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Abstract 
Research into the accumulation of hazardous elements within plants native to Aotearoa New 

Zealand is scarce, meaning that exposure risk through their consumption when grown in 

contaminated areas is unknown. Studies across the world have investigated the potential risks 

in consuming produce grown in areas of high anthropogenic pollution, such as urban spaces, 

and yet Aotearoa New Zealand is noticeably absent. 

This thesis measures the concentration of three elements known to have strong adverse health 

effects at elevated levels of exposure – arsenic (As), cadmium (Cd), and lead (Pb) – in both 

the soils and selected plants at a range of urban gardens. Piper excelsum (kawakawa), 

Tetragonia tetragonioides (kokihi / New Zealand spinach), and Sonchus kirkii (pūhā) were 

chosen as the focus of the study given their significance to Māori diets and growing 

popularity in non-Māori communities too. Using these concentration metrics, overall risk of 

exposure to As, Cd, and Pb will be assessed. 

Large numbers of exceedances were presented in the results of soil analysis for this study 

with 24% of soil samples exceeding the Ministry for the Environment Standards for Soil 

Contamination. As in soils ranged from 2 to 98 mg/kg, Cd from 0.1 to 1.43 mg/kg, and Pb 

from 3.9 to 1550 mg/kg. 

P. excelsum, T. tetragonioides, and S. kirkii showed varying levels of similarity in As, Cd, 

and Pb concentrations to those of common leafy vegetables. In P. excelsum, As 

concentrations ranged from 0.1 to 0.28 mg/kg, Cd concentrations ranged from 0.004 to 0.047 

mg/kg, and Pb concentrations ranged from 0.2 to 0.66 mg/kg. In T. tetragonioides, As 

concentrations ranged from 0.14 to 0.77 mg/kg, Cd ranged from 0.12 to 0.3 mg/kg, and Pb 

ranged from 0.157 to 0.62 mg/kg. In S. kirkii, As concentrations ranged from 0.11 to 0.58 

mg/kg, Cd concentrations ranged from 0.03 to 0.32 mg/kg, and Pb concentrations ranged 

from 0.2 to 3.4 mg/kg. 

The results of target hazard quotients (THQs) and hazard indices (HIs) were all below 1, 

indicating that there is low level of risk in As, Cd, and Pb exposure in consuming the plants 

tested in this study regularly. Direct exposure to soil was considered the highest risk factor in 

urban gardens of Aotearoa New Zealand, however certain limitations around risk 

quantification are highlighted. 
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Gardening is “the new sex”. 
 

- Tatler, as quoted in Longhurst (2006) 
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Chapter 1: Introduction 

1.1 Thesis overview 
This thesis aims to explore the accumulation in edible plants of metal and metalloid trace 

elements harmful to human health. Three harmful elements common to urban soils have been 

selected as the focus of this research and urban gardens as the sample sites. Exposure to 

arsenic, cadmium, and lead can all lead to adverse health effects, and have all been shown in 

literature to accumulate within edible plants to some degree (Järup et al., 1998; Mirecki et al., 

2015; Warming et al., 2015). Several key pieces of literature have been identified which 

focus on the exposure pathways of hazardous elements in urban gardening practices (e.g. 

Abdu et al., 2011; de Miguel et al., 2016; Misenheimer et al., 2018; Warming et al., 2015) 

and will provide inspiration for the study design of this thesis. 

A key research gap has been identified where the accumulation of these trace elements in 

plants native to Aotearoa New Zealand has not been analysed. The significance of this gap is 

emphasised by the popularity of urban gardening in New Zealand (Longhurst, 2006), and the 

importance of edible native plants to Māori (Hond et al. 2019; ) and a growing number of 

non-Māori communities (Longhurst, 2006). The findings are intended to build on existing 

literature to begin understanding the accumulation of As, Cd, and Pb in three important native 

edible plants – Piper excelsum (kawakawa), Tetragonia tetragonioides (kōkihi / New Zealand 

spinach), and Sonchus kirkii (pūhā / sowthistle). 

In detailing the process and outcomes of the research performed for this thesis, the key 

challenges will also be acknowledged to provide critical refection on the limitations faced. 

These will not undermine the important results delivered in this thesis, but act as inspiration 

for future research into this area within Aotearoa New Zealand. There is every confidence 

that the findings and recommendations presented in this research will arm the growing 

number of urban gardeners in Aotearoa New Zealand with knowledge on the plants most 

important to them and inspire other researchers to continue this work. 

1.2 Thesis Structure 
This thesis aims to describe the risk associated with the human exposure pathway of As, Cd, 

and Pb through the consumption of P. excelsum, T. tetragonioides, and S. kirkii grown in 

urban gardens. The actions contributing to achieving this aim will be presented across eight 

chapters: 
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Chapter 1 introduces this thesis and it themes, providing critical analysis of existing literature 

to provide context, identify gaps, and establish objectives governing the research (Section 

1.9). 

Chapter 2 outlines the materials and methods used to generate data that will provide results to 

achieve the research objectives. This includes descriptions of the sampling process for soil 

and plant tissue, analysis methods for concentrations of As, Cd, and Pb within samples, and 

the calculations applied to generate quantifiable risk metrics. 

Chapters 3 through 7 provide results generated for the different components of this thesis 

accompanied by a discussion to provide context and implications. These chapters present 

results and discussion centred around soil samples, samples from each plant species, and will 

conclude with a synthesis of all sections. 

Chapter 8 will provide any recommendations for continued research, reflections on the 

outcomes of this thesis, and a final conclusion to summarise the key messages. 

1.3 The Urban Gardening Context 

Urban gardening is popular and has many benefits 

Urban gardens are often a key community aspect of urban spaces, with domestic and 

community gardens abundant across many large urban environments (Antisari et al., 2015). 

The popularity of growing edible plants in such gardens has been significant for some time 

and continues to increase in many urban areas (Longhurst, 2006; Misenheimer et al., 2018). 

The practice itself has been shown to have a range of positive effects, including an increase in 

food security, improved mental and physical wellbeing, and a more meaningful connection to 

nature (Brown et al., 2015; Ghosh et al., 2009; Webb, 2020). Urban gardening can also 

provide ecosystem services and improves the overall sustainability of cities through actions 

like reusing food waste in fertilisation (La Greca et al., 2011). These benefits make urban 

gardening a critical aspect of both social and environmental wellbeing within cities. 

The benefits of urban gardening come with unique risks 

Urban spaces pose unique anthropological risk given the density of human activity within 

them (Warming et al., 2015). Soil is affected by these activities through the deposition of 

heavy metals and other trace elements, some of which are harmful to human health (Hough et 

al., 2004; Murray et al., 2011). While a number of metals and metalloids are of concern in 

urban spaces, three of the most significant hazardous elements in environmental science and 
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health literature (e.g. Järup et al., 1998; Mudipalli, 2007; Safa et al., 2020; Warming et al., 

2015) are arsenic (As), cadmium (Cd), and lead (Pb). These three elements are prevalent 

throughout studies because of the deleterious human health effects that can occur at relatively 

low exposure thresholds (WHO, n.d.). They are often found in abundance in urban soils 

currently or previously exposed to polluting anthropogenic activities like fossil fuel burning, 

mining, and industrial production (Goyer, 1990; Kachenko & Singh, 2006; Hough et al., 

2004; Murray et al., 2011). 

1.4 A background on arsenic (As), cadmium (Cd), and lead (Pb) 

1.4.1 Arsenic (As) 

As is a metalloid known to have an array of detrimental health effects to those exposed to it 

regularly, including (but not limited to) certain types of cancer, neurological disorders, heart 

issues, and respiratory problems (Safa et al., 2020). Humans can be exposed to arsenic 

through various pathways – including inhalation, the ingestion of contaminated soil, or the 

consumption of produce that has accumulated As from contaminated soil (Miguel et al., 

2016). 

As can occur naturally in areas of volcanic/geothermal activity (Robinson et al., 2003), the 

breakdown of organic matter, and various metallic ores (Safa et al., 2020). The combustion of 

fossil fuels and historical coal burning activities can lead to the anthropogenic deposition of 

As into urban soils (Hutton & Symon, 1986), along with certain mining activities where As is 

deposited in effluents from the extraction process (Espita & Lapidus, 2021). These activities 

may have occurred historically in many now urban areas prior to residential development, but 

the legacy of As pollution may remain (Miguel et al., 2016). 

Other anthropogenic activities that lead to elevated As soil concentrations include the use of 

treated timber and its ash – which may be used inadvertently in composting or disposed of in 

soils (Safa et al., 2020). This practice of using treated timber and its ashes in composting has 

been shown to deposit high concentrations of arsenic into composted soil (Safa et al., 2020). 

The burning of treated timber is illegal in Aotearoa New Zealand (NZ EPA, 2022); however, 

it is possible that people may burn timber unknowing of its As content or the illegality of it. 

1.4.2 Cadmium (Cd) 

Cd is a heavy metal without human biological function and can cause severe health effects 

(Järup et al., 1998). Cd accumulates in the kidneys, and at high rates can lead to renal failure 
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(Järup et al., 1998). It is also associated with skeletal damage in the form of osteoporosis and 

is labelled as a “probable human carcinogen” (Järup et al., 1998). 

Globally, Cd is entering the terrestrial and aquatic environment through anthropogenic means 

at ten times the rate of natural sources (Qadir et al., 2000). It is usually domestic and 

industrial combustion processes, such as fossil fuel burning, that contribute to the deposition 

of Cd into the environment (Komarnicki, 2005). These activities are more densely active in 

industrial urban areas, which increases the likelihood that gardens in these areas may 

experience heightened concentrations of Cd in soil. 

One of the primary human health exposure pathways to Cd is the consumption of 

contaminated produce. This may be through unwashed fruit and vegetables exposed to high 

levels of Cd in the air or soil, or vegetables grown in soil contaminated with Cd and have 

accumulated it within the plant tissue (Järup et al., 1998). Cd is taken up very readily by leafy 

vegetables in particular and is one of the most concerning heavy metals within this exposure 

pathway (Peijnenburg et al., 2014). Human health thresholds for Cd are very low (ANZFA, 

2012) so it is crucial that gardeners are aware of their exposure level and how to limit it in 

order to prevent adverse health effects. 

1.4.3 Lead (Pb) 

Lead (Pb) is also a heavy metal responsible for a number of human health issues, which can 

range from mild to severe based on the concentration and time exposed (Goyer, 1990). Lead 

is often stored long-term in bone, the liver, and soft tissues of the body. The accumulation 

can increase the likelihood of acute illness developing (Mudipalli, 2007). 

The main anthropogenic sources of Pb are often historical and represent its prevalence prior 

to being regulated due to its effect on human health. Historical leaded petrol may account for 

up to 90% of anthropogenic lead pollution, the effects of which can remain in soils today 

(Goyer, 1990). The use of leaded paint historically is also another significant source of Pb – 

particularly in older urban areas – and has led to high concentrations of Pb commonly found 

in both residential soils and homes (Brown et al., 2015). 

The main exposure pathway of Pb is directly through ingestion, inhalation, and dermal 

absorption (Brown et al., 2015). Pb can also enter the human body indirectly through the 

consumption of produce with Pb concentrations accumulated within tissue (Brown et al., 

2015). Because Pb is stored in the body long-term, any repeated level of exposure can lead to 
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adverse health effects and it is crucial to minimise exposure in areas of high concentration 

(Brown et al., 2015). 

1.5 Plant uptake of As, Cd, and Pb in soils 
The importance of urban produce cultivation both in community and domestic settings has 

prompted a number of studies to explore the risks and exposure pathways involved with the 

practice (e.g. Abdu et al., 2011; de Miguel et al., 2016; Misenheimer et al., 2018; Warming et 

al., 2015). Some exposure pathways, such as the deposition of Pb on fruit and leaves of 

plants, can be easily broken through the thorough washing of produce before consumption 

(Atisari et al., 2003). The more difficult pathway to remedy, however, is the uptake and 

accumulation of hazardous trace elements within plant tissue by those grown in contaminated 

soils (Galal, 2016). Understanding the risk of this pathway for individual gardens requires, at 

a minimum, knowledge of the concentration of hazardous trace elements in soil and the 

ability of the plants grown to accumulate them (Shariff et al., 2020). 

Different species of plants take up and accumulate As, Cd, and Pb at different rates. This 

accumulation can also be affected by a variety of soil characteristics, such as soil pH and 

organic carbon content, making these key metrics in understanding the risk involved with 

gardening in contaminated soil (Kachenko & Singh, 2006). The elements taken up by plants 

may also be accumulated in different areas of the plant at different concentrations. Studies 

often show that the concentration of accumulated heavy metals and metalloids such as As, 

Cd, and Pb accumulate in leafy vegetables at much higher rates than fruit and even some root 

vegetables (Antisari et al., 2003; Mirecki et al., 2015). With many plants only containing one 

widely consumed part (root, leaves, fruit, etc), it can be assumed that indirect exposure risk to 

As, Cd, and Pb through produce consumption is higher in root and leaf vegetables than in 

fruit. 

The global research on As, Cd, and Pb uptake in a variety of leafy green vegetables 

Leafy green vegetables (such as lettuce, spinach, and cabbage) are prevalent in a wide range 

of diets at significant quantities and are very easy to grow in many climates (Eid et al., 2019). 

The concentration of accumulated trace elements in leaves has been shown to often be 

significantly higher than that of fruit and may exceed health standards in certain conditions 

(Kachenko & Singh, 2006; Mirecki et al., 2015). Because of their importance, leafy green 

vegetables will be the focus of this thesis. 
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The results presented below are limited to leafy vegetables and their accumulation of As, Cd, 

and Pb in order to maintain relevance to this study. While not exhaustive, this literature 

review provides an indication of the plants and regions most commonly present in recent 

literature (from the year 2000 onwards). It also provides concentration benchmarks for As, 

Cd, and Pb in leafy green vegetables that can be used to discuss the findings presented in this 

thesis. It is important to note that only one piece of literature exists that explores this 

exposure pathway in the context of New Zealand (Robinson et al., 2003). This is the key 

research gap that is the motivation of this thesis. 

 
 

Table 1.1 Recent literature which tests the concentration of As, Cd, and/or Pb in leafy green 

vegetables and soil. Key details include the locations, soil pH and organic carbon/matter (if 

analysed), and which metal(loids) exceeded key maximum limits in leafy green vegetables 

relevant to this study. 
 

Soil Trace Element 

Concentration Range 

(mg / kg) 

Plant Trace Element 

Concentration Range 

(mg / kg) 

Key Details Reference 

Cd = 0.34 Spinach: Cd = 0.23 Location: Pakistan 
 
 
ANZFA Standards 

Exceeded: Cd 

 
FAO/WHO 

Standards Exceeded: 

Cd 

Hadayat et 

al., 2018 

As = 0.3 – 21 

Cd = 0.4 – 2.7 

Pb = < 10 – 600 

Kale: As = 0.008 – 

0.052, Cd = 0.11 – 0.15, 

Pb = 0.11 – 0.26 
 
 
Lettuce: As = 0.06 – 

0.21 mg / kg, Cd = 0.21 

– 0.25 mg / kg, Pb = 

0.56 – 1.56 mg / kg 

Location: Denmark 
 
 
Soil pH: 6.2 – 7.2 

 
 
Soil OM %: 3.3 – 

19.3 

Warming et 

al., 2015 
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  ANZFA Standards 

Exceeded: Cd, Pb 

 
FAO/WHO 

Standards Exceeded: 

As, Cd, Pb (lettuce 

only) 

 

Cd = < 1 - 15 

Pb = < 10 - > 950 

Lettuce: Cd = 0.005 – 

0.424, Pb = < 0.02 – 57 

 
Spinach: Cd = < 0.005 – 

0.743, Pb = < 0.02 – 

11.6 
 
 
Parsley: Cd = 0.005 – 

0.141, Pb = < 0.02 – 

0.630 

Location: Australia 

Soil pH: 4.04 – 9.22 

Soil OC %: 0.1 – 6.3 
 
 
ANZFA Standards 

Exceeded: Cd, Pb 

 
FAO/WHO 

Standards Exceeded: 

Cd, Pb 

Kachenko & 

Singh, 2006 

Cd = 6.5 

Pb = 300 

Lettuce: Cd = 1.5, Pb = 

2.0 

 
Spinach: Cd = 3.0, Pb = 

5.0 

Location: Egypt 

Soil pH: 7.82 

Soil OC %: 25.2 

ANZFA Standards 

Exceeded: Cd, Pb 

 
FAO/WHO 

Standards Exceeded: 

Cd, Pb 

Eissa & 

Negim, 2018 

Cd = 0.05 – 0.25 

Pb = 4.61 – 32.69 

Lettuce: Cd = 0.14 - 

0.28, Pb = 1.25 - 2.05 

Location: Russia Mirecki et 

al., 2015 
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  ANZFA Standards  

Chard: Cd = 0.15 - 0.25, Exceeded: Cd, Pb 

Pb = 1.21 - 2.75  

 FAO/WHO 

Cabbage: Cd = 0.25 - Standards Exceeded: 

0.50, Pb = 2.25 - 3.75 Cd, Pb 

As = 6.7 

Pb = 22.9 

Lettuce: As = 0.87, Pb 

= 2.9 

Location: Puerto Rico Misenheimer 

et al., 2018 
  Soil pH: 7.4 – 8.2  

   
ANZFA Standards 

Exceeded: Pb 

 

   
FAO/WHO 

Standards Exceeded: 

As, Pb 

 

As = 14 – 85 Watercress: As = 0.1 – 

103 

Location: New 

Zealand 

Robinson et 

al., 2003 

   
FAO/WHO 

Standards Exceeded: 

As 

 

  
 

It is hypothesised that concentrations of As, Cd, and Pb in plant tissue tested in this research 

will reflect the finding presented above (Table 1.1). The leafy green plants tested in reviewed 

literature are not closely related, even at a family level. Yet, they all show similarly wide 

concentrations of As, Cd, and Pb within leaves that reflects the concentration of As, Cd, and 

Pb in soils. From this information it is assumed that the taxonomic distances also present 

between leafy green plants selected for this study and those in literature will not mean that 

accumulation abilities of As, Cd, and Pb will differ substantially. It is hypothesised that 

plants in this study will show similar concentrations in leaf tissues than that of plants tested in 

reviewed literature when soil concentrations are also similar. It is, however, important to test 

this hypothesis by directly testing local samples of the plants of interest given the variance 

present between some species and soil conditions.
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Literature using transfer factors as a measure of As, Cd, and Pb uptake by leafy green 

vegetables 

One of the most common methods of studying the movement of metal(loid)s from soil to 

plant tissues is by using a transfer factor (TF) index (Afonne et al., 2017; Mirecki et al., 

2015). This value is returned by performing a simple calculation where the trace element 

concentration in plant tissue is divided by the concentration in soil (Mirecki et al., 2015). 

Values equal to or greater than 1 suggest higher uptake rates of metal(loid)s in soil by a plant 

and is often used to indicate those unsuitable for consumption (Afonne et al., 2017). Values 

below 1 indicate a plant is likely suitable for consumption with regard to exposure to the 

correlating metal(loid) (Mirecki et al., 2015). The name of this index varies across literature, 

being called bioaccumulation factor (BCF) by some (Guo et al., 2018), but the calculation 

and therefore the comparability remain the same. A literature review of TFs recorded for 

relevant leafy vegetables is included below (Table 1.2) and will provide context in which to 

compare the TFs calculated in this study to. 

 
 

Table 1.2 Recent literature calculating the transfer factor for As, Cd, and/or Pb in leafy green 

vegetables. Scope was limited based on the attempt to find directly comparable metric to the 

results of this study. 
 

Plant(s) Tested Transfer Factor Range Reference 

Lettuce, Spinach Cd = 0.1 – 0.18 

Pb = 0.14 – 0.25 

Eissa & Negim, 2018 

Chard, Lettuce, Cabbage Cd = 1.0 – 5.0 

Pb = 0.1 – 0.5 

Mirecki et al., 2015 

Lettuce As = 0.13 

Pb = 0.127 

Misenheimer et al., 2018 

 
 

1.6 Urban gardening in Aotearoa New Zealand 
The focus of this thesis is on urban gardens and the associated produce within Aotearoa New 

Zealand. The justification for this geographic focus comes from a literary gap in knowledge 

(outlined in section 1.5) and is reinforced by the significant role urban gardening has on the 

cultural and social values of communities in Aotearoa New Zealand. 



20  

Across the nation there are more than 60 community gardens that grow produce for local 

communities, many of which are situated within larger cities. These may be at schools, 

marae, or plots of land in urban spaces. Community gardening practices in one form or 

another have been present in Aotearoa New Zealand since Māori settlements were 

established. The development of or māra kai (food gardens) not only act as sources of food 

security and means of cultivating traditional Māori staple produce but act as a way to 

strengthen connection with the land and its ancestral history (Hond et al., 2019; Viriaere & 

Miller, 2018). In today’s society, many māra kai are present in urban spaces with urban 

development taking place on and around iwi land (Hond et al., 2019). This means that these 

māra kai are exposed to the same anthropogenic pressures as other urban gardens in Aotearoa 

New Zealand. Western models of community gardens are also common in cities like Tāmaki 

Makaurau Auckland, which often provide produce to those who actively maintain the garden 

and may sell produce to the wider community (Webb, 2020). 

Domestic gardening is also very common, with many home gardeners trying their hand at 

growing their own vegetables (Longhurst, 2006). The impact of COVID-19 restrictions 

translated into elevated interest in gardening as both spare time at home and anxiety around 

food security increased with garden stores struggling to meet the demand for seeds and other 

gardening supplies (Jenkins et al., 2021; Roy & Gorman, 2020). 

Since the colonisation of Aotearoa New Zealand by British settlers, domestic gardens often 

mimicked British sensibilities which includes the species of plants grown (Longhurst, 2006). 

However, an increased visibility of the significance of native plants that were present pre- 

colonial times to Māori and the ecosystem has led to the wider cultivation of such plants 

(Longhurst, 2006). The ecological and cultural significance of these plants has penetrated the 

mindset of a wide range of gardeners, which is reflected in news articles listing the “hottest” 

native plants to grow (Hallinan, 2019, Sep 2) and large native plant sections appearing in 

chain garden stores (Kings Plant Barn, n.d.). 

Furthermore, the culinary uses of native plants to Aotearoa New Zealand are becoming more 

widely adopted with products appearing on supermarket shelves containing species such as 

kawakawa and horopito (New World, n.d.). There are examples of these plants being 

incorporated into restaurant fare where niche restaurants have relationships with local 

community gardens and use their produce in their dishes, or, where more boutique restaurants 
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have a resident “forager” who procures these ingredients from the wild (Emen, 2019, Apr 

29). 

The duality of a perceived increase in urban gardening and the growing demand for edible 

native plants emphasises the need for knowledge on the accumulation rates of hazardous 

trace elements such as As, Cd, and Pb by the plants grown in contaminated soil. It is the 

celebration of Aotearoa’s unique native vegetable cuisine that is really driving this thesis to 

arm those embracing this shift with a knowledge of any risks that may be involved with the 

exposure pathway pertaining to the consumption of produce contaminated with As, Cd, 

and/or Pb. 

Three of the most prevalent edible native plants that are analogous to “exotic” leafy 

vegetables (e.g. spinach, lettuce) studied previously in literature (see Table 1.1) were selected 

for this study. Piper excelsum (kawakawka), Tetragonia tetragonioides (kōkihi / New 

Zealand spinach), and Sonchus kirkii (pūhā / sowthistle). 

1.6.1 P. excelsum / kawakawa background 

Piper excelsum (kawakawa) is an edible woody tree with a significant presence in Māori 

traditional cuisine and rongoa (traditional medicine). Its anti-inflammatory properties and 

peppery taste make it appealing in both aspects. In contemporary New Zealand culture, the 

plant has seen an increase in popularity within edible products and restaurant dishes (AFAR, 

n.d.). P. excelsum is commonly grown along roadsides and other urban spaces where 

foragers may harvest the leaves for consumption, where it may be exposed to high levels of 

polluting anthropogenic activity. 

This significance to Māori, and the increase in mainstream popularity, prompts the question 

of whether this plant accumulates harmful metals that may affect the health of those 

consuming it. A review of literature into the metal uptake rates of P. excelsum did not return 

any results. Nor did one of the wider Piper genera of plants. This significant research gap 

provides an excellent focus for part of this research in order to provide foundational 

understanding of metal transfer from soil to plant in P. excelsum. 

1.6.2 T. tetragonioides /kōkihi / New Zealand spinach background 

Tetragonia tetragonioides, also known as Kōkihi or New Zealand spinach, is an edible plant 

that has also been present in the diet of Māori and has gained popularity in cuisine within and 

outside of New Zealand (Roskruge, 2011). Whilst not historically cultivated by Māori, it has 

always been a significant wild source of nutrition. Today, it is still harvested from wild 
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locations, is very popular in domestic gardens (Roskruge, 2011) as an easy, ‘perpetually’ 

growing plant, and is readily available to purchase as seed or seedlings at garden centres 

across the country. 

Literature on T. tetragonioides focuses mainly on its saline tolerance and accumulation, and 

ability to accumulate calcium at higher-than-normal levels (Neves et al., 2008). There is no 

literature focussing on its ability to accumulate toxic metals and metalloids such as As, Cd, 

and Pb. Given this plant has become a significant food source for a range of cultures here, it 

is important to understand more about its accumulation abilities. As stated, many leafy green 

vegetables across a range of genera are strong accumulators of cadmium, which suggests T. 

tetragonioides may be characterised this way too. 

1.6.3 S. kirkii / pūhā background 

Sonchus kirkii, also known as pūhā, is a member of the daisy (Asteraceae) family and does 

not look dissimilar to the common dandelion. Literature around the Sonchus genus is scarce 

but there is some interest given the prevalence of this genus across the globe. All studies (Lu 

et al., 2013; Samadi et al., 2019; Surat et al., 2008; Xiong, 1997) found were testing the 

accumulation of heavy metals by a Sonchus species plant with regard to its use as a tool for 

phytoremediation (the minimisation of hazardous elements from soil using the accumulation 

abilities of plants (Samadi et al., 2019)). This means that many of these studies sample from 

heavily polluted sites and results are not presented with regard to consumption safety. 

Cd and Pb have been tested for in literature on Sonchus species plants. Mean concentrations 

for Cd in S. transcaspicus between polluted 

As has not been tested in current literature on Sonchus species plants, so similarly to P. 

excelsum and T. tetragonioides, comparisons cannot be made with results from this thesis. 

1.7 The effect of soil pH and carbon content on plant uptake of contaminants  

Research has shown that various soil characteristics can influence the bioavailability of 

certain trace elements, and therefore the rate at which they are taken up by plants (e.g. Eissa 

& Negim, 2018). This section will explore two of the most significant soil properties 

throughout literature shown to have an effect on the accumulation of As, Cd, and Pb in 

plants, and the evidence they presented by studies. 
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Research on the effect pH has on the uptake of As, Cd, and Pb by plants 

Soil pH affects the ion availability and therefore solubility of metals in soil (Eid et al., 2019; 

McBride, 2002; Tsadilas, 2000). A more acidic soil pH between 6.0 and 4.0 increases this 

free ion activity thereby making the metal more bioavailable to plants (McBride, 2002; Xian 

& Shokohifard, 1989). Studies have shown direct relationships between the accumulation of 

As, Cd, and Pb and the pH measurement of soil. Of course, this relationship is also dependent 

on the actual presence of each metal(loid) in soil as well – measured by the concentration 

(Eid et al., 2019; McBride, 2002). 

The effect of soil pH in combination with redox potential on As uptake was tested in rice 

crops by Marin et al. (1993). It was shown that as pH becomes more acidic, the uptake rate of 

soil As by rice crops increased. It was noted that the pH decreases also meant lower fresh 

weight of the crop, so though As uptake increased – actual concentration values did not 

change as much. Another experiment by Xian & Shokohifard (1989) used controlled tests on 

kidney bean plants at soil pH levels of 7.0, 6.0, and 4.5 to measure the variance in uptake of 

Cd, Pb, and zinc (Zn). The findings show that as pH level in soil drops, the exchangeable 

form of each metal increases and therefore too does the uptake in the kidney bean plants. 

These studies are just two of the many that have illustrated the effect of soil pH on the 

bioavailability and uptake potential of metal(loid)s in soil. 

The strong effect soil pH has on the metal(loid) concentration in plants means that it is 

important that it be considered for any research exploring this theme. This thesis will measure 

the pH of each soil sample and discuss how these results may affect the concentrations and 

transfer factors of metal(loid)s analysed in plant tissue samples. It is expected that pH will be 

negatively correlated with the TFs of As, Cd, and Pb, as well as their concentrations in plant 

tissue. 

Research on the effect soil carbon content has on the uptake of As, Cd, and Pb by plants 

Organic matter is often added to gardens due to its positive effects on soil fertility and crop 

yield (Johnston et al., 2009). It also affects the bioavailability of metal(loid)s in soil, which is 

documented throughout relevant literature using either organic matter or organic carbon as a 

unit of measure (e.g. Kachenko & Singh, 2006; Lu et al., 2013). The two units of measure are 

comparable, in that one may be converted to the other (Nelson & Sommers, 1983) and a 

significant positive relationship between the two has been shown in research (Johnston et al., 
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2009). This means the overall relationships between organic matter / carbon and metal(loid) 

uptake can be representative of a single soil characteristic. 

Research shows that increased soil organic matter content has a significantly positive 

relationship with the accumulation of both Cd and Pb in leafy green vegetables (Eid et al., 

2019). These results are also shown in Kachenko & Singh (2006) who measured the 

relationship across a wide range of metal(loid)s. Because organic matter is often added to soil 

because of its positive effects on soil fertility (Johnston et al., 2009), this means it will likely 

be high in the soil samples collected from urban gardens. 

1.8 Standards and Limits for Hazardous Trace Elements 

An overview of soil standards set in different regions 

The Ministry for the Environment in New Zealand have set thresholds for metal and 

metalloid contaminants in soil known to have adverse health effects (MfE, 2012). These 

measurements (Table 1.3) are based on existing research into plants commonly grown in 

domestic gardens and consumed. The documentation acknowledges a lack of research and 

data into the diets of New Zealand gardeners and relies on research of plants abroad to set the 

standards for sites where produce is grown. Standards for high-density residential, recreation, 

and commercial/industrial areas do not take this into account. This limitation means that the 

standards have room for error and may not accurately capture the risk involved in the 

consumption of under-researched plants. 
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Table 1.3. Soil trace element thresholds set by the Ministry for the Environment (MfE, 2012) 

for different land use types. Values are presented in mg/kg. Elements and limits in bold show 

those that will be applied to the results of this study. A * denotes an important trace element 

without set limits in the standards for soil contamination in New Zealand. 
 

 
 
 
 
 
 
 
Element 

Rural 

residential 

/ lifestyle 

block 

25% 

produce 

 
 
 
 
Residential 

10% 

produce 

 
 
 
 

High- 

density 

residential 

 
 
 
 
 
 
 
Recreation 

 
 
 
 
 
Commercial/industrial 

outdoor work 

As 17 20 45 80 70 

B >10000 >10000 >10000 >10000 >10000 

Cd 0.8 3 230 400 1300 

Cr III >10000 >10000 >10000 >10000 >10000 

Cr VI 290 460 1500 2700 6300 

Cu >10000 >10000 >10000 >10000 >10000 

Hg 200 310 1000 1800 4200 

Pb 160 210 500 880 3300 

 
 
 
 

The highest percentage of produce assumed at a site in these standards is 25% (Table 1.3). 

This standard will be applied to the results of this study given the samples are taken from 

highly productive edible gardens that contribute to large portions of people’s diet. The limits 

set for this standard may not actually be protective for levels of consumption from gardens 

included in this study. This is particularly relevant for māra kai and community gardens, 

which service the diet of large local communities and grown on a large scale. This challenge 

will be highlighted in the discussion, along with the implications relating to the results 

presented in this thesis. 

An overview of maximum allowable limits (MLs) in crop plants 

Various authorities for food standards across the world have set maximum limits (MLs) for 

hazardous substances in different types of foodstuffs based on research into the 

bioavailability of metals when consumed in different types of foods and the overall toxicity 
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of the substance (Table 1.4). Research has shown that different types of plants change the 

bioavailability of the metals and other contaminants they accumulate which can increase or 

decrease the amount absorbed by the human body after ingestion (Intawongse & Dean, 

2006). This makes it crucial to understand which category of vegetable edible crops fall into 

to get an accurate gauge of human health risk. 

 
 

Table 1.4. Maximum limits for As, Cd, and Pb crop plant tissue set by three different 

standards setting authorities from around the world – Australia New Zealand Food 

Association (ANZFA) (2001), Food and Agricultural Organization (FAO) / World Health 

Organisation (WHO) (2011), National Health Commission of China (USDA, 2018), and 

Commission of the European Communities (2006). Values included are set specifically for 

leafy vegetables, except where otherwise stated. 
 
 

Standard Setting Authority As (mg/kg) Cd (mg/kg) Pb (mg/kg) 

ANZFA None 0.1 0.1 

Commission of the European Communities None 0.2 0.3 

National Health Commission of China 0.5 0.2 0.3 

FAO and WHO 0.2 (rice) 0.2 0.3 
 
 

It is important to note that the research gap identified in the literature review in Section 1.5 

extends to the bioavailable of meal(loids) in Aotearoa New Zealand native plant tissue as 

well. Because they are not closely related to the plants that have been researched in this 

regard, the MLs for As, Cd, and Pb in leafy green vegetables will be applied with the caveat 

that they may be over or under protective of actual health risks. That said, it is important to 

apply a quantitative threshold of risk to the concentration values in order to conceptualise 

where they sit regarding wider risk estimates applied in literature and practice. 

1.9 Research Objectives and Hypotheses 
The aim of this thesis is to quantify the exposure risk to As, Cd, and Pb associated with the 

consumption of P. excelsum, T. tetragonioides, and S. kirkii grown in urban gardens. In order 

to achieve this aim, four research questions have been proposed: 
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Question 1: What are the soil concentrations of As, Cd, and Pb in urban gardens in Aotearoa 

New Zealand? 

Question 2: What concentrations of As, Cd, and Pb are accumulated in P. excelsum, S. kirkii, 

and T. tetragonioides samples grown in urban gardens? 

Question 3: Does soil pH and total carbon content affect the accumulation rates of As, Cd, 

and Pb in P. excelsum, S. kirkii, and T. tetragonioides samples grown in urban gardens? 

Question 4: What are the likely human health risks associated with the regular consumption 

of P. excelsum, S. kirkii, and T. tetragonioides grown in urban gardens? 
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Chapter 2: Methods and Materials 

2.1 Preface on COVID-19 Limitations 
The COVID-19 lockdown and level 3 restrictions that took effect in the second half of 2021 

meant limitations were put on what could be achieved through this research. Access to labs 

was no longer available and contact outside of home bubbles was restricted. These 

restrictions happened at a crucial time for this research, preventing the rollout of an 

experimental test plot design to add a controlled element to the research. It also meant that 

the number of samples tested was greatly reduced, due to the need to use an external lab 

without access to those of the university. 

These limitations were significantly demoralising and limiting in terms of the overall scope and 

ambition for this thesis. However, adaptation is key, and the research proceeded – albeit with 

slightly less data to work with and a narrowed scope to that which could be accessed. This 

section will outline the key changes to original methods, sample processing, and analysis. 

Experimental test plots 

An additional source of data was planned for this research using identified test plots of 

known levels of As, Cd, and Pb contamination. The test plots represented a range of 

concentrations at sites DG009 and DG008. S. kirkii and T. tetragonioides seedlings (n = 10 

each) were to be collected from local nurseries the week of the late 2022 COVID-19 

lockdown. These seedlings would be planted across the scale of contamination and sampled 

after one and three months to capture the change in As, Cd, and Pb concentrations and 

contribute to the dataset on concentrations within the tissue of these species. 

The COVID-19 restrictions were respected by researchers, but unfortunately meant that the 

plants could not be obtained in time – nor could the test sites be accessed. By the time 

restrictions allowed for outdoor gatherings, there was not enough time to test the uptake of 

trace elements in the seedlings. 

With this omission, a focus on literature that did not rely on controlled experiments for data 

on urban garden contamination exposure pathways (e.g. Warming et al., 2015) was made. 

This required a significant re-evaluation of literature and the background information that 

would set the context of this research. 
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Lab procedures 

The COVID-19 lockdown restrictions also meant the long-term closure of The University of 

Auckland Environmental Science labs. Lab work was already underway and so a jarring 

switch in some lab procedures was made in order to accommodate the need to prepare 

samples at home. To have ICP-MS analysis performed, an external lab needed to be used. 

This was exponentially more expensive than using the university labs and significantly 

reduced the number of samples that could be processed. The entire experimental design 

shifted and focus on the likely relationships needed to be made in order to produce 

meaningful results. 

Though these limitations occurred, methods were still carried out as properly as possible and 

value is still provided in the results of this study. 

2.2 Sample Sites 

2.2.1 Geographical Context 

The literature review has revealed a significant lack of research into As, Cd, and Pb direct 

and indirect exposure pathways in urban gardens of Aotearoa New Zealand. One of the main 

aims was to quantify the accumulation rates of As, Cd, and Pb in plants significant to 

communities of Aotearoa New Zealand and that have not been researched in this regard. With 

this objective in mind, urban gardens across Aotearoa New Zealand were approached at 

random to enquire about their desire to participate in this study (Table 2.1). 
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Table 2.1. Urban gardens with soil samples included in this research. Assigned garden IDs 

are used to identify each garden and is used as a prefix for to sample IDs for soil and plant 

samples collected from the site. Number of soil samples collected at each site recorded. 
 

Garden 

ID 

Garden 

Type 

City Soil Samples (n) 

CG005 Community Auckland 5 (2 replicates) 

CG007 Community Thames 4 

CG008 Community Wellington 5 

CG009 Community Wellington 4 

CG010 Community Wellington 4 

CG011 Community Auckland 2 

DG005 Domestic Auckland 4 

DG008 Domestic Auckland 6 

DG009 Domestic Auckland 4 

DG010 Domestic Auckland 4 (1 replicate) 

DG011 Domestic Auckland 2 

MK005 Maara kai Auckland 14 (2 repicates) 

MK006 Maara kai Auckland 2 

PS005 Private 

Space 

Auckland 3 

PS006 Private 

Space 

Auckland 1 

 
 

Gardens approached or that got in contact were given a participant information sheet and 

consent form to fill out (Appendix 3, Appendix 4) which provided their agreement to having 

soil and plants from their garden used in this research. Gardens located within Auckland 

were sampled by a researcher and those outside were self-sampled. The consent form also 

maintained that anonymity would be upheld throughout the research and publication phases 

of this study. 

2.2.2 Community Gardens Participant Recruitment 

Community gardens provide a source of food to local communities – often in urban areas – 

and so were approached to participate in this research. All community gardens that submitted 

a consent form were then asked to send in soil samples for a preliminary screening using 

pXRF analysis. These results were then shared with the garden coordinator once available. 
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Plant sampling was then organised if the garden grew the plants of interest to this study and 

showed a range of soil concentrations for As, Cd, and Pb that would fit with the overall 

gradient trying to be achieved. 

2.2.3 Māra Kai Participant Recruitment 

It was important for this research to ensure māra kai were well-represented in the sampling 

process as they make up an important piece of Aotearoa’s urban gardening picture. The 

organisers of māra kai were approached and asked if they would like to participate in the 

research. Once the māra kai coordinator sent through the consent form (Appendix 6, 

Appendix 7), local māra to Auckland were visited by researchers to establish their interest 

and objectives in participating in this research for co-design of their involvement in the 

research process. While there, researchers set up a time to collect soil samples for pXRF 

screening. Results from this screening were sent to the māra coordinator once available and 

plant sampling was organised based on the concentrations in the results. Māra kai from 

outside of Auckland self-sampled their soil based on instructions sent. 

The customs of Tīkanga Māori were honoured and respected when visiting and approaching 

iwi. Kōha was provided to those willing to offer soil and plant samples to show the level of 

respect and appreciation this research has for the contribution. 

2.2.4 Domestic Gardens Participant Recruitment 

In order to ensure meaningful results from this study, two domestic gardens (DG005, DG008) 

with known high concentrations of As, Cd, and/or Pb in soil were selected and approached 

after having taken part in a home soil testing project called Soilsafe Aotearoa. The remaining 

three domestic gardens had unknown concentrations of soil contamination for As, Cd, and 

Pb. Once the consent form (Appendix 5) was filled out by the household, a site visit was 

planned to collect soil samples for pXRF screening and to establish whether plants of interest 

to this research were grown at the garden. Results were sent to the gardener and a plant 

sampling site visit was organised for the collection of plants of interest to this research. 

2.3 Sampling 

2.3.1 Soil Sampling 

Composite soil samples were taken from garden sites using a combination of five soil 

samples from an area no greater than 1.2m2. Methods proposed by USEPA (n.d.) were 

adapted for soil sample collection. If a site contained a plant species of interest, composite 

samples would also be taken, including one sample taken at the base of the plant and four 

others within 30cm of the base of the plant. Soil was collected using a plastic trowel to avoid 
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the addition of additional metals (Figure 2.1) and stored in plastic resealable bags labelled 

with the corresponding sample ID. Samples were collected from surface depth to about 5cm 

deep, making sure part of the sample was collected from at least 2cm below the organic 

surface layer to ensure the sample could be prepared to the necessary size. 
 

Figure 2.1. A surface soil sample being collected using a plastic trowel near to a T. 

tetragonioides (kōkihi / New Zealand spinach) plant later sampled as well. 

 
2.3.2 Plant Sampling 

Plants were selected based on those species identified in the background research as 

significant or potentially significant to diets in Aotearoa, as well as their availability in 

participating gardens (Table 2.2). Each plant was identified after soil sampling had taken 

place to ensure a range of soil contaminant concentrations could be analysed across each 

plant species. 
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Table 2.2. The taxonomical details for the species of plant selected for this study and 

common names used in Māori and English languages. 
 

Common Name(s) Species Family Sample (n) 

Kawakawa Piper excelsum Piperaceae 7 

Pūha/Sowthistle Sonchus kirkii Asteraceae 5 

Kōkihi/New Zealand 

Spinach 

Tetragonia 

tetragonioides 

Aizoaceae 4 

 
Plant sampling involved the collection of edible portions (leaves and stems) from P. 

excelsum, S. kirkii, and T. tetragonioides (Figure 2.2). Leaves and stems were collected from 

at least three parts of the plant using scissors sterilised using an alcohol solution to ensure 

plants were not diseased in the process. Judgment was used based on the literature to ensure 

enough plant sample was collected to be analysed once prepared. Paper bags labelled with a 

sample ID were used to store plant samples to reduce rotting in storage. 

 

Figure 2.2 The base of a P. excelsium (kawakawa/bush pepper) bush where leaves were 

collected for plant sampling. A composite soil sample was taken from the area beneath the 

shrub.
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2.4 Soil Sample Analysis 

2.4.1 Sample Preparation 

Soil samples were prepared based on the methodology utilised in Turnbull et al. (2019). Soil 

samples were first oven-dried at 40°C overnight in aluminium trays. They were then 

mechanically sieved to <2mm using a stainless-steel scientific sieve. At least two sub- 

samples were collected in small resealable bags and labelled with a sample ID (Figure 2.3). 

Sub-samples were weighed to ensure at least 25g of prepared soil was collected for analysis. 

Soil samples processed during the COVID-19 lockdown were placed in aluminium trays and 

dried overnight in a conventional oven set to low. They were then ground using a 

conventional stainless-steel grinder instead of being mechanically sieved. Sub-samples were 

collected in resealable bags for analysis, ensuring each weighed at least 25g each. One 

sample (CG005-B) was processed using both methods to test for any procedural effect. No 

significant difference was found between the duplicated sample. 
 
 
 

 
Figure 2.3. Dried and sieved (< 2mm) soil samples collected for chemical analysis. 

Resealable bags labelled with unique soil ID and filled to ~25g. 
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2.4.2 pXRF Screening and Quality Control 

Soil samples were first screened before more expensive testing took place. Soil screening 

analysis was carried out using portable x-ray fluorescence (pXRF), machine model X 

Olympus Delta using standard methodology from USEPA (2007) adapted to laboratory 

conditions (Figure 2.4). Each sample was irradiated for 90 seconds and the concentration of 

a suite of elements was analysed. The results were reported as a measurement of mg/kg. This 

research focussed on eight key elements of known significance to soil contamination and 

human health (As, Cd, Cr, Cu, Mn, Ni, Pb, Zn). 
 
 
 

 
Figure 2.4. The Olympus Delta pXRF machine used for soil sample analysis and a soil 

sample placed inside for analysis. 

 
Quality control for pXRF analysis used methods seen in Martin et al. (2016). Three standards 

named NIST_2710a, NIST_2711a, and SiO2_blank were used to check whether results from 

the analysis are drifting over time. NIST (National Institute of Standards and Technology) 

standards are internationally used standards with known metal concentrations. The metals for 
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the SiO2 quartz standard are generally below the limit of detection (< LOD). The standards 

were measured prior to soil sample analysis and again after every six samples. The standard 

metal concentration readings should be within 30% (+ / -) of the known median over the 

course of the analysis. Samples were processed as quickly as possible in one sitting to avoid 

the effects of temporal drift in the machine. 

2.4.3 ICP-MS Analysis 

Selected samples were also tested using inductively coupled plasma mass spectrometry (ICP- 

MS) through Hill’s Laboratories whilst University of Auckland labs remained closed 

throughout level 3 COVID-19 restrictions (Appendix 1). Given the additional expense of 

using a commercial laboratory, only the three metals selected as the focus for this research 

were analysed (As, Cd, Pb). Soil samples were analysed using US EPA 200.2 standard 

methodology (Martin et al., 1994) involving a nitric / hydrochloric acid digestion followed by 

ICP-MS analysis for As, Cd, and Pb. 

2.4.4 Total Carbon Measurement 

The total carbon of each soil sample was measured using ISO Standard methodology (ISO 

10694, 1995). An elementar analyser was used to undertake the procedure. The samples were 

dried again at 40C overnight to mitigate saturation of traps in the Elementar Analyser and 

were then placed in a desiccator to deter humidity gain during analysis. The samples were 

weighed using a shielded balance in CNHS mode. Elementar analyser traps were arranged 

with the first two spots left blank and the following three were filled with an empty tin 

capsule as a blank. The next two spots were filled with a tin capsule containing 2mg of 

sulfanilamide, and the three after became the standards with a tin capsule containing 5mg of 

sulfanilamide. Soil samples were placed inside a tin capsule and weighed to 5mg (±0.2) 

(Scale was tared on the weight of the tin capsule first). The final weight of each sample was 

recorded in the Elementar file along with the corresponding sample ID. A sulfanilamide 

standard was taken for every 20 samples. All prepared tin capsules were then placed in the 

elementar, ensuring the final to be analysed was a standard, and analysed. Data was exported 

to a CSV file upon completion. 

2.4.5 pH Measurement 

Soil pH was also measured using standard ISO methods (ISO 10390, 2021). Samples were 

put into 50ml test tubes with distilled water at a ratio of 1:5 (5ml soil sample:25ml distilled 

water) and shaken for 30 minutes. If the sample did not appear fully integrated into water was 
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after this time, a centrifuge was used to further mix the samples for 20 minutes to ensure a 

stable pH reading could be achieved. Throughout pH testing, the pH electrodes were first 

calibrated each day. Soil samples were each measured at random three times using the 

calibrated pH electrode, and the mean of all three readings were recorded as the final result. 

2.5 Plant Tissue Sample Analysis 

2.5.1 Sample Preparation 

Plant samples were first washed using filtered water to eliminate any metals that may have 

deposited from aerial contamination (this is especially common in urban environments 

(Antisari et al., 2015). Samples were then freeze-dried for at least 24 hours to completely 

remove sample moisture. Dried samples were all ground during level 3 COVID-19 

restrictions using a conventional stainless-steel grinder until they were a fine powder. Each 

sample was prepared this way to maintain consistency in the absence access to a laboratory- 

recommended method. Prepared plant tissue samples were then collected in a small 

resealable plastic bag labelled with a sample ID. 

2.5.2 Heavy Metal and Metalloid Analysis 

Prepared plant tissue samples were analysed using inductively coupled plasma mass 

spectrometry (ICP-MS). This process was completed by Hill’s Laboratories (a commercial 

laboratory) due to level three COVID-19 measures, meaning fewer plant samples were 

analysed with increase in cost per sample. Samples were analysed using standard US EPA 

200.2 (Martin et al., 1994) involving nitric and hydrochloric acid micro digestion of 

biological material, filtration, followed by ICP-MS analysis of digested plant sample. 

2.6 Calculations 

2.6.1 Transfer Factor 

The transfer factor is a unit of measure indicating the rate at which a plant takes up a selected 

trace element to the tissue tested (Mirecki et al., 2015). Another name used for this unit is in 

some literature is a bioaccumulation factor (BCF) and is acquired using the same calculation 

(Guo et al., 2018). Transfer factors for three trace elements (As, Cd, Pb) were calculated for 

each plant sample in this research using the following calculation: 
 
 
 

𝑇𝑇𝑇𝑇 = 
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐 𝑝𝑝𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚 𝑠𝑠𝑚𝑚𝑚𝑚𝑝𝑝𝑚𝑚𝑚𝑚 (𝑚𝑚𝑚𝑚 / 𝑘𝑘𝑚𝑚) 

 
 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐 𝑠𝑠𝑐𝑐𝑐𝑐𝑚𝑚 𝑠𝑠𝑚𝑚𝑚𝑚𝑝𝑝𝑚𝑚𝑚𝑚 (𝑚𝑚𝑚𝑚 / 𝑘𝑘𝑚𝑚) 
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Calculating the transfer factor value means that the uptake rate of As, Cd, and Pb of the 

plants tested in this study can be compared with that of those well-researched in existing 

literature. 

2.6.2 Target Hazard Quotient 

The target hazard quotient (THQ) method developed by the USEPA (2007) was used to semi- 

quantitatively calculate the potential health risks associated with consuming As, Cd, and Pb 

through the produce tested in this study. The equation below from Guo et al. (2018) was used 

to calculate THQs: 
 
 
 

𝐸𝐸𝑇𝑇 × 𝐸𝐸𝐸𝐸 × 𝐸𝐸𝐷𝐷 × 𝐶𝐶 
𝑇𝑇𝑇𝑇𝑇𝑇 = 

𝑅𝑅𝑅𝑅𝐸𝐸 × 𝐵𝐵𝐵𝐵 × 𝐴𝐴𝑇𝑇 

 
× 10−3
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EF is the exposure frequency, ED is the exposure duration, DI is the daily intake, C is the 

concentration of contaminant in the plant tissue, BW is an average body weight used to 

represent a population, AT is the exposure time which is calculated as ED × 365 days/year, 

and RfD is the reference dose of the metal(loid) being tested (Guo et al., 2018). 

Data was not available on the consumption rates of these plants in New Zealand, and so an 

approximation based on a serving size of spinach (30g), a comparable dietary vegetable, was 

used for DI. Other variables were based on those used in literature and New Zealand 

population statistics. 

THQs ≥1 indicate that a population may experience negative health effects from exposure to 

the metal being tested for. THQs <1 indicate that the population consuming tested plants are 

unlikely to experience negative health effects from the metal used for risk calculation 

(Afonne et al., 2017; Guo et al., 2018). 

THQs in this study will be calculated for P. excelsum, P. crispum, S. kirkii, and T. 

tetragonioides to provide a risk estimate for As, Cd, and Pb exposure via the consumption of 

the plants tested. 

2.6.3 Hazard Index 
The hazard index (HI) (also referred to as total THQ (Guo et al., 2018) provides a value to 

represent to overall risk of consuming tested vegetables based on all of the hazardous 

metal(loid)s tested for (Afonne et al., 2017). The HI is achieved through the sum of the THQs 

for each metal tested for a species of plants: 

 
𝑇𝑇𝐷𝐷 = ∑ 𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠 

 
 
 

HIs ≥1 indicate that a population may experience negative health effects from exposure to all 

metals used in the calculation via consumption of the plants tested. THQs <1 indicate that the 

population consuming tested plants are unlikely to experience negative health effects from 

the metals used for risk calculation (Afonne et al., 2017; Guo et al., 2018). 

HIs in this study will be calculated for P. excelsum, P. crispum, S. kirkii, and T. 

tetragonioides as the sum of THQs for As, Cd, and Pb. 
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2.7 Statistical Analysis 
Statistical analysis was carried out in RStudio. Data to be analysed was tested for normality 

using the Shapiro-Wilk method (Shapiro & Wilk, 1965). 

To determine the reliability of ICP-MS data given the significantly smaller sample number 

compared to pXRF samples, a one sample t-test was performed on the ICP-MS data for both 

As and Pb concentrations to test whether the means were significantly different than those for 

pXRF results. A p-value of > 0.05 would indicate that there is no significant difference 

between the pXRF and ICP-MS means and that the ICP-MS data can be considered 

representative of the same spread shown in pXRF samples. 

The mean values for metal(loid) concentrations in plant tissues and transfer factors were 

compared between plant species (T. tetragonioides, P. excelsum, S. kirkii) using the 

Kruskall-Wallis method (Kruskall & Wallis, 1952). A p-value of <0.05 was deemed to 

indicate a significant difference between species. A multiple pairwise-comparison using the 

Dunn’s test was performed to determine which species specifically had significantly different 

median results for metal(loid) concentration and transfer factors (Dunn, 1961). 

Soil pH and total carbon (%) results were tested for correlation alongside the transfer factor 

of each sample using the Kendall Rank Correlation method to return a correlation coefficient 

and p-value to measure the strength and direction of the relationship. (Kendall, 1938)
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Chapter 3: Soil Analysis Results and Discussion 
This chapter will present and analyse the results of pXRF and ICP-MS screening for As, Cd, 

and Pb in soil samples taken from urban gardens, along with those from pH and total carbon 

content tests. The state of risk these metric pose will be assessed through comparisons with 

national soil standards and the findings in existing literature. 

Section 3.1 will discuss the soil concentration of As, Cd, and Pb separately with regard to 

how the values compare with national standards for soil contamination and those presented in 

existing studies. Each element was detected in all soil samples, aligning with existing 

knowledge of urban spaces. 24% of samples exceeded New Zealand soil contamination 

standards for As, Cd, and/or Pb showing that a significant portion of gardeners in Aotearoa 

New Zealand may be working in and harvesting from hazardous soils. 

Section 3.2 will present the results of soil pH and total carbon content in order to understand 

how these soil characteristics affect the uptake of As, Cd, and Pb – if at all. Each soil 

characteristic presented surprising findings that contradicted common knowledge throughout 

existing research. 

3.1 Exceedances in National Standards for Soil Contamination 

Portable XRF soil screening results 

Both As and Pb were detected in the screening of soil samples using pXRF analysis (Figure 

3.1). Cd fell below the limit of detection for every sample (which is not uncommon for pXRF 

screening) and is not included in the presentation of results. The detection of As and Pb in all 

samples is consistent with literature showing that they are most often present in urban soils 

(e.g. Warming et al., 2015), and shows that urban spaces of Aotearoa New Zealand 

experience similar anthropogenic inputs (such as historical lead paint use and fossil fuel 

emissions) as those abroad (de Miguel et al., 2016; Misenheimer et al., 2018). 
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Figure 3.1. Concentrations of As and Pb in soil samples collected from urban gardens 

analysed using pXRF analysis. Box plot shows the mean, interquartile range, and whiskers 

displaying the 10th and 90th percentile. Jitter plot points overlayed to show individual data 

points in relation to the statistical averages. The red dashed line represents the MfE standard 

for As concentrations in soil (in gardens of 25% produce), and the blue represents that for Pb. 

 
 

Concentrations of As in soil samples ranged from 2.4 to 98 mg / kg. 24% of soil samples 

exceeded the MfE soil contamination standard for As (17 mg / kg), showing that almost a 

quarter of gardens tested contained a potentially hazardous concentration of As in soil. 

Concentrations of Pb in soil samples ranged from 9 to 1450 mg / kg. 26% of soil samples 

exceeded the MfE soil standard for Pb (160 mg / kg) which shows that more than a quarter of 

gardens screened are exposed to hazardous concentrations of Pb in soil. 

ICP-MS soil analysis results 

As, Cd, and Pb were all detected in all soil samples analysed using ICP-MS (Figure 3.2). The 

presence of Cd in these results reflects the lower limit of detection for Cd in ICP-MS 

analysis. Concentration ranges for As and Pb reflect those in the pXRF screening, with As 

ranging from 2 to 91 mg / kg and Pb ranging from 3.9 to 1550 mg / kg. Cd concentrations 

ranged from 0.1 to 1.43 mg / kg. Number of samples which exceeded MfE standards for soil 
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contamination increased to 28% for As and 35% for Pb. The increase in exceedance ratios is 

likely due to the selectivity of samples processed using ICP-MS (Section 2.1). Cd 

exceedances were much lower at 7%. 
 
 
 

 
Figure 3.2. Concentrations of As, Cd, and Pb in soil samples collected from urban gardens 

analysed using pXRF analysis. Box plot shows the mean, interquartile range, and whiskers 

displaying the 10th and 90th percentile. Jitter plot points overlayed to show individual data 

points in relation to the statistical averages. The red dashed line represents the MfE standard 

for As concentrations in soil (in gardens of 25% produce), the green represents that for Cd, 

and the blue represents that for Pb. 

 
 

The implications of soil concentration results for As, Cd, and Pb 

These results invoke preliminary concern for the safety of gardeners active in the spaces 

exceeding soil standard limits. This is particularly true for the high percentage of exceedances 

seen in As and Pb concentrations, where roughly one quarter of gardeners are exposed to 

high-risk concentrations of As and Pb whenever they interact with their gardens and 

potentially wider outdoor spaces. 
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Direct exposure to contaminated soil is often considered the most prevalent exposure 

pathway for As, Cd, and Pb in urban soils (Brown et al., 2015; Warming et al., 2015). Having 

measured the concentrations of seven trace elements (including As, Cd, and Pb) in both soil 

and a range of produce samples, Warming et al. (2015) concluded that the direct exposure to 

contaminated soil through ingestion was the most significant risk factor in their assessment of 

hazardous trace elements in urban gardens in Copenhagen. Other studies echo this sentiment 

and emphasise the importance of direct exposure to contaminated soil in urban spaces with 

regard to human health (Brown et al., 2015; de Miguel et al., 2017). Soil concentrations for 

As and Pb in the study by Warming et al. (2015) showed much narrower ranges (Table 1.1) 

than those in this study – which shows much higher extreme concentrations. This suggests 

that the risk associated with interacting with urban gardens tested in this thesis is, on average, 

even higher than those tested by Warming et al. (2015). 

The aim of this thesis is to identify overall risk associated with exposure pathways to As, Cd, 

and Pb in urban gardens in Aotearoa New Zealand. Though much emphasis has been put on 

methods and literature around plant accumulation of these elements, these results should be 

considered incredibly important. No literature could be found on contaminant exposure risk 

in Aotearoa New Zealand urban gardens – let alone specifically on As, Cd, and Pb. 

International regulation states that risk assessments on soil exposure pathways assume soil 

ingestion rates are between 20 and 200 mg/day for children and 20 to 100 mg/day for adults 

(Bierkens et al., 2011). Warming et al. (2015) state that though these regulations are not 

specifically for gardeners, the balance of heightened exposure due to gardening activity and 

the seasonality of this activity balance it out and they may be appropriately applied to urban 

gardeners as well. Gardens are less seasonal in most of Aotearoa New Zealand due to the 

temperate climate, however, so it may be assumed that these values do not capture the 

entirety of exposure. Further research into the actual ingestion of As, Cd, and Pb using these 

metric and further testing of urban soils in Aotearoa New Zealand will provide a clearer 

indication of the actual risk with regard to soil contamination levels tested. This may also test 

the actual level of protection afforded by the MfE guidelines for soil contamination (2011) 

through direct exposure pathways alone. 

3.2 Soil pH and Total Carbon Content of Soil 

The state and effect of soil pH in urban gardens of Aotearoa New Zealand 

Soils tested were on average neutral, with more extreme values tending to be alkaline (Table 

3.1). It was expected to see a skew towards alkalinity in garden soils as this reflects common 
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gardening practices which are intended to minimise the availability of hazardous trace 

elements (like As, Cd, and Pb) to plants (McBride, 2002). It can therefore be assumed that the 

concentrations of As, Cd, and Pb in plant tissue samples tested will not represent the highest 

capabilities of the plant to accumulate these trace elements. 

The greatest variation of pH was seen across community gardens, where both the minimum 

and maximum pH values were collected (Table 3.1), however mean pH was not significantly 

different across any of the garden types (p = >0.05) (Figure 3.3). This suggests that on 

average, the gardeners participating in this study have similar practices when it comes to 

maintaining soil pH (this practice may even be doing nothing). 

 
 

Table 3.1. The minimum, mean, and maximum values recorded for soil pH and total carbon 

(%) in prepared soil samples. 
 

pH min pH mean pH max 

5.15 6.82 9.30 

Total carbon 

min 

Total carbon 

mean 

Total carbon 

max 

3.09 11.54 31.18 

 
 

It was hypothesised that pH would have a negative correlation with metal(loid) concentration 

in plant tissue. Soil pH returned no significant relationship to any metal(loid) concentration in 

plant tissue. This is surprising given the strength of this relationship demonstrated in 

literature (e.g. Marin et al., 1993; McBride, 2002). Only 7 to 9 of the plant samples (n = 19) 

tested fell within the 95% confidence interval across three metals tested when compared with 

soil pH. Those outside of the 95% confidence interval were results from all plants tested, 

meaning it was not one plant included in this study showing a deviation from normal 

distribution. Therefore, the reason for this deviation from literature is likely due to the small 

sample size which demonstrates high variability and samples are not normally distributed. 

This could be remedied with a much larger sample size to represent a normal distribution of 

pH in soils with regard to As, Cd, and Pb concentrations in plant tissue samples. 
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The state and effect of total carbon content in urban gardens of Aotearoa New Zealand 

Total carbon content ranged from 3.09 to 31.18 % across all soil samples tested (Table 3.1). 

Compared with comparable existing research, this range is relatively wide (e.g. Eissa & 

Negim, 2018; Kachenko & Singh, 2006; Warming et al., 2015) and represents a range of soil 

types and gardening practices with regard to the addition of compost and other organic 

materials to improve soil productivity (Johnston, 1986). 

Total carbon content did show a significant correlation with As (Figure 3.3) and Cd (Figure 

3.4) concentration in plant tissue (p = 0.02 and 0.007 respectively), however this relationship 

was negatively correlated with correlation coefficients of -2.41 and -2.70 respectively. As 

established earlier, soil total carbon should represent the overall trend on organic carbon and 

organic matter given the vast majority of carbon in these soil samples is likely organic 

(Nelson & Sommers, 1983). So, this is likely not the explanation for the deviance from 

positive correlations shown in existing research. It may, again, come down to the sample size 

for this study. 
 
 
 

 
Figure 3.3. The relationship between soil total carbon (%) and As concentrations in plant 

tissue. A scatterplot was used to plot each sample, with a blue trend line showing the 

relationship, and 95% confidence interval shaded grey. 
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Figure 3.4. The relationship between soil total carbon (%) and Cd concentrations in plant 

tissue. A scatterplot was used to plot each sample, with a blue trend line showing the 

relationship, and 95% confidence interval shaded grey. 

 
 

Total carbon also showed significant relationships with the transfer factors for Cd and Pb (p = 

0.02 and 0.045 respectively) (Figures 3.5 and 3.6). The correlation was also negative 

(correlation coefficients were -2.28 and -2.00 respectively) which again suggests that total 

carbon increase is limiting the availably of metal(loid)s in soil to plants. Existing literature 

does not provide any causative rationale for this negative correlation and so it is again assumed 

that it may be down to natural variances and selection bias experienced in small sample sizes. 
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Figure 3.5. The relationship between soil total carbon (%) and Pb transfer factors. A 

scatterplot was used to plot each sample, with a blue trend line showing the relationship, and 

95% confidence interval shaded grey. 
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Figure 3.6. The relationship between soil total carbon (%) and Cd transfer factors. A 

scatterplot was used to plot each sample, with a blue trend line showing the relationship, and 

95% confidence interval shaded grey. 
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Chapter 4: P. excelsum Analysis Results and Discussion 
This chapter presents the concentrations of As, Cd, and Pb detected in P. excelsum leaf tissue 

samples analysed using ICP-MS, with transfer factors and hazard calculations to discuss 

potential risk in consuming when grown in urban gardens. 

Section 4.1 will discuss the concentrations and transfer factors of As, Cd, and Pb in P. 

excelsum and compare the results to those measured in well-researched leafy vegetables, such 

as lettuce and spinach. Significant differences in mean concentrations of each element were 

found in P. excelsum samples, some of which exceeded ANZFA maximum limits for Pb and 

reflects the high soil concentration values presented. 

Section 4.2 will discuss the risk associated with the consumption of P. excelsum grown in 

urban spaces, with reference to hazard quotients and indices. Complicated dynamics emerged 

when comparing exceedances to the risk metric calculated which are discussed with regard to 

overall quantifiable risk. 

4.1 As, Cd, and Pb accumulation in P. excelsum leaf samples 

The concentrations of As, Cd, and Pb in P. excelsum leaf samples 

All three elements were detected in all P. excelsum tissue samples (n = 7) (Figure 4.1). As 

concentrations ranged from 0.1 to 0.28 mg/kg, Cd concentrations ranged from 0.004 to 0.047 

mg/kg, and Pb concentrations ranged from 0.2 to 0.66 mg/kg. Significant differences between 

the elements were determined (p value = 0.0002). Post-hoc analysis revealed that the 

significant relationship existed between all three elements. These results demonstrate the 

natural variation in accumulation rates between elements shown in existing studies (e.g. 

Misenheimer et al., 2018; Warming et al., 2015). 



51  

 
 

Figure 4.1. Concentrations of As, Cd, and Pb detected in P. excelsum tissue samples. Box 

plot shows the mean, interquartile range, and whiskers displaying the 10th and 90th 

percentile. Jitter plot points overlayed to show individual data points in relation to the 

statistical averages. The red dashed line represented the NHCC (USDA, 2018) ML set for As 

and the green for ANZFA (2001) MLs for Cd and Pb. 

 
 

The transfer factors of As, Cd, and Pb in P. excelsum leaf samples 

Transfer factors for P. excelsium ranged from 0.006 to 0.028 for As, 0.003 to 0.11 for Cd, and 

0.0004 to 0.013 for Pb (Figure 4.2). 

Significant differences were shown between transfer factors of metals (p = 0.02), with post- 

hoc analysis revealing this significance is between the transfer factors for Cd and Pb. This 

difference in accumulation reflects results in existing research that show leafy vegetables 

accumulating Cd at a much higher rate than Pb (Eissa & Negim, 2018). 
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Figure 4.2. Transfer factors of As, Cd, and Pb calculated for P. excelsum leaf samples. Box 

plot shows the mean, interquartile range, and whiskers displaying the 10th and 90th 

percentile. Jitter plot points overlayed to show individual data points in relation to the 

statistical averages 

 
 

As concentrations in P. excelsum compared with other leafy vegetables throughout 

literature 

Concentrations of As in P. excelsum were very similar to those of lettuce in Warming et al. 

(2015) (Table 1.1). Soil pH range for P. excelsum samples (6.54 to 7.55) was also very 

similar to that seen in the study by Warming et al. (2015) (6.2 to 7.2), and soil concentration 

for P. excelsum samples ranged from 7 to 18 mg/kg which, though exclusive of lower values, 

reflects a similar upper range seen in Warming et al. (2015) (0.3 to 21 mg/kg). Misenheimer 

et al., 2018 also tested As concentrations in lettuce (0.87 mg/kg) and presented a transfer 

factor of 0.13 – each of which are much higher than the results of this study. Misenheimer et 

al. (2018) presented soil pH ranging from 7.4 to 8.2 and a soil As concentration of 6.7 mg/kg. 

The As concentration and transfer factor of lettuce In Misenheimer et al. (2018) is much 

higher than that seen in both this study and that by Warming et al. (2015) which suggests that 

there are other factors affecting the uptake. 
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Results by Marin et al. (1993) show that the largest effects of soil pH on As accumulation in 

plants occurs below a pH of 6, so it would not be expected that the higher soil pH in 

Misenheimer et al. (2018) should lower the accumulation much. This does not explain the 

much higher value seen in Misenheimer et al. (2018), and instead it may be the organic 

matter content that is affecting uptake. This soil variable was not reported by Misenheimer et 

al., 2018 so it could be assumed that this is contributing to the higher As concentration value. 

Of course, the value is not so outlandish that it could simply demonstrate the natural 

variability in the accumulation of As by plants. 

Kale was also tested by Warming et al. (2015) and, in the similar soil conditions outlined 

above, returned much lower concentrations of As in leaves (0.008 to 0.052 mg/kg). The 

comparability of soil conditions between this study and Warming et al. (2015) suggests that 

P. exclesum accumulates As at a higher rate than kale, however further research would needs 

to be carried out before confident conclusions can be drawn. 

Cd concentrations in P. exclesum compared with other leafy vegetables throughout 

literature 

Warming et al. (2015) presented slightly higher overall concentrations for Cd in soil samples 

(0.4 to 2.7 mg/kg) than those attributed to P. excelsum in this study (0.2 to 1.43 mg/kg). 

Concentrations of Cd in lettuce and kale tested by Warming et al. (2015) ranged from 0.21 to 

0.25 mg/kg and 0.11 to 0.15 mg/kg respectively (Table 1.1). Cd concentrations in P. 

excelsum tested in this study ranged from 0.004 to 0.047 mg/kg. The significantly lower 

concentrations of Cd in plant tissue shown in this study are unlikely due to the slightly lower 

soil concentrations and may be due to the carbon content of soils. 

Warming et al. (2015) reported soil organic matter, so roughly converting this to organic 

carbon by dividing organic matter values using a factor of 1.724 gives a range of 1.9 to 11.19 

% organic carbon. Soils samples for P. excelsum had total carbon content ranging from 8.4 to 

31.18 %. Total carbon, rather than organic carbon, was measured in this thesis, but we can 

assume that the majority of carbon is organic (Nelson & Sommers, 1983) – especially as it 

was collected from the topsoil layer – but may be slightly higher than what the organic 

carbon measure would be. Even taking this into account, organic carbon content for P. 

excelsum samples would still have a much higher range suggesting that Cd uptake should be 

increased. Since this is not the case, it is possible that P. excelsum accumulates Cd at a lower 

rate than lettuce and kale. 
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Results from a study by Mirecki et al. (2015) reinforce this inference, demonstrating that Cd 

concentrations can range from 0.14 to 0.28 mg/kg at lower soil concentrations of 0.05 to 0.25 

mg/kg. Much higher Cd transfer factors were presented by Mirecki et al. (2015) as well, 

ranging from 1.0 to 5.0. These results put the leafy green vegetables tested in the study within 

the hyperaccumulator category – a result not commonly seen in these widely consumed 

vegetables. Soil pH and organic carbon / matter were not reported for this study so it cannot 

be ruled out that differences in these soil characteristics could influence the concentration 

variances. This and other soil characteristics within the soil is the most likely the reason for 

the variance between Mirecki et al. (2015) and Warming et al. (2015) given that the transfer 

factors presented would not be so extremely affected by soil concentrations alone. 

Considering the results from Warming et al. (2015) as well creates a stronger argument for 

these differences to be because of the plant species themselves. 

Hadayat et al. (2018) tested Cd accumulation in spinach plants, returning a result of 0.23 

mg/kg in spinach leaf samples taken from soils with Cd concentration of 0.34 mg/kg. Eissa 

and Negim (2018) presented results of Cd accumulation in spinach in the form of transfer 

factors ranging from 0.1 to 0.18. P. excelsum collected from similar soil Cd concentrations 

had concentrations in leaves ranging from 0.1 to 0.16 mg/kg. This comparison reinforces the 

narrative forming that P. exclesum takes up Cd at much lower rates than most leafy green 

vegetables. 

The average transfer factor for Cd in P. excelsum is still higher than those for As and Pb, and 

the significance between Cd and Pb transfer factors aligns with existing knowledge of leafy 

green plants accumulating Cd more readily than Pb (Eissa & Negim, 2018). However, the 

much lower actual accumulation of Cd by P. excelsum compared with common leafy 

vegetables is made clear in the much higher transfer factors presented by existing studies. 

Pb concentrations in P. exclesum compared with other leafy vegetables throughout 

literature 

Pb was present in P. excelsum samples at the highest concentrations but the lowest overall 

transfer factors for each element. This suggests that the concentrations are not reflective of 

hyper-accumulative abilities but are merely due to the high Pb concentrations present in soil. 

Again, comparing to lettuce samples tested in Warming et al. (2015), the concentration of Pb 

in in P. excelsum (0.2 to 0.66 mg/kg) compared with those of lettuce grown in similar 

conditions (0.56 to 1.56 mg/kg) are relatively low. Soil Pb concentrations in this study were 
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also much higher on average than those in Warming et al. (2015) (Table 1.1), ranging from 

50 to 1240 mg/kg. Comparing these values shows that even in over double the concentration 

of soil Pb, P. excelsum may accumulate less than half the concentration of Pb in leaves than 

lettuce. These results alone are intriguing, but the transfer factors provide the more 

conclusive details needed to reinforce this assumption. 

Pb transfer factors in P. excelsum ranged from 0.0004 to 0.013. Compared with those 

presented in literature for lettuce and spinach (Table 1.2), these are extremely low. Eissa & 

Negim (2018) reported transfer factors for Pb in spinach at lettuce from 0.14 to 0.25, Mirecki 

et al. (2015) reported values from 0.1 to 0.5 for a range of leafy vegetables, and Misenheimer 

et al. (2018) 0.13 for lettuce. The extreme differences in Pb transfer values from literature 

versus this in this study, and evidence from comparisons with Warming et al. (2015), provide 

compelling evidence that P. exclesum possesses a markedly lower rate of Pb accumulation 

that common leafy vegetables. Since Pb can be both ingested and absorbed through skin, this 

is not only a positive result for culinary uses of P. excelsum, but also for its important role in 

rongoā Māori (Māori medicine) where it may be applied to cuts and wounds or consumed to 

treat internal ails (Te Papa, n.d.). 

4.2 Risk related to the consumption of P. excelsum grown in urban gardens 
Overall, P. excelsum demonstrates much lower abilities to accumulate As, Cd, and Pb 

compared with common leafy vegetables. This is not surprising given its deviation in both 

form and taxonomy to the likes of lettuce and spinach. Though analysis has presented this 

reduction in accumulation, concentrations of Pb in P. excelsum samples all exceeded the 

ANZFA maximum limit for Pb in leafy green vegetables. Because it is likely consumed in 

much lower quantities, this may be an exaggeration of the risk. Nevertheless, Pb’s ability to 

accumulate in various parts of the body (Brown et al., 2015) means that any exposure can 

lead to the long-term build-up. Direct exposure to contaminated soil has been identified as a 

key risk factor which in combination with consuming contaminated process accelerates the 

accumulation process. 

In order to assign a quantitative value to the risk involved with consuming P. excelsum grown 

in urban spaces, target hazard quotients and hazard indices have been calculated (Table 4.1). 

The results of these all showed very low risk in the regular consumption of P. excelsum. 
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Table 4.1. Target hazard quotients calculated for the minimum, mean, and maximum levels 

of contamination measured in P. excelsum leaf tissue samples. Hazard quotients for metals in 

each column are summed to produce a hazard index indicating overall risk in exposure to all 

three elements. Values <1 indicate low risk associated with the regular consumption of 

produce tested. 
 

Element Min Mean Max 

As HQ 0.000626 0.000876 0.001752 

Cd HQ 0.001252 0.004662 0.006571 

Pb HQ 0.017881 0.036566 0.059006 

Total HI 0.02 0.04 0.07 

 
 

The analysis of results relating to P. excelsum indicate that it may be an excellent addition to 

urban gardens due to the low level of risk perceived through regular consumption when 

grown in such spaces. Although a positive insight, the regular exceedance of ANZFA 

maximum limits poses a concern regarding the accumulation of Pb in the body. Further 

research will be necessary to better understand the implications of this exceedance and why 

the hazard quotient calculations for Pb did not reflect this risk. 
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Chapter 5: T. tetragonioides Analysis Results and Discussion 
This chapter presents the concentrations of As, Cd, and Pb detected in T. tetragonioides leaf 

tissue samples analysed using ICP-MS, with transfer factors and hazard calculations to 

discuss potential risk in consuming when grown in urban gardens. 

Section 5.1 will discuss the concentrations of As, Cd, and Pb in T. tetragonioides leaf and 

stem samples, comparing the results to those measured in well-researched leafy vegetables 

such as lettuce and spinach. 

Section 5.2 with present the transfer factors calculated for T. tetragonioides and analyse the 

variance between each trace element and soil properties presented in Chapter 3. 

5.1 As, Cd, and Pb accumulation in T. tetragonioides leaf samples 

The concentrations of As, Cd, and Pb in T. tetragonioides leaf samples 

All three elements were detected in each of the T. tetragonioides tissue samples (n = 4) 

(Figure 5.1). As concentrations ranged from 0.14 to 0.77 mg/kg, Cd ranged from 0.12 to 0.3 

mg/kg, and Pb ranged from 0.157 to 0.62 mg/kg. Differences between As, Cd, and Pb 

concentrations in T. tetragonioides leaf samples were not significant (p = >0.5) suggesting 

that the transfer rate of Cd is much higher than Pb given the extreme differences in soil 

concentration. Already this reflects literature on leafy green vegetables and the much higher 

rate of Cd accumulation they often display (Eissa & Negim, 2018). 
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Figure 5.1. Concentrations of As, Cd, and Pb detected in T. the tissue samples. Box plot 

shows the mean, interquartile range, and whiskers displaying the 10th and 90th percentile. 

Jitter plot points overlayed to show individual data points in relation to the statistical 

averages. The red dashed line represented the NHCC (USDA, 2018) ML set for As and the 

green for ANZFA (2001) MLs for Cd and Pb. 

 
 

The transfer factors of As, Cd, and Pb in T. tetragonioides leaf samples 

Unlike concentration values, significance differences were shown between the transfer 

factors of each metal(loid) in T. tetragonioides samples (p = 0.007). Post hoc analysis shows 

that this significance comes from differences in mean transfer factors for Cd and Pb (p = 

0.005). Transfer factors ranged from 0.02 to 0.07 for As, 0.32 to 0.75 for Cd, and 0.003 to 

0.006 for Pb. Cd transfer factors are clearly much higher than those of As and Pb (Figure 5.2) 

and it is likely the small sample size (n = 4) that is limiting the significance of differences 

between As and Cd transfer factors. These results are clearly aligned to the assumption Cd 

uptake is significantly higher than Pb given their similar plant tissue concentrations but vastly 

different soil concentrations. 
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Figure 5.2. Transfer factors of As, Cd, and Pb calculated for T. tetragonioides leaf samples. 

Box plot shows the mean, interquartile range, and whiskers displaying the 10th and 90th 

percentile. Jitter plot points overlayed to show individual data points in relation to the 

statistical averages. 

 
 

As concentrations in T. tetragonioides compared with other leafy vegetables throughout 

literature 

Concentrations ranges of As in T. tetragonioides were much higher than those presented in 

both lettuce (0.06 to 0.21) and kale (0.008 to 0.052) in the study by Warming et al. (2015). 

Soil conditions (pH, carbon content) for T. tetragonioides remain well-aligned for 

comparison with Warming et al. (2015), however As soil concentration only reaches half of 

the maximum value (5 to 11 mg/kg) presented in the mentioned study (Table 1.1). This is an 

interesting shift given the much higher concentrations analysed in T. tetragonioides plant 

tissue and suggests that it accumulates As at a higher rate than lettuce and kale. This 

conclusion is complicated through the comparison with the lettuce transfer factor presented 

by Misenheimer et al. (2018) of 0.13, which is much higher. As mentioned in Section 4.1, the 

soil conditions were not reported for the study mentioned above and so direct conclusions 
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cannot be made. Unfortunately, literature on plant accumulation of hazardous elements often 

does not include As and so comparisons that can be made are limited. 

Cd concentrations in T. tetragonioides compared with other leafy vegetables throughout 

literature 

Cd concentrations in T. tetragonioides were very comparable to many concentrations 

presented in literature for lettuce, chard, cabbage, and spinach (Eissa & Negim, 2018; 

Mirecki et al., 2015; Hadayat et al., 2018; Warming et al., 2015). Soil concentrations across 

these studies were also relatively similar to those aligned to T. tetragonioides samples. With 

regard to transfer factors for Cd in leafy vegetables throughout literature, most were much 

lower than those for T. tetragonioides. Mirecki et al. (2015) once again challenges these 

comparisons with exceptionally high Cd transfer values presented for leafy vegetables (Table 

1.2). For the sake of simplicity, these high values will not be considered in conclusions drawn 

given the lack of soil metrics presented by Mirecki et al. (2015). 

The high transfer factors for Cd in T. tetragonioides presents an affinity for Cd accumulation 

which, as mentioned, is common for leafy green vegetables (Eissa & Negim, 2018). It 

appears that T. tetragonioides has an even greater accumulation rate for Cd than the average 

leafy green vegetable which would pose high risks in soils highly contaminated with Cd. 

Fortunately, only 7% of sites tested in this study exceeded the MfE soil contamination 

standard for Cd. However, it is important to highlight that although this may be true, T. 

tetragonioides samples were all collected from sites below the MfE standard for Cd 

contamination (0.8 mg/kg) and still all exceeded the ANZFA (2001) maximum limits for Cd 

in leafy vegetables. Of course, the former is developed for gardens producing produce for 

25% of diet and ANZFA limits are set for commercial agriculture – however this highlights a 

critical disparity in the understanding of governmental standards with regard to urban 

gardening and agriculture. This disconnect was also noticed in literature where soil Cd 

concentrations were below MfE standards, yet the produce grown exceeded ANZFA 

maximum limits for Cd concentration in leafy vegetables (e.g. Mirecki et al., 2015; Warming 

et al., 2015). This will be further discussed in Chapter 7. 

Pb concentrations in T. tetragonioides compared with other leafy vegetables throughout 

literature 

Pb concentrations for T. tetragonioides were comparable with those in kale (Warming et al., 

2015) but overall, are very low when compared with other leafy vegetables where 



61  

concentrations ranged from 0.56 to 5.0 mg/kg (Table 1.1) (e.g. Eissa & Negim, 2018; Mirecki 

et al., 2015; Warming et al., 2015). Soil Pb concentrations in these comparisons were higher 

than those aligned with T tetragonioides samples in this study, however based on the 

accumulation patterns seen in literature and this study – the soil Pb concentrations are not 

extreme enough to explain the much lower concentrations in T. tetragonioides. Studies 

reporting soil pH and a measure of organic carbon do not vary enough from this study to 

account for the disparity either. 

The transfer factors for T. tetragonioides are extremely low compared with those documented 

for common leafy green vegetables which range from 0.1 to 0.5 (Eissa & Negim, 2018; 

Mirecki et al., 2015; Misenheimer et al., 2018). With the above brief comparative analysis, 

this evidence shows a low affinity for Pb accumulation in T. tetragonioides when compared 

with common leafy vegetables. 

5.2 Risk related to the consumption of T. tetragonioides grown in urban gardens 
T. tetragonioides samples in this study presented a very strong affinity to the accumulation of 

Cd over As and Pb and at higher rates than many common leafy vegetables tested throughout 

literature. Given that Cd concentrations in this study were relatively low, the true risk 

involved with the cultivation of T. tetragonioides in urban gardens is not clear. Unfortunately, 

the pXRF screening was unable to capture Cd concentrations and so a wider view of Cd in 

urban gardens and māra in Aotearoa New Zealand was not achieved. This would be a crucial 

nest step in the exploration of this field and may yield concerning results given the 

percentage of exceedances seen in As and Pb soil concentrations. 

All THQs and HIs for T. tetragonioides were below 1 and so no risk of long-term 

consumption was expressed (Table 5.1). Again, the risk assessment is murky, with many 

values exceeding ANZFA (2001) maximum limits and soil standards not capturing the true 

dietary impact of urban food gardens and māra kai on those they feed. 
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Table 5.1. Target hazard quotients calculated for the minimum, mean, and maximum levels 

of contamination measured in T. tetragonioides leaf tissue samples. Hazard quotients for 

metals in each column are summed to produce a hazard index indicating overall risk in 

exposure to all three elements. Values <1 indicate low risk associated with the regular 

consumption of produce tested. 
 

Element Min Mean Max 

As 0.000876 0.002053 0.004819 

Cd 0.038488 0.059141 0.093874 

Pb 0.014036 0.029682 0.05543 

Total HI 0.05 0.09 0.15 

 
 

Given the high Pb concentration seen across many urban gardens in this study, it is crucial to 

understand more about the results regarding T. tetragonioides accumulation of Pb. Results 

suggest that it is relatively low risk, however the small sample size again introduces 

uncertainty into the direct application of these results.
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Chapter 6: S. kirkii Analysis Results and Discussion 
This chapter presents the concentrations of As, Cd, and Pb detected in S. kirkii leaf tissue 

samples analysed using ICP-MS, with transfer factors and hazard calculations to discuss 

potential risk in consuming when grown in urban gardens. 

Section 6.1 will discuss the concentrations of As, Cd, and Pb and compare the results to those 

measured in well-researched leafy vegetables such as lettuce and spinach. 

Section 6.2 with present the transfer factors calculated for S. kirkii and analyse the variance 

between each trace element and soil properties presented in Chapter 3. 

Section 6.3 will discuss the risk associated with the consumption of S. kirkii grown in urban 

spaces, with reference to hazard quotients and indices. 

6.1 As, Cd, and Pb accumulation in S. kirkii stem and leaf samples 

The concentrations of As, Cd, and Pb in S. kirkii stem and leaf samples 

All three elements were again detected in all plant samples analysed for the species (Figure 

6.1). As concentrations ranged from 0.11 to 0.58 mg/kg, Cd concentrations ranged from 0.03 

to 0.32 mg/kg, and Pb concentrations ranged from 0.2 to 3.4 mg/kg. Similar to T. 

tetragonioides, no significant differences were shown between the concentrations of As, Cd, 

and Pb in S. kirkii samples (p = >0.05). This was somewhat surprising, given the extremely 

high concentrations of Pb compared with results presented thus far in both existing literature 

and this study. 80% of samples (n = 5) exceeded the ANZFA maximum limits for Cd and 

100% for Pb in leafy vegetables (Figure 6.1). This is not surprising given high exceedances 

have been frequent across all plant species tested in this research. 
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Figure 6.1. Concentrations of As, Cd, and Pb detected in S. kirkii tissue samples. Box plot 

shows the mean, interquartile range, and whiskers displaying the 10th and 90th percentile. 

Jitter plot points overlayed to show individual data points in relation to the statistical 

averages. The red dashed line represented the NHCC (USDA, 2018) ML set for As and the 

green for ANZFA (2001) MLs for Cd and Pb. 

 
 

The transfer factors of As, Cd, and Pb in S. kirkii stem and leaf samples 

Transfer factors for S. kirkii for As ranged from 0.01 to 0.02, those for Cd ranged from 0.18 

to 0.89, and those for Pb ranged from 0.01 to 0.03 (Figure 6.2). The highest transfer factor 

for Cd is the highest transfer factor across this entire study. It is still <1 and so does not 

indicate hyperaccumulating activity. Significant differences between transfer factors for 

each metal(loid) were shown in data analysis (p = 0.006). Post hoc analysis revealed that this 

significance is between the transfer factors for As and Cd (p = 0.04), and Pb and Cd (0.006). 
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Figure 6.2. Transfer factors of As, Cd, and Pb detected in S. kirkii tissue samples. Box plot 

shows the mean, interquartile range, and whiskers displaying the 10th and 90th percentile. 

Jitter plot points overlayed to show individual data points in relation to the statistical 

averages. 

 
 

As, Cd, and Pb concentrations in S. kirkii compared with Sonchus species throughout 

literature 

S. kirkii is the only plant included in this study with literature available on plants of the same 

genus. This provides the opportunity to compare the accumulation of As, Cd, and Pb with 

plants that are very closely related biologically. It is also in the same family as lettuce 

(Asteraceae) which strengthens its connection to a major common leafy green. It is important 

to note that the studies on Sonchus species are all controlled experiments and are not framed 

within the context of urban gardening. It is therefore appropriate that comparison with this 

study be made with caution and not to determine any final conclusions. Below is a table 

summarising the key variables from literature on the Sonchus species with regard to 

metal(loid) uptake. 
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Table 6.1. Soil concentration and plant tissue concentration from relevant literature studying 

Sonchus species. Soil pH and organic matter content included as soil details. 
 

Species Soil 

concentration 

(mg/kg) 

Plant 

concentration 

(mg/kg) 

Soil details Reference 

Sonchus 

transcaspicus 

Unpolluted: Cd 

= 5.5, Pb = 23.5 

Polluted: Cd = 

21, 21 

Control: Cd = 

0.51, Pb = 

16.21 

Exposed: Cd = 

5.94, Pb = 

15.52 

pH = 8.21 – 

7.83 

 
SOM = 5.25 – 

16.43 % 

Lu et al., 2013 

Sonchus 

oleraceus 

Treatment 1: Pb 

= 800 

Treatment 2: Pb 

= 1600 

Treatment 1: Pb 

= 51.28 

Treatment 2: 

170.03 

pH = 7.23 
 
 
SOM = 1.6 % 

Xiong, 1997 

Sonchus 

oleraceus 

Cd = 0.14 Cd = 0.74mg/kg pH = 8.2 – 8.5 
 
 
SOM = 0.75 – 

1.86 % 

Samadi et al., 

2019 

 
 

Cd concentrations in soils attributed to S. kirkii samples ranged from 0.16 to 0.75 mg/kg so 

the only truly comparable results are those from Samadi et al. (2019) (Table 6.1). The 

concentration of Cd in S. kirkii plant tissue ranged from 0.03 to 0.32 mg/kg. This range 

encompasses the value given by Samadi et al. (2019) for S. oleraceus though the mean was 

slightly higher (0.2 mg/kg). Given the small sample size (n = 5) and range of concentrations 

it cannot be conclusively said that S. kirkii accumulates Cd at a higher rate that S. oleraceus 

and instead it can be considered of a similar level. This makes sense given the very close 

taxonomic relationship the two species share. In fact, S. oleraceus is also considered a form 

of pūhā and is very commonly found throughout Aotearoa New Zealand. 

S. transcaspicus also closely resembles S. kirkii, though accumulation of Cd and Pb appears 

to differ quite strongly based on the study by Lu et al. (2013). Cd accumulation appears to be 

lower in s. transcaspicus in the unpolluted site given the much higher Cd soil concentration 
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but only marginally higher plant tissue concentration (transfer factor = 0.09). However, 

results from the exposed population show similar response though in a very high 

concentration of Cd (transfer factor = 0.28). Again, the difference in experimental design 

makes direct comparisons difficult, however based purely on the concentrations, soil pH, and 

soil organic matter – the overall accumulation of Cd between the two Sonchus species is 

relatively similar. This reflects the close biological relationship of the two species and helps 

reinforce the usefulness of research into other Sonchus species as an estimation for outcomes 

in S. kirkii with regard to Cd accumulation. 

The accumulation of Pb in S. transcaspicus does not show the same similarities to S. kirkii 

that Cd accumulation does. Transfer factors calculated based on the results from Lu et al. 

(2013) were much higher (0.69 in the unpolluted site and 0.73 in the polluted). These results 

suggest that S. kirkii does not accumulate Pb as readily as S. transcaspicus and therefore 

literature on S. transcaspicus should be limited to Cd accumulation metrics for guidance on 

the potential S. kirkii. 

As, Cd, and Pb concentrations in S. kirkii compared with leafy vegetables throughout 

literature 

Since the studies on S. species in literature are not centred around the consumption of plants 

grown in urban gardens, it is still important to gauge where accumulation in S. kirkii sits with 

regard to common leafy vegetables grown in urban gardens and deemed safe to eat in doing 

so. 

As concentrations in S. kirkii tissue samples showed a similar trend to those of lettuce in 

Warming et al. (2015) (Table 1.1). Though the range is slightly higher, so too is the 

concentration of As in soil so this suggests that the accumulation rates between S. kirkii and 

lettuces from the mentioned study are somewhat comparable. Transfer factors in literature, 

however, were much higher than those for As accumulation in S. kirkii (Table 1.2). As 

mentioned, the soil parameters such as pH and organic matter/carbon are the first place to 

look when trying to understand why this variance occurs. They are, however, not 

dramatically different to those S. kirkii samples were exposed to and so it is likely that 

transfer factors for As are higher in common leafy greens due to either the small sample size 

of this experiment increasing sample variation, or it may be that S. kirkii does have lower 

overall accumulation rates. Further research will be needed in order to provide more 

conclusive evidence of this new hypothesis. 
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Cd and Pb concentrations were very well-aligned with those presented in literature for 

lettuce, spinach, and chard, with soil concentration not varying too strongly either (Eissa & 

Negim, 2018; Mirecki et al., 2015; Misenheimer et al., 2018; Warming et al., 2015). The 

transfer factors again, posed a complication to the literary comparison of S. kirkii to common 

leafy vegetables. Those for Cd relatively matched the wide range present in literature (Table 

1.2), if not tending to be somewhat higher on average. Those for Pb however, were much 

lower than the values presented for common leafy vegetables in literature (Table 1.2). This 

comparison is somewhat surprising given the very high concentration of Pb in S. kirkii 

samples when compared with the soil Pb concentrations. 

5.2 Risk related to the consumption of S. kirkii grown in urban gardens 
S. kirkii presented much higher Pb concentrations than the two other plants presented in this 

study, however the result was not deemed significant (p = <1). Transfer factors suggest that 

S. kirkii accumulates As and Pb at much lower rates than common leafy vegetables, whereas 

Cd uptake rates are likely similar to, if not, higher than common leafy vegetables. 

All THQs and HIs for S. kirkii were below 1, posing no risk of long-term consumption (Table 

6.2). HIs result reflects the transfer factors below 1 and suggests that S. kirkii is safe for 

regular consumption, even when harvested from urban spaces. 

 
 

Table 6.2. Target hazard quotients calculated for the minimum, mean, and maximum levels 

of contamination measured in S. kirkii tissue samples. Hazard quotients for metals in each 

column are summed to produce a hazard index indicating overall risk in exposure to all three 

elements. Values <1 indicate low risk associated with the regular consumption of produce 

tested. 
 

Element Min Mean Max 

As 0.000688 0.001702 0.00363 

Cd 0.008762 0.062583 0.100132 

Pb 0.017881 0.124271 0.303973 

Total HI 0.03 0.19 0.41 
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Chapter 7: Synthesis of findings and recommendations 
This chapter will synthesise the results and discussion elements from Chapters 3 through 6 to 

develop deeper insights into the implications this research has on the urban gardening 

community. Relevant literature will aid in addressing the key concerns, questions, and 

recommendations that have formed throughout this research process. 

Admittedly, it was difficult at first to push past the limitations faced due to the COVID-19 

restriction of 2021. The reduction in sample size and experimental design was deeply 

frustrating and meant compromises in ambition had to be made for this research. Throughout 

the process since this time, key concepts and pieces of information have leapt out and 

revalidated the importance of this study in spearheading the discussion around our native 

plants beyond their aesthetic and ecological roles in Aotearoa New Zealand. 

This chapter comprises of three sections: 
 

Section 7.1 details the implications of this research on urban gardeners in Aotearoa New 

Zealand. The two key exposure pathways will be explored in how the results of this study 

suggest they may impact urban gardeners. Key literature will be used to reinforce conclusions 

made and provide insight on recommendations for minimising the negative health effects 

caused by prolonged As, Cd, and Pb exposure. 

Section 7.2 provides a quick insight the key problems identified with the governing standards 

for As, Cd, and Pb in the identified exposure pathways of urban gardens. Certain 

discrepancies and shortfalls were identified in the protection these standards can provide in 

productive urban agricultural spaces. The small amount of relevant literature will be enforced 

to provide additional context and rationale for the conclusion made in this section. 

Section 7.3 offers research recommendations based on what could not be achieved in this 

study and the results it has presented. Literature from abroad will demonstrate the potential 

for future knowledge developments in this area within Aotearoa New Zealand and provide 

additional benefits to the wider community. 

7.1 Implications for urban gardeners of Aotearoa 
The results of this study have provided a first look into the mechanisms of exposure to As, 

Cd, and Pb within urban gardens in Aotearoa New Zealand. By quantifying the presence of 

the hazardous trace elements, two key exposure pathways become very clear – each with 

varying levels of risk and certainty of the potential for negative health effects. 
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Direct exposure to As, Cd, and Pb through gardening activities 

The large number of samples exceeding the MfE soil contamination standards for As, Cd, and 

Pb, and the low level of quantified risk in the consumption of plants grown in urban spaces, 

has drawn the conclusion that direct exposure to these three hazardous elements is likely the 

most significant exposure pathway for urban gardeners and their families. The exceedances 

of these standards by 24% of samples in this study provides a quantitative measure of 

exposure risk to As, Cd, and Pb for those interacting with the garden and associated soils 

(MfE, 2012). Of course, the gardeners themselves are likely the highest risk individuals to the 

harmful impacts of As, Cd, and Pb in soil. The direct contact and inadvertent ingestion of soil 

during or after gardening is inevitable. When metals that accumulate in the body long-term, 

such as Pb (Brown et al., 2015), are present in concentrations that are 9.6 times the lowest 

acceptable threshold set by the MfE (2012) – this is very likely going to have an impact on 

long-term health (Brown et al., 2015; Mudipalli, 2007). 

Adding to the concern around direct exposure, is the particular vulnerability of children to 

adverse health effects of Pb (WHO, 1999). With regard to soil contamination, children are 

also likely to consume up to twice the amount of soil per day as adults (Bierkens et al., 2010). 

This is due to age-related interactions with outdoor spaces and often closer proximity to soil 

(Bierkens et al., 2010). 

It is therefore concluded the direct exposure to Pb in soil is the highest risk-factor determined 

from this study in the urban gardening practices of Aotearoa New Zealand. This is due to the 

extreme concentrations present in soil samples, the strong accumulative abilities of Pb within 

the human body, the severity of health impacts, and the particular vulnerability of children. 

By no means does this imply that gardening should not take place in urban space. It does 

mean that gardeners have the right to know what is in their soil and should have access to 

affordable means of testing (this is another socioeconomic theme that will not be elaborated 

on in this thesis). In the absence of testing capabilities, gardeners should take the following 

precautions to ensure their exposure to Pb in soils is minimised: 

1. Know more about the land use history of their homes. Historical use of lead in fossil 

fuels and paint are some of the biggest contributors to urban Pb contamination 

(Brown et al., 2015l Goyer, 1990). Knowing the frequency these polluting activities 

occurred can offer insight into the likely exposure risk to Pb as a result. 
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2. Use compost from a reliable source to cover contaminated soils at the surface. This 

can reduce the amount of direct contact with soil gardeners and children have. 

Because most Pb sources are historic (Goyer et al., 1990), it is unlikely that high 

concentrations will deposit on the surface if gardens are away from the road and other 

areas of high fossil fuel urning activity (Antisari et al., 2015). 

3. Take hygiene precautions to prevent soil exposure or tracking indoors. Wearing 

gloves is an easy way to prevent soil build up on hands which can then be taken inside 

(WHO, 1999). Removing soil-covered shoes and clothing outdoors will also prevent 

the build of potentially contaminated soils indoors. Washing hands after gardening 

can also easily remove Pb and other soil contaminants from the body (WHO, 1999). 

4. Finally, rinsing all produce thoroughly can remove a lot of contamination from it and 

prevent ingestion (Antisari et al., 2015). Results of this study show low risk in the 

consumption of washed produce, but studies have shown that Pb deposition on 

produce can occur frequently through airborne or soilborne molecules (Antisari et al., 

2015; WHO, 1999). 

The intent of this thesis is not to discourage gardening, rather empower gardeners to know 

more about the practice the enjoy and ensure it is providing the numerous health benefits it 

has been shown to have (Antisari et al., 2015) and fewer of the negatives detailed in this and 

another research. 

Indirect exposure to As, Cd, and Pb through gardening activities 

The main aim of this thesis was to explore the indirect exposure pathway of As, Cd, and Pb in 

the tissue of P. excelsum, T. tetragonioides, and S. kirkii. The results for each plant showed 

an affinity for Cd accumulation over Pb and As. This was expressed in the transfer factors 

calculated for each plant sample and metal(loid) tested. Overall, no one plant posed the most 

risk with regard to human health impacts in long-term consumption. Instead, results 

suggested that each pose little human health risk when grown in current urban environments 

for consumption. This was expressed in the quantified risk metrics – target hazard quotients 

and hazard indices – which all measured below 1. 

The results of this study reflect those of other research into urban garden environments. 

Warming et al. (2015) similarly concluded that there was not a significant risk in the indirect 

exposure pathways of As, Cd, and Pb in urban garden produce. They did too, acknowledge 



72  

the significance of direct soil exposure having also returned concentration which exceeded 

local guidelines. 

7.2 Insights into the standards governing soil and produce in Aotearoa New 

Zealand 
The results from this study highlight the absence of a cohesive measure of risk directly for 

soil and produce concentrations of As, Cd and Pb. The MfE Soil Contamination Standards 

(2012) and the ANZFA (2012) Maximum Limits for foodstuffs are the most relevant 

governance standards available to gardens in Aotearoa New Zealand. However, they are not 

based on the same standards of human health and exposure (MfE, 2012; ANZFA, 2012). The 

highest exposure MfE soil standards account for is 25% produce, which does not capture the 

growing number of people sourcing their foodstuffs from urban gardens (Antisari et al., 2015; 

Longhurst, 2006). Places like community gardens and māra kai service local communities 

with large quantities of fresh produce (Hond et al., 2019; Webb, 2020). It is important that 

they have relevant guidelines which can be used to govern concentrations of hazardous 

elements in soil and adjust gardening practices to compensate (such as the alteration of 

organic matter in soil (Johnston et al., 2009)). ANZFA (2012) maximum limits are set for 

commercial agricultural practices and provide high levels of protection as such. 

The results of this study show the discrepancies between soil and plant tissue limits for As, 

Cd, and Pb. Plants grown in soils below MfE guidelines have demonstrated, often significant 

exceedances in As, Cd, and/or Pb in plant tissue samples (Figures 4.1, 5.1, 6.1). This implies 

that the soil guidelines are not protective enough to prevent potentially hazardous levels of 

contamination accumulating in plant tissue. Other standards across the world, such as those 

for the UK (Mirecki et al., 2015) may use pH as a guide to further breakdown the standards 

based on pH effect on the availability of hazardous metal(loid)s in soils. Though the results 

from this study pertaining to the effect pH has on As, Cd, and Pb uptake in plants were not 

significant, results from literature (e.g. Kachenko & Singh, 2006) show that this may be an 

appropriate way to provide standards for soil that offer tailored protection for varying soil 

characteristics. 

Unfortunately, no literature specifically analysing this issue was found so the discussion 

around the implication of governing limit discrepancies cannot go beyond what is observed in 

this and other studies using such quantification methods for exposure risk. 



73  

7.3 Recommendations for ongoing research 
From the limitations and results of this research, the following recommendations have been 

set forth for further research into this area: 

1. A social survey to understand more about New Zealander’s knowledge of soil 

contamination and their gardening practices. The risk associated with indirect 

exposure pathways can only be mitigated through active efforts by the gardener and 

so understanding how aware they are of these risks is an important step to knowing 

how many people may be inadvertently exposing the selves to high concentrations of 

As, Cd, and Pb. 

2. A wider urban garden study modelled from Warming et al. (2015) to assess overall 

risk with higher certainty. One of the key limitations of this study was sample size, so 

reassessing a wider range of gardens and samples could provide a clearer resolution of 

risk faced by urban gardeners of Aotearoa New Zealand. 

3. Controlled experiments on P. excelsum, T. tetragonioides, S. kirkii and other native 

plants to Aotearoa in order to better understand the uptake rates of As, Cd, and Pb 

(along with other elements of interest). This was intended for this study, but could not 

go ahead due to the COVID-19 restrictions. 
 

Chapter 8: Conclusion 

8.1 Conclusion 
This thesis aimed to bring an urban garden study focussed on As, Cd, and Pb exposure 

pathways to Aotearoa New Zealand. Studies like that of Warming et al. (2015) formed a very 

strong inspiration for the study, of course with many others playing a key role in providing 

comparisons, methods, and context. The purpose was to begin research into the accumulation 

of As, Cd, and Pb in plants native and significant to Aotearoa New Zealand – beyond those 

well-represented throughout literature. This was important given the significance of many of 

these plants to Māori (Hond et al., 2019) and the growing popularity they have in wider 

Aotearoa New Zealand (Longhurst, 2006). While significant barriers were faced throughout 

the research process due to COVID-19 restrictions, the importance of these results is still 

emphasised in this conclusion and throughout the thesis. This section will document the 

conclusions which align with the research questions posed in Chapter 1. 

24% of soil samples exceeded MfE standards for contamination across sites tested 
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Large numbers of exceedances were presented in the results of this study, which align with 

existing studies on urban soils (e.g. de Miguel et al., 2016; Mirecki et al., 2018). As in soils 

ranged from 2 to 98 mg/kg, Cd from 0.1 to 1.43 mg/kg, and Pb from 3.9 to 1550 mg/kg. 

Concentrations and transfer factors of As, Cd, and Pb in P. excelsum were often lower 

than that of common leafy vegetables. 

These results showed that P. excelsum did not possess that same accumulation affinities as 

common leafy vegetables documented in literature (e.g. Eissa & Negim, 2018). Even with 

higher concentrations and transfer factors, the leafy vegetables grown in urban gardens in 

literature often did not pose any significant health risks through consumption (Warming et 

al., 2015; Meisenheimer et al., 2018). This puts P. excelsum in an even better position with 

regard to risk and makes this a great species to cultivate even in areas where soil 

concentrations of As, Cd, and Pb may be elevated. 

Concentrations and transfer factors of As, Cd, and Pb in T. tetragonioides were often 

similar if not higher than those of leafy vegetables common in literature. 

T. tetragonioides showed a strong affinity to Cd update, with transfer factors higher than 

many seen in lettuce and spinach in other studies (e.g. Warming et al., 2015; Meisenheimer et 

al., 2018). Though risk factors returned were relatively low, so were the soil concentrations of 

Cd (<7% exceeding MfE standards (2011)). This indicates that further study would be 

beneficial into the risk factors in consuming T. tetragonoioides grown in higher Cd 

concentrations. 

Concentrations and transfer factors of As, Cd, and Pb in S. kirkii were often similar to 

those of leafy vegetables common in literature. 

S. kirkii displayed very similar transfer factors to common leafy vegetables in literature such 

as lettuce and spinach (Eissa & Negim, 2018; Meisenheimer et al., 2018; Warming et al., 

2015). This result was not surprising given its closer taxonomic link to lettuce and results 

presented in literature on other Sonchus species (e.g. Lu et al., 2013). 

Soil pH did not have a significant relationship with accumulation rates of As, Cd, or Pb, 

but total carbon showed significant negative relationships with transfer factors for Cd 

and Pb. 
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These results are in contradiction of most literature reviewed by this study. It is determined 

that the effects are likely due to the small sample size and further research should be 

undertaken to better understand how these parameters affect As, Cd, and Pb accumulation in 

the plants of this study. 

Overall indirect risk through consumption of P. excelsum, t. tetragonioides, and s. kirkii 

was deemed to be low. The highest risk was determined to be direct contact with 

contaminated soil. 

Transfer factors were all below 1 which suggests that no plant hyperaccumulated any of the 

three contaminants. The quantitative risk indices – THQs and HIs – were also all below 1 

even at soil and plant concentrations that exceeded MfE Soil guidelines or ANZFA maximum 

limits, respectively. The frequent and extreme exceedance seen in soil of MfE guidelines 

determine that direct exposure be the most significant risk factor with regard to As, Cd, and 

Pb exposure un urban garden in Aotearoa New Zealand. 

8.2 Final reflection 
The results from this study truly do mark an important moment for Aotearoa’s native plants. 

To finally have data on their accumulation abilities of As, Cd, and Pb is a great step forward 

in understanding these incredibly important taonga species and how we can protect them and 

vice versa. 

I truly hope that the results will spark inspiration in other researchers who find themselves in 

more favourable positions to carry out high resolution data gathering and analysis on this 

theme to further enrich the breadth of knowledge about our own native species. 
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Appendices 
 
 

Appendix. 1. The raw data of all samples collected and analysed at each garden site using 

ICP-MS. Note: these results include those for P. crispum which was not discussed in detail in 

this thesis and was used as a boost in plant samples for relationship analyses only given the 

low number of samples otherwise. 
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Appendix. 2. Master data sheet for pXRF analyses and soil pH and total carbon (%). 
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Appendix. 3. Community Garden (On-Site Sampling) Participant Information and Consent 
form 
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Appendix. 4. Community Garden (Self-Sampling) Participant Information and Consent form 
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Appendix. 5. Domestic Garden Participant Information and Consent form 
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Appendix. 6. Māra Kai (On-Site Sampling) Participant Information and Consent form 
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Appendix. 7. Māra Kai (Self- Sampling) Participant Information and Consent form 
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