not included in this analysis as they represent the stages of the lichen thallus moving towards the 

equilibrium point.  Data from Round 8 are also not included in this analysis based on Figures 9.1, 9.2, 

and 9.3, since long-term accumulation reached the in-situ level at a later stage after the ‘overshoot’.  

The results of the t-test for long-term and in-situ samples assuming equal variances are summarised in 

Table 9.2.  The situations where the long-term heavy metal accumulations overshoot the in-situ heavy 

metal accumulations reported as ‘Yes’ in Table 9.2.  There are nine situations where the long-term 

heavy metal accumulation overshot the in-situ heavy metal accumulation in Parmotrema reticulatum.  

For Ramalina celastri eight similar situations are reported.    

 

Table 9.2 
 
Descriptive and inferential statistics in relation to the t-test carried out to test the hypothesis that long-
term heavy metal accumulations overshoot the in-situ heavy metal accumulations after achieving the 
equilibrium state.  Mount Eden (ME), Symonds Street (SS), and Penrose (PR) represent residential, 
commercial, and industrial land use types respectively  
 

(a) Parmotrema reticulatum 
Heavy  In-situ samples Long-term samples     
metal Location Mean   ± SD Mean    ± SD t Stat   d p(T<=t) Result

Cr ME 10,261.8 937.3 11,376.8 881.7 1.94 9.81 0.04 Yes 
Cr SS 19,336.6 741.4 19,686.6 899.2 1.87 3.41 0.26 Yes 
Cr PR 27,787.6 1,505.5 29,884.8 1,465.2 2.23 11.30 0.03 Yes 
Cu ME 12,696.4 1,260.0 15,655.2 980.7 4.14 21.13 0.00 Yes 
Cu SS 19,251.0 637.8 20,815.0 746.9 3.56 18.07 0.00 Yes 
Cu PR 33,230.4 1,754.7 33,761.4 1,502.8 0.51 2.61 0.31 No 
Pb ME 20,263.6 1,708.4 20,897.6 1,218.4 1.98 3.47 0.26 Yes 
Pb SS 33,790.2 2,839.7 31,837.0 3,082.9 1.04 5.28 0.16 No 
Pb PR 44,291.0 3,190.9 44,225.0 1,458.5 1.94 0.23 0.48 Yes 
Zn ME 44,606.2 1,421.3 46,802.2 1,297.3 2.55 12.92 0.02 Yes
Zn SS 67,442.0 1,506.5 71,440.4 3,794.5 2.19 12.07 0.03 Yes 
Zn PR 91,652.8 2,308.9 94,765.6 4,836.3 1.30 6.97 0.12 No 

 

 

 

 

 

 

 

 

 

 

 



 9-11

 (b) Ramalina celastri 
Heavy  In-situ samples Long-term samples     
metal Location    Mean     ± SD     Mean     ± SD t Stat   d p(T<=t) Result

Cr ME 9304.2 1341.6 11180.2 941.1 2.56 13.15 0.02 Yes 
Cr SS 15599.4 1334.1 16244.8 1514.2 0.72 3.63 0.25 No 
Cr PR 24158 1101.7 25247 2950.9 0.77 4.30 0.23 No 
Cu ME 9589.8 907.9 11112 1158.3 2.31 11.79 0.02 Yes 
Cu SS 20228.8 1745.4 22505.4 731.6 2.69 14.71 0.01 Yes 
Cu PR 25010.4 1219.2 26349.2 1340.2 8.65 8.37 0.07 Yes 
Pb ME 16869.6 1265.9 19530.4 586.0 4.27 22.99 0.00 Yes 
Pb SS 27388.4 835.2 30462.6 3150.6 2.11 12.34 0.03 Yes 
Pb PR 35810 755.4 30462.6 3150.6 3.69 21.90 0.00 Yes 
Zn ME 38082.4 1276.3 40034 3541.3 1.16 6.48 0.14 No 
Zn SS 62694.4 1046.0 66666.8 1348.6 5.20 26.54 0.00 No 
Zn PR 85109.4 2457.7 83894.2 13051.0 0.20 1.25 0.42 Yes 

Note.  SD = standard deviation; p = P value; d = standardised measure of mean difference. 
 

Similar cases of overshoot were reported by Mikhailova and Sharunova (2008) and Steinnes and Krog 

(1977).  Mikhailova and Sharunova (2008) transplanted Hypogymnia physodes from a clean site to a 

moderately polluted site in the Middle Urals of Russia.  They compared the heavy metal levels among 

aboriginal and transplanted lichens and found higher accumulation levels of Cd, Pb, and Zn. Similarly, 

Steinnes and Krog (1977) transplanted the same lichen species to an industrial complex in Norway and 

obtained a near identical result for Hg, As, and Se.  The reasons for higher elemental accumulation in 

lichen transplants compared to in-situ samples are not clear and therefore, this requires further 

investigation.   

 

Possible reasons for overshooting the heavy metal content in the long-term transplants compared to in-

situ samples may be due to the hyper-activation of physiology and the defence mechanisms (Section 

8.4) against the excess pollutant influx of the transplanted lichens during the early seasons in the new 

environment, until it acclimatises to the new polluted environment (Mikhailova, 2007, Satarug et al., 

2003).  On the other hand, the secondary metabolites also known as lichen acids may have an influence 

on forming metal complexes (Backor & Loppi, 2009).  Those compounds can have an effect on the 

accumulation of heavy metals in the thallus.  The main lichen acids in Parmotrema reticulatum are 

atranorin, chloroatranorin, salazinic acid, and consalazinic acid (Galloway, 2007b).  Usnic acid is 

common to Ramalina celastri and Usnea rubicunda.  Divaricatic acid is available in the first species 

while salazinic and norstictic acids are present in the second species (Galloway, 2007b).  The 

occurrence of different secondary metabolites in different lichen species may have an impact on 

different levels of heavy metal accumulation in different sites (Oztetik & Cicek, 2011).  However, the 

relationship between these compounds and heavy metal content in lichen thallus is not considered in 

the present research due to lack of resources and time.  The growth rates of different lichen varieties in 

different sites and the translocation of pollutants within the lichen thallus may also have an impact on 
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this issue (Branquinho et al., 2010).  Additionally, the production of lichen acids and the growth of 

lichen thallus may be influenced by different genotypes of the same lichen species (Purvis & Pawlik-

Skowronska, 2008).  Therefore, the higher accumulation of heavy metals in transplanted samples 

relative to the in-situ samples can be due to the selection of lichen samples from the clean sites, with 

genotypes producing more secondary metabolites and a higher growth rate. 

 

9.4 Pollutant release from lichen transplants  

 

The total pollutants accumulated in a thallus decreased over time when it was transplanted from a 

polluted site to a less polluted site.  The transplants from the polluted site to other less polluted sites 

(except industrial) showed a linear decreasing trend with time (Figures 9.1 and 9.2).  The heavy metal 

release from the thallus in both biomonitor species illustrated similar characteristics.  Generally, the 

time taken by the transplants from the polluted site to reach the in-situ level of pollution in commercial 

sites was from six to seven seasons.  Similarly, the time taken to achieve the in-situ level at a residential 

site ranged from seven to eight seasons on most occasions.  Generally speaking, when the air-shed had 

lower pollution, the lichen took a longer time to release the pollutants from its thallus to achieve new 

equilibrium. Therefore it can be inferred that the time taken for equilibrium by a transplant from a 

polluted site is dependent on the ambient air pollution level of the transplanted site.  Table 9.3 

summarises the response times and signal strengths for pollution release based on Figures 9.1 and 9.2 

for two land use types.  In-depth statistical analysis for pollution release was not carried out due to 

insufficient data.  

 

Table 9.3 
 
Response times and signal strengths for pollution release reported from the two targeted lichen species 
based on Figures 9.1 and 9.2 for residential and commercial land use types  
 
(a) Response time (seasons) 
Site Lichen species Cr Cu Pb Zn Average ± SD 

Residential 
(Mount Eden) 

Parmotrema reticulatum 8 7 8 6 7.2 0.96 
Ramalina celastri 8 8 7 6 7.2 0.96 

Commercial 
(Symonds Street) 

Parmotrema reticulatum 5 7 6 6 6.0 0.82 
Ramalina celastri 7 7 6 6 6.5 0.58 

  
(b) Signal strength (ng g-1 × 103) 
Site Lichen species Cr Cu Pb Zn Average ± SD 

Residential 
(Mount Eden) 

Parmotrema reticulatum 15.5 17 25 48 26.3 15.01
Ramalina celastri 15.5 16 19 48 24.6 15.66

Commercial 
(Symonds Street) 

Parmotrema reticulatum 8 21 10.5 22 15.3 7.16 
Ramalina celastri 11.5 5 28.5 23.5 17.1 10.78

Note. SD = standard deviation. 
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Elements including heavy metals accumulated in the lichen thallus may be washed out by precipitation.  

Figueira et al. (2002) reported that rain water may wash saline elements out of the lichen thallus based 

on Ramalina calicaris and Usnea spp. transplants in Portugal.  They showed that the wash-off of Na+, 

Mg2+, and Cl-1 due to rain water was not linear.  However, their research was limited to highly soluble 

ions and the solubility of these elements is dependent on the pH of rain water.  No heavy metals were 

tested in this research.       

 

An interesting study was reported by Sondergaard et al. (2010) about Pb release from lichen Cetraria 

nivalis near ‘Black Angel Mine’ in West Greenland.  This Pb-Zn mine was in operation during the 

period 1973 to 1990.  The Pb concentrations of in-situ lichen samples have been reported from 1988 to 

2008 with background Pb levels.  Over 20 years, lichen samples collected around the mine (within 1 

km) reduced their Pb concentration from 610,000 ng g-1 to 190,000 ng g-1.  Over the same period, 

lichen samples collected about 5 km away from the mine reduced their Pb concentration from 200,000 

ng g-1 to 10,000 ng g-1.  This study clearly showed the reduction of accumulated Pb concentration in 

lichen thallus over the 20 year period when the air pollution ceased from the mining activities.  

Nevertheless, this research is not compatible to the present research as the researchers used in-situ 

samples.  However, the results of the above research indicate the possibility of releasing accumulated 

heavy metals in the thallus back to the environment in large quantities with the improving ambient air 

quality over time.        

 

9.4.1 Pollutant release rates  

 

Pollution release rates were calculated using the information based on lichen transplants from Penrose, 

in order to understand how different heavy metals released from the thallus varied between study sites 

(Table 9.4).  The resulting pollution rates were negative since it was a loss of pollutants from the lichen 

thallus.  However, the following pollution release rates are reported as positive values, considering the 

amount of pollutant released from the transplanted thallus to the environment.  Thus, the positive 

release rates are easy to interpret.        

 

The highest and the lowest pollution releases were reported in Mount Eden (residential) and Symonds 

Street (commercial) sites respectively.  The difference between the pollutant concentrations of 

transplanted lichens and in-situ lichens was relatively high in the residential sites.  Therefore, the 

transplanted thalli may have had a tendency to release pollutants faster in commercial sites compared to 

the release in the residential sites.  Paired t test was used to test the hypothesis of whether the heavy 

metal release rates from Parmotrema reticulatum and Ramalina celastri are similar.  The results of the 

statistical test show that the rate of heavy metal release of Parmotrema reticulatum (M = 2,180.5, SD = 
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1, 326.6) is not significantly different to the rate of heavy metal release of Ramalina celastri (M 

=1,914.4, SD = 1,652.7); t (.05) = 1.41, p = .20).  Paired t test results reiterate the observation made 

based on Table 9.4 that there is no significant difference in the pollution release rates of both lichen 

species.   

 

Table 9.4 
 
Heavy metal release rates from transplanted lichen samples from Penrose to other study sites over two 
years reported for Parmotrema reticulatum and Ramalina celastri.  Mount Eden and Symonds Street 
study sites exhibited highest pollution release rates compared to other sites, and hence information 
about these two sites are given below for inter-species comparison purposes  
 
Heavy metal Study site Seasonal pollution release rates (ng g-1 season-1) 
  Parmotrema reticulatum Ramalina celastri 
Cr Mt. Eden 1,476.7 1,637.1 
Cr Symonds St. 1,356.1 1,413.8 
Cu Mt. Eden 2,321.2 1,601.8 
Cu Symonds St. 1,396.7 296.1 
Pb Mt. Eden 2,391.3 1,882.4 
Pb Symonds St. 1,288.5 719.8 
Zn Mt. Eden 5,280.5 5,740.1 
Zn Symonds St. 1,933.7 2,024.6 

 

9.5 Pollution accumulation and release 

 

Accumulation and release graphs for Zn in Parmotrema reticulatum and Ramalina celastri are drawn 

in order to obtain an in-depth understanding of how lichen thalli achieve equilibrium with the air 

pollutants (Figure 9.5).  Zn represents the highest heavy metal accumulation and release, and hence it is 

easy to understand the equilibrium process and to compare with different lichen groups.  The behaviour 

of heavy metal accumulation and release in both lichen species is similar in all study sites.  For the 

following analysis, Mount Eden and Symonds Street sites were selected to represent residential and 

commercial sites respectively.  These two sites reported average levels of in-situ heavy metal 

accumulation and hence, provide a clear graphical portrayal for temporal pollutant accumulation and 

release.       
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Figure 9.5.  Zn accumulation and release graphs for Parmotrema reticulatum and Ramalina celastri in residential (Mount Eden) and commercial (Symonds 
Street) sites over two-year study period.  
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Pollution accumulation and release graphs are drawn for Zn using in-situ samples (blue solid line), 

long-term transplants (black solid line), samples from the clean site (green solid line), and transplants 

from the polluted site (red solid line) (Figure 9.5).  For comparison purposes, accumulations reported 

from short-term transplants (orange solid line) and in-situ samples from Penrose (brown solid line) are 

included in the same graphs.  No sub sample measurement variations were shown in these graphs in 

order to obtain a clear picture of achieving the equilibrium state.  The trend lines for the transplants 

from the polluted site and long-term transplants are inserted in each graph as dotted black lines.  The 

trend lines for in-situ samples are shown as thin solid black lines (Figure 9.5).   The equations for each 

trend line are given in Table 9.5.  The observed equilibrium point in each site is shown with a solid 

black arrow.  The dotted black arrows represent the equilibrium point based on the fitted lines.  

Similarly, the solid red arrows represent the observed point of time at which the transplants from the 

polluted site reached the in-situ level in each site.  The dotted red arrows represent the same 

equilibrium point based on the fitted lines.  The height of each arrow represents the pollutant signal 

strength in each site.   

 

In all cases the observed equilibrium points (solid arrows) are closer to the fitted equilibrium points 

(dotted arrows).  The difference between the observed equilibrium point and the fitted equilibrium 

point is shown as double-headed horizontal arrows (black and red) in each graph.  The black horizontal 

arrows depict the time difference between observed and fitted equilibrium points in pollution 

accumulation.  The red arrows illustrate the time difference between observed and fitted equilibrium 

points in pollution release.  Based on Figure 9.5, the difference between observed and fitted 

equilibrium points are about one season or less than a season.  Based on the same figure the pollution 

accumulation and release equilibrium points for Zn can be predicted with an error margin of ± one 

season (three months) for Parmotrema reticulatum and Ramalina celastri.  Therefore, it can be inferred 

that PARM can be successfully employed in calculation of heavy metal equilibrium points for a given 

site and lichen species. 
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Table 9.5 
 
Zn accumulation and release trend equations for Parmotrema reticulatum and Ramalina celastri based 
on Figure 9.5 for residential (Mount Eden) and commercial (Symonds Street) sites.  Mount Eden and 
Symonds Street study sites exhibited highest pollution release rates compared to other sites, and hence 
information about these two sites are given below for inter-species comparison purposes 
 
 Parmotrema reticulatum Ramalina celastri 
(a) Residential   
Transplants from the polluted site Y = -5,447.2 X + 86,216 Y = -5,7402.1 X + 84,628 
In-situ samples Y = -5170.8 X + 45,749 Y = 278.4 X + 35,821 
Long-term transplants Y = 8,205.6 log10(X) + 32,001 Y = 9,420 log10(X) + 20,937 
 
(b) Commercial   
Transplants from the polluted site Y = -1,933.8 X + 84,766 Y = -2,047.7 X + 79,614 
In-situ samples Y = -305.48 X + 69,746 Y = 73.4 X + 61,951 
Long-term transplants Y = 22,950 log10(X) + 26,441 Y = 21,992 log10(X) + 23,827 

 

It can be observed that all above four pollution accumulation and release graphs follow the PARM 

given in Figure 3.2.  Similarly, the pollution accumulation and release graphs were drawn for the 

remaining study sites for all four targeted heavy metals.  All these graphs follow the same model.  

Therefore, it can be inferred that the heavy metal accumulation and releasing behaviour of in-situ 

samples, short-term transplants, long-term transplants, and transplants from the clean site from the two 

lichen biomonitor species are the same in all study sites.  The time taken to achieve equilibrium by both 

transplants (long-term and samples from the polluted site) depends on the signal strength, the targeted 

heavy metal, and biomonitor species.  The PARMs are helpful in assessing the air pollution in a target 

site in the long run.            

 

9.6 Summary 

 

Both lichen species showed similar characteristics in heavy metal accumulation and releasing patterns 

and follow the characteristics given in the PARM.  The pollution accumulation response time depended 

on the signal strength, three to four seasons long for industrial sites, two to three seasons in commercial 

sites, and one to three for residential sites.  The time taken by the transplants from the polluted site to 

reach the in-situ level of pollution in commercial and residential sites was from six to seven seasons, 

and seven to eight seasons, respectively.  There was no significant difference between the pollution 

accumulation and release between the two targeted lichen species. 
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CHAPTER 10 

 

CONCLUSION 

 

10.1 Introduction 

 

Lichens are useful as biomonitors of air pollution because they readily accumulate pollutants in their 

thallus in line with atmospheric concentrations.  Lichens intercept allogeneic atmospheric materials 

dissolved in wet precipitation, dry depositions and gaseous emissions, and their physiology is such that 

they are able to indiscriminately absorb a large range from the ambient air through their entire surface.  

The results of the work presented here show that accumulated pollutants are closely correlated with 

their atmospheric levels and prove the capability of lichens as effective biomonitors even in the 

relatively clean air of New Zealand where no such biomonitoring has so far been undertaken. 

 

The study area is the Auckland Region, which is growing fast both in terms of area and size of 

population, and already hosts a third of the New Zealand population.  The quality of air in this region 

has declined in the past few decades and this is likely to continue as the region grows.  The Ministry of 

Environment (2007) has reported that some air pollutant levels in Auckland have exceeded New 

Zealand air quality guidelines.  For example, in 2001 ambient PM10 levels failed to meet the national air 

quality standards in the Auckland air-shed on 37 occasions.  In Auckland as elsewhere, there is a need 

for air quality monitoring techniques that can be easily and inexpensively applied.  Lichens produce 

results that are complementary to chemico-physical monitoring methods. 

 

In the research reported here, three lichen species: Parmotrema reticulatum, Ramalina celastri, and 

Usnea rubicunda were assessed as air pollution biomonitors for PAHs, PM, and heavy metals.  

Thirteen study sites belonging to four different land use types were used for field activities.  Two 

conceptual models: the lichen-air equilibrium model, and the pollution accumulation and release model 

(PARM) are developed during this study to understand how air pollutants achieve equilibrium with that 

in the lichen thallus.  This study is the first of its kind on airborne heavy metal assessment using lichens 

as biomonitors in New Zealand.  Based on the results and discussions in the previous chapters, the 

following conclusions are drawn. 

 

10.2 Key findings 

 

Most lichen biomonitoring studies to date have been designed to assess the spatial distribution patterns 

of heavy metals, but relatively few have focussed on temporal accumulation patterns with a long-term 
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perspective (Garty, 2001).  The results of the current research demonstrate that the lichens Parmotrema 

reticulatum, Ramalina celastri, and Usnea rubicunda may be used to monitor both spatial and temporal 

pollution caused by airborne Cr, Cu, Pb, and Zn.  The results show the capabilities of these lichen 

species in accumulating heavy metals even when the heavy metals are present in the air in very low 

concentrations.  These lichens are effective in assessing airborne heavy metals because they accumulate 

these trace pollutants in measureable amounts over time.  Measuring such low levels of pollutants is 

often difficult, and sometimes impossible with conventional real-time measurement techniques such as 

high-volume air samplers.  All these three lichen species have the prerequisites for a good biomonitor, 

as they are: easy to identify, plentiful in number, and easy to transplant and sample. 

 

Heavy metal concentrations in different clean sites around the world, reported by various researchers, 

are compared with the results of this study.  The comparison revealed that in the Hunua and Waitakere 

Ranges air pollution levels are similar in range to other clean sites in the world.  The air pollution levels 

in the Hunua Ranges show lower heavy metal concentrations than the Waitakere Ranges.  For this 

reason, lichen samples from the Hunua Ranges are used for transplanting in the current research.  At 

the conclusion of the research, the results showed the lowest total heavy metal concentrations for both 

lichen species occurred in the Hunua Ranges.  The accumulated concentrations reported for 

Parmotrema reticulatum ranged from a minimum 7,672 ng g-1 for Cr to a maximum 31,052 ng g-1 for 

Zn.  Similarly, for Ramalina celastri the reported minimum is 6,215 ng g-1 for Cr, and the maximum is 

26,712 ng g-1 for Zn.  Therefore, both lichen species show their suitability for lichen transplantation 

studies indicating lowest levels of heavy metal accumulations at the clean site.  

 

All three lichen species show significant accumulation of heavy metals in transplanted samples.  

Parmotrema reticulatum showed the highest amounts followed by Ramalina celastri, with Usnea 

rubicunda accumulating the least amount of pollutants.  The different levels of pollutant accumulation 

in different lichen species can be attributed to the lichen’s surface morphology and their physiological 

processes.  As expected, higher levels of pollutant accumulation are reported from the industrial sites 

and lower pollutant levels from the residential sites.  The pollutant accumulation in commercial sites 

remained between the levels of industrial and residential land use types.  Based on these results, it can 

be concluded that the different lichen species accumulate an airborne heavy metal at different rates, 

similarly different heavy metals accumulate in a single lichen species at different rates.   

 

Initial research showed that Parmotrema reticulatum and Ramalina celastri transplants accumulated 

the highest amounts of air pollutants in the thallus, thus these species were selected for the full-scale 

field campaign to investigate long-term pollution accumulation and release performance in the 

Auckland Region.  Total seasonal accumulation rates over the two years for the targeted heavy metals 
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in the above two lichen species are calculated for three different groups, namely, in-situ samples, short-

term transplants, and long-term transplants.  The accumulation rates belonging to the above three lichen 

groups showed no significant relationship with key meteorological variables, specifically, total seasonal 

rainfall, seasonal mean air temperature, the number of rain days during the season, and mean seasonal 

relative humidity.     

 

The results for in-situ lichens show they are reliable biomonitors of existing air pollution levels at sites 

with different levels of heavy metal air pollution.  Lichen samples from the industrial locations showed 

the highest total heavy metal concentrations, followed by the samples from commercial and residential 

sites, and this order is same for both lichen species.  For the Auckland Region, Zn showed the highest 

accumulations, followed by Pb, Cu, and Cr, in that order.  Since the ranking of heavy metal 

accumulations are the same at each of the four different land use monitoring sites, it is unlikely that 

point source emissions play a significant part.  The in-situ heavy metal concentrations reported from 

Parmotrema reticulatum for the three land use types arranged in descending order is as follows: 

industrial (from 16,782 ng g-1 in Rosebank Road to 98,920 ng g-1 in East Tamaki) > commercial (from 

15,019 ng g-1 in Newmarket to 79,801 ng g-1 in Sylvia Park) > residential (from 8,230 ng g-1 in Homai 

to 48,583 ng g-1 in Howick).  Similarly, the in-situ heavy metal concentrations reported from Ramalina 

celastri for the three land use types arranged in descending order is as follows: industrial (from 14,783 

ng g-1 Rosebank Road to 94,858 ng g-1 in Wiri) > commercial (from 12,010 ng g-1 in New Lynn to 

79,515 ng g-1 in Newmarket) > residential (from 6,383 ng g-1 in Howick to 49,580 ng g-1 in Howick).   

 

Both lichen species demonstrated their capability as good biomonitors in that they accumulate different 

levels of pollutants at the different land use types.  The accumulated levels of heavy metals in lichen 

thalli correspond to the expected level of pollution in each land use type.  However, there is a 

statistically significant heavy metal accumulation difference between the two lichen species in each 

land use type.  As Parmotrema reticulatum showed higher in-situ pollutant concentrations than 

Ramalina celastri, it can be concluded that Parmotrema reticulatum is a better bioaccumulator.  The in-

situ lichen samples can be used to study the spatial patterns of air pollution.  However, an even 

distribution of sampling sites within the study area is very important for reliable depiction of the spatial 

patterns.  A grid reference is one of the best ways of distributing the sampling sites evenly over the 

study area. 

 

The heavy metal accumulation in short-term lichen transplants display a similar accumulation pattern to 

in-situ lichen samples with highest Zn concentrations followed by Pb, Cu, and Cr in that order.  The 

highest pollutant concentrations for the short-term lichen transplants are found at industrial sites, 

followed by commercial and residential sites, and this order is the same in both lichen species.  The 
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short-term pollutant concentrations from Parmotrema reticulatum for the three land use types arranged 

in descending order is as follows: industrial (from 7,483 ng g-1 in Penrose to 51,751 ng g-1 in East 

Tamaki) > commercial (from 7,438 ng g-1 in Symonds Street to 49,380 ng g-1 for in Sylvia Park) > 

residential (from 6,233 ng g-1 for in Homai to 40,802 ng g-1 for in Royal Oak).  Similarly, the short-

term pollutant accumulations reported from Ramalina celastri for the same three land use types 

arranged in descending order is as follows: industrial (from 7,112 ng g-1 in East Tamaki to 60,219 ng g-

1 in Penrose) > commercial (from 6,093 ng g-1 in New Lynn to 39,718 ng g-1 in Symonds Street) > 

residential (from 6,993 ng g-1 in Royal Oak to 31,483 ng g-1 in Howick).  The accumulation of 

pollutants within a season in the lichen transplant corresponds to the level of pollutants in each land use 

type, thus showing the capability of temporal heavy metal accumulation in both lichen species.  Similar 

to the in-situ lichen samples, there is a statistically significant heavy metal accumulation difference 

between the two lichen species in each land use type for short-term lichen transplants.  Parmotrema 

reticulatum showed higher short-term pollutant accumulation compared to Ramalina celastri.    

 

In general, the total long-term heavy metal accumulation in both lichen species showed an increasing 

trend over three to five seasons.  After that the accumulation trends levelled off and remained this way 

to the end of the study period.  This shows how and when the airborne heavy metals achieve the 

equilibrium point with the lichen thallus.  The response time is dependent on the absolute difference 

between heavy metal concentration in the lichen (signal strength) at the time of transplant, and the 

heavy metal level of the in-situ lichens, already in equilibrium.  Thus the response time varies at 

different land use sites.  However, Parmotrema reticulatum and Ramalina celastri show no noticeable 

difference in equilibrium times at different land use sites.  After achieving the equilibrium state, the 

pollution accumulation in a long-term transplant is similar to an in-situ lichen transplant.  Accordingly, 

long-term lichen transplants provide information about temporal air pollution accumulation until they 

reach their equilibrium state.  This information is useful in comparing pollution rates from different 

land use sites over time.  When the long-term lichen thallus is in equilibrium, the pollutant 

concentration in the thallus is directly related to the ambient air pollution concentration, and hence it is 

suitable for spatial air pollution comparison between different study sites.   

 

The conclusions based on the pollutant accumulation results in relation to the long-term lichen 

transplants are similar to the conclusions from the in-situ samples and short-term lichen transplants.  

The long-term lichen transplants provide both spatial and temporal information about how the two 

targeted lichen species accumulated heavy metals.  Analysis of the data gathered over two years from 

12 study sites showed that Parmotrema reticulatum and Ramalina celastri are good bioaccumulators, 

and the accumulated concentrations of pollutants reflected the level of ambient pollutants at each study 

site.  The highest long-term pollutant concentrations reported from Parmotrema reticulatum transplants 
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from the three land use types for each heavy metals arranged in descending order is as follows: 

industrial (Zn: 105,712 ng g-1 in East Tamaki for Round 8; Pb: 45,512 ng g-1 in Penrose for Round 6; 

Cu: 35,721 ng g-1 in East Tamaki for Round 7; Cr: 38,421 ng g-1 in Wiri for Round 5) > commercial 

(Zn: 80,831 ng g-1 in Sylvia Park for Round 4; Pb: 40,801 ng g-1 in Sylvia Park for Round 8; Cu: 

24,812 ng g-1 in Newmarket for Round 4; Cr: 24,685 ng g-1 in Sylvia Park for Round 4) > residential 

(Zn: 50,502 ng g-1 in Howick for Round 3; Pb: 22,173 ng g-1 in Mount Eden for Round 7; Cu: 16,783 

ng g-1 in Mount Eden for Round 3; Cr: 12,258 ng g-1 in Royal Oak for Round 7).   

 

The long-term pollutant accumulations reported from Ramalina celastri transplants for the same three 

land use types arranged in descending order are as follows: industrial (Zn: 198,952 ng g-1 in East 

Tamaki for Round 6; Pb: 40,512 ng g-1 in East Tamaki for Round 6; Cu: 30,312 ng g-1 in East Tamaki 

for Round 7; Cr: 27,833 ng g-1 in Penrose for Round 5) > commercial (Zn: 78,838 ng g-1 in Newmarket 

for Round 8; Pb: 33,317 ng g-1 in Symonds Street for Round 7; Cu: 23,315 ng g-1 in Symonds Street for 

Round 8; Cr: 21,148 ng g-1 in Sylvia Park for Round 5) > residential (Zn: 48,450 ng g-1 in Howick for 

Round 4; Pb: 20,420 ng g-1 in Royal Oak for Round 8; Cu: 12,638 ng g-1 in Mount Eden for Round 5; 

Cr: 12,513 ng g-1 in Mount Eden for Round 8).  The spatial pollutant accumulation distribution based 

on different land use types reported from long-term transplants is statistically significant.  The long-

term heavy metal concentrations in Parmotrema reticulatum transplants were significantly higher 

compared to Ramalina celastri transplants. 

 

Parmotrema reticulatum, Ramalina celastri, and Usnea rubicunda were assessed for their 

accumulation capabilities for Co, Ni, As, and Cd.  The accumulation of Co and Ni occurred in very low 

concentrations, sometimes below the detection limit.  From this it can be inferred that the air pollution 

due to the above two heavy metals in the Auckland Region is insignificant.  Davy et al. (2007) reported 

similar observation of low Co and Ni concentrations based on their elemental analysis of PM sampled 

in the Auckland Region (Section 5.8.3).  However, the results are contradictory when comparing the 

two studies in terms of concentrations of As.  Davy et al. (2007) report higher As concentrations 

compared to Co and Ni, and the concentrations of As are similar to those for Cu (Table 5.7).  In 

contrast, the current study results showed very low As accumulation concentrations in all three lichen 

species.  Therefore, it can be deduced that the above three targeted species are not good 

bioaccumulators of As.  Cd occurs in very low concentrations in all of the above three species.  

However, no information on Cd is given by Davy et al. (2007), thus the suitability of the three targeted 

lichen species for Cd biomonitoring requires further investigation. 

 

The on-thallus heavy metal content located on the surface layer of the lichen thallus plays a major role 

in air pollutants achieving an equilibrium status with the lichen thallus.  The accumulation of on-thallus 
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heavy metals showed a direct negative correlation with each of the total rainfall during the season, the 

number of rain days during the season, and the mean seasonal relative humidity.  The accumulation of 

on-thallus heavy metals showed a positive correlation with seasonal mean air temperature.  The on-

thallus heavy metal content in short-term transplants showed higher accumulation concentrations in 

summer than in winter due to differences in rainfall amount and rain-event frequency.  Thus, on-thallus 

pollutant content is not a suitable parameter for predicting the level of air pollution.  In general, 

however, the total (on thallus plus in-thallus) accumulation increases with time irrespective of season or 

rainfall.  The lichen species Parmotrema reticulatum accumulated higher amounts of on-thallus 

accumulations compared to Ramalina celastri.  In general, irrespective of the lichen species, the 

average on-thallus pollutant loading as a percentage of the total pollutant content varies from a 

minimum 1% to maximum 20% (mean is 9%).  The reason for this variation may be due to the wash-

off by precipitation.  However, this wash-off may lead to underestimate the ambient pollutant level in 

the air. 

 

The on-thallus region is relatively a smaller portion compared to the lichen thallus as a whole, and it is 

the region that always exposed to wash-off due to rainfall.  The variability that wash-off can induce on 

the total heavy metal measurement in the thallus is short-term.  The reason is that the time taken for the 

on-thallus to achieve equilibrium with the surrounding air is relatively short, compared to the time 

taken to achieve equilibrium with its interior tissues.  Therefore, unwashed samples are suitable for 

shorter-term temporal heavy metal accumulation investigations.  Washed lichen samples provide data 

on in-thallus pollution concentrations, and they are recommended for heavy metal accumulation 

representations about the target sites over a longer period of time.  The reason is that heavy metals in 

the in-thallus zone take relatively longer time to achieve equilibrium.       

 

A linear pollutant loss can be observed when lichen samples are moved from a polluted site to a less 

polluted site.  The time taken to reach the in-situ pollutant level by these transplants depends on the 

absolute pollutant difference between the two sites (signal strength).  A longer time is taken by the 

transplants from the polluted site to reach the in-situ level of pollution in residential sites compared to 

commercial sites.  In fact, the results show that there is no significant difference between the pollution 

release rates between the two lichen species.     

 

The heavy metal content of the thallus can be used as an index for air pollution that is ‘zone-specific’ 

rather than ‘point-specific’.  Nothing certain can be said about the possible relationships between 

source and accumulation, since this study was not designed for that purpose.  Given that the lichen 

samples were transplanted and sampled well away from all roads and any point sources of pollution, it 

is most likely that the heavy metal content in the thallus is an index for ‘zone-specific’ pollution.  The 
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results of the present research are as would be expected, in that the level of emissions are in line with 

the assumed air pollution levels in the different land use categories.  For this reason, it is likely that air 

pollution from anthropogenic emissions was the major contributing factor to the greater elemental 

concentrations in the lichen samples.  Measurements of the airborne heavy metals based on lichen 

biomonitoring techniques are time integrated information, which are influenced by biological and 

environmental effects (Ries et al., 2002).  Thus, lichens do not act like physico-chemical or electronic 

air pollution monitoring devices.  Moreover, data generated from lichens cannot be interchanged with 

measurements obtained from air pollution monitoring devices.  Consequently, the use of lichen-based 

information is limited and should be interpreted with care.        

 

The air pollution monitoring based on lichens is suitable for areas with moderate to low levels of air 

pollution, such as is the case in the present study.  Lichens cannot survive in sites with heavy air 

pollution.  Therefore, there will be no in-situ lichen samples available to obtain information about the 

ambient level of pollution from such locations.  In case of a transplantation study, high pollution-

tolerance lichen species should be used.  Otherwise, the transplanted lichens accumulate pollutants into 

the thalli, and reach the threshold level of toxicity before they achieve equilibrium.         

 

The technique used in the current study to assess airborne heavy metal pollution is cost effective, as it 

does not require specialised or technically sophisticated monitoring equipment.  It is also effective in 

the larger scale air pollution monitoring programme which extends over a longer period.  Given that 

most of the heavy metal pollutants are present in the air in very low concentrations, the performances 

of Parmotrema reticulatum, Ramalina celastri, and Usnea rubicunda as biomonitors of airborne heavy 

metal pollution are encouraging.  

 

The lichen-air equilibrium model and the PARM are the two conceptual exemplars developed for the 

present study.  Reference to these is used to throw light on how air pollutants within the air and the 

lichen thallus achieve equilibrium.  These models proved to be very helpful in understanding how 

pollutants accumulate and release over time in different layers of the lichen thallus.   

 

The IAP results for all sampling sites showed that there is no significant change in the Auckland 

Region’s ambient air pollution over the two-year study period.  Similarly, the measurements of 

airborne heavy metal pollution based on passive air samplers, showed no notable variation.  The 

performance of the passive air samplers proved their suitability for monitoring airborne heavy metals in 

the short-term, for a maximum of six months.  However, these samplers are not suitable for long-term 

monitoring since there are a limited number of binding sites on the passive sampling medium.  

Temporal air pollution information based on IAP values and passive air samplers were very similar to 
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the archived air pollution data.  Based on all three of these air pollution monitoring methods, it can be 

inferred that there was no significant change in mean ambient concentrations of the air pollutants 

considered during the study period in the study area.  In light of this, no adjustments were required to 

incorporate into the two conceptual models at the time of interpreting heavy metal accumulation data 

obtained from lichens. 

 

Of the three lichen species used to monitor the accumulation of PAHs, Parmotrema reticulatum 

accumulated higher number of PAHs than Ramalina celastri and Usnea rubicunda.  However, the 

quantities of each PAH reported in all three species are very small.  Thus, it can be concluded that 

either the air-shed of the Auckland Region is not heavily polluted with PAHs, or the above three 

targeted lichen species are not good PAH biomonitors, or larger amounts of lichen material are required 

in order to extract quantifiable amounts of PAH.  The analysis based on SEM images showed that they 

are not useful for the study of spatial and temporal distributions of PM in the study area.  Instead, use 

of high-volume air samplers is recommended. 

 

10.3 Recommendations for future research   

 

The results of the research demonstrate that the lichen-air conceptual model developed is useful in 

understanding how pollutants accumulate in different lichen species in terms of surface layer and 

interior tissues.  Given that the interior of a lichen thallus consists of two or three tissue layers and that 

the number of these anatomically distinguishable layers in the thallus is species specific (Purvis & 

Pawlik-Skowronska, 2008: Nash, 2008a), these need to be taken into account in future research.  

Models designed to do this will be more difficult to design and test; however their potential usefulness 

makes them a high priority candidate for future research projects that might focus on the role of 

different tissue layers and the utility of this information in lichen biomonitoring.  If successful, these 

models could make it possible to quantify pollutants in different lichen tissues and through some light 

on how pollutants achieve equilibrium between each tissue layer and how pollutants translocate 

between lichen tissues.     

 

In most cases the heavy metal accumulation in long-term transplants overshoots the in-situ sample’s 

pollutant level, and stabilises after a few seasons.  The exact reason for this is not clear.  However, 

selection of lichen samples with genotypes that can accumulate more heavy metals from the clean sites 

is a possibility and requires further investigation.  The role of secondary metabolites in heavy metal 

accumulation in the lichen thallus based on different lichen species is not fully understood and needs 

additional research.  No field-based information is available in the literature on the time taken by an air 

pollutant to achieve equilibrium with the lichen’s surface layer after wash-off by the rainfall.   Based on 
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laboratory studies, this time varies from 10 minutes to four days, and is species-specific.  However, no 

data are available from field conditions, and further research is required.  The wash-off of heavy metals 

from the lichen’s surface layer depends on the pollutant concentration of rainfall and the pH of rainfall.  

No information is yet available for the comparison of heavy metal loss to the dissolved concentrations 

of heavy metals in rain water.  This is another area that needs further investigation.  Likewise, how 

pollutants are released from the thallus requires further investigation. This might be achieved by 

including additional sampling sites with varying levels of ambient air pollution.  The release of 

accumulated heavy metals from the lichen thallus may not depend solely on the lichen-air equilibrium 

exchange as depicted in the model.  The concentration of heavy metals accumulated in the new grown 

lichen thallus (post-transplant) may overestimate the heavy metal release, and further research is 

required.  The process of pollutants translocating within the thallus and to the newly grown tissues is 

still not thoroughly understood, neither is the distribution of pollutants in different lichen tissues fully 

understood, which require further attention.  The use of SEM coupled with EDS facility may be useful 

in these kinds of investigations.     

 

Running parallel sampling regimes employing lichens as well as high-volume air samplers in different 

sites with varying levels of air pollution may provide useful information, and is recommended for 

future studies.  High-volume air samplers provide information about PM in the ambient air, and 

amounts of heavy metals and PAHs attached to PM.  Lichen-based measurements provide information 

about how biological material accumulates above pollutants attached to PM as well as in gaseous form 

over time.  A comparison of the results generated based on these two regimes may reveal the 

relationship between the available concentrations of pollutants in ambient air and the amount of the 

same pollutants biologically accumulated in lichens.           

    

Lichen-based biomonitoring research has provided a new source of information for health researchers 

analysing the relationship between human health and the level of air pollution, as well as for assessing 

possible epidemiological threats (Cislaghi and Nimis, 1997).  In this context, the results of the current 

investigation may be useful for future epidemiological research in Auckland.  A grid-based lichen 

sample collection programme is recommended in order to obtain spatial information about the pollution 

accumulation.  This information could be used to improve understanding of spatial relationships of air 

pollution with pollutant-related diseases.  

 

In the work presented here, only 0.25 g of lichen material was used for PAH analysis.  The reported 

PAH concentrations are very low and close to the detection limit.  Larger amounts of lichen material 

may allow for more easily quantifiable PAH amounts to be extracted.  PAHs are absorbed into the 

lichen thallus mainly as particles.  The deposition of particles on the thallus depends on the surface 
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characteristics of the lichen, hence it is species-specific.  For this reason there may be some other lichen 

species that may accumulate higher amounts of PAHs, thus further investigation employing different 

lichen species is required.   

 

Filter papers are the passive sampler medium used in the present study.  Given that they are only 

effective for a short-term monitoring period (maximum six months), further research and development 

is required to improve the efficiency of these passive air samplers.  No active high-volume air samplers 

were employed in this study.  Therefore, the pollutant accumulations in passive air samplers were not 

calibrated against the actual heavy metal content in the air.  For this reason, the measurements based on 

passive air samplers are indicators of accumulation rather than absolute measurements.  Because of this 

these data are used only for comparison purposes here.  However, it is recommended that passive air 

samplers calibrated using active air samplers are used for future studies.  In this way, passive air 

samplers would provide data more useful for understanding actual pollution levels in the air.      
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Appendix 1  

 

IAP values calculated from each tree from each study site in the Auckland Region, for the period 2009 
– 2011.  There are 12 study sites in the study area, and 10 trees selected from each study site.  The land 
use type of each study site is given in parenthesis.  Residential, commercial, and industrial land use 
types are denoted as R, C, and I respectively   
 

  Tree number 
Site Name Year 1 2 3 4 5 6 7 8 9 10 

Homai  
(R) 
 

2009 13.76 10.48 12.18 13.23 14.02 14.80 9.69 11.66 12.84 11.66
2010 12.50 10.25 10.75 12.88 12.00 13.88 7.88 10.75 10.88 10.13
2011 14.08 11.65 12.54 13.95 14.34 15.49 9.86 12.67 13.44 12.54

Mt. Eden  
(R) 
 

2009 14.87 12.10 14.74 15.37 12.10 13.48 7.94 14.74 11.84 11.84
2010 13.21 12.32 13.46 14.86 12.45 13.21 8.38 13.97 12.07 10.03
2011 15.75 12.95 14.86 15.88 12.44 15.37 10.29 14.86 12.70 13.46

Royal Oak 
(R)  
 

2009 13.88 12.63 10.69 11.94 9.44 8.65 8.19 8.19 8.87 8.99
2010 16.20 14.18 13.77 14.04 11.48 11.07 6.89 9.59 11.34 11.75
2011 16.35 14.81 13.39 13.65 11.07 10.82 10.43 10.04 10.43 12.49

Howick  
(R) 
 

2009 16.63 14.13 16.04 12.51 9.56 15.89 12.80 12.65 12.36 13.39
2010 15.19 13.64 17.21 13.80 11.01 15.97 12.25 13.95 13.02 13.49
2011 18.20 12.70 16.14 15.62 13.22 18.54 8.76 11.16 9.27 13.56

New Lynn 
(C) 
 

2009 9.91 8.23 9.24 7.22 5.80 6.30 9.66 11.17 8.40 8.48
2010 11.10 10.10 9.30 7.80 6.90 5.60 11.00 11.10 9.10 9.70
2011 8.55 9.83 11.19 8.65 7.01 8.65 10.19 12.10 6.92 7.92

Sylvia Park 
(C) 
 

2009 12.10 11.60 10.30 11.80 12.20 12.00 11.40 9.70 10.70 4.10
2010 10.54 9.41 12.58 10.77 14.05 8.39 10.99 9.63 11.56 4.65
2011 12.88 8.63 10.58 14.49 12.31 12.65 10.58 11.27 12.08 4.49

Newmarket 
(C) 
 

2009 13.60 9.03 9.23 12.43 10.10 8.06 5.15 8.65 9.33 5.15
2010 13.13 7.57 12.13 12.68 13.13 8.57 5.56 9.12 10.79 5.34
2011 14.58 9.03 12.03 11.69 12.27 7.98 4.63 9.84 11.80 8.22

Symonds St. 
(C) 
 

2009 12.42 10.17 12.87 12.06 8.64 10.26 9.81 10.35 9.18 6.93
2010 9.77 9.03 5.78 10.71 11.97 9.03 10.29 10.29 10.40 7.04
2011 10.96 7.37 8.63 9.80 8.25 9.80 7.57 9.70 11.45 7.95

Rosebank Rd. 
(I) 
 

2009 13.42 11.44 13.53 11.77 14.08 9.79 9.68 10.67 12.76 2.31
2010 12.93 10.99 13.62 10.64 14.76 9.38 10.87 11.22 13.05 3.43
2011 10.87 8.58 9.16 10.07 14.31 10.30 9.38 9.73 12.93 4.46

Penrose  
(I) 
 

2009 10.94 8.53 8.84 7.98 9.60 7.32 6.84 6.18 5.83 4.94
2010 8.80 7.02 6.49 6.78 9.94 8.22 7.16 7.42 6.17 5.76
2011 7.86 6.12 8.10 7.59 9.61 8.27 7.67 6.55 5.06 5.33

E. Tamaki  
(I) 
 

2009 7.67 7.49 8.42 6.19 8.66 6.77 6.93 6.72 10.17 7.69
2010 7.86 7.98 7.74 4.80 7.40 5.44 6.66 6.00 9.46 7.06
2011 7.57 7.63 8.97 5.42 8.48 6.52 6.80 6.29 10.05 6.76

Wiri 
(I) 
 

2009 7.95 6.37 7.54 6.91 7.88 7.88 6.58 6.83 6.26 7.23
2010 7.63 6.97 6.47 6.40 7.29 8.34 7.20 6.58 6.84 6.84
2011 8.06 7.91 7.22 6.50 7.64 7.48 6.50 6.18 6.50 7.15
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Appendix 2  

 

Species name, circumference, and height of each phorophyte used for IAP calculation in each site in 
the Auckland Region for the period 2009 – 2011.  Residential, commercial, and industrial land use 
types are denoted as R, C, and I respectively 
 

  Tree number 
Site  1 2 3 4 5 6 7 8 9 10 

Homai 
(R) 

Species  M M M M M M M M M A 
Circumference (cm) 134 176 146 134 154 104 97 125 104 143 
Height (cm) 426 234 215 324 325 198 235 318 265 277 

Mt. Eden 
(R) 

Species M M M M M M M M A O 
Circumference (cm) 123 165 106 139 185 153 159 142 108 197 
Height (cm) 420 276 362 384 294 378 396 278 426 367 

Royal Oak 
(R) 

Species M M M M M M M M O O 
Circumference (cm) 122 102 98 151 94 153 122 132 121 107
Height (cm) 360 188 156 251 172 267 198 204 234 210 

Howick  
(R) 

Species M M M M M M M O O O 
Circumference (cm) 143 156 154 185 165 176 122 198 189 243 
Height (cm) 231 243 176 324 231 243 234 203 243 324 

New Lynn 
(C) 

Species M M M M M M M M M A 
Circumference (cm) 134 154 154 97 89 132 156 129 187 154 
Height (cm) 365 254 387 189 234 365 438 243 190 254 

Sylvia Park 
(C) 

Species M M M M M M M M A A 
Circumference (cm) 122 102 97 151 94 153 122 132 121 107 
Height (cm) 360 188 156 251 172 267 198 204 234 210 

Newmarket 
(C) 

Species M M M M M M M M O O 
Circumference (cm) 145 186 99 89 132 164 106 132 189 198 
Height (cm) 354 254 353 185 392 254 265 287 287 217 

Symonds St. 
(C) 

Species M M M M M M O O O A 
Circumference (cm) 152 172 103 97 132 135 175 182 192 123 
Height (cm) 342 184 176 213 276 193 365 394 271 203 

Rosebank 
Rd. (I) 

Species M M M M M M M M M O 
Circumference (cm) 143 148 132 143 122 176 122 165 121 154 
Height (cm) 322 173 354 342 245 154 199 187 239 231 

Penrose 
(I) 

Species M M M M M M M M M M 
Circumference (cm) 145 94 121 123 156 185 143 172 188 182 
Height (cm) 255 404 374 385 365 284 362 271 288 342 

E. Tamaki  
(I) 

Species M M M M M M M M M A 
Circumference (cm) 156 101 97 162 143 138 126 96 143 165 
Height (cm) 263 329 321 382 274 274 378 102 372 276 

Wiri 
(I) 

Species M M M M M M M M M M 
Circumference (cm) 135 96 136 103 165 135 154 167 160 165 
Height (cm) 245 249 354 254 284 231 325 281 210 275 

Note.  Species = species of the phorophyte used for IAP calculations; M = Melia azedarach 
(Chinaberry); A = Fraxinus excelsior (Ash); O = Quercus robur (Oak); Height = height to the first 
branch (cm); Circumference = circumference of the tree (cm) measured 1.5 m above the ground.  
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Appendix 3  
 

Pearson product-moment correlation coefficients between: air pollution data archived by the Auckland 
Council, IAP values through the floristic study of the current research, and heavy metal concentrations 
obtained through the passive air sampler measurements of the present study.  Four Auckland Council 
air pollution monitoring sites and four nearby lichen sampling sites of the present research were 
selected for this analysis (Section 5.5.2)   
 

  Khyber Pass Rd.1 Newmarket3 
  PM10 Cr Cu Pb Zn 
Newmarket3 IAP -.796 -.242 -.525 -.303 -.250 
Khyber Pass Rd.1 PM10 1 -.094 .056 .586 .312 
Newmarket3 Cr  1 .089 .126 .013 
Newmarket3 Cu   1 -.514 .399 
Newmarket3 Pb    1 -.059 

 

  Queen Street1 Symonds Street3 
  CO NO2 Cr Cu Pb Zn 

Symonds Street3 IAP .402 .446 .295 .010 -.089 .482 
Queen Street2 CO 1 .794 .284 -.171 .488 .050 
Queen Street2 NO2  1 .577 -.292 .510 .379 
Symonds Street3 Cr   1 -.484 .295 .013 
Symonds Street3 Cu    1 .176 -.322 
Symonds Street3 Pb     1 -.275 

 

  Penrose2 Penrose4 
  SO2 NO2 PM2.5 PM10 Cr Cu Pb Zn 

Penrose4 IAP .664 .335 .355 .716 -.416 .074 -.104 -.297 
Penrose2 SO2 1 .108 .357 .688 -.247 -.284 .093 .091 
Penrose2 NO2  1 .824 .602 -.881 -.270 -.088 .102 
Penrose2 PM2.5   1 .825 -.773 -.232 .411 .468 
Penrose2 PM10    1 -.580 -.079 .216 .369 
Penrose4 Cr     1 .369 -.005 .123 
Penrose4 Cu      1 -.019 -.094 
Penrose4 Pb       1 .516 

 

  Pakuranga1 Howick5 
  PM10 Cr Cu Pb Zn 

Howick5 IAP -.475 .038 -.185 .612 -.602 
Pakuranga1 PM10 1 .131 -.120 -.587 -.213 
Howick5 Cr  1 .044 -.108 -.309 
Howick5 Cu   1 -.506 -.079 
Howick5 Pb    1 -.168 

Note.  1 = sites classified under ‘urban’ category based on the Auckland Council air pollution 
monitoring sites; 2 = sites classified under ‘industrial’ category based on the Auckland Council air 
pollution monitoring sites; 3 = sites classified under ‘commercial category based on the present study; 
4 = sites classified under ‘industrial’ category based on the present study; 5 = sites classified under 
‘residential’ category based on the present study. 
Correlation is significant at the .05 level (2-tailed) in boldface. 
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Appendix 4 
 

The on-thallus and in-thallus heavy metal concentrations of lichen samples, which were collected from 
two clean sites during the initial stage of the current research study (September 2008 – March 2009).  
The heavy metal concentration is expressed in ng g-1 
 

(a) Samples from the Hunua Ranges 
Description and Parmotrema reticulatum Ramalina celastri Usnea rubicunda 
Heavy metal Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3
On-thallus Cr 374 243 199 377 385 154 214 191 143
Total Cr 7,686 8,767 8,977 6,442 7,175 7,754 6,911 7,815 8,188
On-thallus Cu 681 472 289 652 341 163 534 253 115
Total Cu 8,278 8,775 8,251 6,605 7,402 6,075 7,284 7,893 7,001
On-thallus Pb 681 447 284 569 405 390 482 298 174
Total Pb 8,278 10,771 9,057 10,643 8,405 7,155 9,323 9,404 7,907
On-thallus Zn 481 1357 873 1,638 1,061 789 951 1,042 682
Total Zn 7,878 7,112 6,732 8,342 7,432 8,763 7,693 6,732 7,664
On-thallus As BDL BDL BDL BDL BDL BDL BDL BDL BDL
Total As 432 653 BDL 532 683 BDL 552 653 334
On-thallus Cd BDL BDL BDL BDL BDL BDL 321 275 405
Total Cd 7,257 8,028 8,529 433 BDL BDL 3,692 4,512 4,430
On-thallus Co BDL BDL BDL BDL BDL BDL BDL BDL BDL
Total Co BDL 831 BDL BDL 678 699 585 611 934
On-thallus Ni BDL BDL BDL BDL BDL BDL BDL BDL BDL
Total Ni BDL BDL BDL 575 644 736 BDL BDL 323

 

(b) Samples from the Waitakere Ranges 
Description and Parmotrema reticulatum Ramalina celastri Usnea rubicunda 
Heavy metal Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3
On-thallus Cr 659 361 405 253 488 343 458 336 314
Total Cr 8,768 7,623 10,792 8,040 9,030 9,694 8,698 8,847 7,562
On-thallus Cu 931 352 468 822 568 329 452 358 270
Total Cu 10,033 10,299 7,633 8,186 9,319 7,660 8,885 6,621 8,816
On-thallus Pb 866 632 277 744 649 332 727 432 460
Total Pb 9,832 12,850 10,135 12,649 9,726 8,440 10,756 11,392 6,722
On-thallus Zn 918 2,017 1,497 2,317 1,123 1,320 1,353 9,873 1,167
Total Zn 9,160 10,783 8,764 9,773 11,321 10,784 9,784 10,522 13,722
On-thallus As 173 BDL BDL BDL 183 BDL 172 BDL BDL
Total As 727 904 883 648 925 783 677 806 556
On-thallus Cd BDL BDL 782 BDL BDL BDL 445 466 651
Total Cd 8,094 7,821 8,932 6,135 BDL BDL 7,213 5,462 7,123
On-thallus Co BDL BDL BDL BDL BDL BDL BDL BDL BDL
Total Co BDL 935 BDL BDL 831 998 727 899 665
On-thallus Ni BDL BDL BDL BDL BDL BDL BDL BDL BDL
Total Ni 1,092 782 BDL 767 851 907 BDL BDL 478

Note.  Rd 1= Round 1 (September 2008); Rd 2= Round 2 (December 2008); Rd 3= Round 3 (March 
2009); BDL = below the detection limit. 
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Appendix 5 
 

Total heavy metal concentrations (ng g-1) of in-situ and lichen transplants of three potential lichen 
species sampled and analysed from three land use types during September 2008 to March 2009 from 
three study sites in the Auckland Region 
 

(a) Penrose (Industrial)     
Type Heavy Parmotrema reticulatum Ramalina celastri Usnea rubicunda 

metal Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3 

In-situ Cr 25,896 27,090 26,757 22,781 23,876 22,951 20,176 21,879 19,324 

Transplants  Cr 7,686 9,476 16,788 6,442 13,795 12,533 6,911 9,966 10,463 

In-situ Cu 31,628 30,787 31,015 24,153 26,771 24,858 27,751 25,595 27,746 

Transplants  Cu 8,278 13,216 14,667 6,605 7,332 19,413 7,284 9,783 8,432 

In-situ Pb 42,357 40,596 43,809 33,882 35,044 34,914 22,324 24,534 21,478 

Transplants  Pb 8,278 12,400 22,747 10,643 15,465 15,413 9,323 10,295 22,342 

In-situ Zn 88,368 91,476 91,989 83,582 83,588 82,419 80,830 82,359 80,034 

Transplants  Zn 7,878 28,823 39,802 23,242 24,219 38,434 15,360 26,371 38,964 

In-situ As 4,653 6,743 5,664 2,650 2,415 2,418 BDL 1,876 2,005 

Transplants  As BDL 543 604 BDL 199 BDL BDL BDL BDL 

In-situ Cd 2,538 2,461 2,711 2,621 2,430 2,477 2,414 2,270 2,486 

Transplants  Cd 6,979 8,911 7,637 433 1,002 981 3,544 4,812 4,148 

In-situ Co 2,546 2,421 2,735 2,677 2,430 2,498 2,456 2,245 2,515 

Transplants  Co BDL 826 1,630 553 1,020 979 585 743 1,178 

In-situ Ni 2,530 2,412 288 2,162 2,497 2,459 6,432 4,866 8,340 

Transplants  Ni BDL 8,913 15,991 575 1,034 989 2,218 2,312 1,241 
 

(b) Symonds Street (Commercial)    
Type Heavy Parmotrema reticulatum Ramalina celastri Usnea rubicunda 

metal Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3 

In-situ Cr 18,323 19,127 20,354 15,763 16,495 14,256 13,563 14,548 12,398 

Transplants  Cr 7,686 10,315 11,339 6,442 7,150 6,523 6,911 6,723 5,465 

In-situ Cu 18,469 19,888 20,906 18,580 21,369 20,196 18,353 20,461 20,387 

Transplants  Cu 8,278 10,406 18,796 6,466 10,713 9,375 7,284 10,366 13,945 

In-situ Pb 31,465 31,547 33,395 29,149 26,816 28,285 30,124 29,026 30,647 

Transplants  Pb 8,278 15,706 14,755 10,643 15,826 27,570 9,323 15,591 21,040 

In-situ Zn 69,950 69,393 67,848 63,414 60,298 62,189 66,489 64,707 64,859 

Transplants  Zn 7,878 38,376 52,509 23,242 37,442 44,511 15,360 37,721 48,405 

In-situ As 1,759 1,849 1,972 1,521 1,546 1,364 1,520 1,520 1,479 

Transplants  As BDL 925 1,003 BDL 616 1,473 765 615 1,039 

In-situ Cd 17,793 18,394 19,914 1,009 1,940 1,593 9,230 9,976 10,618 

Transplants  Cd 6,979 9,637 10,647 433 643 1,538 3,558 4,957 5,991 

In-situ Co 1,771 1,867 1,940 1,571 1,573 1,322 1,474 1,619 1,431 

Transplants  Co BDL 987 1,019 553 675 1,517 585 715 1,098 

In-situ Ni 1,734 1,812 1,943 1,519 1,619 1,362 4,376 4,900 5,913 

Transplants  Ni BDL 9,517 10,579 575 654 1,518 1,432 1,573 1,533 
(Continued on next page)       
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Appendix 5 (Continued) 
 
(c) Homai (Residential)     
Type Heavy Parmotrema reticulatum Ramalina celastri Usnea rubicunda 

metal Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3

In-situ Cr 8,727 8,486 8,747 8,753 6,557 7,363 7,063 7,335 7,289

Transplants  Cr 7,686 7,707 6,874 6,442 6,519 6,633 6,911 7,012 6,631

In-situ Cu 1,077 11,921 12,002 8,654 6,760 8,402 4,669 9,220 10,054

Transplants  Cu 8,278 8,624 12,222 6,442 7,059 8,343 7,284 7,728 10,098

In-situ Pb 16,706 16,047 18,593 18,685 17,839 16,788 17,502 16,802 17,543

Transplants  Pb 8,278 9,935 10,747 10,643 11,622 11,752 9,323 10,600 11,114

In-situ Zn 41,487 39,940 42,434 37,447 33,782 34,638 39,366 35,192 38,349

Transplants  Zn 7,878 29,533 32,439 23,242 25,616 34,775 15,360 27,393 33,465

In-situ As BDL 791 826 808 600 631 BDL 578 429

Transplants  As BDL 764 649 BDL 548 585 BDL 519 321

In-situ Cd 8,217 7,794 8,292 817 BDL 610 4,355 385 4,341

Transplants  Cd 6,979 7,042 6,423 433 609 573 3,511 3,661 3,302

In-situ Co 827 771 827 810 591 696 619 532 623

Transplants  Co BDL 708 623 553 605 625 585 457 518

In-situ Ni 800 782 836 820 595 684 4,312 3,624 3,303

Transplants  Ni BDL 7,049 6,238 575 596 619 660 492 626
Note.  Rd 1= Round 1 (September 2008); Rd 2= Round 2 (December 2008); Rd 3= Round 3 (March 
2009); BDL = below the detection limit. 
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Appendix 6 
 

On-thallus pollutant percentage (%) for the eight target heavy metals.  These samples belonging to 
three lichen species and were collected from three land use types (residential, commercial, and 
industrial) during the preliminary study (September 2008 to March 2009) 
  

(a) In-situ lichen samples     

Heavy Lichen 
Residential  

(Homai) 
Commercial 

 (Symonds Street)  
Industrial  
(Penrose) 

metal species Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3
Cr Pr. 8.9 3.1 2.7 8.8 3.2 3.0 8.9 4.1 3.2
Cu Pr. 3.5 3.8 4.0 8.6 5.9 3.0 6.4 3.8 3.5
Pb Pr. 6.9 3.4 2.2 4.2 6.9 3.0 8.2 4.8 3.7
Zn Pr. 5.5 3.3 4.2 6.5 4.7 3.0 11.5 9.9 7.7
As Pr. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Cd Pr. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Co Pr. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Ni Pr. 17.6 N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Cr Rc. 4.4 7.9 1.2 7.6 3.4 8.4 6.7 4.9 3.7
Cu Rc. 10.8 7.3 2.4 8.1 8.1 2.9 7.6 6.0 3.1
Pb Rc. 5.7 5.9 4.6 7.5 9.9 3.2 7.6 6.0 2.7
Zn Rc. 7.2 3.0 1.9 7.4 6.5 3.1 6.6 4.3 3.6
As Rc. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Cd Rc. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Co Rc. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Ni Rc. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Cr Ur. 4.9 3.7 7.2 7.5 2.3 4.2 7.0 3.9 2.7
Cu Ur. 16.9 3.3 1.4 7.8 6.5 2.1 6.4 4.2 2.8
Pb Ur. 5.4 3.6 2.7 14.5 7.6 2.6 7.5 4.9 3.0
Zn Ur. 5.9 8.9 2.6 6.7 5.3 2.8 8.9 7.0 5.6
As Ur. N.C. N.C. N.C. 11.3 N.C. N.C. 11.4 8.5 N.C.
Cd Ur. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Co Ur. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Ni Ur. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.

Note. Lichen samples with on-thallus or in-thallus heavy metal content below the machine detection 
limit was not used for the above calculations and such situations are reported as N.C. (Not Calculated).  
Rd 1= Round 1 (September 2008); Rd 2= Round 2 (December 2008); Rd 3= Round 3 (March 2009); 
Pr. = Parmotrema reticulatum; Rc. = Ramalina celastri; Ur = Usnea rubicunda. 

(Continued on next page) 
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Appendix 6 (Continued) 
 
(b) Lichen transplants 

Heavy Lichen 
Residential  

(Homai) 
Commercial  

(Symonds Street)  
Industrial  
(Penrose) 

metal species Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3 Rd 1 Rd 2 Rd 3
Cr Pr. 9.6 9.0 5.2 9.6 11.1 6.5 9.6 9.6 6.1
Cu Pr. 9.0 10.6 6.6 9.0 11.6 6.1 9.0 4.9 6.2
Pb Pr. 9.0 10.9 5.7 9.0 12.8 6.3 9.0 9.0 5.5
Zn Pr. 6.5 4.5 5.5 6.5 12.7 6.1 6.5 5.2 6.3
As Pr. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Cd Pr. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Co Pr. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Ni Pr. N.C. N.C. N.C. N.C. 3.1 N.C. N.C. N.C. 1.7
Cr Rc. 6.2 11.4 4.4 6.2 5.4 5.2 6.2 7.6 9.6
Cu Rc. 9.0 13.3 5.6 10.5 12.2 5.6 11.0 12.3 5.9
Pb Rc. 5.6 12.1 7.9 5.6 11.1 6.2 5.6 10.9 3.8
Zn Rc. 7.6 11.3 5.5 7.6 12.8 4.9 7.6 10.5 7.2
As Rc. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Cd Rc. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Co Rc. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Ni Rc. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Cr Ur. 3.2 8.5 10.5 3.2 6.4 5.0 3.2 6.9 6.0
Cu Ur. 7.9 10.3 4.3 7.9 10.4 5.1 7.9 6.1 5.3
Pb Ur. 5.5 10.3 5.7 5.5 10.8 5.7 5.5 8.1 3.9
Zn Ur. 6.6 7.1 5.1 6.6 12.4 5.1 6.6 7.1 6.2
As Ur. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. 2.6
Cd Ur. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Co Ur. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.
Ni Ur. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C. N.C.

Note. Lichen samples with on-thallus or in-thallus heavy metal content below the machine detection 
limit was not used for the above calculations and such situations are reported as N.C. (Not Calculated).  
Rd 1= Round 1 (September 2008); Rd 2= Round 2 (December 2008); Rd 3= Round 3 (March 2009); 
Pr. = Parmotrema reticulatum; Rc. = Ramalina celastri; Ur = Usnea rubicunda. 
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Appendix 7 
 

The net pollutant accumulation rates (ng g-1 season-1) of Cr, Cu, Pb, and Zn for three potential lichen 
species from three land use types calculated over six months (September 2008 to March 2009). 
Residential, commercial, and industrial land use types are denoted as R, C, and I respectively.  
Coefficient of determination (R2) is given in parenthesis  
 

Lichen 
species 

Location  Cr Cu Pb Zn 
Ac. Rt.(R2) Ac. Rt.(R2) Ac. Rt.(R2) Ac. Rt.(R2)

Parmotrema 
reticulatum 

Homai (R) -1,051.5(0.99) 1,985(0.72) 845(0.43) 766.5(0.79)
Symonds St. (C) 1,181(0.97) 5,272(0.86) 2,849(0.85) 10,802(0.99)
Penrose (I) 3,905(0.82) 3,208(0.95) 6,642(0.62) 4,448(0.70)

Ramalina 
celastri 

Homai (R) -560.5(0.99) 1,215.5(0.69) 2,298.5(0.95) 3,989.5(0.73)
Symonds St. (C) 3,987(0.75) 1,719(0.75) 10,208(0.97) 8,857(0.97)
Penrose (I) 1,389(0.54) 6,669(0.75) 8,129(0.92) 5,819(0.65)

Usnea 
rubicunda 

Homai (R) -778.5(0.99) 1,548(0.71) 1,603(0.98) 2,369.5(0.72)
Symonds St. (C) 2,589(0.86) 3,471(0.97) 6,566(0.99) 9,839(0.99)
Penrose (I) 2,637(0.99) 4,954(0.91) 7,419(0.79) 5,119(0.66)

Descriptive 
statistics 

Maximum 3,987 6,669 10,208 10,802
Minimum -1,051.5 1,215.5 845 766.5
Range 5,038.5 5,453.5 9,363 10,035.5
Mean 1,477.5 3,337.9 5,173.3 5,778.8
SD 1,952.7 1,924.9 3,323.6 3,415.9

Note.  Ac. Rt. = pollution accumulation rate; SD = standard deviation.  
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Appendix 8 
 

Heavy metal accumulation (ng g-1) in long-term and short-term transplants of two lichen species over two years (March 2009 to March 2011) 
 

(a) Cr and Cu accumulation in Parmotrema reticulatum 
 Site & Cr Cu
Type R0 R1 R2 R3 R4 R5 R6 R7 R8 R0 R1 R2 R3 R4 R5 R6 R7 R8
HM LT 7,590 7,803 6,842 8,328 9,272 9,938 10,331 9,708 10,115 8,347 8,525 12,173 10,583 11,785 12,737 11,983 12,072 12,583 
HM ST 7,590 7,803 7,212 6,233 6,281 6,428 7,118 7,208 7,253 8,347 8,525 9,422 8,251 9,585 8,991 9,750 8,963 9,721 
RO LT 7,590 7,723 7,422 7,989 10,472 12,123 11,885 12,258 11,458 8,347 9,311 14,783 15,123 14,083 13,973 15,283 15,017 14,221 
RO ST 7,590 7,723 9,312 9,678 8,423 7,542 7,832 8,102 8,605 8,347 9,311 9,983 8,423 8,783 8,421 9,783 8,358 9,831 
ME LT 7,590 8,720 8,415 8,620 10,121 11,438 12,162 10,938 12,225 8,347 10,720 14,438 16,783 15,381 14,121 16,713 16,123 15,938 
ME ST 7,590 8,720 9,080 8,722 10,123 8,783 7,678 8,811 9,321 8,347 10,720 11,583 12,215 10,780 9,432 11,783 9,383 8,738 
HW LT 7,590 9,542 9,428 11,720 11,483 12,102 10,832 11,782 12,083 8,347 10,812 12,141 13,128 12,128 11,872 13,512 13,128 11,828 
HW ST 7,590 9,542 8,324 8,421 7,880 7,930 9,242 9,883 8,720 8,347 10,812 10,012 11,083 9,872 8,591 9,541 10,117 9,721 
SS LT 7,590 10,372 11,421 20,548 19,432 19,838 18,278 20,343 20,542 8,347 10,477 18,782 15,438 19,782 21,750 20,432 21,173 20,938 
SS ST 7,590 10,372 9,723 11,738 8,723 9,333 7,438 7,882 12,584 8,347 10,477 13,425 12,718 9,343 9,578 10,842 13,415 9,121 
NM LT 7,590 10,423 9,238 15,438 18,437 17,221 19,128 18,973 19,252 8,347 9,212 13,617 17,472 17,824 18,923 18,423 17,480 18,129 
NM ST 7,590 10,423 9,783 11,213 8,719 9,727 11,010 8,765 11,514 8,347 9,212 10,112 8,321 8,971 11,722 9,583 9,983 10,584 
SP LT 7,590 10,721 16,783 16,838 21,873 24,685 23,012 23,516 24,173 8,347 15,167 19,837 22,247 24,812 24,019 22,838 23,983 22,250 
SP ST 7,590 10,721 9,423 11,838 10,120 13,172 9,425 8,383 11,083 8,347 15,167 14,318 16,780 13,383 9,983 14,758 16,712 15,438 
NL LT 7,590 11,573 15,983 18,486 19,383 16,241 14,128 17,172 16,823 8,347 10,831 14,831 17,521 16,873 19,018 17,165 18,432 17,272 
NL ST 7,590 11,573 10,738 8,783 9,438 9,453 11,783 9,213 11,172 8,347 10,831 11,072 10,880 10,325 9,338 11,543 9,872 9,438 
RB LT 7,590 10,921 11,078 16,719 12,021 18,732 19,983 22,010 21,438 8,347 11,782 17,438 16,212 18,412 17,616 20,173 19,980 17,218 
RB ST 7,590 10,921 7,483 10,120 11,890 8,780 13,421 12,782 10,870 8,347 11,782 11,583 12,583 13,420 9,980 13,413 11,178 12,121 
WR LT 7,590 10,238 21,438 17,243 26,783 38,421 36,783 35,583 36,719 8,347 14,738 22,383 28,471 27,315 31,838 30,515 31,415 30,120 
WR ST 7,590 10,238 8,983 8,870 11,882 9,728 12,572 9,438 11,920 8,347 14,738 15,782 9,302 13,425 8,971 13,938 14,573 16,831 
ET LT 7,590 14,723 23,782 23,972 31,438 34,783 32,583 33,483 32,128 8,347 16,782 19,523 29,432 31,783 33,583 32,172 30,923 33,782 
ET ST 7,590 14,723 13,782 16,583 17,838 10,113 16,213 9,403 8,932 8,347 16,782 8,736 17,832 19,425 15,782 16,162 8,920 20,123 
PR LT 7,590 9,536 16,788 28,708 27,802 31,708 29,415 30,718 29,781 8,347 13,231 14,738 23,871 33,472 32,578 34,858 35,721 32,178 
PR ST 7,590 12,536 10,252 15,532 18,038 12,734 16,758 11,603 12,372 8,347 13,231 14,531 18,331 18,421 17,002 15,081 13,782 19,508 
HU IS 7,590 8,751 8,948 7,821 7,672 7,723 7,908 8,820 8,350 8,347 8,820 8,207 9,012 9,402 9,408 8,321 9,018 8,945 

Note.  The name of the study site is given as the first two letters of the first column: HM = Homai, RO = Royal Oak, ME = Mount Eden, HW = Howick, SS 
= Symonds Street, NM = New Market, SP = Sylvia Park, NL = New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, PR = Penrose, and HU = 
Hunua.  The group of the sample: LT = Long-term, IS = In-situ, and ST = Short-term is given as the third and the fourth letters of the first column after the 
name of the study site.  R0 to R8 depict the nine sampling rounds as given in Figure 4.1.  Concentrations of a given pollutant for Round 0 transplants were 
assumed equal to the concentration of the clean site (Hunua) as all samples were transplanted from the clean site to each site at the start of the study.  
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(b) Pb and Zn accumulation in Parmotrema reticulatum 
Site & Pb Zn
Type R0 R1 R2 R3 R4 R5 R6 R7 R8 R0 R1 R2 R3 R4 R5 R6 R7 R8
HM LT 9,767 9,838 10,731 17,812 17,608 19,782 19,128 18,452 19,220 27,934 29,533 32,428 43,528 45,483 44,212 43,978 44,882 45,102 
HM ST 9,767 9,838 11,231 10,543 10,483 9,783 10,983 11,108 10,783 27,934 29,533 32,428 37,121 29,341 29,938 35,851 28,712 35,515 
RO LT 9,767 14,428 15,480 15,928 20,983 21,780 20,784 21,148 21,278 27,934 34,832 47,528 48,423 47,832 46,438 48,015 47,212 46,121 
RO ST 9,767 14,428 15,321 13,973 10,983 9,238 15,715 13,452 9,838 27,934 34,832 31,078 32,802 29,472 32,838 37,787 30,802 40,802 
ME LT 9,767 13,721 19,420 21,720 20,208 22,148 20,521 22,173 19,438 27,934 38,432 45,456 47,220 45,380 46,240 48,838 46,425 47,128 
ME ST 9,767 13,721 10,221 15,213 11,473 13,783 14,758 16,211 9,720 27,934 38,432 32,173 33,516 29,132 28,712 36,783 39,512 34,831 
HW LT 9,767 15,783 15,882 19,042 19,942 18,883 20,142 19,872 20,192 27,934 33,581 42,521 46,803 50,502 48,402 45,578 49,821 46,783 
HW ST 9,767 15,783 10,583 14,182 16,613 12,117 14,212 16,108 15,325 27,934 33,581 33,415 29,381 35,431 37,821 28,783 34,428 32,248 
SS LT 9,767 15,712 14,808 17,532 26,710 32,122 34,950 32,220 33,183 27,934 38,420 52,431 55,781 64,821 73,781 72,854 73,921 71,825 
SS ST 9,767 15,712 14,938 16,712 13,212 10,715 16,782 11,725 10,132 27,934 38,420 40,570 36,172 37,412 41,032 42,512 37,312 36,515 
NM LT 9,767 15,423 30,192 33,483 35,515 36,428 34,382 36,285 32,292 27,934 39,431 50,831 57,778 67,620 69,873 65,781 68,871 67,982 
NM ST 9,767 15,423 13,938 14,121 16,022 13,383 14,772 16,101 14,345 27,934 39,431 40,142 43,215 35,438 43,831 41,423 40,532 39,938 
SP LT 9,767 18,423 25,472 20,212 29,838 32,313 35,438 39,402 40,801 27,934 38,421 45,283 63,470 72,808 80,831 78,450 79,938 74,783 
SP ST 9,767 18,423 19,783 21,221 17,631 15,428 16,783 19,923 14,893 27,934 38,421 38,833 38,382 48,504 42,458 47,803 49,380 43,538 
NL LT 9,767 14,858 24,417 29,983 30,388 31,243 37,742 29,383 31,078 27,934 40,152 57,413 53,381 60,933 56,420 57,583 52,251 58,983 
NL ST 9,767 14,858 14,321 17,621 10,620 16,783 15,483 14,283 15,853 27,934 40,152 35,713 34,202 38,970 39,383 36,419 37,802 37,872 
RB LT 9,767 15,161 14,908 22,432 25,438 26,780 28,783 33,583 32,423 27,934 35,438 48,521 54,521 60,701 72,835 74,783 69,932 71,151 
RB ST 9,767 15,161 11,783 13,428 10,572 14,383 18,732 12,121 9,831 27,934 35,438 34,821 35,228 39,580 37,880 35,780 37,212 39,428 
WR LT 9,767 15,723 24,780 26,315 30,421 38,712 43,515 42,873 39,872 27,934 42,131 62,323 78,581 92,163 89,593 95,783 97,116 92,123 
WR ST 9,767 15,723 18,922 20,830 14,980 17,783 19,423 18,832 20,171 27,934 42,131 31,838 43,516 37,415 36,212 39,420 40,421 39,838 
ET LT 9,767 14,521 17,242 25,593 38,780 44,520 42,228 41,820 42,253 27,934 42,780 60,705 88,783 90,422 99,873 101,732 99,783 105,712 
ET ST 9,767 14,521 12,213 16,178 11,120 12,105 17,783 14,212 12,102 27,934 42,780 48,480 43,520 46,718 61,751 50,523 41,450 32,428 
PR LT 9,767 18,438 22,438 37,082 44,711 41,712 45,512 44,712 44,478 27,934 28,733 39,754 54,782 88,785 99,012 96,708 98,902 90,421 
PR ST 9,767 8,438 13,321 17,212 15,428 16,738 15,312 14,781 17,058 27,934 38,733 44,633 48,477 49,502 49,801 50,781 46,781 37,302 
HU IS 9,767 10,871 9,138 10,721 8,936 9,433 9,911 10,721 11,091 27,934 29,533 30,832 28,381 30,502 31,052 29,345 30,942 30,583 

Note.  The name of the study site is given as the first two letters of the first column: HM = Homai, RO = Royal Oak, ME = Mount Eden, HW = Howick, SS 
= Symonds Street, NM = New Market, SP = Sylvia Park, NL = New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, PR = Penrose, and HU = 
Hunua.  The type of the sample: LT = Long-term, IS = In-situ, and ST = Short-term is given as the third and the fourth letters of the first column after the 
name of the study site. R0 to R8 depict the nine sampling rounds as given in Figure 4.1.  Concentrations of a given pollutant for Round 0 transplants were 
assumed equal to the concentration of the clean site (Hunua) as all samples were transplanted from the clean site to each site at the start of the study.  
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(c) Cr and Cu accumulation in Ramalina celastri 
Site & Cr Cu
Type R0 R1 R2 R3 R4 R5 R6 R7 R8 R0 R1 R2 R3 R4 R5 R6 R7 R8
HM LT 6,354 6,573 6,723 6,839 7,838 8,673 9,018 8,543 8,223 6,520 7,120 8,343 9,124 8,937 9,238 9,010 9,302 11,172 
HM ST 6,354 6,573 7,193 7,128 7,230 6,538 7,238 7,570 7,575 6,520 7,120 6,938 6,782 7,483 7,632 7,983 7,228 7,833 
RO LT 6,354 7,583 7,428 7,593 8,331 9,928 10,583 9,922 10,289 6,520 6,223 6,425 7,883 9,057 10,120 9,458 9,938 10,123 
RO ST 6,354 7,583 7,714 7,802 7,128 8,213 7,214 6,993 7,223 6,520 6,223 7,318 8,102 7,378 8,312 8,415 7,720 7,602 
ME LT 6,354 8,380 11,438 10,238 11,020 11,673 10,583 10,112 12,513 6,520 7,930 9,080 11,428 10,128 12,638 11,428 9,788 11,578 
ME ST 6,354 8,380 8,938 7,615 10,102 9,983 7,428 8,932 7,428 6,520 7,930 7,128 8,213 8,106 7,706 8,224 9,238 7,276 
HW LT 6,354 7,480 8,973 10,832 10,070 8,458 9,383 10,452 10,831 6,520 8,323 9,420 8,880 9,543 9,023 8,731 9,125 9,831 
HW ST 6,354 7,480 9,212 7,502 8,302 7,215 6,885 8,509 9,010 6,520 8,323 6,893 7,412 7,838 7,928 7,202 8,212 7,920 
SS LT 6,354 7,173 15,671 17,832 14,121 15,262 17,832 17,107 16,902 6,520 10,737 9,372 17,728 21,438 22,538 23,018 22,218 23,315 
SS ST 6,354 7,173 9,224 8,321 7,212 7,415 8,151 10,212 8,302 6,520 10,737 9,383 9,887 7,428 6,938 8,371 10,012 7,129 
NM LT 6,354 9,343 16,783 17,822 15,783 16,983 18,725 17,782 17,124 6,520 10,121 11,711 11,923 15,738 16,158 14,938 16,238 15,731 
NM ST 6,354 9,343 8,422 9,172 10,143 9,872 8,874 8,592 9,578 6,520 10,121 9,876 11,732 8,387 7,837 9,383 9,012 7,231 
SP LT 6,354 10,283 17,428 19,832 20,830 17,742 21,148 20,243 20,940 6,520 7,212 15,621 14,321 19,838 18,783 22,420 21,283 20,870 
SP ST 6,354 10,283 11,478 9,342 7,242 8,513 10,989 10,012 8,118 6,520 7,212 7,832 8,433 9,013 9,443 7,803 8,202 8,789 
NL LT 6,354 8,383 12,382 16,423 15,832 18,383 15,617 14,321 18,983 6,520 9,423 13,152 15,168 14,321 15,215 16,172 13,132 15,167 
NL ST 6,354 8,383 7,784 7,780 8,315 8,123 9,715 8,813 6,093 6,520 9,423 11,062 11,573 9,036 10,112 10,838 9,236 8,893 
RB LT 6,354 9,383 14,713 17,938 16,141 17,121 14,312 15,617 16,938 6,520 11,438 19,321 23,214 19,892 20,381 22,583 21,143 23,010 
RB ST 6,354 9,383 10,831 7,683 7,580 8,428 10,123 9,311 7,718 6,520 11,438 12,428 10,842 12,161 9,343 12,588 10,512 13,583 
WR LT 6,354 10,783 17,421 21,872 16,783 19,483 22,018 21,015 19,872 6,520 10,830 11,432 20,583 20,142 25,438 23,383 24,472 25,313 
WR ST 6,354 10,783 9,843 7,378 9,883 8,315 7,212 8,315 9,938 6,520 10,830 12,438 9,732 8,308 12,758 8,121 13,108 12,158 
ET LT 6,354 10,711 19,423 18,420 24,315 23,930 24,125 22,721 23,532 6,520 7,173 11,923 23,540 29,420 27,220 29,451 30,312 26,782 
ET ST 6,354 10,711 9,872 12,593 8,783 7,112 8,331 9,512 11,783 6,520 7,173 11,719 9,783 8,425 11,523 10,420 12,152 7,716 
PR LT 6,354 10,728 10,624 15,532 20,485 27,833 26,543 26,991 24,383 6,520 7,382 19,429 23,781 25,701 24,308 26,923 27,531 27,283 
PR ST 6,354 10,728 18,076 16,124 9,324 8,328 10,683 10,402 12,138 6,520 7,382 11,782 10,728 9,538 12,583 11,321 9,673 8,803 
HU IS 6,354 7,173 7,717 6,215 6,314 7,393 6,583 7,128 6,983 6,520 7,338 6,128 7,325 7,725 7,722 6,728 9,602 7,792 

Note.  The name of the study site is given as the first two letters of the first column: HM = Homai, RO = Royal Oak, ME = Mount Eden, HW = Howick, SS 
= Symonds Street, NM = New Market, SP = Sylvia Park, NL = New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, PR = Penrose, and HU = 
Hunua.  The type of the sample: LT = Long-term, IS = In-situ, and ST = Short-term is given as the third and the fourth letters of the first column after the 
name of the study site. R0 to R8 depict the nine sampling rounds as given in Figure 4.1.  Concentrations of a given pollutant for Round 0 transplants were 
assumed equal to the concentration of the clean site (Hunua) as all samples were transplanted from the clean site to each site at the start of the study.  
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(d) Pb and Zn accumulation in Ramalina celastri 
Site & Pb Zn
Type R0 R1 R2 R3 R4 R5 R6 R7 R8 R0 R1 R2 R3 R4 R5 R6 R7 R8 
HM LT 10,543 11,525 11,724 17,780 16,152 17,313 18,780 19,021 16,521 23,338 25,711 34,782 35,933 29,480 35,581 36,780 35,981 36,692 

HM ST 10,543 11,525 10,343 8,783 9,112 10,938 11,583 10,953 9,272 23,338 25,711 24,352 27,982 24,112 27,715 22,458 28,313 25,172 

RO LT 10,543 10,783 18,782 18,129 18,932 19,423 19,090 19,548 20,420 23,338 26,472 33,421 36,621 39,513 40,163 40,519 39,823 41,010 

RO ST 10,543 10,783 9,713 8,415 10,831 11,573 9,453 11,702 12,012 23,338 26,472 27,782 30,821 24,383 28,782 26,542 24,780 28,422 

ME LT 10,543 13,721 15,783 20,243 19,938 18,780 20,223 19,128 19,583 23,338 30,308 24,383 30,831 33,842 41,381 40,838 41,281 42,828 

ME ST 10,543 13,738 9,438 12,783 11,723 9,983 9,102 9,202 11,478 23,338 30,308 31,423 28,832 29,343 30,983 28,938 30,388 24,420 

HW LT 10,543 11,313 15,732 17,432 16,783 15,831 17,161 18,473 17,932 23,338 30,312 39,821 41,421 48,450 40,828 42,243 45,471 44,128 

HW ST 10,543 11,313 10,832 9,123 13,428 8,713 8,832 14,581 10,212 23,338 30,312 28,937 26,173 31,483 28,783 31,083 30,938 24,908 

SS LT 10,543 15,733 27,512 24,312 25,218 30,152 31,421 33,317 32,205 23,338 37,421 44,515 57,380 66,783 64,520 67,780 66,421 67,830 

SS ST 10,543 15,733 8,393 11,272 12,583 16,784 14,342 15,212 16,414 23,338 37,421 27,712 29,315 35,712 38,423 33,515 35,716 39,718 

NM LT 10,543 9,423 16,192 18,438 21,178 17,428 20,938 19,782 18,815 23,338 27,583 35,432 48,838 57,831 70,181 77,783 74,218 78,838 

NM ST 10,543 9,423 16,072 15,017 10,482 15,635 14,831 9,832 12,121 23,338 27,583 29,583 26,683 30,018 28,472 30,315 27,712 30,983 

SP LT 10,543 16,783 24,838 30,938 32,348 28,428 27,782 23,018 30,548 23,338 30,383 38,485 45,483 54,552 52,821 61,712 66,781 72,821 

SP ST 10,543 16,783 14,282 17,872 13,938 14,332 17,108 16,583 15,783 23,338 30,383 32,583 27,438 29,383 29,980 24,838 31,321 29,383 

NL LT 10,543 9,337 15,831 18,922 17,631 20,238 21,172 19,983 21,873 23,338 30,313 45,420 52,720 60,702 61,831 68,830 72,423 69,380 

NL ST 10,543 9,337 12,983 12,121 10,932 10,542 11,783 11,423 9,373 23,338 30,313 28,782 26,413 29,516 29,580 27,382 26,108 24,483 

RB LT 10,543 9,438 16,178 15,433 23,381 31,214 24,321 26,783 30,212 23,338 32,432 38,435 39,431 47,631 55,631 60,138 64,421 60,838 

RB ST 10,543 9,438 12,381 11,513 13,783 9,138 10,152 11,838 9,193 23,338 32,432 30,308 33,483 29,543 30,183 31,283 30,122 29,391 

WR LT 10,543 9,332 24,383 30,815 35,783 32,380 36,783 35,490 34,219 23,338 38,430 52,480 77,808 80,814 93,821 88,995 94,242 96,780 

WR ST 10,543 9,332 15,672 14,383 16,783 12,815 11,420 9,218 16,718 23,338 38,430 40,423 35,472 45,838 37,612 38,915 40,152 30,122 

ET LT 10,543 11,742 10,993 22,732 35,483 39,922 40,512 38,417 37,152 23,338 42,458 60,737 85,789 97,955 94,215 98,952 97,782 90,202 

ET ST 10,543 11,742 16,742 8,783 15,521 12,783 17,838 9,212 16,178 23,338 42,458 52,383 39,480 25,425 37,782 60,125 47,315 52,715 

PR LT 10,543 12,438 23,432 33,588 36,721 35,382 34,758 36,112 36,077 23,338 24,280 38,429 53,842 60,703 88,783 90,715 87,745 91,525 

PR ST 10,543 12,438 18,331 10,182 14,452 12,488 18,992 12,452 17,211 23,338 34,280 46,280 35,483 28,337 37,381 60,219 44,281 50,081 
HU IS 10,543 8,358 7,213 9,012 8,313 8,938 9,315 9,389 9,432 23,338 25,938 26,712 23,115 24,312 22,121 25,762 25,593 24,208 

Note.  The name of the study site is given as the first two letters of the first column: HM = Homai, RO = Royal Oak, ME = Mount Eden, HW = Howick, SS 
= Symonds Street, NM = New Market, SP = Sylvia Park, NL = New Lynn, RB = Rosebank Road, WR = Wiri, ET = East Tamaki, PR = Penrose, and HU = 
Hunua.    The type of the sample: LT = Long-term, IS = In-situ, and ST = Short-term is given as the third and the fourth letters of the first column after the 
name of the study site. R0 to R8 depict the nine sampling rounds as given in Figure 4.1.  Concentrations of a given pollutant for Round 0 transplants were 
assumed equal to the concentration of the clean site (Hunua) as all samples were transplanted from the clean site to each site at the start of the study. 
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Appendix 9 
 

Pearson’s product moment correlation coefficients (γ) calculated between the long-term heavy metal accumulation and meteorological variables at each 
study site in two lichen species over the two year study period 
 
(a) Parmotrema reticulatum 

 Cr Cu Pb Zn
 Rf. T. R.D. ϕ Rf. T. R.D. ϕ Rf. T. R.D. ϕ Rf. T. R.D. ϕ
Homai 0.26 0.21 -0.14 0.21 0.23 -0.16 -0.09 -0.16 0.11 0.07 -0.12 0.07 0.00 0.07 -0.17 0.07
Royal Oak 0.20 0.12 -0.15 0.12 0.17 -0.41 0.18 -0.41 0.10 0.01 -0.15 0.01 0.08 -0.37 0.12 -0.37
Mt. Eden 0.42 0.07 -0.08 0.07 0.15 -0.33 0.14 -0.33 -0.01 -0.34 0.09 -0.34 0.18 -0.39 0.17 -0.39
Howick -0.10 0.04 -0.22 0.04 0.14 -0.55 0.37 -0.55 0.06 -0.15 -0.01 -0.15 -0.10 -0.12 -0.12 -0.12
Symonds St. -0.05 0.04 -0.17 0.04 0.18 -0.16 -0.07 -0.16 0.29 0.04 -0.08 0.04 0.19 -0.11 -0.04 -0.11
Newmarket 0.09 0.10 -0.15 0.10 0.11 -0.09 -0.06 -0.09 0.02 -0.24 0.01 -0.24 0.05 -0.06 -0.12 -0.06
Sylvia Park 0.17 -0.04 -0.13 -0.04 -0.04 -0.20 -0.03 -0.20 0.27 -0.04 -0.13 -0.04 0.09 -0.03 -0.08 -0.03
New Lynn -0.27 -0.10 -0.19 -0.10 0.02 -0.20 -0.02 -0.20 0.29 -0.27 0.15 -0.27 0.14 -0.22 -0.02 -0.22
Rosebank Rd 0.29 -0.12 0.04 -0.12 0.16 -0.38 0.16 -0.38 0.12 0.05 -0.16 0.05 0.28 -0.11 0.00 -0.11
Wiri 0.32 -0.06 -0.06 -0.06 0.11 -0.20 0.01 -0.20 0.31 -0.17 0.05 -0.17 0.10 -0.09 -0.06 -0.09
E. Tamaki 0.12 -0.12 -0.07 -0.12 0.08 -0.02 -0.11 -0.02 0.14 0.09 -0.17 0.09 0.16 -0.05 -0.07 -0.05
Penrose 0.06 -0.05 -0.08 -0.05 0.08 0.03 -0.12 0.03 0.08 0.00 -0.10 0.00 0.13 0.08 -0.15 0.08

 
(b) Ramalina celastri 
 Cr Cu Pb Zn
 Rf. T. R.D. ϕ Rf. T. R.D. ϕ Rf. T. R.D. ϕ Rf. T. R.D. ϕ
Homai 0.32 -0.04 0.03 -0.04 0.22 0.12 -0.30 0.12 0.08 -0.14 0.09 -0.14 0.36 -0.42 0.22 -0.42
Royal Oak 0.42 -0.06 0.02 -0.06 0.13 0.21 -0.26 0.21 0.17 -0.18 -0.06 -0.18 0.15 -0.09 -0.08 -0.09
Mt. Eden 0.20 -0.11 -0.15 -0.11 0.23 -0.12 0.01 -0.12 0.07 -0.15 0.01 -0.15 0.24 0.11 -0.13 0.11
Howick -0.04 -0.08 -0.14 -0.08 0.00 -0.13 -0.18 -0.13 0.09 -0.20 -0.02 -0.20 -0.06 -0.11 -0.13 -0.11
Symonds St. 0.25 -0.37 0.17 -0.37 0.11 0.09 -0.15 0.09 0.27 -0.27 0.05 -0.27 0.10 -0.05 -0.09 -0.05
Newmarket 0.21 -0.40 0.18 -0.40 0.04 -0.02 -0.17 -0.02 0.11 -0.13 -0.01 -0.13 0.30 0.02 -0.08 0.02
Sylvia Park 0.13 -0.22 0.02 -0.22 0.25 -0.13 -0.02 -0.13 0.04 -0.07 -0.12 -0.07 0.23 0.06 -0.19 0.06
New Lynn 0.14 0.03 -0.19 0.03 0.25 -0.27 0.12 -0.27 0.29 -0.10 -0.03 -0.10 0.18 -0.09 -0.06 -0.09
Rosebank Rd -0.04 -0.15 -0.11 -0.15 0.19 -0.29 0.09 -0.29 0.18 0.17 -0.29 0.17 0.26 -0.07 -0.04 -0.07
Wiri 0.21 -0.40 0.22 -0.40 0.12 0.02 -0.12 0.02 0.13 -0.10 -0.05 -0.10 0.12 -0.02 -0.12 -0.02
E. Tamaki 0.15 -0.14 -0.06 -0.14 0.04 0.02 -0.11 0.02 0.15 0.13 -0.15 0.13 0.05 -0.11 -0.03 -0.11
Penrose 0.18 -0.01 -0.06 -0.01 0.14 -0.13 -0.05 -0.13 0.04 -0.03 -0.13 -0.03 0.31 0.00 -0.06 0.00

Note.  Rf. = Rainfall; T. = Temperature; R.D. = Number of rain days; ϕ = Relative humidity at 0900 hours. 
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Appendix 10 
 

In-situ heavy metal concentrations expressed in ng g-1 in two lichen species, collected from 12 study 
sites, during the two year study period. R0 to R8 depict the nine sampling rounds as given in Figure 4.1 
 

R0 R1 R2 R3 R4 R5 R6 R7 R8 
(a) Cr accumulation in Parmotrema reticulatum 
Homai 8,670 8,458 8,672 8,230 9,302 9,607 9,348 9,782 9,673
Royal Oak 11,485 11,873 10,972 10,872 10,272 11,178 11,783 9,458 9,253
Mt. Eden 12,128 10,542 12,013 11,548 11,721 10,593 9,338 9,980 9,677
Howick 8,782 11,542 8,420 11,425 11,220 10,843 9,330 10,720 11,080
Symonds St. 18,281 19,093 20,320 18,145 19,348 18,543 20,432 18,780 19,580
Newmarket 18,432 17,423 18,824 16,213 18,320 16,719 15,123 17,923 15,629
Sylvia Park 23,892 22,983 23,782 21,838 21,342 23,583 20,381 20,463 22,383
New Lynn 16,783 16,085 17,593 15,425 18,832 16,725 15,385 17,831 16,428
Rosebank Rd. 19,870 18,780 21,380 19,583 19,010 19,531 22,173 19,780 20,221
Wiri 35,215 30,172 34,383 32,883 31,838 36,123 35,772 35,783 34,315
E. Tamaki 30,423 31,568 31,685 28,438 28,502 29,580 31,486 30,125 31,420
Penrose 25,890 25,010 27,832 29,128 28,342 25,392 28,384 29,382 27,438
(b) Cu accumulation in Parmotrema reticulatum 
Homai 11,058 11,872 11,992 10,342 11,584 11,585 11,128 10,782 11,583
Royal Oak 11,423 10,583 14,782 13,593 12,722 14,732 14,983 12,115 13,557
Mt. Eden 14,231 15,839 12,980 12,472 14,128 13,215 11,173 13,383 11,583
Howick 11,572 10,025 10,938 12,428 11,242 12,983 12,018 11,563 12,838
Symonds St. 18,456 19,788 20,882 20,432 18,402 20,114 19,438 19,381 18,920
Newmarket 17,782 16,782 17,672 16,523 17,422 15,452 16,993 16,218 15,019
Sylvia Park 19,423 23,393 18,012 23,048 18,712 20,428 21,512 22,248 23,380
New Lynn 18,933 17,781 16,171 17,158 15,523 17,603 16,838 17,983 15,123
Rosebank Rd. 17,728 19,838 18,380 17,786 19,473 16,782 19,200 20,192 20,218
Wiri 26,372 27,782 26,938 27,783 25,712 27,428 28,772 29,212 28,970
E. Tamaki 29,721 31,782 31,758 30,243 29,920 33,155 28,115 31,920 28,713
Penrose 31,633 30,720 31,012 32,452 34,952 33,923 30,341 33,921 33,015
(c) Pb accumulation in Parmotrema reticulatum 
Homai 16,691 16,128 18,524 16,583 18,784 18,053 16,972 17,632 17,184
Royal Oak 20,830 17,428 21,083 18,582 19,447 16,938 20,247 20,547 18,432
Mt. Eden 18,383 16,238 19,542 20,212 21,790 17,748 21,830 19,530 20,420
Howick 16,831 17,480 18,472 16,548 19,620 19,428 17,178 16,972 17,993
Symonds St. 31,469 31,515 33,438 32,538 32,152 32,186 33,415 32,412 38,786
Newmarket 31,238 34,828 33,582 30,458 34,265 33,251 31,931 31,428 32,586
Sylvia Park 36,780 35,121 34,783 35,583 34,312 32,283 37,212 33,478 36,880
New Lynn 34,252 31,883 36,780 32,541 30,183 35,012 33,383 34,672 32,383
Rosebank Rd. 33,280 31,880 30,328 34,480 33,820 31,243 33,543 30,120 32,243
Wiri 40,415 41,819 37,423 42,513 40,312 42,919 38,580 41,483 39,312
E. Tamaki 37,283 37,716 35,428 39125 38,780 36,782 39,583 37,928 38,432
Penrose 42,369 42,039 42,939 41,039 42,092 43,408 43,491 41,902 42,562

(Continued on next page) 
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Appendix 10 (Continued) 
R0 R1 R2 R3 R4 R5 R6 R7 R8 

(d) Zn accumulation in Parmotrema reticulatum 
Homai 41,416 42,875 42,410 43,782 41,788 42,545 42,115 43,383 43,580
Royal Oak 46,442 44,542 43,188 46,548 46,782 43,678 45,782 46,109 44,238
Mt. Eden 46,728 46,930 42,583 44,781 43,831 43,780 45,820 46,420 43,180
Howick 43,348 40,178 42,543 41,983 44,487 44,483 42,278 48,583 44,838
Symonds St. 69,913 69,388 67,882 69,578 66,720 69,502 65,422 67,781 67,785
Newmarket 65,782 62,428 66,782 66,892 66,922 63,383 67,721 63,938 64,783
Sylvia Park 77,421 77,780 76,050 73,183 75,781 78,920 73,983 79,801 74,583
New Lynn 54,383 57,018 58,931 56,574 60,702 55,580 61,123 56,832 55,508
Rosebank Rd. 68,438 72,483 65,583 67,879 72,883 73,592 70,938 70,781 72,936
Wiri 93,924 96,823 94,380 97,542 91,820 92,720 92,302 94,420 96,780
E. Tamaki 93,782 92,423 98,920 91,780 97,220 91,723 95,742 92,932 96,453
Penrose 88,276 91,538 92,013 89,532 94,728 89,348 89,490 90,248 93,450
(e) Cr accumulation in Ramalina celastri 
Homai 8,749 6,573 7,352 8,520 7,423 8,428 8,130 6,428 7,838
Royal Oak 8,782 7,120 8,320 8,575 9,420 9,873 7,583 9,592 7,992
Mt. Eden 10,931 7,420 10,721 9,873 8,331 10,983 10,112 7,643 9,452
Howick 7,839 8,483 9,343 6,711 8,138 6,583 9,212 8,332 7,224
Symonds St. 15,840 16,580 14,282 14,715 15,925 14,272 16,784 16,892 14,124
Newmarket 16,932 15,220 15,423 14,658 14,238 13,872 13,019 16,142 13,158
Sylvia Park 18,438 18,712 19,383 16,752 18,302 19,972 16,223 17,832 17,480
New Lynn 14,280 15,590 15,583 16,772 13,381 14,780 14,542 13,838 17,712
Rosebank Rd. 17,838 14,783 15,382 16,780 15,583 17,283 15,838 16,783 16,938
Wiri 18,783 15,523 16,212 16,231 17,117 18,923 17,838 19,583 18,423
E. Tamaki 23,420 22,803 20,173 21,432 22,242 23,543 21,731 23,872 22,432
Penrose 26,707 24,782 25,331 22,583 23,428 22,785 24,731 25,608 24,238
(f) Cu accumulation in Ramalina celastri 
Homai 8,604 6,784 8,502 8,807 6,563 7,852 6,680 7,175 7,389
Royal Oak 9,233 8,458 9,883 8,583 7,458 9,010 8,938 8,321 7,892
Mt. Eden 8,438 8,432 9,583 7,538 9,891 7,983 10,123 10,121 9,831
Howick 6,458 8,532 7,212 7,952 8,453 8,013 6,383 8,173 7,483
Symonds St. 18,534 21,384 20,202 19,023 18,782 21,422 19,854 22,584 18,502
Newmarket 14,725 12,182 13,212 15,202 14,172 13,672 12,342 13,908 12,872
Sylvia Park 17,438 18,425 19,380 18,832 19,432 19,548 18,382 20,243 20,908
New Lynn 14,213 13,932 15,480 13,932 12,010 15,713 14,711 12,421 13,531
Rosebank Rd. 20,240 18,438 18,320 19,583 21,283 19,420 20,212 18,831 21,990
Wiri 24,383 22,518 25,008 23,414 24,132 20,783 23,318 20,141 21,383
E. Tamaki 25,352 24,121 26,515 26,712 28,121 24,312 26,925 27,715 27,712
Penrose 24,179 26,838 24,912 23,172 25,781 23,783 24,538 26,738 24,212

(Continued on next page) 
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Appendix 10 (Continued) 
R0 R1 R2 R3 R4 R5 R6 R7 R8 

(g) Pb accumulation in Ramalina celastri 
Homai 18,649 17,932 16,724 18,423 15,983 15,230 16,750 18,170 15,625
Royal Oak 17,928 18,081 14,780 18,258 17,802 14,120 16,572 16,289 15,839
Mt. Eden 15,783 17,538 18,432 14,738 16,230 18,332 15,128 17,780 16,878
Howick 17,782 16,780 17,438 18,420 15,283 18,392 15,590 19,573 16,023
Symonds St. 29,072 26,738 28,212 28,583 27,515 28,419 22,993 27,803 26,212
Newmarket 18,238 19,215 16,538 16,123 17,752 18,548 17,219 18,423 19,838
Sylvia Park 27,332 28,783 28,425 25,242 29,383 26,781 26,480 27,838 25,583
New Lynn 17,937 19,403 18,902 17,212 19,528 19,938 18,048 17,538 18,342
Rosebank Rd. 26,938 28,384 26,072 28,913 27,711 29,310 29,715 27,313 26,538
Wiri 32,380 32,380 30,783 33,948 34,008 30,583 32,580 34,830 31,782
E. Tamaki 38,850 37,748 37,450 36,491 38,353 35,350 35,172 38,470 36,252
Penrose 33,840 32,536 34,897 35,548 35,986 35,421 32,822 34,526 35,623
(h) Zn accumulation in Ramalina celastri 
Homai 37,354 33,781 34,578 34,570 33,108 36,781 34,502 37,101 37,010
Royal Oak 38,881 39,323 35,583 39,910 36,123 37,781 38,328 36,780 37,228
Mt. Eden 36,383 35,783 35,553 36,783 37,483 39,931 38,832 36,783 37,383
Howick 47,423 49,453 48,680 49,573 47,240 45,583 49,108 49,580 46,420
Symonds St. 63,488 60,253 62,121 61,532 62,213 63,972 62,343 63,542 61,402
Newmarket 78,221 73,728 79,515 74,712 76,283 75,938 75,782 77,415 74,815
Sylvia Park 69,212 68,935 65,593 67,483 66,521 64,990 70,128 66,783 67,428
New Lynn 73,340 69,938 74,428 70,805 72,258 73,543 70,785 74,840 69,780
Rosebank Rd. 65,383 64,873 62,353 60,423 66,783 63,478 61,238 67,108 65,583
Wiri 92,503 94,858 92,580 88,175 93,313 90,422 89,930 87,472 91,938
E. Tamaki 90,123 88,532 94,180 92,520 92,915 89,950 87,851 89,932 90,385
Penrose 83,516 83,538 82,421 86,711 87,012 83,328 86,163 87,312 81,732
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Appendix 11 
 

The on-thallus heavy metal concentrations (ng g-1) of in-situ lichen samples in two lichen species from 
13 study sites in the Auckland Region over the study period (March 2009 to March 2011)  
 

(a) Parmotrema reticulatum 
     Cr     

R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 623 622 438 696 1,326 764 681 844 1,307
Royal Oak 823 838 708 1,047 1,685 1,035 928 1,187 1,832
Mt. Eden 880 930 433 964 2,480 1,126 781 980 1,634
Howick 723 1,080 608 1,308 1,835 1,113 675 1,149 2,075
Symonds St. 1,470 983 661 1,804 2,745 1,350 732 1,707 3,103
Newmarket 1,352 983 1,110 1,366 2,830 1,508 1,933 1,680 2,488
Sylvia Park 1,893 983 683 1,332 3,555 2,047 840 1,861 3,802
New Lynn 1,375 1,083 1,793 1,457 2,865 1,268 1,783 1,248 2,278
Rosebank Rd. 1,673 1,121 1,095 1,397 3,495 1,437 2,188 1,543 3,470
Wiri 2,672 1,120 816 1,427 3,917 2,597 1,126 2,636 4,771
E. Tamaki 1,425 1,580 1,356 2,556 4,272 2,665 1,427 2,133 3,726
Penrose 2,172 834 774 2,006 3,235 1,951 1,038 2,042 3,626
Hunua 624 315 281 381 583 402 232 423 612

   Cu  
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 784 838 718 1,006 1,826 948 677 1,011 1,878
Royal Oak 983 862 708 1,347 2,128 1,108 610 1,248 2,356
Mt. Eden 1,173 2,380 672 2,154 2,836 1,767 772 1,416 2,477
Howick 824 1,312 554 1,410 2,150 1,032 646 1,296 2,220
Symonds St. 1,423 1,015 1,023 1,029 1,923 1,952 1,029 1,928 2,875
Newmarket 1,263 1,462 702 1,751 2,576 1,682 703 1,339 3,004
Sylvia Park 1,783 1,403 826 2,130 4,005 1,796 1,004 2,246 4,219
New Lynn 1,358 1,213 623 1,411 2,786 1,460 653 1,380 2,877
Rosebank Rd. 1,620 1,203 801 1,565 3,098 1,507 1,262 1,707 2,903
Wiri 2,172 1,220 876 2,051 4,597 2,137 1,277 2,156 4,822
E. Tamaki 2,123 1,782 1,182 2,941 3,624 2,314 1,652 2,111 4,494
Penrose 1,973 628 781 1,583 4,146 1,952 1,140 1,973 4,128
Hunua 623 433 330 504 604 495 332 512 633

    Pb     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 1,136 883 625 1,272 2,452 1,673 981 1,331 2,485
Royal Oak 1,341 1,672 835 1,575 3,302 1,713 950 1,678 3,063
Mt. Eden 1,548 1,478 688 1,261 3,711 1,960 1,103 2,108 3,016
Howick 1,428 1,680 661 1,711 3,815 1,878 755 2,006 3,613
Symonds St. 1,840 1,837 809 2,501 3,713 3,177 1,373 3,626 4,423
Newmarket 2,518 1,643 1,548 2,707 5,457 2,657 1,356 2,952 5,010
Sylvia Park 2,670 1,620 1,226 3,005 4,952 2,384 1,378 2,644 6,115
New Lynn 2,542 1,318 1,058 2,182 5,120 2,449 1,207 2,449 5,182
Rosebank Rd. 2,438 1,673 1,656 1,916 4,307 2,281 1,395 2,550 4,445
Wiri 3,020 1,670 1,222 2,501 4,533 2,877 1,730 2,834 5,679
E. Tamaki 2,838 1,678 880 2,654 5,006 4,656 2,009 4,929 5,346
Penrose 3,172 727 870 2,385 4,721 2,406 1,715 2,460 5,073
Hunua 612 428 382 583 593 478 379 507 673
       (Continued on next page) 
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Appendix 11 (Continued)         
     Zn     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 2,158 1,320 1,632 3,681 6,940 3,226 1,984 3,960 7,467
Royal Oak 3,290 4,383 3,186 4,975 7,596 5,477 4,011 5,025 8,183
Mt. Eden 3,294 3,243 1,902 4,098 8,073 3,746 2,395 4,652 8,956
Howick 3,015 3,442 1,751 3,932 8,735 4,703 2,350 4,682 8,080
Symonds St. 4,338 4,282 2,683 5,805 9,649 6,237 4,518 6,425 10,948
Newmarket 4,721 4,103 2,816 5,383 10,002 5,187 3,755 5,318 9,903
Sylvia Park 5,672 3,780 2,912 5,580 10,870 6,591 2,703 6,283 12,838
New Lynn 4,321 4,217 2,142 3,961 9,605 3,487 1,948 5,178 8,733
Rosebank Rd. 5,525 3,658 2,490 4,340 11,216 5,743 2,702 5,238 12,350
Wiri 7,128 4,830 2,628 6,362 13,749 6,805 3,558 7,892 13,730
E. Tamaki 6,793 7,883 3,511 9,021 13,907 10,748 5,503 8,488 12,633
Penrose 9,032 1,528 2,181 4,788 11,256 4,432 4,654 6,334 13,676
Hunua 1,659 1,320 833 1,602 1,832 1,032 920 1,493 1,881
 
(b) Ramalina celastri 
     Cr     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 1437 682 307 721 1,249 722 425 908 1,461
Royal Oak 708 893 383 860 1,599 1,071 489 897 1,697
Mt. Eden 714 932 502 932 2,267 1,168 531 1,033 1,977
Howick 712 880 438 435 1,034 827 383 314 1,071
Symonds St. 1,190 331 641 1,570 2,226 1,515 571 1,597 2,360
Newmarket 1,172 1,018 706 1,527 2,656 1,382 755 1,492 2,879
Sylvia Park 1,420 1,180 888 1,327 3,071 1,128 1,216 1,748 2,975
New Lynn 1,241 938 521 1,294 2,478 1,428 611 1,246 2,694
Rosebank Rd. 1,238 1,080 702 1,208 2,649 1,283 666 1,218 2,550
Wiri 1,432 1,178 2,062 1,575 2,616 1,514 1,482 1,582 3,031
E. Tamaki 1,543 1,421 796 1,756 3,537 2,045 975 2,251 3,288
Penrose 1,623 672 761 848 2,826 1,585 840 1,776 3,235
Hunua 432 331 218 412 492 383 238 428 508
     Cu     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 817 832 436 894 1,555 837 470 971 1,456
Royal Oak 623 723 352 823 1,649 922 445 780 1,766
Mt. Eden 693 838 395 1,381 1,929 1,156 537 1,120 1,931
Howick 638 890 432 726 921 983 459 1,479 1,770
Symonds St. 1,480 1,172 516 1,331 2,961 1,638 505 1,610 3,028
Newmarket 1,172 2,123 797 1,226 2,752 1,174 973 1,397 2,351
Sylvia Park 1,483 820 568 1,223 2,830 1,508 744 1,472 2,933
New Lynn 1,124 1,018 607 1,546 2,552 1,478 695 1,363 2,509
Rosebank Rd. 2,283 1,080 1,162 1,698 3,423 1,528 948 1,673 2,963
Wiri 1,783 1,160 731 1,529 3,601 1,787 845 1,919 4,363
E. Tamaki 1,985 843 635 2,803 3,973 3,130 1,004 3,100 3,429
Penrose 1,625 833 858 2,533 2,189 1,592 978 2,997 1,999
Hunua 593 398 270 425 577 401 270 369 566
   (Continued on next page)
    
    
    
    
    
    
    
    
    



 12-20

Appendix 11 (Continued)    
     Pb     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 918 1,253 773 1,996 1,901 1,469 904 1,374 2,259
Royal Oak 1,281 1,128 760 1,359 2,866 1,474 842 1,728 3,278
Mt. Eden 1,358 1,343 637 1,778 3,150 1,278 961 1,548 3,609
Howick 1,340 815 674 1,198 3,071 1,120 665 1,250 2,965
Symonds St. 1,985 1,628 1,098 2,139 3,780 2,642 1,308 2,814 4,557
Newmarket 1,428 1,080 2,087 1,860 3,093 1,558 1,078 1,596 3,426
Sylvia Park 2,178 1,572 1,123 2,331 4,311 2,401 1,812 2,259 5,277
New Lynn 1,543 988 725 1,618 3,147 1,779 896 1,680 3,189
Rosebank Rd. 2,120 1,083 752 1,328 3,743 2,075 1,002 1,984 4,812
Wiri 2,538 830 1,009 2,379 5,277 2,400 1,215 2,261 3,780
E. Tamaki 2,683 2,250 800 2,316 5,644 3,627 1,502 3,762 4,633
Penrose 2,421 1,178 677 2,135 4,251 2,117 1,242 2,271 4,356
Hunua 628 423 315 512 682 486 278 462 610
     Zn     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 1,572 622 438 696 1,326 764 681 844 1,307
Royal Oak 2,722 838 708 1,047 1,685 1,035 928 1,187 1,832
Mt. Eden 2,884 930 433 964 2,480 1,126 781 980 1,634
Howick 3,123 1,080 608 1,308 1,835 1,113 675 1,149 2,075
Symonds St. 3,423 983 661 1,804 2,745 1,350 732 1,707 3,103
Newmarket 5,590 983 1,110 1,366 2,830 1,508 1,933 1,680 2,488
Sylvia Park 4,783 983 683 1,332 3,555 2,047 840 1,861 3,802
New Lynn 5,258 1,083 1,793 1,457 2,865 1,268 1,783 1,248 2,278
Rosebank Rd. 5,008 1,121 1,095 1,397 3,495 1,437 2,188 1,543 3,470
Wiri 9,520 1,120 816 1,427 3,917 2,597 1,126 2,636 4,771
E. Tamaki 6,672 1,580 1,356 2,556 4,272 2,665 1,427 2,133 3,726
Penrose 5,253 834 774 2,006 3,235 1,951 1,038 2,042 3,626
Hunua 624 315 281 381 583 402 232 423 612

Note.  R0 to R8 depict the nine sampling rounds as given in Figure 4.1. 
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Appendix 12 
 

The on-thallus heavy metal concentrations (ng g-1) of short-term transplants in two lichen species from 
the 13 study sites in the Auckland Region over the study period  
 

(a) Parmotrema reticulatum 
     Cr     

R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 624 622 438 658 1,123 702 523 793 1,182
Royal Oak 624 838 532 1,012 1,178 886 512 915 1,381
Mt. Eden 624 930 428 996 2,123 932 523 789 1,919
Howick 624 1,080 643 938 1,312 842 672 1,083 1,670
Symonds St. 624 983 638 1,420 1,432 830 532 838 2,248
Newmarket 624 983 542 1,053 1,718 1,192 623 928 19,252
Sylvia Park 624 983 480 880 2,384 1,423 508 938 2,385
New Lynn 624 1,083 572 931 1,516 715 483 583 1,213
Rosebank Rd. 624 1,121 1,516 1,213 2,343 893 2,938 1,102 2,101
Wiri 624 1,120 542 932 2,548 1,142 780 1,325 2,022
E. Tamaki 624 1,580 838 1,783 2,423 1,120 973 983 1,672
Penrose 624 834 623 884 1,878 923 732 658 2,123
Hunua 624 315 281 381 583 402 232 423 612

  Cu  
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 623 838 583 903 1,603 773 681 938 1,683
Royal Oak 623 862 583 1,011 1,578 933 428 783 1,778
Mt. Eden 623 2,380 564 2,528 2,330 2,018 623 1,011 1,723
Howick 623 1,312 428 1,202 1,714 748 580 1,178 2,012
Symonds St. 623 1,015 873 1,875 1,673 1,432 782 1,872 1,578
Newmarket 623 1,462 623 1,519 1,473 1,342 482 1,058 1,983
Sylvia Park 623 1,403 780 1,880 2,930 1,012 880 1,872 3,230
New Lynn 623 1,213 508 938 2,213 899 623 1,081 1,923
Rosebank Rd. 623 1,203 673 1,309 2,254 1,083 592 1,202 2,523
Wiri 623 1,220 680 1,018 2,870 932 870 1,328 3,370
E. Tamaki 623 1,782 932 1,680 3,995 2,032 1,432 1,438 5,203
Penrose 623 628 730 884 1,590 824 607 972 1,678
Hunua 623 438 278 424 614 512 285 516 593

    Pb     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 612 883 612 1,112 1,624 1,243 783 990 1,548
Royal Oak 612 1,672 838 1,478 2,123 1,083 784 1,228 1,743
Mt. Eden 612 1,478 483 1,438 2,342 1,617 823 1,573 1,820
Howick 612 1,680 583 1,342 3,342 1,418 618 1,932 3,013
Symonds St. 612 1,837 838 1,783 2,343 1,212 1,032 1,432 2,173
Newmarket 612 1,643 1,216 1,872 3,340 1,425 693 1,892 2,937
Sylvia Park 612 1,620 768 1,930 3,832 1,420 772 1,780 3,210
New Lynn 612 1,318 832 1,921 2,381 2,023 742 1,678 3,281
Rosebank Rd. 612 1,673 683 1,438 2,543 1,672 1,172 1,319 2,012
Wiri 612 1,670 1,023 1,983 3,083 2,210 932 1,678 4,138
E. Tamaki 612 1,678 875 1,883 2,228 2,528 893 2,573 2,320
Penrose 612 727 538 832 1,233 843 628 788 1,821
Hunua 612 428 382 583 593 478 379 507 673
       (Continued on next page)
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Appendix 12 (Continued)        
     Zn     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 1,659 1,320 1,480 3,423 5,452 1,923 1,785 2,712 6,710
Royal Oak 1,659 4,383 3,843 4,523 6,272 4,172 5,783 4,212 7,883
Mt. Eden 1,659 3,243 1,683 3,315 6,273 2,771 1,582 4,223 7,080
Howick 1,659 3,442 1,218 3,080 7,348 3,642 1,216 3,283 7,080
Symonds St. 1,659 4,282 2,242 4,858 5,426 3,242 2,255 4,082 6,072
Newmarket 1,659 4,103 2,423 3,983 5,172 3,172 2,627 5,213 6,373
Sylvia Park 1,659 3,780 3,740 4,080 4,908 4,824 1,823 5,283 10,838
New Lynn 1,659 4,217 1,742 3,083 8,378 1,893 1,513 4,123 7,583
Rosebank Rd. 1,659 3,658 1,762 3,842 8,280 3,283 1,983 3,452 7,982
Wiri 1,659 4,830 1,828 4,020 7,782 3,338 2,012 3,945 7,228
E. Tamaki 1,659 7,883 2,483 6,258 9,583 6,783 3,173 3,853 7,838
Penrose 1,659 1,528 1,929 1,638 6,728 1,458 1,880 1,782 6,939
Hunua 1,659 1,320 833 1,602 1,832 1,032 920 1,493 1,881
 
(b) Ramalina celastri 
     Cr     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 432 682 342 719 1,125 718 418 923 1,343
Royal Oak 432 893 383 880 1,525 923 397 712 1,383
Mt. Eden 432 932 420 683 2,212 1,025 383 938 1,428
Howick 432 880 452 658 1,710 870 283 420 1,920
Symonds St. 432 331 502 1,018 1,521 1,210 519 983 1,412
Newmarket 432 1,018 483 1,172 2,183 883 572 972 1,872
Sylvia Park 432 1,180 938 873 1,312 913 1,218 1,312 1,742
New Lynn 432 938 358 830 1,718 871 432 930 1,308
Rosebank Rd. 432 1,080 623 893 1,718 958 712 1,015 1,516
Wiri 432 1,178 483 830 1,873 1,010 383 932 2,023
E. Tamaki 432 1,421 519 1,528 1,719 832 492 1,030 2,019
Penrose 432 672 538 712 1,720 738 438 1,129 1,938
Hunua 432 331 218 412 492 383 238 428 508
     Cu     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 558 832 392 758 1,438 839 432 822 1,328
Royal Oak 558 723 383 808 1,580 723 457 679 1,408
Mt. Eden 558 838 352 1,421 1,720 883 402 1,028 1,518
Howick 558 890 380 672 829 883 394 932 1,516
Symonds St. 558 1,172 523 1,038 1,563 838 602 1,202 1,308
Newmarket 558 2,123 1,080 1,213 1,783 1,023 1,125 1,010 1,518
Sylvia Park 558 820 352 908 1,782 1,083 408 719 1,782
New Lynn 558 1,018 576 1,412 2,023 1,213 678 1,314 1,780
Rosebank Rd. 558 1,080 783 983 2,632 872 813 992 2,832
Wiri 558 1,160 783 874 1,718 783 518 1,502 2,513
E. Tamaki 558 843 632 952 1,672 1,042 590 1,353 1,516
Penrose 558 833 634 784 1,538 925 692 712 1,314
Hunua 558 372 225 338 472 315 262 275 522
  (Continued on next page)
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Appendix 12 (Continued)  
     Pb     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 628 1,253 672 938 1,682 984 784 875 1,684
Royal Oak 628 1,128 438 725 1,878 938 512 1,238 2,383
Mt. Eden 628 1,208 493 1,427 2,458 1,083 483 1,083 2,338
Howick 628 1,315 567 8,783 2,758 7,781 438 1,516 2,313
Symonds St. 628 1,628 522 1,343 2,535 1,925 832 1,785 2,742
Newmarket 628 1,080 832 1,782 2,293 1,678 938 972 2,638
Sylvia Park 628 1,572 830 1,830 2,838 1,563 1,080 1,438 3,542
New Lynn 628 988 678 1,208 2,213 1,310 573 1,018 2,019
Rosebank Rd. 628 1,083 673 1,238 2,932 832 483 1,238 2,013
Wiri 628 830 780 1,538 3,483 1,420 538 9,380 3,342
E. Tamaki 628 2,250 922 1,420 3,085 2,738 832 2,321 3,482
Penrose 628 1,178 572 990 1,722 1,012 652 1,109 2,180
Hunua 628 423 315 512 682 486 278 462 610
     Zn     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 1,702 2,620 1,872 3,598 3,482 2,593 1,978 3,425 5,015
Royal Oak 1,702 2,538 1,620 2,983 5,058 3,212 1,518 3,418 5,780
Mt. Eden 1,702 3,183 1,563 3,280 6,320 3,218 1,422 2,930 2,930
Howick 1,702 3,130 1,419 2,778 6,672 2,543 1,920 2,838 5,236
Symonds St. 1,702 4,217 1,438 3,217 7,258 4,212 1,678 3,838 8,383
Newmarket 1,702 2,238 1,248 2,558 6,185 2,458 1,722 2,338 6,232
Sylvia Park 1,702 2,538 2,128 3,042 5,483 3,353 1,472 2,942 7,080
New Lynn 1,702 2,731 1,671 2,425 6,272 2,542 1,819 2,338 3,383
Rosebank Rd. 1,702 3,219 1,563 3,783 7,283 2,939 1,483 3,113 7,182
Wiri 1,702 3,745 2,183 3,895 10,833 4,085 2,338 4,228 6,783
E. Tamaki 1,702 3,284 2,383 4,273 5,025 4,580 4,212 5,212 9,727
Penrose 1,702 2,383 1,425 2,833 5,281 3,018 1,528 3,015 6,228
Hunua 1,702 1,102 802 1,605 1,624 1,202 728 1,308 1,502

Note.  R0 to R8 depict the nine sampling rounds as given in Figure 4.1.  Concentrations of a given on-
thallus heavy metal concentration for Round 0 transplants were assumed equal to the concentration of 
the clean site (Hunua), because as all samples were transplanted from the clean site to each site at the 
start of the study.  Therefore, the on-thallus heavy metal concentration of the clean site was given as the 
last raw for comparison purposes. 
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Appendix 13 
 

The on-thallus heavy metal concentrations (ng g-1) of long-term transplants in two lichen species from 
13 study sites in the Auckland Region 
 

(a) Parmotrema reticulatum 
     Cr     

R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 624 622 438 733 1,528 825 838 895 1,432
Royal Oak 624 838 883 1,082 2,192 1,183 1,343 1,458 2,283
Mt. Eden 624 930 438 932 2,836 1,320 1,038 1,170 1,348
Howick 624 1,080 572 1,678 2,358 1,383 678 1,214 2,480
Symonds St. 624 983 683 2,187 4,057 1,870 932 2,575 3,958
Newmarket 624 903 1,678 1,678 3,942 1,823 3,243 2,432 4,024
Sylvia Park 624 933 885 1,783 4,725 2,671 1,172 2,783 5,218
New Lynn 624 1,083 3,013 1,983 4,213 1,820 3,083 1,913 3,343
Rosebank Rd. 624 1,121 673 1,580 4,647 1,980 1,438 1,984 4,838
Wiri 624 1,120 1,090 1,921 5,285 4,052 1,472 3,946 7,519
E. Tamaki 624 1,580 1,873 3,328 6,120 4,210 1,880 3,283 5,780
Penrose 624 834 925 3,127 4,592 2,978 1,343 3,425 3,128
Hunua 624 315 281 381 583 402 232 423 612

   Cu  
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 623 838 852 1,108 2,048 1,122 673 1,083 2,073
Royal Oak 623 862 833 1,683 2,678 1,282 792 1,712 2,933
Mt. Eden 623 2,380 780 1,780 3,342 1,516 920 1,820 3,230
Howick 623 1,312 680 1,617 2,585 1,315 712 1,414 2,428
Symonds St. 623 1,015 1,172 183 2,173 2,472 1,275 1,983 4,172
Newmarket 623 1,462 780 1,983 3,678 2,022 924 1,620 4,025
Sylvia Park 623 1,403 872 2,380 5,080 2,580 1,128 2,620 5,208
New Lynn 623 1,213 738 1,884 3,358 2,020 682 1,678 3,830
Rosebank Rd. 623 1,203 928 1,821 3,942 1,931 1,932 2,212 3,282
Wiri 623 1,220 1,072 3,083 6,323 3,342 1,683 2,983 6,273
E. Tamaki 623 1,782 1,432 4,202 3,252 2,595 1,872 2,783 3,784
Penrose 623 628 832 2,282 6,702 3,080 1,672 2,973 6,578
Hunua 623 438 278 424 614 512 285 516 593

    Pb     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 612 883 638 1,432 3,280 2,102 1,178 1,672 3,421
Royal Oak 612 1,672 832 1,672 4,481 2,343 1,115 2,128 4,382
Mt. Eden 612 1,478 893 1,083 5,080 2,303 1,383 2,643 4,212
Howick 612 1,680 738 2,080 4,288 2,338 892 2,080 4,213
Symonds St. 612 1,837 780 3,218 5,082 5,141 1,714 5,819 6,672
Newmarket 612 1,643 1,880 3,542 7,574 3,888 2,019 4,012 7,082
Sylvia Park 612 1,620 1,683 4,080 6,072 3,348 1,983 3,508 9,020
New Lynn 612 1,318 1,283 2,442 7,858 2,875 1,672 3,219 7,082
Rosebank Rd. 612 1,673 2,628 2,393 6,070 2,890 1,618 3,780 6,878
Wiri 612 1,670 1,421 3,019 5,983 3,543 2,528 3,989 7,220
E. Tamaki 612 1,678 885 3,425 7,783 6,783 3,125 7,285 8,372
Penrose 612 727 1,202 3,938 8,208 3,968 2,801 4,132 8,325
Hunua 612 428 382 583 593 478 379 507 673
       (Continued on next page)
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Appendix 13 (Continued)        
     Zn     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 1,659 1,320 1,783 3,938 8,428 4,528 2,182 5,208 8,223
Royal Oak 1,659 4,383 2,528 5,426 8,919 6,782 2,238 5,838 8,483
Mt. Eden 1,659 3,243 2,120 4,880 9,873 4,720 3,208 5,080 10,831
Howick 1,659 3,442 2,283 4,783 10,121 5,763 3,483 6,080 9,080
Symonds St. 1,659 4,282 3,124 6,752 13,872 9,231 6,781 8,767 15,823
Newmarket 1,659 4,103 3,208 6,782 14,831 7,201 4,883 5,423 13,432
Sylvia Park 1,659 3,780 2,083 7,080 16,832 8,358 3,583 7,283 14,838
New Lynn 1,659 4,217 2,542 4,838 10,831 5,080 2,383 6,232 9,883
Rosebank Rd. 1,659 3,658 3,218 4,838 14,151 8,203 3,421 7,023 16,718
Wiri 1,659 4,830 3,428 8,703 19,715 10,271 5,103 11,838 20,231
E. Tamaki 1,659 7,883 4,538 11,783 18,230 14,712 7,832 13,122 17,428
Penrose 1,659 1,528 2,432 7,938 15,783 7,405 7,428 10,885 12,412
Hunua 1,659 1,320 833 1,602 1,832 1,032 920 1,493 1,881
 
(b) Ramalina celastri 
     Cr     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 432 682 272 723 1,372 725 432 892 1,578
Royal Oak 432 893 383 840 1,672 1,218 580 1,082 2,010
Mt. Eden 432 932 583 1,180 2,321 1,310 678 1,128 2,526
Howick 432 880 423 212 358 784 483 207 221
Symonds St. 432 331 780 2,122 2,930 1,820 622 2,210 3,308
Newmarket 432 1,018 928 1,882 3,128 1,880 938 2,012 3,886
Sylvia Park 432 1,180 838 1,780 4,830 1,343 1,213 2,183 4,208
New Lynn 432 938 683 1,758 3,238 1,984 789 1,562 4,080
Rosebank Rd. 432 1,080 780 1,523 3,580 1,608 620 1,420 3,583
Wiri 432 1,178 3,640 2,320 3,358 2,018 2,580 2,232 4,038
E. Tamaki 432 1,421 1,072 1,983 5,355 3,258 1,458 3,472 4,557
Penrose 432 672 984 983 3,931 2,432 1,241 2,423 3,532
Hunua 432 331 218 412 492 383 238 428 508
     Cu     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 558 832 480 1,030 1,672 834 508 1,120 1,583
Royal Oak 558 723 320 838 1,717 1,121 432 880 2,123
Mt. Eden 558 838 438 1,340 2,138 1,428 672 1,212 2,343
Howick 558 890 483 780 1,013 1,083 523 2,025 2,023
Symonds St. 558 1,172 508 1,623 4,358 2,438 408 2,018 4,748
Newmarket 558 2,123 513 1,238 3,720 1,324 820 1,783 3,183
Sylvia Park 558 820 783 1,538 3,878 1,932 1,080 2,224 4,083
New Lynn 558 1,018 637 1,680 3,080 1,742 712 1,412 3,238
Rosebank Rd. 558 1,080 1,541 2,413 4,213 2,183 1,082 2,354 3,093
Wiri 558 1,160 678 2,183 5,483 2,790 1,172 2,336 6,212
E. Tamaki 558 843 638 4,653 6,273 5,218 1,418 4,846 5,342
Penrose 558 833 1,082 4,282 2,839 2,258 1,264 5,281 2,683
Hunua 558 372 225 338 472 315 262 275 522
   (Continued on next page)
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Appendix 13 (Continued)   
     Pb     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 628 1,253 873 3,053 2,120 1,954 1,023 1,873 2,834
Royal Oak 628 1,128 1,082 1,992 3,853 2,010 1,172 2,218 4,172
Mt. Eden 628 1,478 780 2,128 3,842 1,472 1,438 2,012 4,880
Howick 628 1,315 781 1,612 3,383 1,458 892 1,983 3,617
Symonds St. 628 1,628 1,673 2,935 5,025 3,358 1,783 3,842 6,372
Newmarket 628 1,080 3,342 1,938 3,893 1,438 1,218 2,219 4,213
Sylvia Park 628 1,572 1,416 2,832 5,783 3,238 2,543 3,080 7,012
New Lynn 628 988 772 2,028 4,080 2,248 1,218 2,342 4,358
Rosebank Rd. 628 1,083 830 1,418 4,553 3,318 1,521 2,730 7,610
Wiri 628 830 1,238 3,219 7,070 3,380 1,892 3,642 7,217
E. Tamaki 628 2,250 678 3,212 8,202 4,515 2,172 5,202 5,783
Penrose 628 1,178 782 3,280 6,780 3,221 1,832 3,432 6,532
Hunua 628 423 315 512 682 486 278 462 610
     Zn     
 R0 R1 R2 R3 R4 R5 R6 R7 R8 
Homai 1,702 2,620 1,872 4,238 5,342 3,428 2,403 4,208 7,208
Royal Oak 1,702 2,538 1,873 4,212 7,257 3,883 2,213 4,123 7,723
Mt. Eden 1,702 3,183 1,238 4,108 7,280 3,938 1,838 4,028 8,820
Howick 1,702 3,130 2,217 3,983 10,182 3,747 2,848 4,383 9,213
Symonds St. 1,702 4,217 2,153 6,783 13,415 9,528 3,380 8,782 12,721
Newmarket 1,702 2,238 1,832 5,280 11,802 7,952 3,542 8,088 14,311
Sylvia Park 1,702 2,538 2,848 4,383 11,108 6,208 4,213 6,080 15,161
New Lynn 1,702 2,731 2,238 5,683 13,147 5,843 3,341 7,958 13,211
Rosebank Rd. 1,702 3,219 2,210 4,243 9,283 6,230 2,983 7,213 1,080
Wiri 1,702 3,745 2,463 8,203 19,838 10,838 4,782 11,542 19,421
E. Tamaki 1,702 3,284 4,283 10,112 10,825 13,142 5,225 14,122 17,162
Penrose 1,702 2,383 2,580 6,583 13,420 10,833 9,045 10,741 13,728
Hunua 1,702 1,102 802 1,605 1,624 1,202 728 1,308 1,502

Note.  R0 to R8 depict the nine sampling rounds as given in Figure 4.1.  Concentrations of a given on-
thallus heavy metal concentration for Round 0 transplants were assumed equal to the concentration of 
the clean site (Hunua), because as all samples were transplanted from the clean site to each site at the 
start of the study.  Therefore, the on-thallus heavy metal concentration of the clean site was given as the 
last raw for comparison purposes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 12-27

Appendix 14 

 

(a) Pearson’s product moment correlation coefficients for on-thallus Cr and Cu accumulation of in-situ 
lichen samples and four meteorological variables: seasonal rainfall (Rf.), mean seasonal temperature 
(T.), number of rain days during the season (R.D.), and seasonal mean of 9 am relative humidity (H.) 

 Cr 
 Parmotrema reticulatum Ramalina celastri 

Rf. T. R.D. H. Rf. T. R.D. H. 
Homai -0.33 0.94 -0.88 -0.78 -0.40 0.75 -0.66 -0.81 
Royal Oak -0.43 0.90 -0.85 -0.89 -0.36 0.95 -0.85 -0.84 
Mt. Eden -0.37 0.96 -0.90 -0.86 -0.71 0.64 -0.65 -0.83 
Howick -0.50 0.92 -0.85 -0.86 -0.39 0.94 -0.85 -0.86 
Symonds St. -0.58 0.39 -0.27 -0.50 0.16 0.04 -0.05 -0.07 
Newmarket -0.70 0.50 -0.53 -0.73 -0.70 0.47 -0.49 -0.75 
Sylvia Park -0.71 0.47 -0.47 -0.74 -0.36 0.92 -0.89 -0.84 
New Lynn -0.63 0.77 -0.75 -0.91 -0.29 0.94 -0.83 -0.73 
Rosebank Rd. -0.64 0.89 -0.83 -0.92 -0.44 0.94 -0.84 -0.92 
Wiri -0.61 0.33 -0.39 -0.60 -0.43 0.96 -0.88 -0.84 
E. Tamaki -0.61 0.72 -0.75 -0.80 -0.68 0.81 -0.75 -0.88 
Penrose -0.45 0.85 -0.77 -0.81 -0.55 0.90 -0.84 -0.87 
Hunua -0.34 0.94 -0.89 -0.84 -0.51 0.88 -0.87 -0.93 

 
 

Zn 
 Parmotrema reticulatum Ramalina celastri 
 Rf. T. R.D. H. Rf. T. R.D. H. 

Homai -0.58 0.74 -0.70 -0.80 -0.47 0.90 -0.86 -0.86 
Royal Oak -0.61 0.86 -0.81 -0.94 -0.70 0.35 -0.41 -0.68 
Mt. Eden -0.72 0.39 -0.39 -0.70 -0.68 0.49 -0.50 -0.76 
Howick -0.24 0.93 -0.84 -0.75 -0.27 0.90 -0.81 -0.76 
Symonds St. -0.43 0.92 -0.89 -0.87 -0.45 0.89 -0.82 -0.85 
Newmarket -0.46 0.98 -0.89 -0.91 -0.67 0.32 -0.36 -0.64 
Sylvia Park -0.21 0.63 -0.52 -0.66 -0.42 0.96 -0.91 -0.87 
New Lynn -0.66 0.46 -0.43 -0.74 -0.54 0.94 -0.87 -0.92 
Rosebank Rd. -0.24 0.92 -0.83 -0.75 -0.26 0.93 -0.84 -0.78 
Wiri -0.41 0.94 -0.87 -0.86 -0.36 0.90 -0.82 -0.85 
E. Tamaki -0.50 0.92 -0.87 -0.91 -0.67 0.40 -0.42 -0.75 
Penrose -0.24 0.98 -0.87 -0.78 -0.52 0.82 -0.88 -0.83 
Hunua -0.45 0.82 -0.77 -0.89 -0.59 0.79 -0.74 -0.90 

Note.  The correlation coefficients significant at the .05 level (2-tailed) are in boldface. 
(Continued on next page) 
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Appendix 14 (Continued) 
 
(b) Pearson’s product moment correlation coefficients for on-thallus Cr and Cu accumulation of short-
term transplants and four meteorological variables: seasonal rainfall (Rf.), mean seasonal temperature 
(T.), number of rain days during the season (R.D.), and seasonal mean of 9 am relative humidity (H.) 
 

 Cr 
 Parmotrema reticulatum Ramalina celastri 

Rf. T. R.D. H. Rf. T. R.D. H. 
Homai -0.29 0.79 -0.85 -0.72 -0.32 0.67 -0.78 -0.70
Royal Oak -0.38 0.68 -0.79 -0.73 -0.43 0.68 -0.78 -0.66
Mt. Eden -0.33 0.74 -0.80 -0.65 -0.51 0.65 -0.76 -0.63
Howick -0.22 0.62 -0.72 -0.63 -0.20 0.74 -0.81 -0.58
Symonds St. -0.13 0.60 -0.69 -0.58 -0.34 0.53 -0.70 -0.52
Newmarket -0.67 0.50 -0.58 -0.57 -0.38 0.62 -0.72 -0.62
Sylvia Park -0.28 0.75 -0.84 -0.62 0.16 0.17 -0.29 -0.12
New Lynn -0.45 0.64 -0.69 -0.63 -0.52 0.65 -0.74 -0.68
Rosebank Rd. 0.51 -0.12 0.17 0.39 -0.35 0.55 -0.67 -0.54
Wiri -0.38 0.66 -0.74 -0.61 -0.32 0.69 -0.80 -0.65
E. Tamaki -0.45 0.40 -0.47 -0.47 -0.36 0.53 -0.63 -0.63
Penrose -0.08 0.69 -0.75 -0.50 -0.25 0.65 -0.79 -0.62
Hunua -0.34 0.94 -0.89 -0.84 -0.51 0.88 -0.87 -0.93

 
 

Zn 
 Parmotrema reticulatum Ramalina celastri 

 Rf. T. R.D. H. Rf. T. R.D. H. 
Homai -0.12 0.63 -0.72 -0.56 -0.20 0.49 -0.63 -0.59
Royal Oak 0.25 0.21 -0.28 -0.05 -0.31 0.69 -0.82 -0.68
Mt. Eden -0.32 0.66 -0.78 -0.68 -0.71 0.50 -0.60 -0.61
Howick -0.37 0.73 -0.83 -0.68 -0.38 0.67 -0.73 -0.62
Symonds St. -0.38 0.47 -0.61 -0.61 -0.27 0.71 -0.81 -0.65
Newmarket -0.29 0.43 -0.60 -0.57 -0.21 0.72 -0.78 -0.60
Sylvia Park -0.02 0.49 -0.68 -0.46 -0.18 0.68 -0.82 -0.59
New Lynn -0.36 0.64 -0.74 -0.66 -0.50 0.57 -0.64 -0.54
Rosebank Rd. -0.30 0.67 -0.76 -0.62 -0.33 0.69 -0.79 -0.66
Wiri -0.39 0.63 -0.73 -0.65 -0.46 0.59 -0.69 -0.57
E. Tamaki -0.42 0.48 -0.55 -0.49 0.15 0.44 -0.53 -0.33
Penrose -0.06 0.66 -0.72 -0.47 -0.24 0.72 -0.82 -0.65
Hunua -0.45 0.82 -0.77 -0.89 -0.59 0.79 -0.74 -0.90

Note.  The correlation coefficients significant at the .05 level (2-tailed) are in boldface. 
          (Continued on next page) 
     



 12-29

Appendix 14 (Continued) 
 
(c) Pearson’s product moment correlation coefficients for on-thallus Cr and Cu accumulation of long-
term transplants and four meteorological variables: seasonal rainfall (Rf.), mean seasonal temperature 
(T.), number of rain days during the season (R.D.), and seasonal mean of 9 am relative humidity (H.) 
  

 Cr 
 Parmotrema reticulatum Ramalina celastri 

Rf. T. R.D. H. Rf. T. R.D. H. 
Homai -0.14 0.66 -0.68 -0.51 -0.27 0.71 -0.80 -0.68
Royal Oak -0.02 0.48 -0.58 -0.35 -0.22 0.68 -0.78 -0.60
Mt. Eden -0.43 0.51 -0.55 -0.45 -0.23 0.64 -0.76 -0.56
Howick -0.33 0.64 -0.75 -0.63 0.04 -0.10 0.22 0.26
Symonds St. -0.34 0.59 -0.74 -0.62 -0.31 0.51 -0.70 -0.56
Newmarket 0.20 0.25 -0.32 -0.06 -0.19 0.56 -0.72 -0.53
Sylvia Park -0.21 0.63 -0.77 -0.55 -0.26 0.58 -0.69 -0.54
New Lynn 0.16 0.02 -0.18 0.14 -0.17 0.63 -0.76 -0.54
Rosebank Rd. -0.14 0.64 -0.73 -0.51 -0.27 0.65 -0.78 -0.58
Wiri -0.11 0.60 -0.75 -0.50 0.21 -0.06 -0.21 0.13
E. Tamaki -0.27 0.50 -0.68 -0.46 -0.34 0.53 -0.69 -0.52
Penrose -0.28 0.52 -0.68 -0.55 -0.11 0.58 -0.73 -0.46
Hunua -0.34 0.94 -0.89 -0.84 -0.51 0.88 -0.87 -0.93

 
 

Zn 
 Parmotrema reticulatum Ramalina celastri 

 Rf. T. R.D. H. Rf. T. R.D. H. 
Homai -0.29 0.61 -0.75 -0.58 -0.17 0.57 -0.69 -0.57
Royal Oak -0.44 0.57 -0.74 -0.61 -0.27 0.63 -0.76 -0.60
Mt. Eden -0.19 0.62 -0.73 -0.54 -0.24 0.69 -0.79 -0.64
Howick -0.31 0.57 -0.70 -0.54 -0.25 0.63 -0.73 -0.55
Symonds St. -0.09 0.52 -0.63 -0.41 -0.36 0.58 -0.73 -0.58
Newmarket -0.20 0.57 -0.67 -0.46 -0.18 0.61 -0.74 -0.54
Sylvia Park -0.31 0.63 -0.74 -0.57 -0.02 0.60 -0.71 -0.45
New Lynn -0.38 0.61 -0.76 -0.62 -0.27 0.60 -0.74 -0.58
Rosebank Rd. -0.15 0.64 -0.77 -0.52 -0.69 0.10 -0.23 -0.31
Wiri -0.26 0.58 -0.73 -0.55 -0.28 0.60 -0.73 -0.56
E. Tamaki -0.30 0.42 -0.58 -0.44 -0.17 0.36 -0.55 -0.41
Penrose -0.03 0.51 -0.61 -0.43 0.09 0.47 -0.55 -0.31
Hunua -0.45 0.82 -0.77 -0.89 -0.59 0.79 -0.74 -0.90

Note.  The correlation coefficients significant at the .05 level (2-tailed) are in boldface. 
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Appendix 15 
 

The descriptive statistics for the on-thallus pollutant concentration as a percentage of total pollutant 
concentration of the lichen thallus (Op) calculated for three lichen groups: in-situ, short-term, and long-
term in every season 
 

  
Cr in Parmotrema 
reticulatum  

Cr in Ramalina 
celastri

Zn in Parmotrema 
reticulatum

Zn in Ramalina 
celastri 

Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. 
(a) In-Situ             
Homai 8.9 5.1 14.3 11.4 4.2 18.6 8.4 3.1 17.1 2.6 1.3 4.2 
Royal Oak 10.7 6.5 19.8 11.1 4.6 21.2 11.3 7.1 18.5 3.5 2.0 7.0
Mt. Eden 10.3 3.6 19.2 11.4 4.7 20.9 8.4 4.5 18.4 3.6 1.2 7.9 
Howick 11.1 7.2 18.7 8.8 3.8 14.8 10.3 4.1 19.6 3.0 1.2 6.6 
Symonds St. 8.5 3.3 15.8 8.8 2.0 16.7 9.0 4.0 16.2 2.9 1.1 5.4 
Newmarket 10.0 5.6 15.9 10.5 4.6 21.9 8.7 4.2 15.3 2.8 1.3 7.1 
Sylvia Park 8.5 2.9 17.0 9.2 4.6 17.0 8.3 3.7 17.2 3.3 1.0 6.9 
New Lynn 10.0 6.7 15.2 9.1 3.3 18.5 8.4 3.2 15.8 2.9 1.5 7.2 
Rosebank Rd. 9.7 5.1 18.4 8.6 4.2 17.0 8.3 3.8 16.9 3.6 1.7 7.7 
Wiri 6.9 2.4 13.9 10.4 7.6 16.5 7.9 2.8 15.0 3.4 0.9 10.3 
E. Tamaki 7.8 4.3 15.0 8.7 3.9 15.9 9.2 3.5 14.3 3.2 1.4 7.4 
Penrose 7.1 2.8 13.2 6.5 2.7 13.3 7.0 1.7 14.6 2.7 0.9 6.3 
Hunua 5.3 2.9 8.2 5.6 2.8 7.8 4.7 2.7 6.2 1.8 0.9 2.7 
(b) Short-term                         
Homai 10.7 6.1 17.9 10.5 4.8 17.7 9.2 4.5 18.9 9.4 2.0 14.4 
Royal Oak 10.5 5.7 16.0 9.4 4.0 19.1 12.0 2.0 19.3 7.2 1.0 13.8 
Mt. Eden 8.9 4.7 12.0 8.9 3.0 19.2 7.0 3.0 10.7 8.0 1.0 12.0 
Howick 11.4 7.3 19.2 6.4 2.0 12.1 7.7 3.6 12.0 6.7 1.0 10.6 
Symonds St. 10.8 6.6 17.9 8.9 2.0 17.0 10.1 5.3 16.6 7.3 2.0 11.3 
Newmarket 9.9 5.5 19.7 9.5 3.0 19.5 9.8 5.9 16.0 6.2 1.0 9.6 
Sylvia Park 10.0 5.1 19.5 10.1 2.0 18.1 8.8 3.8 11.4 8.9 2.0 18.7
New Lynn 8.7 4.1 16.1 7.1 2.0 11.2 8.4 4.2 13.0 8.1 4.0 13.8 
Rosebank Rd. 11.4 7.0 19.7 7.6 1.0 11.6 8.3 5.1 12.0 7.0 2.0 11.3
Wiri 11.5 6.0 19.4 9.2 1.0 19.0 9.5 5.1 18.1 7.2 2.0 11.0 
E. Tamaki 10.6 6.0 18.7 9.7 2.0 19.6 9.7 5.0 18.4 11.0 4.5 19.8 
Penrose 8.0 4.4 17.2 8.8 3.0 18.4 6.7 2.9 18.6 8.2 2.5 18.6 
Hunua 5.3 2.9 8.2 5.6 2.8 7.8 4.7 2.7 6.2 5.3 2.8 7.3 
(C) Long-term                         
Homai 9.7 6.4 16.5 10.2 4.0 19.2 9.8 4.5 18.5 11.1 5.4 19.6 
Royal Oak 12.9 8.2 19.9 9.3 1.0 19.5 11.5 4.7 18.6 10.8 5.5 18.8 
Mt. Eden 9.2 5.2 11.5 7.8 2.0 11.5 7.2 4.0 10.9 7.8 4.5 13.3 
Howick 10.7 6.1 19.0 5.3 2.0 11.8 10.0 5.4 19.4 7.6 4.0 10.3 
Symonds St. 10.0 5.1 19.3 8.8 3.0 19.6 8.8 4.0 12.5 10.1 4.0 18.8 
Newmarket 11.1 4.0 18.2 9.6 5.0 19.8 9.6 5.9 19.8 8.8 3.0 18.2 
Sylvia Park 8.1 3.0 11.8 7.4 4.0 11.5 7.3 4.0 11.2 7.7 4.0 11.8
New Lynn 13.0 8.2 19.9 7.7 3.0 11.2 9.9 4.1 17.8 8.7 2.0 19.0 
Rosebank Rd. 7.4 2.0 10.6 6.8 2.0 11.5 7.2 2.0 11.3 7.3 1.8 11.2
Wiri 9.5 4.0 19.7 7.7 2.0 11.7 7.7 3.0 12.2 7.9 4.0 12.2 
E. Tamaki 11.8 5.8 19.5 10.2 1.0 19.4 11.2 4.0 18.4 10.8 5.3 19.0 
Penrose 10.2 4.6 17.2 9.9 4.7 19.2 9.1 5.3 17.8 8.8 4.0 12.2 
Hunua 5.3 2.9 8.2 5.6 2.8 7.8 4.7 2.7 6.2 5.3 2.8 7.3 

Note. Avg. = Average; Min. = Minimum; Max = Maximum.  
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Appendix 16 
 

Heavy metal release from lichen samples transplanted from Penrose to other less polluted study sites.  
The heavy metal concentration (ng g-1) from each study site for the two lichen species samples 
tabulated over the study period 
 

(a) Parmotrema reticulatum 
R0 R1 R2 R3 R4 R5 R6 R7 R8 

Cr ME 25,890 23,392 2,012 21,438 22,343 16,723 18,431 15,438 13,173
Cr SS 25,890 25,538 24,472 23,172 22,975 21,772 16,373 19,167 14,725
Cu ME 31,633 32,283 24,838 20,515 17,167 19,213 18,712 14,173 13,786
Cu SS 31,633 29,389 27,742 28,875 23,375 24,583 23,741 20,018 20,784
Pb ME 42,369 38,438 40,801 30,389 27,778 26,583 28,838 27,763 21,438
Pb SS 42,369 42,173 36,783 37,538 34,738 33,172 34,578 33,483 31,753
Zn ME 88,276 80,430 68,802 54,542 53,382 49,112 5,020 44,478 46,780
Zn SS 88,276 77,820 78,291 74,832 68,930 77,421 71,780 69,938 67,789

(b) Ramalina celastri 
R0 R1 R2 R3 R4 R5 R6 R7 R8 

Cr ME 26,707 17,428 15,383 17,883 13,543 13,673 12,170 10,723 9,838
Cr SS 26,707 24,072 23,953 23,428 20,992 21,203 20,231 15,652 14,232
Cu ME 24,179 23,321 20,178 19,783 16,780 17,830 16,420 12,530 10,612
Cu SS 24,179 24,218 24,103 23,715 22,538 24,381 24,010 21,210 21,873
Pb ME 33,840 25,426 25,983 26,712 22,121 18,738 16,783 19,311 16,783
Pb SS 33,840 34,515 33,942 32,215 33,412 32,515 30,312 29,415 28,607
Zn ME 83,516 77,620 65,531 52,178 55,586 49,938 38,838 42,428 37,715
Zn SS 83,516 75,431 68,532 67,712 66,923 69,738 68,712 62,913 61,938

Note. ME = Mount Eden (residential site); SS = Symonds Street (commercial site). 


