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ABSTRACT 

A field trial study with side-by-side monitoring of two parallel stormwater retention ponds, one of 

which contained a Floating Treatment Wetland (FTW), has been carried out to assess the benefits of 

retrofitting a conventional retention pond with a FTW. Inflow and outflow event mean concentrations 

(EMCs) were quantified and used to assess the overall pollutant removal efficiency of each system. 

Pollutant accumulation in plants and sediments and water column physico-chemical parameters were 

monitored in both ponds in order to assess the fate of pollutants and associated removal mechanisms.  

The present study reveals that a pond retrofitted with a FTW would be more efficient than a 

conventional retention pond, exhibiting a 41% total suspended solids, 40% particulate zinc (PZn), 39% 

particulate copper (PCu), 16% dissolved copper (DCu) and 27% total phosphorus (TP) lower effluent 

EMC. Dissolved zinc (DZn) and soluble reactive phosphorus inlet EMCs were too low to differentiate 

the performance of either pond. The FTW moderately improved total nitrogen (TN) removal which was 

statistically better only from late spring to end autumn.  

Physical entrapment of particulate pollutants into the roots’ biofilm and subsequent settlement at 

the bottom of the pond appeared to be a significant removal pathway. Organic matter (OM) released 

by the roots and more neutral water column pH induced by the FTW likely enhanced DCu, DZn and 

dissolved phosphorus sorption onto OM and particles, floc formation and subsequent settlement. This 

resulted in increased sequestration of Cu, Zn and P in the sediment. Lower sediment Eh and water 

column DO generally guaranteed stable storage of Cu and Zn mainly bound to organics and 

sulphides. However occasional moderate Cu and Zn release is possible when favourable conditions 

exist for OM degradation or hydroxide reduction (over spring in the present study).  Surprisingly, no P 

release was noticed from the reduced sediment of the FTW pond likely due to re-adsorption onto 

organics and/or clay minerals (i.e. Al-OH). The higher TN treatment performance measured from late 

spring to end autumn resulted from higher organic nitrogen (ON) removal, likely through increased 

particulate ON settlement through floc formation and enhanced mineralisation, and higher 

denitrification observed over this period. Even if pollutant accumulated in the vegetation of the FTW in 

spring, it is not thought to be a significant removal pathway, neither is the sorption of metals on the 

root surface plaques.  

Overall, inclusion of FTWs in conventional stormwater retention ponds has the potential to 

significantly increase pollutant removal for TSS, PCu, DCu, PZn and TP. 
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1 INTRODUCTION 

1.1 THE NEED FOR STORMWATER MANAGEMENT 

Over the past centuries, the living conditions of peoples have evolved from rural low density 

habitations to a more densely urbanised environment. The rapid urban development and changes in 

the way of life (including transportation, food production and raw material transformation) have 

significantly impacted the original land use. Areas previously covered by forests, small size agricultural 

exploitations, lakes and wetlands have been replaced by houses, roads, car-parks, industries and 

intensive agricultural exploitations. This resulted in the alteration of hydrological and environmental 

conditions. 

Hydrologic processes such as rainfall interception, infiltration and storage provided by 

vegetation, soil, streams and lakes are now impeded by urban development and associated 

impervious areas (Davis and McCuen, 2005).  As a result, greater runoff volumes are generated and 

wash off impervious areas before reaching the downstream waters. Contaminants accumulated in the 

catchment are thus prone to export during rainfall events.  

Agricultural, urban and industrial activities have increased watershed metals and nutrients 

export contributing to impaired receiving waters (Clark et al., 2007). Dissolved copper (DCu) and zinc 

(DZn) were found to be the primary cause of toxicity in highway runoff tested for five fresh water and 

marine species (Kayhanian et al., 2008). These compounds are primary contaminants of concern from 

urban runoff for Auckland’s receiving environments (Timperley et al., 2005). They are characteristically 

found at high concentrations in stormwater runoff from urbanized areas presenting a common risk for 

receiving environments worldwide (San Francisco Bay Conservation and Development Commission, 

2003, Timperley et al., 2005, Zgheib et al., 2011). Agricultural activities and residential areas, through 

lawn fertilizing, street dirt and leaf deposition contribute to increased phosphorus and nitrogen 

concentrations in stormwater runoff.  Highways have also been identified as potential source of 

phosphorus and nitrogen (Kennedy, 2003) with reported median runoff concentrations of 0.25 mg/L 

and 2 mg/L, respectively (Pitt et al., 2004). Median concentration up to 0.55 mg/L total phosphorus 

(TP) was recorded from highways in California (Caltrans, 2001). These nutrients exports can 

contribute to eutrophication of surface waters and endanger aquatic life. 

In the light of these observations, the need for stormwater management techniques to minimize 

the impact of urban and agricultural development became a growing concern.  
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1.2 TRADITIONAL STORMWATER MANAGEMENT TO BEST MANAGEMENT 

PRACTICES 

For many years, the traditional way to manage stormwater runoff and associated export of 

pollutants has been the use of sewer systems to rapidly convey the water to an end of pipe treatment 

device or direct to receiving waters. A combined sewer discharges the water to a wastewater 

treatment plant and is particularly prone to flooding and overflows during large rainfall events (Shaver 

et al., 2007). Runoff and wastewater thus often bypass wastewater treatment plants and impair the 

receiving environment. In order to cope with this increasing runoff volume and saturation of 

wastewater treatment plants, separate stormwater sewers were progressively installed. The aim was 

to convey runoff in separate sewer limiting the overloading of the wastewater network.  However 

separate sewers frequently discharge into the receiving waters (ocean or stream) without prior 

treatment (Shaver et al., 2007), representing a risk for the environment. 

Best Management Practices (BMPs), also known as stormwater control measures, emerged as 

a solution to address runoff contaminant discharges. They are stormwater management tools whose 

goal is to minimize environmental impacts related to land development. BMPs have appeared in the 

70’s with the use of the detention basins (Cahill, 2012). The primary aim was to provide temporary 

storage and flow rate control. Since then, various other techniques have been invented in order to 

address specific site conditions and stormwater quality and quantity control objectives. Common 

BMPs are vegetated swales, bioretention cells, green roofs, permeable pavements, wetland basins 

and retention ponds. These techniques can be implemented alone or in series in which case they are 

referred as treatment trains. BMPs infiltrate or store the water temporally rather than discharging it to 

the nearest stream as soon as possible (Davis and McCuen, 2005). Through treatment trains and 

land-use planning, the intent is to replicate the predevelopment hydrology and water quality to 

maintain stream stability, habitat structure, base flows, and ecological integrity of the receiving 

environment (Prince George's County, 1999). 

Specific BMPs called LID (Low Impact Development) techniques provide stormwater control 

throughout the site in many small, discrete units (Davis and McCuen, 2005). They are implemented on 

each lot, near the source of impacts, eliminating the need for a centralized BMP such as retention 

ponds. These devices comprise, but are not limited to: bioretention facilities, dry wells, filter/buffer 

strips, swales, cisterns, infiltration trenches, green roofs.   

1.3 RETENTION POND: A WIDSPREAD TECHNIQUE WITH QUESTIONABLE 

PERFORMANCE 

Although multiple BMPs are now available, retention ponds are still extensively used for 

stormwater treatment (Shaver, 2000). Approximately 400 retention ponds have been installed in urban 

areas in the Auckland region (J-A. H. Ansen, 2013, pers.comm.). Ninety additional ponds are 



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 3 
 

exclusively used to manage highway runoff. This partly results from the fact that well documented 

design guidelines have been available for a long time compared to other emerging BMPs.  

The weakness of this device to face current water quality requirements has been increasingly 

recognised. In terms of water quality treatment, retention ponds were primarily designed to store runoff 

for a certain period of time to allow settlement of coarse particles (ARC, 2003). The main pollutant 

removal mechanism of these devices is thus sedimentation. Therefore, while particulate bound 

contaminants like particulate metals are stored in retention ponds, other contaminants like fine 

particles and dissolved metals and nutrients are not efficiently removed from the water column.  This is 

mainly due to the restricted biological and chemical processes provided by these systems. Given the 

large number of retention ponds currently implemented to manage stormwater runoff, it appears of 

interest to find a solution to retrofit these systems and increase their performance for the spectrum of 

pollutants of concern in urban runoff.  

1.4 FLOATING TREATMENT WETLAND: AN INOVATIVE TECHNOLOGY TO 

IMPROVE STORMWATER RETENTION PONDS EFFICIENCY 

A way to improve retention pond performance is to transform it into a wetland basin which 

usually provides greater performance due to the presence of extensive vegetation (Bavor et al., 2001).  

The greater performance mainly results from anaerobic and aerobic processes and microbial activity 

supported by the presence of vegetation (Reddy and Delaune, 2008, Kadlec and Wallace, 2009). The 

plants also promote filtration of particles, when the water flows through the vegetation, and reduce 

wave and wind induced water mixing enhancing particle settlement. However retrofitting retention 

ponds into wetland basins necessitates substantial earthworks and materials (soil and plants), and 

usually requires larger areas than the initial foot print of the pond. Therefore this technique is costly 

and not easily implementable. 

A novel approach, the Floating Treatment Wetland (FTW), offers a solution able to cope with 

these disadvantages. A FTW is a vegetated device typically installed on the surface of a pond without 

the need for structural changes (Figure 1-1). A FTW is comprised of a porous floating mat planted with 

emergent macrophytes. Plant roots grow through the fibrous matrix to reach the underneath of the mat 

and hang into the water column (Figure 1-2).  
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Figure 1-1: FTW on the surface of a retention pond, Rosedale road, Northshore, NZ 

  

Figure 1-2: Cut section of a FTW planted with Schoenoplectus tabernaemontani (Borne et al., 
2013) 

The presence of vegetation introduced by this device suggests potential for the occurrence of 

additional pollutant removal mechanisms similar to those of wetland basins. Nevertheless limited data 

is available to date regarding the performance and associated mechanisms of FTWs for urban 

stormwater treatment (Headley and Tanner, 2012).  

Previous studies, mainly lab or pilot-scale experiments, have demonstrated good nutrient 

removal efficiencies for influent concentrations ranging from 6 to 230 mg/L total nitrogen (TN) and 0.5 

to 30 mg/L TP (Stewart et al., 2008, Hubbard, 2010, Van De Moortel et al., 2010, De Stefani et al., 

2011). These ranges of concentration are significantly higher than the typical urban stormwater runoff 
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concentrations (median of 1.5 mg/L TN and 0.27 mg/L TP across all urban lands reported (Pitt et al., 

2004)). Only three studies, including one full scale experiment, addressed nutrient and/or metal 

treatment for concentrations similar to stormwater runoff (Van De Moortel et al., 2010, Tanner and 

Headley, 2011, Winston et al., 2013).  

There is thus relatively little empirical evidence regarding the performance of FTWs treating 

urban stormwater runoff at a field scale and subject to natural rainfall and runoff variability. Additional 

full scale studies are needed to better understand and quantify the potential treatment benefits of 

using FTWs for urban stormwater treatment. Furthermore no study specifically addressed the pollutant 

removal processes involved. It is important to understand the key treatment mechanisms operating in 

the presence of FTWs in order to optimise performances.  

1.5 RESEARCH OBJECTIVES 

The overall goal of the research study is to determine if retrofitting a conventional stormwater 

retention pond with a FTW improves the water treatment performance (for copper, zinc, nitrogen, 

phosphorus and total suspended solids). Zinc and copper are primary contaminants of concern from 

urban runoff for Auckland’s receiving environments mainly due to galvanized roof and road runoff 

(Timperley et al., 2005), whereas nitrogen and phosphorus are the focus in rural areas mainly due to 

farming like near Rotorua (Bay of Plenty Regional Council et al., 2010). Five objectives investigate the 

research goal with the aim to provide an analysis of the functioning of a FTW and a first understanding 

of the design and maintenance implications: 

1. Quantifying the overall removal efficiency directly induced by a FTW 

2. Identifying the main pollutant removal processes taking place  

3. Identifying the influence of a FTW on the water column physico-chemical parameters 

and the associated effects on the removal processes 

4. Identifying some design factors influencing the FTW performance 

5. Identifying some maintenance implications  

1.6 PUBLISHED, ACCEPTED AND SUBMITTED ARTICLES RELATED TO THE PH.D. 

THESIS 

This doctoral thesis is primarily a compilation of manuscripts that at the time of writing have 

been published, accepted or submitted for journal publication (Table 1-1).  As a result of the inclusion 

of multiple manuscripts there is unavoidable repetition of some of the presented material. In order to 

minimize repetition a common “Methods” section has been written.  
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The manuscript included in section 9 and the respective paragraphs in the “Methods” (section 3) 

and “Summary and conclusions” (section 11) sections has been submitted to an internationally 

recognised journal. Sections 6, 7.1, 7.2.1.1.1, 8 and their respective paragraphs in the “Methods” 

(section 3) and “Summary and conclusions” (section 11) sections include two articles that have been 

published in the Ecological Engineering journal and Water Science and Technology. The manuscript 

included in sections 4, 7.2 (except 7.2.1.1.1) and their respective sections in the Methods” (section 3) 

and “Summary and conclusions” (section 11) has been accepted for publication in the journal of Water 

Research.  

All  sections based on published, accepted or submitted articles have  been  reproduced  from  

the  original manuscripts,  modified  only  for  formatting  purposes  or  to update information where 

required.  

Table 1-1: Manuscripts published, accepted or submitted to internationally recognised journals 

Manuscript 
Related sections in the 

doctoral thesis 

Borne, K. E., Fassman, E. A., and Tanner, C. C. 2013. Floating 
Treatment Wetland retrofit to improve stormwater pond 
performance for suspended solids, copper and zinc. Ecological 
Engineering, 54, 173-182. 

6, 7.1, 7.2.1.1.1 and 
respective paragraphs in 
methods (section 3) and 
conclusions (section 11) 
sections 

Borne, K. E., Fassman-Beck, E. A., and Tanner, C. C. Floating 
Treatment Wetland influences on the fate of metals in road runoff 
retention ponds. Accepted for publication in Water Research. 

4, 7.2 (except 7.2.1.1.1) and 
respective paragraphs in 
methods (section 3) and 
conclusions (section 11) 
sections 

Borne, K. E., Tanner, C. C., and Fassman-Beck, E. A. Stormwater 
nitrogen removal performance of a Floating Treatment Wetland. 
Water Science and Technology, 68, 1657-1664 

8 and respective paragraphs in 
methods (section 3) and 
conclusions (section 11) 
sections 

Borne, K. E. Floating Treatment Wetland influences fate and 
removal performance of phosphorus in stormwater retention ponds. 
Submitted to Journal of Ecological Engineering. 

9 and respective paragraphs in 
methods (section 3) and 
conclusions (section 11) 
sections 
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2 LITERATURE REVIEW 

This chapter aims to provide some background information on the treatment performance of 

several common BMPs and presents data available to date on FTWs for stormwater application. 

Understanding of the possible pollutant removal processes which could be induced by a FTW is also 

presented. As little information is available on FTWs in the literature, removal mechanisms are based 

on processes essentially reported for rooted and hydroponic plant systems and in the water column 

and sediments of ponds or wetlands.  

2.1 EXPECTED TREATMENT PERFORMANCE OF SEVERAL BMPS 

Different BMPs exhibit different performances depending on the concerned pollutants. Variable 

performance mainly comes from the fact that different BMPs provide different treatment mechanisms, 

which make the system more or less effective at removing specific pollutants. Each BMP may also 

exhibit a limit below which further treatment is generally not possible. This limit is called the irreducible 

concentration. This notion has been introduced based on the observation that outflow concentrations 

of several monitoring studies were consistent, with relatively low variability within BMPs categories 

(Schueler, 1996).  The irreducible concentration often reflects the internal production of pollutants 

within the BMP due to internal processes (e.g. production of nitrogen within ponds or wetlands due to 

biological production by microbes, wetland plants and algae). Irreducible concentrations thus 

represent the limitation of particular removal pathways utilised in a stormwater practice (Schueler, 

1996). This notion has been supported by several researchers (Barrett, 2008, Kadlec and Wallace, 

2009, Moore et al., 2011).  

In order to assess the performance of BMPs, members active in the Urban Water Resources 

Research Council of the American Society of Civil Engineers (ASCE) and leadership of the U.S. 

Environmental Protection Agency (EPA) initiated an International BMP Database in 1994. This 

database summarizes inflow and outflow data of various stormwater BMPs, primarily sourced from 

data generated across the USA. Data and associated statistical analyses are continuously updated 

and provide an insight of expected performances. While this database provides one of the most 

comprehensive collection of data on different BMPs, certain limitations need to be acknowledged.  The 

number of sites and associated collected data varies across BMP categories. As a result the accuracy 

of computed statistical analysis or median and percentile data may fluctuate across BMP types. 

Furthermore design characteristics may vary from an old site compared to newly installed BMP 

creating supposedly wide variation in performance for a given BMP type. This wide range can make 

the comparison between BMP types difficult. Another consequence is that computed data for a 

specific BMP might not be representative of current design guidelines, but instead, representative of 

the overall working order of this type of device in the USA. 
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Figure 2-1 presents some data extracted from the latest available database version for several 

common BMPs: retention basins, wetland basins, bioretention, vegetated swales, detention basins, 

permeable pavement (Geosyntec Consultants Inc and Wright Water Engineers Inc, 2012). A common 

way to classify different BMP performances is to compare EMCs leaving each type of BMP rather than 

solely assessing the EMCs reduction between inlet and outlet of the BMPs (Geosyntec Consultants 

Inc and Wright Water Engineers Inc, 2009). Indeed, for low influent concentrations, a statistically 

significant difference between influent and effluent concentrations may not exist, however this does 

not necessarily imply that the BMP would not have been effective at higher influent concentrations. For 

each analyte in Table 2-1, the colour highlighting the outlet EMC of a specific BMP reflect its 

classification among BMPs providing lowest outlet EMC (in green) or highest outlet EMC (in red). 

Boxed values show effluent EMCs which are significantly lower than influent EMCs. As observed by 

Fassman (2012), one of the main observations is that no single BMP emerges as the best treatment 

device across all contaminants as none of the BMPs exhibit the lowest outlet EMC for all the 

parameters. Overall, retention basins and wetlands basins appear to provide low effluent EMC for 

most contaminants while detention basins are the BMP providing the least treatment across most 

contaminants. 

Regarding total suspended solids (TSS), all BMPs generally perform well. The lowest effluent 

concentration, based on available data set, is achieved by wetland basins and bioretention followed by 

retention basins, vegetated swales and permeable pavement and lastly detention basins.  

For metals, some disparities occur whether the metal is dissolved or as total form. For instance, 

wetland basins provide the lowest total copper (TCu) effluent concentration while they show average 

performance regarding dissolved copper (DCu). Overall, all categories demonstrate significant 

reduction of TCu and total zinc (TZn) with the lowest outlet EMCs for wetland and retention basins. 

Retention basins and permeable pavement are among BMPs exhibiting significant dissolved zinc 

(DZn) reduction and the lowest effluent DZn EMCs. Based on available data, retention ponds also 

provide the greatest DCu water quality protection with significant concentration reduction between 

influent and effluent and one of the lowest DCu outlet EMC. These observations are surprising and 

contrary to rational thinking as retention ponds mainly provide settling mechanisms. Wetlands, for 

instance, should provide greater dissolved metal removal. The small number of data for the wetland 

basins (two studies comprising 15 inlet and outlet concentrations) compared to the retention ponds 

(ten studies comprising ~200 inlet and outlet concentrations) likely compromise an accurate 

comparison of performances. 

Regarding nutrients, the wetland basin can be seen has one of the best performing techniques 

as it significantly reduces inlet concentrations of most analytes and provides the lowest outlet EMCs 

except for total Kjeldahl nitrogen (TKN) and total nitrogen (TN). This likely mainly results from internal 

leaching of organic nitrogen from decaying vegetation (Nietch et al., 2002, Kadlec and Wallace, 2009). 

Conversely, bioretention, vegetated swale and permeable pavement appear to provide greater TKN 

removal but lower nitrate (NO3-N) reduction. Therefore designing a treatment train including a wetland 

basin and a bioretention cell or vegetated swale may permanently reduce nitrogen. Except detention 
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basins and vegetated swale, most BMP categories performed well regarding soluble reactive 

phosphorus (SRP) and total phosphorus (TP) with the lowest outlet EMCs for wetland basins. 
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Table 2-1: Inlet and outlet EMCs (median and 25-75
th

 percentile) of various BMPs (data sourced from Geosyntec Consultants Inc. and Wright Water 
Engineers Inc. (2012)) 
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2.2 EXISTING RESEARCH STUDIES ON FTW TREATING STORMWATER RUNOFF  

Most of the research studies dealing with FTWs to date have been undertaken in the objective 

to treat effluent concentrations similar to wastewater. Two studies addressed nutrient treatment for 

concentrations similar to stormwater runoff. Tanner and Headley (2011) reported efficiencies of 26 and 

28% after 7 days for SRP and TP, respectively, in FTW mesocosm experiments using  Carex virgata 

(plant species used in the present study). Winston et al. (2013) found significantly lower SRP and TP 

effluent concentrations after retrofitting a stormwater retention pond with FTWs covering 18% of the 

pond area. The median concentrations were reduced from 0.09 to 0.02 mg/L and 0.18 to 0.04 mg/L, 

respectively, between the inlet and the outlet of the pond. Improved treatment performance was also 

noticed for TN but the difference compared to the pre-retrofit period was not statistically significant. 

Only a few mesocosm experiments addressed metals treatment with concentrations similar to 

stormwater runoff (median of 16 µg/L TCu and 117 µg/L TZn across all urban lands reported (Pitt et 

al., 2004)). Tanner and Headley (2011) found that FTWs planted with Carex virgata achieved a 

statistically significant reductions of ~ 67, 64, 14 and 12% for TCu, DCu, TZn and DZn concentrations, 

respectively, during 7 day batches. Another mesocosm experiment suggested that there was no 

significant contribution of the FTW for metals removal (Van De Moortel et al., 2010). 

2.3 POSSIBLE POLLUTANT REMOVAL PROCESSES INDUCED BY A FTW 

2.3.1 SEQUESTRATION OF POLLUTANTS IN THE RHIZOSPHERE OR PLANT 

TISSUES 

2.3.1.1 Metals 

The direct metal uptake by plant is also called phytoaccumulation. Phytoaccumulation is the 

process by which plants take up, translocate and accumulate in their tissues high amounts of metal 

due to genetic  and  physiological  capacity (Sriprang and Murooka, 2007).    

In order to be taken up by plants, metals need to be bioavailable (absorbable by roots). The 

availability of metals depends in its form. Water-soluble metals (as free ions, inorganic complexes or 

organic complexes) and exchangeable metals are the most bioavailable. Metals bound to hydroxides 

are potentially available if conditions become reduced (i.e. low redox potential) while metals bound to 

organics and/or sulphides become available under oxidised conditions. The remaining fraction 

corresponds to the metals bound to the crystalline lattice of the minerals and is not available (Gambrell 

and Patrick, 1991). Plants roots can affect pH and redox potential in their surrounding area promoting 

either bioavailability of the metals or their sequestration in the rhizosphere. 
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2.3.1.1.1 General principles of metals bioavailability affected by pH and Eh 

Depending on the different elements present in the water, redox potential (Eh) and pH, metals 

can be found in different forms: soluble, solid, combined with different compounds. Figure 2-1 and 

Figure 2-2 show the Eh/pH diagram for Zn and Cu in an aqueous system. An Eh/pH diagram, or 

Pourbaix diagram, indicates on a diagram the possible stable phases (gaz, liquid, solid) of different 

elements in an aqueous electrochemical system. Predominant ions and phase boundaries are 

represented by lines.  

 

Figure 2-1: Eh-pH solubility diagram for Zn (PCO2=10
-3

 M). (Reddy and Delaune, 2008)
1
 

                                                   
1
 Republished with permission of CRC Press Taylor & Francis Group, from Biogeochemistry of wetlands: science 

and applications, Reddy, K. R. and Delaune, R. D. 2008; permission conveyed through Copyright Clearance 
Center, Inc. 
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Figure 2-2: Eh–pH  diagram  for  the  Cu–H2O–O2–S–CO2  system  at  25°C  and  1  atm pressure 
(Cu

2+
 = 10

−6
  M, PCO2  =  10

−3.5
  M, total dissolved sulphur =  10

−1
  M). (Reddy and Delaune, 

2008)
1,2

 

2.3.1.1.2 Bioavailability affected by rhizosphere pH 

It has been reported that roots can influence the surrounding pH conditions. Nye (1981) stated 

that changes in soil pH surrounding vegetation are related to the amount of anions and cations taken 

up by the plants. This statement was supported by several studies which measured pH in the 

rhizosphere while exposed to different cations and anions concentrations (Miller et al., 1970, Riley and 

Barber, 1971, Bagshaw et al., 1972, Smiley, 1974). Indeed, to maintain electrical neutrality at the 

interface between soil and roots, the plants may release H
+
 (when more cations than anions have 

been taken up, for example lots of NH4
+
) or HCO3

- 
 (when more anions than cations have been taken 

up, for instance a majority of NO3
-
). Nye (1981) developed a model to determine pH gradients in the 

rhizosphere in soil and showed that the change in pH, induced by cations/anions exchange, is higher 

in the first millimetre from the root surface (possible change of 1 to 2 pH units). 

By releasing rhizodeposits like exudates
3
, mucilage

4
, sloughed-off root cells and tissues or 

lysate
5
, plants provide a substrate for the development of bacteria and microorganisms (Roberts, 

2007). Many microorganisms release H
+
 while growing or organic acids while degrading organic 

substrate (like sugars and cellulose) and thus could lower the pH in the rhizosphere (Hietala and 

Roane, 2009). Rhizodeposits can also directly affect pH due to their composition. They can be 

composed of carbohydrate, carboxylates, amino acids and amides (Nye, 1981, Marschner, 1995) 

whose acid form can decrease the pH directly. 

                                                   
2 And adapted from Garrels, R. M. and Christ, C. L., Minerals, Solutions and Equilibria, Harper and Rowley, New 
York, 1965. The estate of Robert M. Garrels (Department of Marine Science, University of Florida, 830 1st street 
South, St. Pertersburg, FL 33701) 

3 Include all types of substances released by the roots (Roberts, 2007) 

4 Substance secreted by the plants which act as a water reserve and aid roots in its movement through the soil 
(Iijima et al., 2000) 

5 Fluid and cellular debris resulting from the breaking down of cells 
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Substances released by microbes can also solubilise metals. Some bacteria and fugi are known 

to produce citric acid and oxalic acid while degrading organic substances. These acids can affect 

metals solubility as they can form soluble metals complexes (Franz et al., 1993, Strasser et al., 1994a, 

Strasser et al., 1994b).  

The reduction of rhizosphere pH or release of complexing agent can solubilise metals. The 

increase of soluble Zn in the first centimetre of roots, planted in stagnant, waterlogged Zn-Pb mine 

tailings, was observed for Typha latifolia (a common wetland species) presumably due to the 

measured pH decrease induced by the plant in the surrounding of the roots (Wright and Otte, 1999). A 

mesocosm experiment study (Van De Moortel et al., 2010) has confirmed that FTWs are capable of 

reducing the water column pH. A FTW could thus potentially increase metal solubility and promote 

direct uptake and accumulation in the plant tissues. 

2.3.1.1.3 Bioavailability affected by rhizosphere DO and Eh 

Plant roots are capable of inducing Eh changes in their surroundings. Some research studies 

have reported that plants rooted in a waterlogged soil can release oxygen in the rhizosphere 

(Jespersen et al., 1998, Yang et al., 2010) and oxidize the surrounding sediment up to 30 mm for 

some species like Typha Latifolia (Wright and Otte, 1999). This oxidation is performed by the radial 

oxygen loss (ROL) of the roots and comes with a raise of Eh (Yang et al., 2010). A study highlighted 

the fact that the intensity of oxygen release in a hydroponic system is controlled by external conditions 

in the rhizosphere (extremely reduced to oxidized). Four different wetland species have been studied 

and showed that oxygen release rates are highest in the range –250 mV < Eh < –150 mV  (Wießner et 

al., 2002). Such changes in rhizosphere Eh could impact metals’ form (Figure 2-1 and Figure 2-2) and 

promote solubilisation or precipitation and impact direct uptake by plants. 

Due to ROL and the presence of iron-oxidizing bacteria, iron (Fe) plaques (ferric oxides or 

hydroxides) can be formed on the surface of the roots (Emerson et al., 1999, Liu and Zhu, 2005). It is 

also common to find manganese (Mn) plaques on roots when this element is present in the 

surrounding of the roots either in soil or in hydroponic systems (Christensen and Sand-Jensen, 1998, 

Batty et al., 2000). These plaques have some binding proprieties that enable metals sorption. It has 

been reported for instance that the amount of Cu on roots surface was greater when roots were 

coated with Fe or Mn plaques than when the roots were free of metal plaques (Ye et al., 2001). Metals 

could thus be potentially sequestrated on root surface of the FTW. 

2.3.1.1.4 Summary of the different root processes affecting metals bioavailability  and 

uptake 

Figure 2-3 summarizes the different processes explained in 2.3.1.1.2 and 2.3.1.1.3 which can 

potentially affect metals bioavailability. The roots can affect metal bioavailability directly, through 

changes of dissolved oxygen (DO), Eh and pH in their surroundings. They can also affect metal 

bioavailability indirectly, through the release of exudates acting as a substrate for the development of 

bacteria which can produce metal complexing agents or reduce pH. Roots can thus either promote 
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metals uptake and accumulation in the plant tissues by increasing their solubility or immobilize metals 

in less bioavailable forms as sorbed on root plaques.  

 

Figure 2-3: Processes involved by the plant roots that affect Eh and pH and metals 
bioavailability 

2.3.1.2 Nutrients 

2.3.1.2.1 Nitrogen uptake by plants 

The only way plants can immobilize nitrogen is by uptake and accumulation in their tissues. 

Nitrate (NO3
-
) and ammonium (NH4

+
) are the two different forms of nitrogen known to be absorbed by 

plants (Evert and Eichhorn, 2013). Nitrate must be first reduced to ammonium in plant’s tissues to be 

attached to carbon and used in biosynthesis.  Almost all green plants can reduce NO3
-
 to NH4

+
 

(Vymazal, 2008). The biochemical pathway is (Paul and Clark, 1996):  

NO3
-
NO2

-
 NH2OHNH4

+
R-NH2 

The nitrogen form available in the rhizosphere highly depends on the anaerobic/aerobic 

conditions and the associated mineralisation/nitrification/denitrification processes. Due to the ROL and 

development of bacteria on the root surface, organic nitrogen (ON) can be mineralised to NH4
+
 which 

can then be taken up by the plant roots (see 2.3.2.3.1). 
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2.3.1.2.2 Phosphorus uptake by plants 

Free  orthophosphate (all elements which comprise PO4
3-

)  is  the  only  form  of  phosphorus 

(P)  thought to  be utilized directly by plants. Orthophosphates can occur in different ionic forms 

(H3PO4, H2PO4
-
, HPO4

2-
, PO4

3-
) with H2PO4

-
 and  HPO4

2-
 being the predominant species over pH 

range of 5 to 9  (Stumm and Morgan, 1970). Organic phosphorus (Porg) can be mineralised to PO4
3-

 in 

the root surrounding due to ROL and the development of bacteria and thus become bioavailable for 

plant uptake. 

The solubility of P is highly influenced by pH and redox potential (Holford and Patrick Jr, 1979). 

Generally P is more soluble at low Eh and low to neutral pH which are not adequate conditions for the 

adsorption on soil or precipitation of P with cations, metal hydroxides or carbonate mineral such as 

CaCO3 (Vymazal, 2008). Reduced Eh ranging between -100 and 100 mV entails the reduction of ferric 

iron in FePO4 to soluble ferrous iron and phosphate (Scholz, 2006). If the roots influence rhizosphere 

Eh and pH in these ranges phosphorus bioavailability could potentially increase resulting in higher 

uptake by plants.  

2.3.1.3 Fate of pollutants accumulated in plants 

The uptake and accumulation of pollutants in plant tissues is only a temporary storage as most 

of the stored pollutants can be released into the water column during plant die back, the rest being 

stored in the sediments in recalcitrant organic form. Nietch et al. (2002) stated that wetlands may be 

potential sources of nitrogen, especially organic nitrogen, to receiving waters, probably due to shoot 

turn over and leaching of soluble organic nitrogen. Moore et al. (2011) assessed the organic nitrogen 

concentration of six different wetlands and found that the organic nitrogen:total nitrogen (ON:TN) ratios 

from the wetlands (0.75) were significantly greater than untreated urban runoff (0.66). ON export from 

all stormwater wetlands was nevertheless significantly less than untreated runoff entering the 

wetlands. Similarly to nitrogen, metals and phosphorus present in plant detritus can be released in the 

water column when organic matter (OM) undergoes decomposition or they can be buried with 

recalcitrant OM (Kadlec and Wallace, 2009). 

2.3.2 TRANSFORMATION AND/OR IMMOBILISATION OF POLLUTANTS BELOW THE 

FTW 

2.3.2.1 Dissolved metal sorption or precipitation 

Sulphide present in sediment pore water can precipitate with metals to form insoluble metal 

sulphides (Van Der Welle et al., 2006). Sulphides occurrence depends mainly of the prevailing redox 

conditions. In the absence of oxygen some microorganisms use sulphate as electron acceptor to 

oxidise the OM (Reddy and Delaune, 2008).  Sulphate reduction rate, and thus formation of metal 

sulphide, is positively correlated with temperature and available organic carbon and negatively 

correlated with sediment Eh (Panutrakul et al., 2001, Reddy and Delaune, 2008). Due to their high 

organic content and associated consumption of oxygen, wetlands sediments are known to develop 
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adequate conditions for metal sulphide formation (Sobolewski, 1996, Wu et al., 2012) which could thus 

be a potential removal pathway in the supposedly rich organic sediments present below a FTW. 

Under oxic conditions, not favourable to sulphide formation, metals can co-precipitate with Fe 

and Mn oxides which are excellent scavengers for metals (Kadlec and Wallace, 2009). Ferric 

oxyhydroxide can form a coating layer on clay and silt particles and potentially co-precipitate or sorb 

metals (Reddy and Delaune, 2008).  Metals sorption can also occur on humic compounds. The 

release of rhizodeposits (dead tissues, exudates, excretions and lysates) from roots hanging in the 

water can increase humic content of suspended particles and promote complexation and flocculation 

of dissolved metals (Neori et al., 2000, Mucha et al., 2008). A high degree of copper adsorption can 

occur when the pH is nearly neutral, the particulate OM is high, and the concentration of solids is 

elevated (Grassi et al., 2000). 

It has been reported that over 7 days batches, the uptake of Cu and Zn into plant biomass of a 

FTW (in a mesocosm experiment, FTW of 0.36 m
2
) accounted for only ~2 to 10% of the observed 

removal rates (Tanner and Headley, 2011). It was thus assumed that organic compounds released by 

plants and physico-chemical changes induced by the FTW may play a greater role in metal removal. 

Subsequently to sorption or precipitation, particulate metals could flocculate with other particles below 

the FTW and settle on the bottom of the pond.  

2.3.2.2 Direct entrapment of particulate pollutants in the roots  

It has been demonstrated that Floating Treatment Wetland can reduce the turbidity of water by 

entrapping particles in the roots sticky biofilm (Tanner and Headley, 2011). In Tanner and Headley’s 

(2011) mesocosm experiment, FTWs presenting live roots were more efficient at removing particles 

than the FTW with artificial roots suggesting an effect specific to the living plants. Biofilm biomass 

might have been higher in planted FTWs due to organic release from the roots. After entrapment in 

roots biofilm, the particles may subsequently settle on the bottom of the pond. 

2.3.2.3 Nitrogen transformation and removal 

2.3.2.3.1 Organic nitrogen mineralisation 

ON can be found in particulate or dissolved forms. Incoming particulate organic nitrogen (PON) 

can be trapped in the root biofilm of the FTW (2.3.2.2) where it can undergo decomposition and 

mineralisation. PON can also directly settle on the bottom sediments where it can be mineralised to 

NH4
+
 or stored in recalcitrant form if conditions are not adequate for mineralisation. High temperature 

and microbial biomass are favourable conditions to increased mineralisation rate (White and Reddy, 

2000, Kadlec and Reddy, 2001, Reddy and Delaune, 2008). Mineralisation can occur under both 

aerobic and anaerobic conditions, but is slower under anaerobic conditions (Reddy and Delaune, 

2008). Transformation of ON to NH4
+
 is likely to occur in a pond retrofitted with a FTW due to the high 

bacterial biomass associated with the root network inducing potential internal production of NH4
+
. 
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2.3.2.3.2 NH4
+
 transformation 

As explained in section 2.3.1.1.3, roots release oxygen in their rhizosphere. Some studies 

supported the hypothesis that sediment rooted plants can translocate oxygen from the shoots to the 

roots and cause nitrification to take place in the rhizosphere (Iizumi et al., 1980, Gersberg et al., 1986). 

This comes with the decomposition of OM and the growth of nitrifying bacteria. Ammonium removal 

can thus be performed by nitrification in the roots area in addition to be directly taken up by the plants. 

Stewart et al. (2008) reported that the mat of a FTW could serve as a support of nitrifying bacteria and 

allow nitrification to happen. 

NH4
+
 can also potentially be removed by anaerobic ammonia oxidation (ANAMMOX) (Jetten et 

al., 2001, Wang and Li, 2011). ANAMMOX is the anaerobic conversion of NH4
+
 to N2. It has been 

observed by Hogg et al. (1987) that anaerobic conditions could develop up to 5 cm below Typha mats. 

Such conditions could thus potentially occur below the mat of a FTW allowing ANAMMOX. It has been 

established that nitrite is the preferred electron acceptor for this process and follows the reaction 

(Reddy and Delaune, 2008, Vymazal, 2008): 

NH4
+
 + NO2

-
  N2(g) +2 H2O 

This process needs specific bacteria of the order Planctomycetes (Strous et al., 1999) like  

Candidatus “Kuenenia  stuttgartiensis” (Schmid et al., 2000), Candidatus  “Scalindua wagneri” or 

Candidatus  “Scalindua  brodae”  (Schmid et al., 2003) to take place. The microorganisms involved in 

this process present a low growth rate (doubling time in 2 weeks (Strous et al., 1999)). It is thus not 

evident to find these bacteria in a stormwater treatment wetland environment which is flushed regularly 

due to incoming runoff, even if anaerobic conditions are expected below the FTW. 

2.3.2.3.3 NO3
-
 removal 

Potential anoxic zone developing below the FTW mat could result in adequate conditions for 

denitrification. Nitrate is transformed into gaseous nitrogen under anaerobic condition, with the 

presence of denitrifying bacteria and a source of organic carbon (Vymazal, 2008). It has been reported 

that the mat of a FTW could serve as a support for denitrifying bacteria and thus remove nitrates 

(Stewart et al., 2008). Furthermore the plants growing on the FTW would provide a source of carbon 

during senescence (Van de Moortel et al., 2012). In Stewart et al. (2008) experiment, the mat of the 

FTW was pre-soaked in water containing nutrients and well-water bacteria for approximately seven 

weeks prior to data collection. This allowed the development of a biofilm community on the mat. The 

floating mat was then installed in a bucket with water loaded with nutrients. The water could be 

circulated from the bottom of the bucket onto the floating mat or not.  A control mesocosm was used 

with the same set-up but without floating wetland. Nitrate was removed faster with the presence of a 

FTW, compared to the control, with a rate up to 114 g/m
2
/d. There was only a minor improvement 

when the water was recirculated.  
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2.3.2.4 Phosphorus 

2.3.2.4.1 Organic phosphorus transformation 

Similarly to ON, organic phosphorus (Porg) can be found in dissolved or particulate forms. Porg 

found in wetlands originates from incoming flow but is also produced inside the wetland through the 

die-back of vegetation. Porg can be found associated with dead algae, microbes, or detrital vegetation, 

the plant detrital matter being the major source of Porg in wetlands (Reddy and Delaune, 2008). Porg 

may be released as soluble phosphorus if the organic matrix is oxidized (Kadlec and Wallace, 2009). 

Microbial biomass is key in regulating the turnover of OM and mineralisation of Porg (Reddy and 

Delaune, 2008). About 10 to 20% of assimilated phosphorus will not be degraded and will be stored in 

recalcitrant form (Kadlec and Wallace, 2009). The remaining fraction will undergo decomposition and 

release different dissolved P forms like orthophosphates or polyphosphates.  

2.3.2.4.2 Dissolved phosphorus sorption and precipitation 

It has been reported that phosphorus can be taken up by periphyton (mixture of bacteria, algae, 

detritus) quite rapidly (Kadlec and Wallace, 2009). Periphyton can assimilate both organic and 

inorganic P (Bentzen et al., 1992). This biomass has been reported to be one of the first elements 

intercepting dissolved phosphorus and contributes to the incorporation of phosphorus in the sediment 

(Silvan et al., 2003, Kadlec and Wallace, 2009). The rapid turn-over of bacterial biomass entails that 

phosphorus can also be released rapidly but other processes explained below can operate to convert 

it to less soluble forms especially in the sediment-soil system. 

The adsorption of phosphorus is the phenomenon by which inorganic phosphorus will come in 

contact with a particle (soil or sediment) and will accumulate on its surface. The content of Al, Fe, Ca 

and Mg of the particle will determine the amount of P adsorbed. Each of these elements have a 

different adsorption capacity depending on the pH condition (Vymazal, 2008). Under acidic condition P 

preferably bounds to Fe, Al or Mn hydroxides which are usually present on the surface of clay particles 

but this form is potentially bioavailable (Maynard et al., 2009). Indeed as pH approaches alkaline, P 

associated with Fe and Al minerals can be replaced with OH
–
 ions and Al-OH groups on clay minerals 

become negatively charged resulting in greater P availability (Reddy and Delaune, 2008).  When pH is 

greater than 8, inorganic P would preferably be sorbed by Ca and Mg compounds if these elements 

are present (Parfitt et al., 1975, Reddy et al., 1999). 

Phosphate ions can also precipitate with Fe, Al or Ca to form amorphous or poorly crystalline 

solids (Scholz, 2006). Phosphate can precipitate in wetland environment to form numerous different 

compounds like : apatite Ca5(Cl,F)(PO4)3, hydroxylapatite Ca5(PO4)3OH, variscite Al(PO4).2H2O, 

strengite Fe(PO4).2H2O, vivianite Fe3(PO4)2.8H2O, wavellite Al3(OH)3(PO4)2.5H2O, whitlockite  

Ca3(PO4)2 and fluoroapatite Ca5(PO4)3F (Reddy and D'Angelo, 1994, Dunne and Reddy, 2005, 

Vymazal, 2008).  Phosphorus can also co-precipitate with  other  minerals,  such as ferric 

oxyhydroxide and carbonate minerals (i.e. calcium carbonate CaCO3) (Reddy and Delaune, 2008, 

Vymazal, 2008). Under anoxic condition P precipitated with Fe will be released as a result of ferric iron 

reduction into ferrous iron. 
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Richardson et al. (1993) stated that the P forms which control the long term storage are 

recalcitrant organic P, calcium phosphate (in alkaline conditions) and P adsorbed or precipitated with 

Fe or Al in acidic wetlands.  

2.3.3 SUMMARY OF POLLUTANTS IMMOBILIZATION OR TRANSFORMATION 

PROCESSES INVOLVED BY A FTW 

Sections 2.3.1 and 2.3.2 suggest that dissolved metals could either be directly taken up by the 

plants, be adsorded on particles or precipitate below the FTW before being trapped by the roots 

biofilm and/or settling on the bottom of the pond. Depending on its form nitrogen could be taken up by 

the plants, undergo mineralisation / nitrification / denitrification, be trapped in the roots biofilm and/or 

settle as particle on the bottom of the pond. Phosphorus would be subject to processes common to 

metals and nitrogen including sorption/precipitation, entrapment in roots biofilm, settling, mineralisation 

and direct uptake by plants. Several researchers identified that plant uptake is not likely to be the main 

process responsible for metals and nutrient removal in wetlands or FTWs (Cronk and Fennessy, 2001, 

Hoagland et al., 2001, Murray-Gulde et al., 2005, Kadlec and Wallace, 2009, Sekomo et al., 2011, 

Tanner and Headley, 2011). Accumulation in the sediment seems to play a bigger role (Reddy and 

Delaune, 2008, Kadlec and Wallace, 2009). 

Table 2-2 summarizes the processes, detailed in sections 2.3.1 and 2.3.2, involved in 

removal/immobilization/transformation of metals and nutrients which can potentially occur in a pond 

retrofitted with a FTW. Some of the identified processes have been observed in sediment or in 

sediment rooted plant systems but have not been specifically studied in hydroponic systems 

(highlighted in orange in Table 2-2).   

Processes 2 and 8 refer to the solubilisation of metals in the surrounding of the roots due to pH 

and redox potential changes induced by roots hanging in the water. The change in redox potential due 

to oxygen release through the roots has been observed in hydroponic systems whereas the pH 

change surrounding roots has been mostly observed in soil. Nevertheless pH is also known to change 

in soil pore water in the rhizosphere (Turpault et al., 2005). It is thus assumed that pH might also be 

impacted in the surrounding of the roots which are only in contact with water. Even if a direct 

relationship specifically between the roots hanging in the water and the pH has not been made, a 

recent mesocosm experiment (Van De Moortel et al., 2010) has confirmed that a FTW induced a pH 

reduction of 0.25 unit in wastewater present below the mat. The increase of soluble Zn near plant 

roots in the pore water of a soil planted with Typha latifolia was observed (Wright and Otte, 1999) and 

was attributed to a change of pH condition. All these facts confirm that the changes of metals forms, 

occurring in soil pore water near a root system, might still occur near a root system hanging in water 

because same changes in pH and redox potential should occur. 

Process 6 refers to the formation of metal sulphides under anaerobic conditions. This process is 

a well-known phenomenon occurring in the reduced sediments of wetlands (Reddy and Delaune, 

2008). The FTW should deplete the water column DO and thus impact Eh. The extent to which Eh will 

be impacted in the water column is unknown and thus metal sulphide formation in the water column is 

unsure. Nevertheless this process should occur in the sediments below the FTW due to organic 
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detritus accumulation enhancing DO consumption and promoting sulphide formation (Panutrakul et al., 

2001).  

Processes 3 and 10 refer to the nitrification of ammonium due to bacterial activity on roots 

combined with aerobic condition. These processes have been observed in soil/sediment rooted plant 

systems and depend entirely on the presence of suitable bacteria and available oxygen. It is known 

that due to radial oxygen loss plants increase the level of oxygen in the vicinity of the roots either in 

hydroponic system or sediments. It is also known that a biofilm, composed of rhizodeposits and 

microorganisms, develops on the surface of the roots in water or sediment. The occurrence of 

nitrification below the FTW thus entirely depends on the presence and survival of relevant bacteria. 

Nitrifying bacteria can survive on the mat of a FTW in aerobic condition (Stewart et al., 2008), they 

might thus be able to survive on the roots surface in aerobic condition. 

Process 7 refers to the mineralisation of organic N and P in the surroundings of hanging roots of 

the FTW or within the sediments. While the occurrence of this phenomenon in the sediment of 

wetlands has been observed, it has not been specifically addressed in the rhizosphere of hydroponic 

systems in the literature. However the capacity of the roots to trap incoming particles and thus PON 

and POP combined with the high microbial activity in the rhizosphere and ROL suggest such a 

process could potentially occur.  

Processes 13 and 14 refer to the adsorption/precipitation of phosphate with Fe, Al, Ca, or Mg. 

These processes are pH and redox dependant, but also occur if enough Fe, Al, Ca and Mg are 

present. These elements are generally abundant in sediment particularly in clay sediment. These 

processes are thus expected to occur in the sediment below the FTW and could also occur in the 

water column below the FTW if some soil/sediment particulates are present, for instance if they are 

trapped in the roots biofilm. 
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Table 2-2: Summary of potential pollutants immobilization/transformation processes occurring in a pond retrofitted with a FTW  

FTW characteristics 
Possible physico-chemical 
parameters and microbial 

environment impacted 

Phenomena already observed 
in 

6. Possible impact on pollutant 
availability/immobilization/transformation 

Process already observed 
in 

Shoots constantly 

above water: 

 More biomass in 

contact with air than 
in conventional 
wetland 

 Enable high air flow 

conducting air to 
roots (high radial 
oxygen loss, ROL) 

Oxygenation of the water 
surrounding  the roots 

Hydroponic (Wießner et al., 2002) 
and sediment rooted plant 

systems (Jespersen et al., 1998) 

1)    Iron (Fe)/Manganese (Mn) plaques formation on roots due to ROL ->  
co-precipitation/absorption of copper (Cu) and zinc (Zn) with Fe/Mn 
plaques  

Hydroponic (Greipsson, 

1994, Ye et al., 2001) and 
sediment rooted plant 
systems (Emerson et al., 

1999, Yang et al., 2010) 

2)    Eh changes near the roots impacting metal bioavailability and direct 
uptake by plants 

Sediment rooted plant 
system (Yang et al., 2010) 

Higher redox potential (Eh) 

surrounding the roots 

Hydroponic (Wießner et al., 2002) 

and sediment rooted plant 
systems (Yang et al., 2010) 

3)    Nitrification near the roots due to ROL if presence of nitrifying bacteria. 

Sediment rooted plant 

system (Iizumi et al., 1980, 
Gersberg et al., 1986) 

Presence of the floating 
mat involving:   

 Support for 
aerobic/anaerobic 

bacteria development 

 Physical barrier to 

water aeration and 
light 

No algal photosynthesis 
producing  O2,  no diffusion of 
air across the air-water 

interface, furthermore 
possible  deoxygenation of 
the water column due to 

organic matter degradation by 
bacteria 

Assumption 4)    Denitrification near the mat (production of dinitrogen N2 (g)) 
unvegetated FTW 
mesocosm experiment 
(Stewart et al., 2008) 

 
Expected more anaerobic 
condition below the mat 

(except in the first centimetres 
around roots) especially just 
below the mat (up to 5 cm 

deep) 

Free floating plants mat  (Hogg 

and Wein, 1987) 

5)    Anaerobic  ammonia oxidation (ANAMMOX) of ammonium and nitrite 
to N2(g) in presence of specific bacteria (unlikely because these specific 

bacteria have a very low growth rate and it is not obvious to find these 
bacteria in a wetland environment) 

Anammox bacteria found in 
wetland (Shipin et al., 2005) 
but occurrence of anammox 

in wetland has not been 
exhaustively confirmed in 
the literature.  

Development of anaerobic 
bacteria on the underneath of 

the mat 

unvegetated FTW mesocosm 
experiment (Stewart et al., 2008) 

6)    Under anaerobic conditions, possible reduction of sulphate (SO4
2-

) into 
sulphide (S

2-
) and subsequent precipitation of metal sulphides. 

Waterlogged sediment (Van 
Der Welle et al., 2006) 
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FTW characteristics 
Possible physico-chemical 
parameters and microbial 

environment impacted 

Phenomena already observed 
in 

6. Possible impact on pollutant 
availability/immobilization/transformation 

Process already observed 
in 

Roots hanging in the 

water 

Development of  
microorganism on plant roots 

due to rhizodeposits 
exudation (plant-derived 
organic matter, humic 

substances) 

Established phenomena 
happening in soil-root interface 
(Marschner, 1995) 

7)  Mineralisation of organic N and P in roots surrounding or sediments 

due to the release of organic matter by the FTW and associated bacterial 
development  

Sediment (Kadlec and 

Wallace, 2009) 

8)    Solubilisation of metals (as ionic form or soluble metal complexes due 

to organic acids produced by microorganisms or reduction of pH) in the 
surrounding of the roots 

Sediment rooted plant 

system (Wright and Otte, 
1999) 

9)    Direct uptake of bioavailable metals , NH4
+
, NO3

-
 , orthophosphates  

FTW mesocosm  (Tanner 
and Headley, 2011) 

↓pH below the FTW due to 
acidic rhizodeposits released 
by roots or bacterial 

development on roots surface 
releasing H

+
  

FTW mesocosm study (Van De 
Moortel et al., 2010), soil rooted 

plants (Nye, 1981, Marschner, 
1995, Hietala and Roane, 2009) 

10)  Nitrification of NH4
+
 and NO2

-
 to NO3

-
 near the roots (if aerobic 

condition and presence of nitrifying bacteria) 

Sediment rooted plant 

system (Iizumi et al., 1980, 
Gersberg et al., 1986) 

11)    Adsorption / binding of metals with organic matter/humic compounds 
released by the FTW roots and subsequent flocculation and settlement on 

the bottom of the pond.  

Solution charged with 
organic matter (Grassi et 
al., 2000, Nierop et al., 

2002) experiment using 
marsh plant root’s exudate 
(Mucha et al., 2008) 

pH changes in the 

surroundings of the roots due 
to cations/anions exchanges 
(↑pH if high uptake of anions, 

↓pH if high uptake of cations) 

Soil rooted plant system (Miller et 
al., 1970, Riley and Barber, 1971, 
Bagshaw et al., 1972) 

12)   Adsorption or precipitation of Cu and Zn with Fe and Mn oxides under 
oxic conditions 

Sediment or water column 

of ponds (Reddy and 
Delaune, 2008) 

13)    Adsorption of phosphorus by calcium (Ca) and magnesium (Mg) in 

basic conditions and aluminium (Al) and iron (Fe) in acidic conditions. 

Sediment (Reddy et al., 

1999, Vymazal, 2008) 

14)     Precipitation of phosphates with iron under oxidizing conditions or 

calcium under reduced conditions. Under acidic condition (pH<5.5) and 
reduced conditions P is in dissolved form (Moore and Reddy, 1994)  

Sediment (Moore and 

Reddy, 1994, Reddy and 
D'Angelo, 1994) 

Physical barrier to flow path 
and particulates 

Assumption 

15)    Possible assimilation of inorganic and organic phosphate by 

periphyton but it is considered as a minor process. 

Water column of pond 
(Bentzen et al., 1992, 

Vymazal, 2008) 

16)  Direct entrapment of solid particulates in roots biofilm and subsequent 

settlement on the bottom of the pond 

Suggested by Tanner and 
Headley (2011) (mesocosm 

FTW study) 

 
  

Phenomena observed in soil or sediment not specifically in hydroponic 
systems 
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3 METHODS 

Section 2 helped identifying potential pollutant removal pathways induced by a FTW. Section 3 

will present the methods used to identify the main removal mechanisms thought to take place for each 

pollutant, as well as the overall treatment efficiency directly attributed to the FTW. 

3.1 SITES DESCRIPTION 

3.1.1 SILVERDALE SITE-NEW ZEALAND 

The experimental site is a stormwater retention pond located about 35 km north of Auckland, 

New Zealand, along a highway interchange (crossing of State Highway [SH] 1 and SH17), in 

Silverdale. This pond primarily serves a water quality function (rather than peak flow control). The 

pond is expected to receive 330 m
3
 of stormwater runoff during the design storm event for water 

quality treatment (28.3 mm rainfall over 24h (Auckland Regional Council, 1999, 2003)). The catchment 

is approximately 1.7 ha (75% impervious) comprising the south bound on-ramp and a section of the 

full carriageway width of SH1, including shoulder and grass berms. 

The retention pond has been bifurcated into two straight-walled parallel sections (~100 m
2
 each) 

with a permanent water depth of 0.75 m, in order to allow a side by side study. The forebay (~100 m
2
) 

is common to both sections and has a permanent pool of 1.09 m (Figure 3-1). The sediments were 

dredged before watering the ponds, leaving a thick clay layer at the bottom (Figure 3-2). The pond 

shading is minimal and represents 0% of the surface of the pond at solar noon (when the sun is at the 

highest point in the sky). No inflow into the ponds is expected during dry weather, and no infiltration is 

expected due to the thick clay layer on the bottom. Inlets and outlets, and overall partition geometry 

have the same dimensions, inflows and outflows present similar hydrographs with same water 

volumes.  
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Figure 3-1: Pond partitioning and instrumentation location (Borne et al., 2013) 

 

Figure 3-2: Partition sections during the building phase (thick clay layer visible at the bottom of 
the ponds) (Courtesy: Fiona Lyttle (OPUS)) 

Design guidelines in Auckland (ARC, 2003) recommend a permanent pool for storage of 1/3 of 

the 2 year average recurrence interval (ARI) storm (the locally defined water quality storm) to enable 

the capture of most storm events and allow settling of particles.  The original retention pond in which 

the parallel sections were built complies with these guidelines. However as the sections extend over 

only part of the original pond, they only provide about half of this storage capacity (Figure 3-1). As a 

consequence the sections were flushed approximately twice for most storm events.  
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An approximately 50 m
2
 (5.2 x 9.75 m

2
) FTW planted with 863 Carex virgata (~17 plants/m

2
) 

was installed on 8 December 2010 (summer in the Southern Hemisphere) in one partition (FTW pond) 

while the other partition (Control pond) serves as a control (Figure 3-3). The FTW extends fully across 

its section’s width. The plants were 1 litre specimens. 

 

 

Figure 3-3: FTW on the surface of a retention pond which is the experimental site of the present 
study, left: conventional (Control in this study) pond, right: FTW pond, foreground: inlet 

forebay (Borne et al., 2013) 

3.1.2 NORTH CAROLINA SITE-USA 

An additional site retrofitted with FTWs was monitored over a period of about four months to 

assess the impact of smaller FTWs and coverage ratio on water temperature, pH and DO. This site is 

located at North Carolina Museum of Life and Science, USA, and hereafter referred as “NC FTW 

pond”. The site and its monitoring are described in detail in Winston et al.  (2013). The drainage area 

is 2.37 ha that is 54.3% impervious and comprises a parking lot, maintenance building and picnic area. 

The retention pond is 500 m
2
 with a mean depth of 0.93 m. 30% of the pond is shaded by overhanging 

trees at solar noon. In late March 2010, this pond was retrofitted with four FTWs (FTW 1 to FTW 4, 23 

m
2
 each) representing 18% of the total surface of the pond (Figure 3-4). The FTWs were affixed to the 

bottom of the pond, using four cinder block anchor attached to the mat with metal chains, allowing the 

FTWs to move from few meters (up to ~2 meters depending on the water level). The FTWs were 

planted with a density of ~10 plants/m
2
 and comprised Carex stricta, Juncus effusus, Spartina 

pectinata, Acorus gramineus, Pontederia cordata, Peltandra virginica, Andropogon gerardii, and 

Hibiscus moscheutos.  
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Figure 3-4: NC FTW pond map 

3.2 FIELD MONITORING 

3.2.1 NORTH CAROLINA SITE-USA 

3.2.1.1 Dissolved oxygen and temperature continuous monitoring 

Continuous temperature and DO monitoring in the water column was carried out over about 4 

months, in summer and autumn 2012 after an approximately 2-year period of plants establishment. 

Monitoring was performed at 40 cm depth below FTW 1 and in the uncovered area in NC FTW pond 

(in the deepest part of the pond at about 4 m from FTW 4-Figure 3-4).Continuous monitoring was 

performed at 15 minute intervals using a D-Opto logger (Zebra-Tech Ltd, Nelson, NZ).  

3.2.1.2 pH and DO spot measurements  

Spot measurements of pH and DO were performed in 13 locations on one occasion in NC FTW 

pond (in August 2012) in order to investigate the spatial extent of the FTW’s impact on these 

parameters. This measurement mission was performed during dry weather, after an antecedent dry 

period of ~ 3 days (i.e. the water in the pond was stagnant, no inflow or outflow were occurring). Two 

3/8 inch internal diameter vinyl tubes inserted in the middle of FTW 1 and FTW 4 enabled the 

sampling of water at 40 cm depth using a peristaltic pump. The tubes were purged before each 

measurement. pH and DO were measured while pumping the water using an Aqua Troll 400 

multiparameter instrument (In-Situ Inc.). Measurements in uncovered areas were performed by sinking 
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the multiparameter probe directly in the pond to 40 cm depth. The DO measurements below the FTWs 

were not accurate due to aeration introduced by the peristaltic pump and thus were discarded. As all 

FTWs in NC FTW pond were assumed identical, for the purpose of spatial analysis DO below FTWs 2 

to 4 was considered to be equal to the one measured below FTW 1 by the permanently installed  

D-Opto logger (section 3.2.1.1). For spatial analysis, pH below FTW 2 and 3 was considered to be 

equal to the mean pH measured below FTW 1 and 4.   

3.2.2 SILVERDALE SITE-NEW ZEALAND 

The overall treatment performance of a pond retrofitted with a FTW was assessed by monitoring 

inlet and outlet pollutant concentrations during storm-events (sections 3.2.2.1 and 3.2.2.2). The 

identification of plausible pollutant removal mechanisms themselves was performed by identifying 

where pollutants accumulate (plant, sediment), in which form (organic, mineral, etc.) and by monitoring 

physico-chemical indicators of which processes could occur (sections 3.2.2.3 and 3.2.2.4). While the 

entire set of data is valuable to identify key pollutant removal processes, it didn’t allow performing a 

pollutant mass balance which would have provided a more detailed analysis. Indeed this would have 

required the analysis of 100% of the storm-events which might be feasible in a small-scale 

mesocosms experiment but physically not possible on a full-scale site. The removal mechanisms 

inferred in the body of the thesis thus sometimes emanate from a certain degree of speculation. 

However these are informed speculations based on the observed and measured pools of pollutants in 

the ponds, physico-chemical conditions prevailing in the ponds and were compared to results from the 

literature. What is proven is the form in which the pollutants are stored, and where, and what is 

suggested are the most plausible processes leading to these forms of storage.  

3.2.2.1 Hydrology monitoring 

Three pressure transducers (PT) (INW AquiStar® PT12, 3 m range, accuracy:+/- 0.1% full scale 

output (FSO)), were installed to measure the water level. One PT was located in the forebay, just 

upstream of the inlet weirs, and one upstream of each outlet weir (Figure 3-1). PT measurements 

coupled with the standard equation for a fully contracted sharp-crested 90º V-notch weir (eq.(1), Bos 

(1989)) were used to calculate inflows at two minute intervals.   

(1)    ( )     
 

  
 √(  )    (

 

 
)  ( ) 

where: 

 Qin: inflow  

 Ce: effective discharge coefficient (0.579) 

 h1(t): head on the weir at time t 

 θ: V-notch angle (90º) 

Due to a leak in the outlet walls of both ponds, implying that part of the outflows were released 

through the leakage rather than the V-notch weir, hydrologic routing was used to calculate outflows 

with equation (2) (Chanson, 2004):  
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(2) 
   ( )

  
    ( )      ( ) 

where  

 S: storage in the partition section = partition area * water level in the partition section 

 Qin(t): inflow of the partition section 

 Qout(t): outflow of the partition section 

 t: time 

Since each partition section is rectangular with vertical walls, outflow for each section/pond was 

determined using the inflows, the partition section’s area and the variation in water depth over two 

minute intervals as per equation (3): 

(3)     ( )      ( )    
  ( )

  
  

where: 

 A: partition section surface area  

 h(t): water level in the partition section at time t 

The “flow ratio” was calculated as the ratio of the runoff inflow volume to the permanent pool 

volume of the pond. 

Rainfall data were provided by the locally available rainfall network (Auckland Council, 2012) 

using the Orewa rain gage located 3.5 km north east of the site. 

3.2.2.2 Storm-events monitoring  

3.2.2.2.1 Sampling and chemical analysis 

The sampling program started after six months of plant growth and lasted over a period of 1 

year (May 2011-June 2012), during which 17 storm events were sampled. Three ISCO 3700 automatic 

samplers connected to fluorinated ethylene propylene (FEP) lined polyethylene tubing (3/8 inch 

internal diameter, Jensen Inert product) were installed in the forebay and upstream of each outlet weir 

to collect storm event samples (Figure 3-1). The samplers were driven by three Iquest DS4483 data 

loggers. Three solar panels (SX 310, 10 W, BP Solar) provided energy to each data logger and 

sampler (Figure 3-5). Individual (discrete) samples were collected over the duration of the storm 

hydrograph. A maximum of 24 one litre bottles per storm were collected at each sampling location. 

Within 24 h of each storm event, the collected samples were transported to the University of Auckland 

laboratory to make flow-weighted composite samples which were sent immediately for analysis to an 

external laboratory. Composite samples were made from 8 to 96 aliquots (average of 33 for the inlet 

and 15 for the outlets) representing at least 63% of the runoff hydrograph with an overall average for 

all storm events of 88%. 
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a  b  

c  

d  

Figure 3-5: Sampling station-a) cabinet for sampler and logger, b&c) sampler, d)data logger 
and telemetry device  

The polypropylene (PP) sampling bottles used in the automatic samplers were soaked in diluted 

Decon 90 detergent overnight, rinsed with tap water, then rinsed with 1:1 hydrochloric acid (37%, 

Instra-analysed J.T. Baker) followed by 1:1 nitric acid (70%, Instra-analyzed J.T. Baker), and finally 

rinsed three times with de-ionized (DI) water.  

Flow-weighted composite samples were analysed by Watercare Ltd. (Auckland, New Zealand), 

a certified International Accreditation New Zealand (IANZ) laboratory. Only TSS analyses were 

performed in the environmental laboratory of the University of Auckland. One or two field sample 

duplicates per batch (representing 60% of the total number of samples) and one blank per batch were 

analysed for TSS. The relative percent difference (RPD) ranged from -16 to 14% with a median of -1%  

which is within +/- 20% recommended by USEPA (1994b).The analysis of each composite sample 

gave the event mean concentrations (EMCs) for each sampling station. Analytical methods are 

presented in Table 3-1. 
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Table 3-1: Analytical methods 

Parameter Analytical method 
Method detection 

limit (MDL) 

ammoniacal 
nitrogen 
(NH4-N 
=NH4

+
+NH3)  

Colorimetry according to ISBN 0117516139 (HMSO, 
1981) 
 

0.005 mg/L 

nitrite N 
(NO2-N) and 
nitrate N 
(NO3-N) 

Ion chromatography according to Method 4110 B 
(APHA, 2005) 

0.002 mg/L 

organic 
nitrogen 
(ON) 

Calculated as TN minus dissolved inorganic N (DIN) 
species (NH4-N+NO2-N+NO3-N). 

NA 

total 
nitrogen 
(TN)  

Persulphate digestion according to Method 4500-P J 
(APHA, 2005)-modified to digest samples for 15 mins 
at 120ºC (recovery verified with comparison data). 
Automated Cadmium Reduction Method according to 
Method 4500-NO3 F (APHA, 2005)-modified to analyze 
of second source calibration standards each 12 
samples instead of 10. 

0.02 mg/L 

total copper 
(TCu) and 
total Zinc 
(Zn) 

Digestion: 3030 E (APHA, 2005) – modified to allow 
automated digestion process using a Hotblock® rather 
than hotplate and with a  Nitric/Hydrochloric Acid 
Digest (4:1 Ratio).  
Analysis: Inductively Coupled Plasma Mass 
Spectroscopy (ICP-MS) in accordance with EPA 
method 200.8 (USEPA, 1994a) modified to use 
reaction cell to minimize interferences. No laboratory 
fortified blank analysed but laboratory fortified samples. 
Analysis of second source calibration standards each 
12 samples instead of 10. 

TCu:0.0001 mg/L 
TZn:0.001mg/L 

dissolved 
copper 
(DCu) and 
dissolved 
Zinc (DZn) 

Filtered according to Method 3030 B  (APHA, 2005)-
modified to acidify to 10 mL HNO3 /L of sample to 
match standard/control samples acid concentration 
used during subsequent analysis. 
Analysis: Inductively Coupled Plasma Mass 
Spectroscopy (ICP-MS) in accordance with EPA 
method 200.8 (USEPA, 1994a) modified to use 
reaction cell to minimize interferences. No laboratory 
fortified blank analysed but laboratory fortified samples. 
Analysis of second source calibration standards each 
12 samples instead of 10. 

DCu:0.0001 mg/L 
DZn:0.001mg/L 

Dissolved 
Reactive 
Phosphorus 
(SRP) 

Filtration according to Method 4500-P B (APHA, 2005) 
Automated Ascorbic Acid Reduction Method according 
to Method 4500-P F (APHA, 2005) -modified to analyse 
of second source calibration standards each 12 
samples instead of 10. 

0.005 mg/L 

Total 
Phosphorus 
(TP) 

Persulphate digestion according to Method 4500-P J 
(APHA, 2005)-modified to digest samples for 15 mins 
at 120ºC (recovery verified with comparison data). 
Automated Ascorbic Acid Reduction Method according 
to Method 4500-P F (APHA, 2005)- modified to analyze 
of second source calibration standards each 12 
samples instead of 10. 

0.005 mg/L 

Total 
Suspended 
Solids (TSS) 

Method 2540 D (APHA, 2005) 
1 mg/L 
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Parameter Analytical method 
Method detection 

limit (MDL) 

Hardness 
(CaCO3) 

Ca and Mg determined by ICP-MS in accordance with 
EPA method 200.8 (USEPA, 1994a) modified as 
above. Hardness calculation as per method 2340 B 
(APHA, 2005) 

0.03 mg/L 

Particulate copper (PCu) and particulate Zinc (PZn) concentrations were calculated by 

subtracting the dissolved form to the total element concentration. Hardness was measured at the 

outlet of both ponds for 5 storm events collected across the entire monitoring period. Results were 

reported within 20% accuracy. For the purposes of determining Australian and New Zealand 

Environment Conservation Council (ANZECC) Cu and Zn freshwater trigger values for species’ 

protection (ANZECC and ARMCANZ, 2000), the limited accuracy does not influence the interpretation 

of results. 

3.2.2.2.2 Storm-events data analysis 

Various possible approaches for water quality performance assessment  

Two common criteria to assess BMPs water quality performance are the pollutant Mass 

Removal Efficiency (MRE) and EMCs of the inflow and outflow of the device.  MRE is determined 

using equation (4): 

(4)     ( )   
(         ) (           )

         
         

where Vin and Vout are volume of runoff in and out, respectively, and EMCin and EMCout are 

event mean concentrations of inlet and outlet samples, respectively.  

For decades, percent MRE has been heavily used in order assess BMPs treatment 

performance. However this metric is more and more criticized as stand-alone performance criteria 

(Strecker et al., 2001, Wright Water Engineers and Geosyntec Consultants, 2007, Fassman, 2012). 

One of the criticisms is that MRE is primarily a function of influent quality and that higher influent EMC 

result in reporting higher pollutant removals than those with cleaner influent (Wright Water Engineers 

and Geosyntec Consultants, 2007). While MREs are easy to comprehend and visualise, they thus 

don’t appear to be an appropriate criteria to compare different BMPs’ performances if they receive 

different input loads. If the aim is to classify different BMP types from a performance standpoint, latest 

guidelines recommend comparing EMCs leaving each type of BMP rather than solely assessing the 

EMCs reduction between inlet and outlet of the BMPs (Geosyntec Consultants Inc and Wright Water 

Engineers Inc, 2009).  Indeed, for low influent concentrations, a statistically significant difference 

between influent and effluent concentrations may not exist, however this does not necessarily imply 

that the BMP would not have been effective at higher influent concentrations.  

Furthermore MREs don’t give an insight on whether the effluent concentration may impact the 

receiving environment, meet specific discharge guidelines or if the treatment is consistent. The use of 

non-exceedance probability plots can answer these issues. Probability plots show the distribution of 
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the influent or effluent quality. The amount of time that the effluent exceeds water quality standards 

can thus be easily identified. This enables BMP assessment based on the likelihood that the discharge 

creates adverse effect on the receiving environment which is the primary reason to implement BMPs. 

Representing influent and effluent EMC with box plots conveys statistically relevant criteria like mean, 

median and variability and help depict BMP efficiency (Strecker et al., 2001). 

Statistical analysis on paired influent and effluent also provide a powerful tool to demonstrate 

significant difference in water quality between inlet and outlet of a BMP. This type of analysis is 

typically used for stormwater management device (Roseen et al., 2012, Winston et al., 2013).  

In order to properly assess the benefits of using a specific BMP the following approach is thus 

preferable: 

 Assess significant difference between paired influent and effluent water quality 

 Provide frequency analysis of influent and effluent quality  

 Investigate effluent concentrations to compare different types of BMPs 

 If MREs are used for comparison between BMPs, BMPs must receive same input loads 

Assessments performed for the FTW and Control ponds 

The water quality data of each pond were compared to quantify performance enhancement 

induced by the FTW. Based on the recommendation presented in the previous section, the data were 

statistically analysed to compare paired influent and effluent concentrations, paired FTW pond effluent 

and Control pond effluent concentrations and paired FTW and Control ponds MREs.  The difference 

between each set of paired data was tested for normality using the Shapiro-Wilk test. If data were 

normally distributed, a paired Student’s t-test was performed. Otherwise, a Wilcoxon signed rank test 

was used. Box plots and probability plots were also created.  

Correlation analysis between each element EMCs, antecedent dry days, water column 

temperature, peak flow and flow ratio was performed with a Pearson test, if data distributions were 

normal or lognormal, otherwise a Spearman test was used. Each significant correlation was 

graphically verified with scattered plots. Only useful significant correlations are discussed in the text.  

The strength of the correlation represented by the correlation coefficient “r” and the “p” value, 

representing the probability that the calculated r is false, are reported (i.e. p<0.05 means there is less 

that 5% chance that the calculated r is false). When data were plotted to verify a correlation, the 

coefficient of determination (R
2
) of the regression between the variables was presented. R

2
 is a 

measure of the goodness of fit of the regression and is equal to the correlation coefficient squared. If 

data were natural log transformed in order to perform a Pearson correlation analysis, the transformed 

data were plotted to draw the linear regression representing the Pearson correlation between the 

transformed variables. Alternatively original data were plotted and an exponential regression was used 

to represent the Pearson correlation between natural log transformed data (i.e. as done for Figure 

8-3).  All tests were achieved using the software SPSS statistics 19 (IBM).  



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 34 
 

3.2.2.3 Dissolved oxygen and temperature continuous monitoring  

Continuous temperature and DO monitoring was carried out below the FTW (at 10 and 40 cm 

depth) and in the Control pond (at 40 cm depth) at 15 minutes intervals using a D-Opto logger (Zebra-

Tech Ltd, Nelson, NZ) (Figure 3-6). Monitoring started in July 2011, after 7 months of plants 

establishment and lasted over a period of about 1 year. Due to a thick deposit of sediment and 

bacterial development on the optical window of the permanently installed D-Opto logger in the Control 

pond in summer, readings became inaccurate and had to be discarded for this period of time. 

3.2.2.4 Dry weather monitoring 

3.2.2.4.1 Periodic dry weather water measurements and sampling 

DO, Eh, specific conductivity and pH were measured during dry weather in both ponds to 

assess the impact of the FTW on these parameters and possible impact on pollutants’ availability. 

Water column measurements were performed on 8 occasions over a 2-year period (Dec.2010-Nov. 

2012): one week after the FTW was installed and then at approximately 3-monthly intervals (always at 

the same time in the morning).  

Ten tubes (FEP lined polyethylene tubing, 1/8 inch internal diameter, Jensen Inert product) were 

inserted permanently into the FTW mat in five different locations to reach the underneath water 

column at two different depths (just below the FTW~10 cm depth and at 40 cm depth-Figure 3-7). 

Connected to a peristaltic pump (Model 410, Solinst, 40 ml/min and up to 900 ml/min), these tubes 

allowed water sampling from the embankment of the pond. Parameters were measured using a 

multiparameter probe (YSI 556 MPS) while pumping the water at low flow rate.  The multiparameter 

probe was calibrated in the morning prior each sampling mission.  Pumping the water at low flow using 

small diameter tubes limits the aeration of the samples. Water in the tube was purged before each 

measurement to discard the water which could have been present in the tubing prior pumping. The DO 

measurements in “WC4” were compared to the data of the permanently installed DO probe in WC4 to 

check the accuracy of the measurement technique.  

Measurements in uncovered areas (close to the inlet and outlet weirs of both ponds and in the 

middle of the Control pond) were performed directly in the ponds by sinking the multiparameter probe 

in the water at 10 and 40 cm depth. Fourteen and six measurements were made for each mission in 

the FTW and Control ponds, respectively, except during the last mission where seven measurements 

were made in the FTW pond. Figure 3-6 shows the location where physicochemical parameters were 

measured. 
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Figure 3-6: Location of water physico-chemical parameters measurements (forebay not to 
scale) 

 

Figure 3-7: Tubing set up on the FTW for water collection at 10 and 40 cm depth 

During the last sampling mission, one sample was collected below the FTW and in the middle of 

the Control pond and analysed for Chlorophyll A according to method 10200 H (APHA, 2011). 

3.2.2.4.2 Plants  

Biomass measurement 

Plant biomass assessments were performed 8 times, on the morning following the dry weather 

water sampling missions. Eleven removable 30 x 30 cm squares of the planted mat inserted into an 

enamel coated aluminium frame were incorporated into the FTW (Figure 3-8, Figure 3-9 and Figure 
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3-10) to allow easy access to measure roots. These removable inserts utilised the same matrix 

materials as the remainder of the FTW and were planted with a single Carex virgata plant.  

 

Figure 3-8: Plant inserts and plot division 

  

a b 

Figure 3-9: Removable plant inserts: a) side view, b) setting up of the insert (Borne et al., 2013) 
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Figure 3-10: FTW with yellow plant inserts and tubing for water sampling below the FTW-day of 
installation (8 December 2010) 

The maximum shoot and root length were measured for each plant pot from the upper (for 

shoots) and lower (for roots) surface of the mat. As per Tanner and Headley (2011), the length below 

which about 90% of roots and shoots occurred was reported as the majority length. Shoots and roots 

density was estimated by counting the number of shoots and roots per plant (one plant per insert). The 

mean diameter of a sub-sample of six typical roots was calculated for each plant pot. 

The FTW was divided into 11 sub-plots (plot 1 to 11) each represented by one of the removable 

inserts (P1 to P11, Figure 3-8). Root and shoot biomass was estimated for each sub-plot by 

determining the root/shoot density per plot (based on the sampling point measurements) and the dry 

weight per root/shoot estimated from regression equations (5) and (6) (r
2
=0.687 and 0.856 for shoot 

and root dry weight, respectively) based on the estimated “majority” length, for shoots, and volume 

(calculated with the mean diameter and “majority” length) for the roots.  

(5)                          (  )                                (  )       

(6)                         (  )                      (   )       

Plant chemical analysis 

Concurrently to plant biomass measurements (approximately at a 3 monthly interval), root and 

shoot tissue samples were collected in 11 locations (close to inserts P1 to P11) over the FTW, except 

during the nine first months of growth not to compromise the plants’ establishment. These plant 

tissues were sampled for subsequent chemical analysis. Six plants from the same batch as those 

originally planted in December 2010 on the FTW were analysed as a baseline.  

Iron or manganese plaques can form on the surface of the root of wetland plants due to the 

action of bacteria and oxygen released through the roots (Emerson et al., 1999, Liu and Zhu, 2005). 
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These plaques are known to bind metals, like Cu or Zn, which are in their surrounding (Ye et al., 1998, 

Ye et al., 2001). This pathway was investigated by extracting root plaques using a DCB (dithionite–

citrate–bicarbonate) solution according to Lei et al. (2010). Cu, Zn, Fe and Mn in root extract were 

subsequently analysed as per method 200.8 (USEPA, 1994a) by an IANZ certified laboratory 

(Watercare Ltd., Auckland, New Zealand). Blank and field sample duplicates were analysed and the 

relative percent difference (RPD) ranged from -18 to 11% with a median of -10%. After DCB 

extraction, the roots and shoots were oven-dried at 60°C overnight, weighed and sent to Landcare 

Research (IANZ accredited laboratory, Palmerston North, NZ) for Cu, Zn, TN and TP analysis (Table 

3-2). Scanning electron microscopy (SEM) with electron dispersive spectrometry (EDS) was 

performed 3 times (beginning, middle and end of the monitoring period) on 6 subsamples of roots 

which were cut in 1 mm sections with a stainless steel razor blade, freeze-dried and coated with  

carbon (Batty et al., 2002).  

Cu, Zn, TP and TN accumulation in plant tissues was calculated at the beginning of the study 

and then every three months (except during the nine first months of growth when plant tissues were 

not sampled not to compromise the plants’ establishment).  Shoots and roots accumulations were 

calculated individually in each sub-plot using equation (7) and then summed to estimate the total 

amount accumulated in the vegetation for the whole FTW. 

(7)                        ( )          (  )                                 (    ) 

where Biomass is calculated using equations (5) or (6) for shoot or roots pollutant accumulation, 

respectively.  

The term “root” used in this thesis refers to the plant tissues growing below the FTW mat. Roots 

and rhizomes growing within the mat matrix were not analysed or measured and thus were not 

accounted for in the contaminant bioaccumulation estimate. 
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Table 3-2: Plant tissues chemical analysis 

Parameter Analytical method 
Method detection 

limit (MDL) 

TP 

digested using a Kjeldahl wet oxidation process as 
described by Blakemore et al. (1987) followed by 
ascordic acid reduction and flow injection analysis as 
described in Lachat Instruments (1998b) . 

0.01% 

TN  

digested using a Kjeldahl wet oxidation process as 
described by Blakemore et al. (1987) followed by 
colorimetry and flow injection analysis as described in 
Lachat Instruments (1998a). 

0.2% 

Cu and Zn 

nitric acid and hydrogen peroxide digestion (Kovács et 
al., 1996) and subsequent Atomic Absorption 
Spectrometry (AAS) analysis according to 3111 B 
(APHA, 2005) 

Cu: 2 mg/kg d.w. 
Zn: 4 mg/kg d.w. 

3.2.2.4.3 Sediment  

Sediment sampling  

Sediments samples were collected in the Control and FTW ponds 6 times over a 2-year period. 

Prior to sediment collection a combined Platinum-Ag/AgCl ring electrode linked to a laboratory redox 

meter (826, Metrohm) (Hinchey and Schaffner, 2005, Rodríguez et al., 2010) was inserted into the 

sediment to a depth of ~ 2 cm. Stabilization time of the combined Platinum-Ag/AgCl ring electrode was 

variable from one sampling point to another but after 2.5 minutes the rate of change diminished to 

about 1 mV per 10 seconds, which is relatively close to the rate used by Hinchey and Schaffner (2005) 

to record the measurement.  As the aim was to assess the relative difference in redox potential 

between both ponds and in different seasons rather than having an exact measurement of Eh, the 

reading was taken after 2.5 minutes for each sampling point. It is anticipated that relatively lower 

values would have been measured with permanently installed redox probes, which was not feasible on 

the present study site. 208 mV were added to the reading to calculate the redox potential relative to 

hydrogen electrode (i.e. Eh). Calibration was verified prior measurement by measuring the redox 

potential of a Metrohm redox standard (250 +/-5 mV).  

Subsequently, grab sediment samples (2-3 cm of the top layer) were collected in polypropylene 

(PP) containers and kept in a cooler on ice until arrival at the environmental laboratory of the 

University of Auckland where samples were stored at 4ºC. Limited access from the side banks into 

each pond meant that only 2 and 4 samples were collected during the first and second missions, 

respectively, for the Control pond, and 6 samples were collected during the first mission in the FTW 

pond. Access was subsequently resolved, so eight or nine samples were collected in each pond 

during the remaining missions (Figure 3-11).  
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Figure 3-11: Sediment sampling points 

Sediment analysis 

Sample for TP and TN and total iron (TFe) analysis were sent by courier post for the same day 

delivery to Watercare Ltd. While TP was analysed for all sampling missions, TN was only analysed 

form mission 4 to 6 and TFe for mission 6. TN concentration was analysed by colorimetry and discrete 

analyser as per Soil Sampling and Methods of Analysis (Canadian Society of Soil Science, 2008). TP 

and TFe were analysed as per method 200.8 (USEPA, 1994a) modified using a nitric /hydrochloric 

acid digest ratio of 1:1 and reaction cell to minimize interferences.  

Samples for total metal analysis were prepared and digested with a microwave (O.I. Analytical 

Model 7295) as per Jumbe and Nandini (2009) which provides a total digestion of the samples 

including the residual form generally associated with silicate lattices. The digested samples were 

cooled and centrifuged at 4000 r/min for 10 min to separate the residue form the extract. The extract 

samples were then made up to 100 ml with DI water and stored at 4 C.  

In order to identify in which form Cu and Zn were stored in the sediment a sequential extraction 

was performed. It has been recognised that the results of a sequential extraction scheme depends on 

the reagents used, the operational conditions and the nature of the metal and are only empirically 

defined and not totally exclusive to the specified mineral phase (Anju and Banerjee, 2010). For 

instance extraction procedures based on the Tessier’s scheme (Tessier et al., 1979) have shown to be 

too aggressive resulting in  leaching of all the elements bound to the crystalline lattice (Ianni et al., 

2001). The procedure A used by Ianni et al.(2001) is based on the Standard, Measurement and 

Testing (SM&T) program of European Union for which a reference material (CMR 601) exists. This 

procedure showed reliable results in terms of precision and accuracy and therefore has been used in 



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 41 
 

the present study. While each extracted phase will mainly contain the expected geochemical fraction 

associated to its extraction step, it is not 100% specific and may contain a slight portion of other 

mineral phases. The first extraction step retrieves the exchangeable and acid soluble phase, the 2
nd

 

step the easily reducible phase and the 3
rd

 step the oxidizable phase.  For the sake of clarity in the text 

these phases are referred as the main expected extracted mineral fraction i.e. 1) exchangeable and 

carbonate phase (exc.), 2) fraction bound to hydroxides (hyd.), and 3) bound to organic compounds 

and sulphides (org-S). The residual (detrital) fraction was calculated as the difference between the 

total metal content and the sum of the metals released by the sequential extraction (∑ extr.). Due to an 

analytical accuracy of up to ~ 10%, ∑ extr. was occasionally slightly superior to the total metal content. 

In these instances, ∑ extr was considered to be the total metal content and the residual form was 

considered to be 0 mg/kg. In contrast to Ianni et al. (2001), the sediments used were not dried before 

the extraction to avoid changes in chemical speciation which might occur during the drying process 

(Chagué-Goff, 2005). The equivalent of about 1 g of dried sediment was used for the initial extraction.  

The extracts from the sequential extraction and the total digestion procedures were analysed for 

Cu and Zn by flame or graphite (depending on concentration range) AAS (Varian SpectrAA-50/55). 

One method blank and one field sample duplicate were analysed for Cu and Zn for each total 

digestion and sequential extraction step (RPD ranged from -19.8 to 19.4% with a median of 1.4%). 

Five reference standards for calibration of the AAS were prepared from stock solutions: Zinc nitrate 

and Copper (II) nitrate standard solutions for AAS (Spectrosol, Ajax) and acidified with 1 ml of nitric 

acid for 50 ml solution and 2.5 ml nitric acid for 100 ml of solution, for sequential extraction and total 

digestion samples, respectively. The method detection limit (adapted from Ianni et al. (2001)) was 

calculated as 3.14 times the standard deviation of 7 acidified blank replicates (DI water acidified to 

match the nitric acid concentration of the samples analysed). AAS calibration check was performed by 

analysing one blank and one mid-point calibration sample each 10 samples during a run. If the results 

were outside 90-110% of expected values the AAS was recalibrated and samples re-analysed. 

Sample duplicates were analysed each 20 samples in a run. All analytical results are reported as 

mg/kg dry weight.  

Weight lost on ignition (LOI) which corresponds to the content of organic matter of the sample 

was determined by ashing 2 to 4 g of sample at 500ºC for 12 hours (Chagué-Goff, 2005, Wang et al., 

2010).  

3.2.2.4.4 Statistical analyses of dry weather data 

All statistical analyses were performed using the software SPSS statistics 19 (IBM).  

Sediments 

Differences in metal and phosphorus accumulation patterns in the sediments of both ponds 

were identified using a repeated measures ANOVA, including the sampling missions with similar 

number of collected samples (4 missions from Dec. 2011 to Nov. 2012), a necessary condition to 

perform such an analysis. Sampling date was entered as a within-subject factor and the pond type 

(FTW pond or Control pond) as a between subject factor. Interaction between sampling date and pond 
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type was also assessed. Resultant residuals were assessed for normality (Shapiro-Wilk test and QQ 

plots) and plotted against time to check their independence.  

For all chemical compounds analysed, each data set (comprising the samples concentrations of 

the respective pollutants per sampling mission per pond) was tested for normality using Shapiro-Wilk 

test. For each mission, a significant difference between the FTW and Control pond sediment mean 

concentration was assessed with a Student T-test (for normal data) or a Mann-Whitney test (for non-

normal data). Correlation analyses were performed with a Pearson (for normal data) or Spearman test 

(for non-normal data). Each significant correlation was graphically verified with scattered plots. Only 

useful significant correlations are discussed in the text. 

Water physico-chemical parameters and plant data 

Correlation analyses were performed between the water physico-chemical parameters and the 

content of Cu, Zn, Fe and Mn on the root plaques to identify possible influences on the formation of 

plaques. Each physico-chemical parameter and pollutant root plaque concentration (comprising 

respective data collected over the all monitoring period) were tested for normality using Shapiro-Wilk 

test. Correlation analyses were performed with a Pearson (for normal data) or Spearman test (for non-

normal data). Each significant correlation was graphically verified with scattered plots. Only useful 

significant correlations are discussed in the text. 

The rooting depth ratio (R ratio), which is defined as the depth occupied by 90% of the hanging 

roots relative to the pond water depth, is thought to be an important factor influencing performance. 

Treatment efficiency and outlet water quality data of TSS, PZn and PCu have been used in correlation 

analysis with the rooting depth condition during a storm event to identify potential relationship. For 

each monitored storm event, R ratio during peak flow and time durations over which R ratio was <0.67 

(permanent pool condition), <0.6, <0.55 and <0.5 were investigated.  A Pearson test was performed 

for normally or log-normally distributed data, otherwise a spearman test was used.  

3.3 SUMMARY OF METHODS 

Methods used to quantify the performance of a FTW and identify the main pollutant removal 

pathways and design impacts are summarized in Table 3-3. 
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Table 3-3: Summary of the methods used for the quantification of a FTW performance and the 
identification of the main pollutant removal pathways and design impacts 

 Quantification of treatment efficiency directly attributed to a FTW 

Pollutants of interest Site requirement Monitoring 

ON, NH4
+
, NO2

-
, NO3

- 

PO4
3-

 (SRP), TP
 

DCu, PCu 

DZn, PZn 
TSS 

Monitoring of a retention pond retrofitted with a FTW 
and a geometrically similar unvegetated conventional 
retention pond receiving same inflow volumes and 

concentrations. 

Analysis of at least 15 storm-events 

(inflow and outflow concentrations) 
for: 
ON, NH4-N, NO2-N,

 
NO3-N 

SRP, TP, 
DCu, TCu, DZn, TZn, TSS 

Identification of pollutant removal pathways 

Pathways identified Elements 
concerned 

Physical parameter 
monitored 

Analysis required 

Direct uptake by plant 

NH4
+
, NO3

- 

PO4
3-

 (SRP)
 

DCu 

DZn 

NA 
Root and shoot tissues analysis for 
TN, TP, Cu and Zn 

ON mineralization in the roots 
of the FTW or on the surface of 
sedimentsinduce NH4

+
 

formation 

ON, NH4
+
 

DO measurement in a pond 

retrofitted with a FTW (below 
the FTW and in uncovered 
areas) and in a similar 

unvegetated conventional 
retention pond  for 
comparison 

 

ON, NH4-N, NO2-N,
 
NO3-N inflow and 

outflow concentrations monitoring of 
a pond retrofitted with a FTW and a 

similar unvegetated conventional 
retention pond  for comparison 
 

NH4
+
 and NO2

- 
nitrification, due 

to oxygen release by the roots, 
inducing NO3

-
 formation 

NH4
+
, NO2

-
, NO3

- 

 

NO3
-
 denitrification just below 

the FTW due to anaerobic 

condition 

NO3
- 

 

Precipitation as metal 
hydroxides and sorption of 

contaminants to organic matter 
or formation of metal sulphides 
and  settlement as sediment 

 
Direct particulate metal and 
phosphorus and nitrogen 

settlement 

Dissolved phosphorus 
DCu 

DZn 
 
 

 
PCu 
PZn 

Particulate P and N 

Eh and pH measurement in a 
pond retrofitted with a FTW 
(below the FTW and in 

uncovered areas) and in a 
similar unvegetated 
conventional retention pond  

for comparison 
Sediment Eh measurements 
prior sediment sample 

collection. 

SRP, TP, DCu, TCu, DZn, TZn inflow 

and outflow concentrations 
monitoring of a pond retrofitted with a 
FTW and a similar unvegetated 

conventional retention pond  for 
comparison 
 

Analysis for TP, TN, TCu, TZn and 
Cu and Zn sequential extraction in 
sediments of a pond retrofitted with a 

FTW and a similar unvegetated 
conventional retention pond  for 
comparison 

Sorption of Cu and Zn on 
Fe/Mn plaques (ferric or 

manganese hydroxides) which 
can form on roots surface 

DCu, DZn, DFe, DMn 

DO, Eh, pH, specific 

conductivity measurement 
below the FTW 

Extraction of roots plaques by DCB-
extraction* and subsequent Cu, Zn, 

Fe, Mn analysis in the extracted 
plaques 

Identification of the impacts of the size of a FTW  

Site requirement Monitoring 

Monitoring of two ponds retrofitted with different size 
FTWs 

DO, temperature and pH measurements below different size  FTWs 

and in uncovered areas in order to identify possible impact on 
removal processes. 

NA: Not Applicable,  * dithionite–citrate–bicarbonate extraction 
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4 FLOATING TREATMENT WETLAND INFLUENCE ON 
PHYSICO-CHEMICAL AND BIOTIC PARAMETERS 

Data presented in this section result exclusively from the monitoring of the Silverdale site in New 

Zealand. DO, pH and temperature data collected in North Carolina and comparison with the Silverdale 

site data are presented in section 10. 

4.1 RESULTS 

Continuous temperature and DO measurements at 10 and 40 cm depth below the FTW were 

relatively similar with an absolute median difference of 0.2°C (25
th
-75

th
 percentile : 0.1-0.4) and 0.7 

mg/L (25
th
-75

th
 percentile : 0.2-1.5), respectively, between readings at 10 and 40 cm taken at the same 

time (Figure 4-1). Therefore only the measurement at 10 cm depth presenting the greatest amount of 

recorded data in the FTW pond was used for comparison with the continuous monitoring in the Control 

pond.  

 

Figure 4-1: Continuous DO and temperature in both ponds over the monitoring period  
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Figure 4-2: Zoom in of temperature and dissolved oxygen daily variation and inflow in both 
ponds in spring 2011 (a) and autumn. 2012 (b) 

Overall DO in the Control pond was substantially elevated compared to the FTW pond. 

Continuous monitoring reveals that mean daily DO in the FTW pond was on average 9.2 mg/L 

(std.dev. 3.5) lower than in the Control pond. DO variability was greater in the Control pond with an 

average daily variation of 5.7 mg/L (std.dev. 3.1) compared to 2.5 mg/L (std.dev. 1.7) in the FTW 

pond. Figure 4-2 shows a zom-in of DO diurnal variation under cold (Figure 4-2a) and warm (Figure 

4-2b) weather conditions. In both ponds, DO was usually the lowest in the morning, then increased to 

reach a maximum in the afternoon and subsequently decreased through the night (Figure 4-2).  

During summer the FTW pond exhibited the lowest DO concentration, with an average of 0.9 

mg/L (std. dev. 1.5) (Figure 4-1). Periodic monitoring confirms that the FTW reduced water column DO 

similarly throughout the year (Figure 4-3).  

Supersaturated DO was noticed in Mar. 2011 and Sept. 2011 (Figure 4-3 and Figure 4-2a). The 

reliability of the DO measurements was verified by switching the permanently installed probes from 

one pond to another, confirming the overall high DO in the Control pond. Furthermore the spot DO 

measurements in both ponds were performed within ~30 minutes interval with the same 

multiparameter probe, and again confirmed the overall high DO in the Control pond. The readings of 

the permanently installed DO probe were also similar to those of the multiparameter probe used for 

periodical spot measurements during dry weather. This is for instance evidenced on Figure 4-2a 

where continuous DO measurements in the Control pond ranged between 17.17 and 18.66 mg/L 

during the dry weather sampling mission of 27 Sept. 2011 (spring 2011) while the mean DO of the 

spot measurements performed in the Control pond was 17.27 mg/L (Figure 4-3, 27 Sept. 2011-spring 

2011).  
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Figure 4-3: Periodic spot measurements of pH, DO, Eh and specific conductivity during dry 
weather in the FTW and Control ponds (Spr=spring, Win=winter, Sum=summer, Aut=autumn, 

data points represent the mean values of the measurements taken in different locations in each 
pond (including 10 and 40 cm depth), error bars represent +/-standard) 

Concurently to the observed supersaturated DO relatively high pH (>8.5) occurred in the Control 

pond in Mar. 2011 Sept. 2011 and Sept. 2012 (Figure 4-3). Overall the Control pond water column 

was always more basic than the FTW pond, exhibiting on average a 0.93 unit (std. dev. 0.55) higher 

pH (Figure 4-3). Detailed dry weather water column data are provided in Appendix D.   

The FTW reduced the water daily temperature by an average of 0.6ºC (std.dev. 0.6) (Figure 

4-1). Daily variations were greater in the Control pond ranging between 0.3-5.3ºC, with the highest 

fluctuations in summer, compared to 0.1-2.8 ºC in the FTW pond. Water column Eh followed similar 

trends in both ponds except in March 2012 when mean Eh was lower by about 100 mV in the FTW 

pond. The FTW minimally impacted the specific conductivities except at the end of winter and spring 

2011 (statistical difference between the ponds, p<0.0001). 

Higher Chlorophyll A concentration was measured in Sept. 2012 in the Control pond with 

10 µg/L compared to 0.9 µg/L in the FTW pond. 

 

0
2
4
6
8

10
12
14
16
18
20

D
O

 (
m

g/
L)

FTW pond

Control pond

Win Spr Sum Win SprSum Aut Aut 250

300

350

400

450

500

550

W
at

e
r 

co
lu

m
n

 E
h

 (
m

V
)

FTW pond

Control pond

Win Spr Sum Win SprSum Aut Aut

6.5

7

7.5

8

8.5

9

9.5

p
H

FTW pond

Control pond

Win Spr Sum Win SprSum Aut Aut 200

300

400

500

600

Sp
e

ci
fi

c 
co

n
d

u
ct

iv
it

y 
(µ

S/
cm

)
FTW pond

Control pond

Win Spr Sum Win SprSum Aut Aut



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 47 
 

4.2 DISCUSSION 

The physical presence of the FTW limited light penetration into the water column and acted as 

an insulating material limiting daily temperature variation especially in summer, when up to 3.5 ºC 

difference was noticed between the ponds. The presence of the FTW significantly lowered DO and 

favoured a water column pH near neutrality. The shading provided by the FTW impeded 

photosynthesis and thus limited the consumption of carbon dioxide, usually associated with diurnal 

increases in pH and DO. Low water aeration due to the physical barrier provided by the FTW likely 

limited oxygen exchanges with the water column.  Organic carbon released by the roots (Zhai et al., In 

Press April 2013), and associated microbial activity consuming DO and lowering pH also likely 

contributed to the lower DO and pH measured below the FTW (Hietala and Roane, 2009). In 

accordance with Tanner and Headley (2011), the well-known oxygen release by wetland plant roots 

(Cronk and Fennessy, 2001) thus didn’t appear to be significant enough to increase DO at a 

macroscale.  

 While photosynthesis is usually responsible for increased DO and pH during daytime, 

respiration decreases DO and pH at night (Zang et al., 2011). These fluctuations are visible for both 

ponds’ DO (Figure 4-1 and Figure 4-2). However the greater open water area of the Control pond 

likely enabled greater photosynthesis and algal growth (10 µg/L versus 0.9 µg/L Chlorophyll A 

measured in the Control and FTW ponds, respectively, in Sept 2011) resulting in greater production of 

DO and larger daily fluctuations. Photosynthesis seemed to have exceeded respiration in the Control 

pond as evidenced by overall high DO in the Control pond (~75% of the measurements > 8 mg/L-

Figure 4-1).  

Occasional supersaturated DO and pH>8.5 (Figure 4-2a and Figure 4-3) was measured in 

association with an abundant algae growth (qualitative assessment only, Figure 4-4). DO exceeding 

200% saturation during daytime was reported in dairy farm ponds and was attributed to 

photosynthesis by algae (Sukias et al., 2001). The observed supersaturated DO might thus be 

attributed to the presence of algae, as supported by the literature, or to a local phenomenon occurring 

in the Control pond which was not identified. 

  
A b 

Figure 4-4: Algae visibly more abundant in the Control pond (a: Control pond, b: FTW pond) at 
the beginning of spring 2011 (27 Sept. 2011) 
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It is worth noticing that, during a storm event, the inflow can temporarily impact DO and 

temperature, if sufficient stormwater runoff enters the pond. When low DO conditions prevail in the 

water column (Figure 4-2b, FTW pond), the inflow brings some aeration through the mixing of the 

water, and induces an increase of DO below the FTW. It has the opposite effect when high DO 

prevails in the water column (Figure 4-2 a and b, Control pond), when a decrease of DO occurred as 

response to the mixing of the previously (super)saturated stagnant water. Temperature was mainly 

impacted during the warmest months, when cooler inflow mixed with the warm stagnant water of the 

ponds (Figure 4-2b) decreasing the temperature temporarily.  

The FTW didn’t have a significant impact on water column Eh except in summer when it was 

~100 mV lower than in the Control pond probably due to anoxic conditions that developed below the 

FTW over this period. Specific conductivity was minimally affected by the presence of the FTW except 

at the end of winter and spring 2011. During transpiration plant’s roots take up water but reject some 

or all of the associated salts (Kadlec and Wallace, 2009). Higher evapotranspiration from the FTW due 

to increased temperature and higher plant biomass over spring, combined with only 40 mm of rainfall 

in November, might thus have increased salts concentration in the FTW pond resulting in higher 

specific conductivity (Cronk and Fennessy, 2001, Beeson Jr, 2006). The higher specific conductivity in 

the Control pond at the end of winter 2011 remains unclear and suggests a greater concentration of 

dissolved ions in the water.  

4.3 CONCLUSION 

Overall the presence of the FTW in the Silverdale pond in New Zealand induced significantly 

lower DO in the water column and maintained a pH near neutrality. This likely mainly resulted from 

lower photosynthesis due to the shade provided by the FTW and the presence of bacteria in the roots 

biofilm consuming DO and lowering pH. 
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5 RAINFALL AND INFLOW CHARACTERISTICS OF 
THE MONITORED STORM-EVENTS  

Over the storm-event monitoring period (26 May 2011- 7 June 2012), 17 storm-events were 

successfully sampled at the inlet and outlets of the FTW and Control ponds. One additional event was 

collected only for the outlets. Non-exceedance probability plots for rainfall and hydrological data for 

these storm-events are presented in Figure 5-1. 

 

Figure 5-1: Non-exceedance probability for the rainfall (a), inflow volume (b) and flow ratio (c) 
(flow ratio=inflow volume/permanent pool volume) for the 18 monitored storm-events  

The rainfall depth of the monitored storm-events ranged from 4.6 to 41 mm which covers the 

range of typical rainfall depth of 90 % of the storm-events in the Auckland Region (90
th
 percentile 

rainfall depth=31.2 mm (Shamseldin, 2010)). 50% of the events were below 13 mm which is close to 

the 50
th
 percentile rainfall depth recorded for 31 rainfall stations in the Auckland Region (~10 mm 

(Shamseldin, 2010)). Therefore the monitored storm events are considered representative of typical 

rainfall events occurring in the Auckland region. 

The inflow volume for each storm event ranged from 38 to 440 m
3 

per pond corresponding to 

~0.5 to 5.7 times the permanent pool volume of the pond (Figure 5-1c). Most of the storm-events 

(~80%) generated enough runoff volume to flush the ponds more than once (Figure 5-1c, flow ratio >1) 

and the ponds were flushed at least twice for 50% of the storm-events. 
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6 FLOATING TREATMENT WETLAND INFLUENCE ON 
TREATMENT AND FATE OF TOTAL SUSPENDED 

SOLIDS  

6.1 TSS TREATMENT PERFORMANCE AND FATE 

Seventeen storm events were successfully sampled at the Silverdale site in New Zealand for all 

sampling stations and one additional event was collected only for the outlets. Detailed water quality 

data are provided in Appendix B and Appendix C. Outlet TSS EMCs were less than the inlet EMCs 

during most events (Figure 6-1); however 6 storms in the Control pond showed net export of TSS. This 

suggests that resuspension is more likely to occur in a conventional stormwater pond than in a pond 

retrofitted with a FTW. The reduction of resuspension has already been highlighted by Huang et al. 

(2007) in a lake covered by floating macrophytes. 

The inlet EMCs (Figure 6-1) are consistent with data recorded in the Auckland region which 

ranged from 8.8 to 100.8 mg/L (median values of samples collected at four different sites on main 

roads in the Auckland region (Moores et al., 2009)). In the absence of locally relevant guidelines, TSS 

EMCs are compared to the European Union (EU) Directive 2006/44/EC providing guidelines to support 

fish life in fresh water (European Parliament, 2006). While the Control pond outlet EMCs met the 

recommended 25 mg/L TSS approximately 50% of the time, the FTW pond provided greater protection 

with ~ 85% of its outlet EMCs meeting this threshold (Figure 6-2).  The Control pond didn’t appear to 

provide significant treatment for TSS <25 mg/L as the inlet and Control pond outlet EMC probability 

plots were relatively similar below this concentration (Figure 6-2).   

The downward shift of the EMC probability plot between the Control pond and FTW pond outlets 

suggests that the FTW pond provided greater TSS treatment across the entire range of the influent 

distribution. This is confirmed by the significantly lower TSS outlet EMCs of the FTW pond compared 

to the Control pond (p<0.0001). The FTW system showed significantly higher TSS MRE than the 

Control pond (p=0.0001), clearly due to the cleaner effluent from the FTW pond.  
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Figure 6-1: Total suspended solids Event Mean Concentrations (n=17 for inlet and n=18 for 
outlets) and Mass Removal Efficiency (n=17). (Borne et al., 2013) 

 

Figure 6-2: TSS EMC non-exceedance probability plots for the inlet and FTW and Control pond 
outlets 

TSS outlet EMCs were positively correlated with the flow ratio with a stronger correlation for the 

FTW pond (r=0.858, p<0.0001) compared to the Control pond (r=0.761, p<0.001-Figure 6-3). Two 

storm events were excluded from this correlation analysis as their associated flow ratios were outliers. 

TSS outlet EMCs were also positively correlated with the inlet peak flow in the FTW pond (r=0.626, 

p=0.005-Figure 6-4) while no correlation existed for the Control pond. The performance of the FTW 

system thus appeared more affected by the size and intensity of the storm event than the conventional 

retention pond. 
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Figure 6-3. TSS (n=16) outlet EMCs depend on the flow ratio (Borne et al., 2013) 

 

Figure 6-4: TSS (n=18) outlet EMCs of the FTW pond versus peak flow  

Visual inspection of the roots revealed that a substantial amount of TSS was trapped into the 

roots’ biofilm (Figure 6-5), which suggests it might be a significant removal pathway. A large inflow 

volume and/or high peak flow would either reduce the capability of roots to efficiently trap incoming 

particles or wash off part of the sediments already trapped. Greater inflow volume and/or peak flow 

would thus reduce TSS treatment performance, as observed with generally increasing outlet EMC with 

increasing flow ratio and peak flow. Nonetheless the FTW pond always showed lower outlet EMCs 

than the Control pond. No correlation was established between inlet and outlet TSS EMCs of either 

system which means that for an influent ranging from 19 and 89 mg/L TSS, the performance of either 

pond is mostly driven by the flow volume and/or peak flow and probably the hydraulic efficiency of the 

ponds.  
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Hydraulic efficiency is a measure of how well the available detention storage is used and 

increases by limiting short-circuiting and promoting good distribution of the inflow. High hydraulic 

efficiency provides appropriate conditions promoting the necessary biological and chemical processes 

for stormwater treatment (Persson et al., 1999a).  The study site ponds likely have different hydraulic 

efficiencies as the physical presence of the FTW close to the inlet might increase the distribution of the 

inflow and thus improve pollutant removal. 

 

Figure 6-5: Solids trapped into roots’ biofilm (Borne et al., 2013) 

6.2 CONCLUSION 

In the present study the FTW pond exhibited a 41%  lower TSS outlet EMC (median of the % 

difference between paired outlet EMCs), regardless of the inlet concentration. TSS entrapment into the 

roots biofilm appears to be a significant removal pathway. While TSS treatment performance of the 

FTW pond reduced with increasing runoff volume and peak flow, it still remained more efficient than a 

conventional retention pond. If the aim is to provide water quality control rather than peak flow control, 

installing a high flow bypass could be considered to promote maximum treatment performance of the 

FTW. The present results suggest that retrofitting a conventional retention pond with FTWs can 

markedly improve its TSS removal performance.   
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7 FLOATING TREATMENT WETLAND INFLUENCE ON 
TREATMENT AND FATE OF COPPER AND ZINC 

7.1 TREATMENT EFFICIENCY  

7.1.1 ZINC 

Over 17 storm events, TZn outlet EMCs of the Silverdale ponds were below the inlet EMCs 

except for two storms for the Control pond. Detailed water quality data are provided in Appendix B and 

Appendix C.  TZn inlet median EMC (0.035 mg/L) was in the lower range of the median concentrations 

(0.034-0.125 mg/L) monitored at four different road sites in the Auckland region (Moores et al., 2009). 

Similarly to most of the sites monitored by Moores et al. (2009), zinc was mainly in particulate form, 

which represented 74, 71 and 62% (median values) of total zinc, for the influent, the Control and FTW 

ponds effluents, respectively (Figure 7-1).  

The probability of non-exceedance of PZn EMCs was markedly increased between the inlet and 

outlet of both ponds, across the entire range of concentration, suggesting a reduced likelihood of 

adverse effects on the receiving environment (Figure 7-2). A greater treatment occurred in the FTW 

pond as evidenced by the downward shift of the EMC probability plot between the Control and FTW 

pond outlets. PZn outlet EMCs were actually significantly lower than influent EMCs (p<0.0001) for both 

ponds and the FTW pond exhibited lower effluent EMCs than the Control pond (p<0.0001). PZn MREs 

were also significantly (p<0.0001) higher for the FTW pond (median of 65%) than the Control pond 

(median of 40%). 

DZn inlet EMCs were very low, with the median inlet EMC actually meeting the ANZECC trigger 

value of 8 µg/L (ANZECC and ARMCANZ, 2000) for the protection of 95% of the species for soft water 

(the most restrictive hardness for freshwater) and could correspond to an irreducible concentration of 

the system (section 2.1 (Schueler, 1996)). DZn inlet median EMC also met the 15 µg/L ANZECC 

trigger value for marine water for the protection of 95% of the species. As the incoming water was 

already relatively “clean”, little difference was discernible between the performances of either system 

as evidence by relatively similar effluent probability plots for the Control and FTW ponds (Figure 7-2). 

Mesocosm experiments by Tanner and Headley (2011) showed that a FTW planted with Cyperus 

ustulatus was more efficient at removing DZn than a FTW planted with Carex virgata. Improved 

performance might thus be achieved with other species than Carex virgata.  
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Figure 7-1: Zinc EMCs and MREs for the FTW and Control ponds (n=17) (Borne et al., 2013) 

 

Figure 7-2: Dissolved, particulate and total zinc non-exceedance probability plots for inlet, and 
FTW and Control pond outlets 

The ratio of PZn to TZn EMCs at the outlet of both ponds increased with increasing water 

column temperature during a storm event (r=0.686, p=0.002 and r=0.589, p=0.013 for the FTW and 

Control pond, respectively). Warren (1994) reported that water temperature was among the key 

variables influencing trace metal partitioning in an urban river with particulate form increasing with 

increasing temperature. DZn outlet EMCs of both ponds were also negatively correlated with the water 

column temperature (r= -0.616, p=0.008 and r= -0.709, p=0.001 for the Control and FTW ponds, 

respectively) suggesting higher removal possibly through sorption on particles during warmest months 

(Stumm and Morgan, 1981).  

PZn EMCs were strongly positively correlated with TSS EMCs, for the inlet (r=0.844, p<0.0001) 

and outlets of the FTW pond (r=0.781, p<0.001) and the Control pond (r=0.833, p<0.0001). Therefore 

it is not surprising to see that PZn outlet EMCs of the FTW pond were positively correlated with the 

flow ratio and peak flow, as for TSS, with r=0.687 (p=0.005) and r=0.533 (p=0.027), respectively 

(Figure 7-3 and Figure 7-4). For the same reasons as TSS the same 2 storm events have been 

excluded from the correlation analysis between PZn outlet EMCs and the flow ratio. PZn might follow 

the same removal pathway as TSS and might be trapped in the roots network.  



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 56 
 

For the Control pond, TSS outlet EMCs had a weaker correlation with the flow ratio which 

results in a weaker correlation (r=0.605, p=0.017) of PZn outlet EMCs with the flow ratio (Figure 7-3). 

The Control pond which provided less PZn treatment, released higher outlet EMCs with increasing 

inlet EMCs (r=0.627, p=0.007) while no correlation was found for the FTW pond.  

 

Figure 7-3: PZn outlet EMCs depend on the flow ratio (Borne et al., 2013) 

 

Figure 7-4: PZn outlet EMCs of the FTW pond versus the peak flow (n=17) 

In the present study the FTW showed a 40% lower PZn outlet EMC than the control pond 

(median of the % difference between paired outlet EMCs). While performance of the FTW pond 

reduced with increasing depth of storm and peak flow, it still exceeded that of the pond without a FTW. 

This suggests that retrofitting a conventional retention pond with a FTW has the potential to 

significantly reduce PZn outlet EMCs. 
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7.1.2 COPPER 

Over 17 storm events, TCu outlet EMCs of either pond were below the inlet EMCs except for 4 

storms for the Control pond. Detailed water quality data are provided in Appendix B and Appendix C.  

TCu inlet median EMC (0.0092 mg/L) was lower than median concentrations monitored at four 

different road sites (range of 0.0153-0.025 mg/L) in the Auckland region (Moores et al., 2009). Unlike 

three of the four sites monitored by Moores et al. (2009), copper was mainly in dissolved form in the 

current study, which represented 59, 70 and 58% of TCu, for the influent, FTW and Control ponds 

effluents, respectively (Figure 7-5).  

The probability of non-exceedance of PCu EMCs was markedly increased between the inlet and 

outlet the FTW across the entire range of concentration, suggesting a reduced likelihood of adverse 

effects on the receiving environment (Figure 7-6). Conversely, the Control pond didn’t appear to 

provide significant treatment for PCu <3.7 µg/L as the inlet and Control pond outlet EMC probability 

plots were relatively similar below this concentration (Figure 7-6).   

Outlet PCu EMCs were statistically lower than inlet EMCs for the FTW pond only (p<0.0001). 

The downward shift of the EMC probability plot between the Control pond and FTW pond outlets 

confirms that the FTW pond provided greater PCu treatment. This is also evidenced by the 

significantly lower PCu EMCs (p<0.0001) of the FTW pond compared to the Control pond. PCu MREs 

were therefore significantly higher (p<0.0001) for the FTW pond (median of 50%) than the Control 

pond (median of 19%) (Figure 7-5).  

  

Figure 7-5: Copper EMCs and MREs for FTW and Control ponds (n=17) (Borne et al., 2013) 



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 58 
 

 

Figure 7-6: Dissolved, particulate and total copper non-exceedance probability plots for inlet, 
and FTW and Control pond outlets 

Outlet DCu EMCs were statistically lower than inlet EMCs (p=0.0001 and p=0.027 for the FTW 

and Control ponds, respectively). A statistical difference was not measured between outlet EMCs of 

both ponds at the beginning of the study (winter to spring 2011), while a statistical difference existed in 

the latter period (summer to autumn 2012) (p=0.014). This suggests that DCu removal improved over 

time in the FTW pond, or during summer when temperatures were warmer. As for Zn, the ratio of PCu 

to TCu EMCs at the outlet of the FTW pond increased with increasing water column temperature 

during a storm event, nevertheless this correlation was weaker (r=0.544, p=0.024) (no correlation was 

found in the Control pond). The reason for this mediocre correlation is still unclear but could possibly 

result from the competitive sorption which can occur when several components are present in the 

solution (Polcaro et al., 2003). Other processes might be responsible for the noticeable improvement 

in the FTW pond and are discussed later.  

This increased DCu removal resulted in statistically overall better performance of the FTW pond 

over the 1 year period with statistically lower outlet EMCs (p=0.008) and higher MREs (p=0.006) than 

the Control pond. This overall better performance is also evidenced by the higher probability of non-

exceedance across the entire range of concentration for the FTW pond outlet (Figure 7-6). The 

median hardnesses were 130 mg/L CaCO3  (25
th
-75

th
 percentile: 76-165 mg/L CaCO3) and 110 mg/L 

(25
th
-75

th
 percentile: 81-145 mg/L CaCO3) for the FTW and Control pond, respectively. This 

corresponds to ANZECC trigger values for the protection of 90% of the species of 5.2 µg/L and 4.5 

µg/L for the FTW and Control pond, respectively (20% precision for the hardness analysis taken into 

account-Figure 7-6) (ANZECC and ARMCANZ, 2000).  While the Control pond outlet EMCs met the 

recommended trigger values for the protection of 90% of the species approximately 56% of the time, 

the FTW pond provided greater protection with ~ 82% of its outlet EMCs meeting this threshold 

(Figure 7-6). Both ponds’ outlet EMCs always met the trigger value for the protection of 80% of the 

species in marine water, 8 µg/L. 

Inlet DCu EMCs were positively correlated with outlet DCu EMCs especially for the Control 

pond (r=0.662, p=0.004 and r=0.831 p<0.0001 for FTW and Control ponds, respectively). Inlet DCu 

EMCs were also correlated with the antecedent dry period (ADP) before a storm event (r=0.677, 

p=0.003, Figure 7-7).  Positive correlation between DCu runoff concentration from a highway and the 
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length of the ADP was also observed by Hewitt and Rashed (1992). A longer dry period allows greater 

copper accumulation in the catchment which is washed off during a storm. The impact of antecedent 

dry period on pollutants built up on roads was reported in several studies, as summarized by Opher 

and Friedler (2010). Ying and Sansalone (2010a) reported that dry deposition particulate matter (PM) 

are transported and solubilised in runoff generating dissolved solids (TDS). Several leaching studies of 

dry deposition PM have demonstrated the potential of metals to be leached from the road sediments 

(Joshi and Balasubramanian, 2010, Munksgaard and Lottermoser, 2010, Ying and Sansalone, 2010b). 

The leaching of metals, from particulate-bound fraction in dry deposition on the roads into dissolved 

fraction in rainfall-runoff, is also influenced by factors such as pH value, ion exchange, aeration and 

agitation, and metal binding (Sansalone and Ying, 2008). These parameters might thus also have 

influenced Cu leaching, in addition to ADP. Part of the copper bound to dry deposition PM on SH1 

may have become labile when transported in runoff resulting in a higher inlet fraction of dissolved 

copper than particulate copper.   

 

Figure 7-7: Inlet DCu EMCs versus antecedent dry days (Borne et al., 2013) 

DCu and PCu EMCs were not correlated at the inlet of the ponds but exhibited a negative 

correlation at the outlet of the FTW pond only (r= -0.536, p=0.027). This suggests that whatever 

process occurred in favour of low DCu effluent EMC, it had the opposite effect on PCu, resulting in 

relatively greater quantities of PCu leaving the pond. Sorption of DCu onto particles in the FTW pond 

could explain this observation which didn’t seem to have occurred in the Control pond. A high degree 

of copper adsorption occurs when the pH is nearly neutral, the particulate organic matter is high, and 

the concentration of solids is elevated (Grassi et al., 2000). Both ponds received the same amount of 

particulate pollutants but the more neutral water column pH induced by the FTW (mean of 7.34 [std 

dev. 0.25] for the FTW pond and 8.25 [std dev. 0.51] for the Control pond) might have provided better 

conditions for the adsorption of DCu in the FTW pond. The effect of FTW on water column pH was 

also reported by Van De Moortel et al. (2010) with a significant decrease between the control and the 

FTW system. Although pH was measured only during dry weather, it was always lower in the FTW 

pond than the Control pond over the 8 missions which covered the entire monitoring period (section 4). 
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Part of copper sorption occurs during dry weather period, in between storm events when no water 

enters the ponds, explaining the lower DCu outlet EMC leaving the FTW pond. The release of 

rhizodeposits (dead tissues, exudates, excretions and lysates) from roots hanging in the water can 

increase humic content of suspended particles and promote complexation and flocculation of 

dissolved metals (Neori et al., 2000, Mucha et al., 2008). The die back of the part of the plants in 

summer-autumn 2012 (section 7.2.1.1.1) and associated release of organic compounds in the water 

column might have contributed to higher sorption of DCu in the FTW pond, which could explain the 

increased removal of DCu over this period. The noticeable lower dissolved oxygen in the water column 

below the FTW, from late spring to end of autumn (median of 1.1 mg/L-section 4), could have provided 

adequate conditions for the formation of particulate metal sulphides (Reddy and Delaune, 2008, 

Kadlec and Wallace, 2009). Direct uptake of DCu by the roots might have also contributed to copper 

removal in spring, during the growing season. 

Inlet PCu EMCs were less strongly correlated (r=0.606, p=0.01) with inlet TSS EMCs than was 

PZn (r=0.844, p<0.0001). PCu were correlated with TSS at the outlet of the Control pond only 

(r=0.628, p=0.007). This suggests that PCu and TSS followed somewhat different removal processes 

in the FTW pond. This might have occurred because copper might be bound to small particles with a 

diameter less than 1.2 µm, which were not recovered in the TSS analysis using a filter pore size of 1.2 

µm.  Several studies reported the association of copper with finer particles like colloidal organic matter 

and/or clay (Harrison and Wilson, 1985, McBride, 1994, Nelson et al., 2009, Bechet et al., 2010). 

Unlike TSS, PCu outlet EMCs were not correlated to the flow ratio or peak flow, for either pond, but 

with PCu inlet EMCs, (r=0.686, p=0.002 and r=0.611, p=0.009 for the FTW and the Control ponds, 

respectively). If trapped in the roots network and its associated biofilm, smaller particles might be less 

easily torn off by the flow than bigger particles like TSS. Indeed the latter might be less strongly 

attached and more easily settleable. This could explain the non-correlation of outlet PCu EMCs with 

the flow ratio and peak flow.  

Settlement, usually responsible for particulate pollutant removal in conventional retention ponds, 

has somehow been limited for PCu, as evidenced by the mediocre treatment provided by the Control 

pond (no statistical differences between inlet and outlet EMCs). It is not surprising to see that inflow 

volume and peak flow, impacting TSS settlement, didn’t have any effect on PCu removal in the Control 

pond. 

 PCu and PZn EMCs were strongly positively correlated (r=0.766, p=0.0003) at the inlet of both 

systems and stayed strongly positively correlated for the Control pond outlet (r=0.795, p=0.0001) while 

a weaker correlation appeared for the FTW outlet (r=0.545, 0.024). This suggests that both metals 

probably followed similar removal mechanisms in the Control pond but relatively different processes in 

the FTW pond. This could be explained by the different particle size distribution of both metals and the 

physical presence of the roots which might impact PCu and PZn differently.  

In the present study, DCu and PCu outlet EMCs of the FTW pond were 16 and 39% lower, 

respectively, than the control pond outlet EMCs (median of the % difference between paired outlet 

EMCs). PCu treatment performance of the FTW pond decreased with increasing inlet concentration 
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while still being more efficient than a conventional retention pond. This suggests that retrofitting a 

conventional retention pond with a FTW has the potential to significantly lower DCu and PCu outlet 

EMCs.  

7.1.3 CONCLUSION 

The present study showed that a pond retrofitted with a FTW would be more efficient, with 

cleaner effluent than a conventional retention pond, exhibiting a 40% PZn and 39% PCu and 16% 

DCu lower outlet EMCs. The low DZn inlet EMC which already met ANZECC water quality guidelines 

and could correspond to an irreducible concentration of the system didn’t allow the performance of 

either pond to be differentiated.  

PCu and PZn seemed to respond differently to the hydrological condition of the pond probably 

due to their different particle size distribution. Unlike PZn, PCu was not easily settleable and was 

probably associated with finer particles like colloidal organic matter and/or clay (McBride, 1994, 

Nelson et al., 2009, Bechet et al., 2010). While both might be trapped into the sticky biofilm of the 

roots, outlet PZn, most likely associated with bigger particles than PCu, was positively correlated with 

the flow ratio and peak flow, as for TSS. A large inflow volume and/or high peak flow would either 

reduce the capability of roots to efficiently trap incoming “big particles” or wash off some of the large 

particles already trapped into the root biofilm. A greater inflow volume and/or higher peak flow would 

reduce PZn treatment performance of a FTW while still being more efficient than the conventional 

retention pond. If the aim is to provide water quality control rather than peak flow control, installing a 

high flow bypass could be considered to promote maximum PZn treatment performance of the FTW 

pond. On the contrary, smaller particle size PCu was not correlated with the flow volume or the peak 

flow, but with PCu inlet EMCs. Presumably less easily settleable, the flow had a lesser impact on PCu 

removal which might have been driven by the efficiency of the physical filter provided by the roots.  

The better performance of the FTW pond for DCu might be attributed to the humic compounds 

released by the plants, and a more neutral pH and reduced oxygen concentrations induced by the 

FTW. These conditions can contribute to processes like adsorption and/or metal sulphides formation in 

addition to the direct uptake by the plants. The Zn and Cu removal processes thus seem to differ 

substantially. Physical entrapment into the roots’ biofilm is thought to be a significant removal pathway 

for particulate contaminants which appeared to be reduced with large storms.  

 



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 62 
 

7.2 FATE OF METALS 

7.2.1 RESULTS 

7.2.1.1 Plants  

7.2.1.1.1 Plant growth 

The FTW installed at the Silverdale site was planted in early summer, December 2010, which 

allowed a rapid growth of the above and below mat vegetation. The biomass stopped increasing after 

the end of the first summer and some die back occurred during autumn. Rapid shoot biomass growth 

over spring resulted in dense vegetation by the beginning of December 2011 (Figure 7-8). While root 

density seems to follow a seasonal pattern with an increase in spring and summer and a decrease in 

autumn and winter, the root length remained relatively consistent after the first summer, fluctuating 

around an average of 37 cm. Detailed biomass measurements are provided in Appendix H. At the end 

of summer (Feb.2012) some plants started to die, resulting in a drop of the shoot density. Carex 

virgata usually grows in swampy conditions or damp sites within lowland forests (Auckland Council, 

2013). They can tolerate periodic inundation up to 30 cm (Lewis et al., 2010). This plant has shown 

good growth and establishment for several Floating Treatment Wetland applications in the Auckland 

region amongst which the Rosedale Road stormwater pond (Northshore, New Zealand-Figure 1-1) 

and another research study (Tanner and Headley, 2011). Potential causes for plants die back during 

summer in the present study (Silverdale site) is thus most probably due to toxic inputs (e.g. inadvertent 

herbicide entry in runoff), toxicity generated within the stormwater pond (e.g. due to anaerobic 

conditions beneath the FTW) or plant disease. Severe deoxygenation beneath the mat over summer 

(section 4) producing toxic conditions due to anaerobic processes (Lamers et al., 1998, Reddy and 

Delaune, 2008) appears to be the most plausible cause of the die back. Shoots were harvested in the 

beginning of March 2012 and shoots were taken off the FTW. Plants slowly re-established in scattered 

areas. In order to speed up the re-establishment, the areas which were free of shoots were re-planted 

mid July 2012.   
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Figure 7-8: Mean and standard deviation of roots and shoots length and density over time (first 
measurement n=6, other measurements n=11)(Borne et al., 2013) 

7.2.1.1.2 Copper and zinc accumulation 

Over the monitoring period, Cu and Zn taken up by plants were mainly accumulated in roots 

(rhizome and roots growing in the mat not taken into account) which represented between ~40 to 80% 

of the total amount of metals accumulated in the plants (Figure 7-9). The first sampling mission when 

no roots existed below the FTW and the 3 month period after shoot harvesting were not taken into 

account. Detailed plant chemical analysis data are provided in Appendix G.   
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Figure 7-9: Biomass and metal accumulation in FTW’s vegetation expressed in kg and mg/ m
2
, 

respectively, of FTW (FTW area~50 m
2
) and outlet event mean concentrations (EMCs) of the 

FTW pond over time (Sum=summer, Aut=autumn, Win=winter, Spr=spring) 

The greatest metals’ accumulation in the plants occurred at the end of winter 2011 for Zn and at 

the end of spring 2011 for Cu. While accumulation in roots was the highest at the end of winter 2011 

for both metals, accumulation in shoots was higher at the end of spring 2011 just before the shoot 

biomass reached its maximum. Over the monitoring period, mean plant metal concentrations across 

the FTW for shoots and roots, respectively, varied between 6-19 and 11-64 mg/kg dry weight for Cu 

and 16-53 and 21-732 mg/kg dry weight for Zn. Concentrations were the lowest near the beginning of 

the study, reached a maximum at the end of winter 2011 and then generally decreased over time. 

Average tissues concentrations in shoots and roots, respectively, over the six sampling missions were 

11 and 45 mg/kg dry weight for Cu and 37 and 357 mg/kg dry weight for Zn. 
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Metal accumulation on root surface plaques accounted for only 2 to 10% of the total amount of 

metals accumulated by the plants, with higher plaque accumulation for Zn. The amounts of Cu and Zn 

on root plaques were strongly correlated with each other (r=0.830, p<0.00001) and with DO (r=0.598 

and 0.631, respectively, p<0.002), pH (r=0.815 and 0.665 respectively, p<0.0003) and specific 

conductivity (r= 0.614 and 0.550, respectively, p<0.004) in the water column (Figure 7-10).  

 

Figure 7-10: Copper and zinc sorbed on roots’ plaques versus water column pH, DO and 
specific conductivity  

Cu and Zn were not correlated with Fe on the root surface and only Zn showed a weak 

correlation with Mn on plaques (r=0.387, p<0.003). Plaques did not cover the totality of the root 

surfaces and were sometimes sparse with deposits localised in isolated areas of the roots (Figure 7-11 

b and d). Fe precipitate was associated with titanium (Ti) (Figure 7-11 d), contaminants found in brake 

pads (Kennedy, 2003). Mn was found mainly associated with a compound composed of silica, 

aluminium and calcium. Cu was present in isolated areas of the roots associated with potassium (an 

essential nutrient for plant growth). No apparent precipitate with a high proportion of Zn was able to be 

identified during the SEM-EDS analysis.  
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Figure 7-11: SEM-EDS of the FTW roots at the beginning of the study (a) and end of the study 
(b, c, d) showing main elements found in isolated areas (EDS graphs are provided in Appendix 

A) 

7.2.1.2 Sediments 

7.2.1.2.1 Total sediment concentration and speciation  

Sediment metal concentrations in the FTW and Control ponds were similar at the beginning of 

the study (Figure 7-12). Detailed sediment data are provided in Appendix E and Appendix F.  During 

the monitoring period, TCu and TZn accumulations were higher in the FTW pond sediments and 

gradually increased with time (r=0.591, p<0.0001 for Cu and r=0.501, p<0.0004 for Zn). A weaker 

correlation with time was found for Control pond sediment TCu concentration (r=0.459, p<0.004) and 

no significant correlation for TZn. A mean sediment concentration difference of 87 mg/kg d.w. for TZn 

(i.e. 47% higher in the FTW pond) and 12 mg/kg d.w. for TCu (i.e. 18% higher in the FTW pond) were 

measured between the ponds at end of the study.  These differences were statistically significant only 

for TZn (p=0.028).  

a b

c

d

Cu and K

Si, Al, Mn

Si, Al, Mn,Ca

Fe,Ti

Mainly free of deposit
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Figure 7-12: Mean loss on ignition, Eh and metal concentration over time in sediment of the 
FTW and Control ponds (Spr=spring, Win=winter, Sum=summer, Aut=autumn, error bars 

represent +/-standard deviation) 

A consistent TCu and TZn concentration increase was measured in the FTW pond sediments 

except in spring 2011 when a transient decrease was noticed. The repeated measure ANOVA 

performed over the period Dec 2011-Nov 2012 (summer 2011 to spring 2012) revealed that there was 

a significant interaction effect between time and the type of pond (FTW or Control pond), with p=0.004 

for Zn and p=0.029 for Cu. This indicates that the FTW and Control ponds had different effects on 

sediment metal accumulation depending on the time of the year. Contrast analysis between each 

successive time period revealed that both systems exhibited different accumulation patterns over 

summer (p=0.047 for Zn and p=0.043 for Cu) with higher accumulation occurring in the FTW pond 

while, in the Control pond, Cu was released and Zn remained constant. 

The baseline mission was performed in December 2010, ~3 months after the pond was built, 

and thus sediments were mainly composed of clay, and TZn was mostly found in residual form. During 

the rest of the study, Zn was mainly found as oxidizable form therefore Zn was thought to be mostly 

bound to organics/sulphides (i.e. Zn org-S). Zn org-S fraction fluctuated over the year and was higher 

in spring and summer in both ponds. Compared to the FTW pond, relatively higher Zn org-S fraction 

and lower exchangeable fraction (Zn exc) occurred in the Control pond in spring 2011 and 2012 

(p<0.02). Conversely, noticeably higher fraction of Zn org-S (although not significant, p=0.065) and 

lower quantities of Zn exc and reducible fraction (i.e. mainly bound to hydroxides, usually ferric or 

manganese hydroxides-Zn hyd) were found in the FTW pond in summer (p<0.01) (Figure 7-13). By 
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the end of autumn, the Zn org-S fraction reduced and the Zn hyd fraction increased (p<0.001 in both 

ponds).  

No statistical difference in Cu speciation was observed between either pond over the whole 

monitoring period. Except for the baseline mission, Cu speciation stayed relatively consistent over the 

year, mainly found as oxidizable form therefore thought to be primarily associated with 

organics/sulphides (i.e. Cu org-S). 

 

 

Figure 7-13: Sediment metal speciation of the FTW and Control ponds expressed as % of total 
concentration (exc=exchangeable/carbonate form, hyd= bound to hydroxides form, org-S= 

bound to organics/sulphides form, res=residual form) 

7.2.1.2.2 Biotic and abiotic parameters and correlation with metals’ form  

Over the whole monitoring period, the sediment Eh was within the lower range typical of wetland 

soils Eh (-300 to 700 mV (Reddy and Delaune, 2008)). Sediment Eh decreased significantly in both 

ponds between end winter and end spring 2011, rose again in the Control pond over summer 

(statistical difference with FTW pond Eh, p=0.017) but remained low in the FTW pond into autumn 

2012. LOI was on average 2.3% higher in the FTW pond (p<0.02) except during the baseline mission 

and the end of spring 2011 when both ponds LOI converged at similar values.  



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 69 
 

The fraction of Zn org-S was strongly negatively correlated with sediment Eh (r= -0.710 for the 

FTW pond and -0.625 for the Control pond, p<0.0001) and exhibited a weaker positive correlation with 

LOI (r= 0.408, p<0.004 for the FTW pond and r=0.403, p=0.016 for the Control pond). This is not 

surprising as sulphate reduction rate, and thus formation of metal sulphide, is positively correlated with 

temperature and available organic carbon in the sediment and negatively correlated with sediment Eh 

(Panutrakul et al., 2001, Reddy and Delaune, 2008). Increased LOI content also suggests additional 

organic ligands which can result in greater fraction of metal bound to organics. The fraction of Cu org-

S was weakly correlated with sediment Eh (r= -0.316, p=0.03) and LOI (r= 0.381, p=0.008) in the FTW 

pond while no correlation was measured in the Control pond. Possible explanations are discussed in 

7.2.2.2. 

7.2.2 DISCUSSION 

7.2.2.1 Plants 

The Carex virgata plants showed good growth during the first year. The die back noticed during 

the second summer was most probably due to severe deoxygenation beneath the mat over this period 

producing toxic conditions due to anaerobic processes (average of 0.9 mg/L DO [std. dev. 1.5] 

(Lamers et al., 1998, Reddy and Delaune, 2008)). In accordance with Tanner and Headley (2011), Cu 

was more easily transported to the shoots than Zn, representing up to 58% of the total mass of Cu 

accumulated in plants over the growing period, compared to only 30% for Zn.  

Tissue concentrations were within the range of potentially toxic levels for vegetation, 10-

30 mg/kg Cu, 100-500 mg/kg Zn (Macnicol and Beckett, 1985).  This suggests that the Carex virgata 

grown on the FTW had developed a good tolerance to metals as it is usually the case for wetland 

plants which are capable of accumulating high levels of metals (Cronk and Fennessy, 2001). Up to 

80 mg/kg Cu was reported for T. latifolia before showing reduced leaf elongation (Taylor and Crowder, 

1983) and concentrations greater than 1000 mg/kg Zn were found in aquatic species growing in an 

urban creek surrounded by roads and construction and scrap-metal industry (Cardwell et al., 2002).  

Average Cu and Zn concentrations over the monitoring period were similar, for shoots, or ~2 

fold higher for roots, than reported concentration for two macrophytes growing in a wetland receiving 

highway and agricultural land runoff (Sriyaraj and Shutes, 2001). Plant tissue concentrations were 

within the reported ranges for three plants growing in a wetland receiving road runoff (Mungur et al., 

1995), except for root Cu and shoot Zn which were ~4 fold lower. This likely reflects the different metal 

inlet concentrations in the present study (section 7.1, Borne et al. (2013)) which was ~2 fold lower than 

in Mungur et al. (1995) and ~4 fold higher than in Sriyaraj and Shutes (2001).  

 The present study indicated that metal accumulation on root surface plaques didn’t account for 

a significant part of the metal accumulated by the plants. Contrary to Ye et al. (2001), Cu and Zn were 

weakly (or not) associated with Fe or Mn plaques in the present study. This may be attributed to the 

relatively narrow Mn and Fe concentration ranges on the roots in the present study which were up to 2 

orders of magnitude lower than in Ye et al. (2001) and might have limited the detection of variation in 

Cu and Zn sorbed on plaques. Fe and Mn water column concentrations of the study site might have 
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been too low to induce heavy plaque formation, and would have limited Zn or Cu sorption (Ye et al., 

2001). The SEM-EDS analysis confirms the findings of the plaque extraction analysis evidencing little 

plaque formation.  

Higher Cu and Zn adsorption on root surfaces occurred under higher water column pH (pH~7.4-

7.6 in the present study), higher DO (6-8 mg/L in the present study) and higher quantities of dissolved 

ions in the water (~450-600 µS/cm in the present study). A greater amount of dissolved metals in the 

solution surrounding the roots can potentially result in greater concentration of these metals on the 

root surface. This was observed in Ye et al. (2001) where an increasing amount of adsorbed Cu 

occurred with a higher concentration of Cu in the solution. The greater quantity of dissolved ions in the 

water column (and thus potentially greater DCu and DZn concentration) may thus be linked to the 

concurrently observed greater amount of Cu and Zn on plaques. It is known that the root plaques are 

formed when oxidizing conditions prevail in the rhizosphere enabling hydroxide precipitates formation 

(Yang and Ye, 2009). Higher DO (usually associated with higher pH) might have thus promoted the 

formation of root plaques and adsorption of dissolved Cu and Zn on root surface. This suggests that 

the overall low metal sorption on roots’ surface in the present study might results from the overall low 

DO and pH induced by the FTW, low Fe, Mn, Zn and/or Cu input over the monitoring period which 

decrease the sorption on Fe/Mn plaques (Ye et al., 2001) and/or the physiology of the plants species 

(e.g. low radial oxygen loss through the roots limiting plaque formation).  

Removal of dissolved metals from influent stormwater runoff in the FTW pond improved during 

summer and autumn for DCu and over summer for DZn (section 7.1, Borne et al. (2013)). This 

improvement occurred after December 2012, as evidenced by the lower metal EMCs leaving the pond 

(Figure 7-9), thus after the highest period of Cu and Zn accumulation in plant tissues. Therefore even 

if plant uptake contributed to dissolved metals’ removal, it is likely not responsible for the improved 

outlet EMCs. 

It is worth mentioning that roots growing in the mat likely accumulated some Cu and Zn but 

were not able to be sampled in the present study. Nevertheless, as suggested by Tanner and Headley 

(2011) using the same type of floating wetland and plant species, plant uptake could not be 

considered as a dominant removal mechanism even if the additional unsampled biomass was taken 

into account. 

7.2.2.2 Sediment 

7.2.2.2.1 Zinc sediment accumulation and speciation patterns 

Over the 2-year monitoring period, TZn concentration increased in both ponds’ sediments but 

higher accumulation occurred in the FTW pond, exhibiting 47% higher mean TZn concentration than in 

the Control pond at the end of the study.  

While both ponds exhibited a significant sediment TZn concentration increase over the first 

9 months, the concentration then remained consistent in the Control pond but generally increased in 

the FTW pond (except in spring 2011). This suggests that additional sequestration of metals was 
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occurring in the FTW pond. Indeed although the FTW pond exhibited higher TSS removal efficiency 

(section 6, Borne et al. (2013)), resulting in greater volumes of accumulated sediments, both ponds 

should have exhibited relatively similar sediment concentration as they received the same influent and 

thus particles with similar pollutant content. Higher TZn concentration of the FTW pond sediments 

suggests that other processes leading to the increase of Zn content in particles took place, such as 

sorption or precipitation.     

The main difference in TZn sediment concentration build-up between the ponds occurred over 

summer 2011-2012. While few percent differences were statistically detected between the ponds’ 

sediment Zn speciation over this period, both ponds mainly influenced Zn storage as oxidizable form 

and thus primarily bound to organics/sulphides. This suggests that some common removal processes 

occurred in both ponds but at a significantly faster rate in presence of FTW, as evidenced by the 

significant TZn concentration build-up (31% increase over summer 2011-2012).  

Higher organic content due to the decay of the plants and more reduced conditions in the FTW 

pond are thought to be responsible for the greater TZn accumulation. These factors likely enhanced 

sorption, flocculation and stable storage of TZn as bound to OM and sulphides. Indeed higher 

temperature and greater organic release might have increased sorption of dissolved Zn (DZn) on 

organics and subsequent settlement on the bottom of the FTW pond. The low water column DO and 

sediment Eh likely limited OM degradation and guaranteed stable storage in the sediment. Binding of 

Zn to OM also likely occurred in the Control pond but the more oxic conditions in the water column and 

sediment (sections 4.1 and 7.2.1.2), resulting in greater OM decomposition, combined with the lack of 

organic input from plants, likely slowed down this process. 

More reduced sediment in the FTW pond combined with higher temperature over this period 

and higher organic content, and associated bacterial population, were also favourable conditions for 

Zn sulphides formation. Sediment Eh was below 0 on several occasions. It decreased to -133 mV at 

the beginning of summer 2011-2012 (Dec 2011- Figure 7-12) in the FTW pond and was below 0 in 

several locations in the FTW pond during the end of summer. These values are likely sufficiently 

reduced to form sulphides. Indeed it has been observed that ZnS could form at higher Eh with ZnS 

and oxide-bound Zn accounting for a significant amount (~50% each) of Zn found in wetland sediment 

under suboxic redox status ( +100 mV) (Bostick et al., 2001). This is in accordance with Zinc 

speciation in the present study under similar Eh conditions.   The black colour of the sediment and 

“rotten egg” smell is also typical of the presence of sulphide and were observed on site during periods 

exhibiting the lowest sediment Eh values. The much blacker colour of the sediments at the end of 

summer in the FTW pond (Figure 7-14) suggests that Zn bound to sulphides accounted for a greater 

fraction than in the Control pond where the more oxic conditions and lack of OM were the limiting 

factors.  
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Figure 7-14: Visibly darker sediment in the FTW pond 

In autumn, further TZn concentration build-up occurred in the FTW pond sediment probably due 

to on-going plant decay, sorption of DZn onto OM (under still relatively high temperature at the 

beginning of autumn), flocculation and subsequent settlement. By the end of autumn, the increased 

sediment Eh and overall DO in both ponds resulted in the reduction of the organics/sulphide fraction 

and increase of the fraction bound to hydroxides. Nevertheless, neither an increase of the 

exchangeable form nor a reduction of TZn concentration was noticed which implies that the Zn 

potentially released from the oxidation of the organics/sulphide fraction was retained as bound to 

hydroxides which limited its bioavability.  

The moderate TZn concentration decrease in the FTW pond over spring 2011 is likely a 

consequence of the excess of Zn released through the reduction of Zn hyd and/or leaching of Zn exc 

due to bioturbation, compared to available organic ligands and/or hydrogen sulphides. Higher 

bioturbation by benthic macrofauna over spring than during colder months might have induced the 

release of the Zn exc fraction which accumulated in winter 2011 (Eggleton and Thomas, 2004, Meurer 

and Netto, 2007). Furthermore, the increased temperature under still relatively aerobic conditions in 

the water column and sediment at the beginning of spring likely enhanced mineralisation of OM and 

limited possible reabsorption sites. Despite the reduced sediment at the end of spring the sulphate 

reduction rate (SSR) was still probably too low, partly due to decreased OM content, to allow the 

formation of ZnS. SSR has been reported to be the highest in summer (Panutrakul et al., 2001). 

No TZn concentration decrease was noticed in the sediment of the Control pond over spring 

2011, presumably due to uptake and/or reabsorption by algae present on the bottom of the pond 

(Garnham, 1997). A significant amount of algae which was present at the surface of the Control pond 
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at the beginning of spring 2011 (Figure 4-4), ended up partly degraded on the bottom of the pond at 

the beginning of summer. This was visibly noticed on site while sampling but was also evidenced by 

the increased sediment LOI in the Control pond. The algal biomass might have taken up Zn while in 

the water column and then settled at the bottom of the pond providing a potential adsorption mat in 

case of Zn leaching from the sediment. The greater proportion of Zn org-S in the Control pond at the 

end of spring was thus most likely due to higher accumulation of algae derived OM.   

7.2.2.2.2 Copper sediment accumulation and speciation patterns 

Greater Cu accumulation occurred in the FTW pond exhibiting an 18% higher mean sediment 

TCu concentration than the Control pond at the end of the study (although not statistically significant, 

p=0.083). 

TCu concentration in the FTW pond sediments followed a similar trend as TZn. A moderate 

release occurred over spring likely due to the release of the oxidizable form through OM degradation 

which represented ~65% of TCu at the beginning of the season. Concentration build-up occurred in 

the Control pond over spring likely due to algae sorption and/or uptake. Increased accumulation 

occurred in the FTW pond in summer-autumn due to sorption onto organic matter which is known to 

be an efficient sorbent at the near neutral pH prevailing over summer-autumn (Grassi et al., 2000). 

This higher accumulation in summer-autumn likely contributed to the enhanced overall DCu removal 

from influent stormwater runoff measured over this period in the FTW pond (section 7.1.2, Borne et al. 

(2013)). 

No difference in Cu speciation existed between the ponds indicating that Cu was probably 

accumulated in the sediment by similar removal processes but with different rates as evidenced by 

overall higher Cu accumulation in the FTW pond. Cu was mainly found in oxidizable form therefore 

thought to be mainly associated to organics and/or sulphides (Cu-org-S).Cu org-S fraction was weakly 

impacted by sediment Eh and LOI in the FTW pond, while no correlation existed for the Control pond. 

This difference between the ponds is unclear but the narrower LOI range in the Control pond may 

have limited the detection of variation in Cu org-S fraction.  

Cu org-S thus appeared to have been relatively more stable than the Zn org-S. Cu is known to 

be more efficiently sorbed by OM than Zn. Durand et al. (2004) found that Cu bound to OM in the 

sediment of a retention pond was mainly associated with humic acids which are more stable than 

fulvic acids (Piccolo et al., 2001), the primary form of OM to which Zn was bound in Durand et al. 

(2004). This can explain the relatively lower concentration decrease percentage of Cu (9%) compared 

to Zn (16%) over spring in the FTW pond sediment. In the event of oxidation of CuS, the released Cu 

would probably be reabsorbed onto OM which is relatively more stable until Eh>300 at which faster 

aerobic decomposition occurs (Reddy and Delaune, 2008). The above factors may have contributed to 

the relative consistent speciation of Cu in the sediment. 
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7.2.3 CONCLUSION 

The results of the present study suggest that the presence of a FTW in a conventional retention 

pond would increase the overall sequestration of Cu and Zn in the sediment. While some occasional 

release is possible when favourable conditions exist for bacterial OM degradation or hydroxide 

reduction (over spring in the present study), increased accumulation occurred in summer-autumn. 

Higher temperature combined with lower sediment Eh and water column DO, neutral pH and greater 

source of carbon induced by the FTW over summer enhanced sorption onto OM, metal sulphide 

formation and limited OM degradation and thus limited release of metals. This is in accordance with 

Wood and Shelley (1999) who suggested that binding of metal with sulphide and organic carbon 

influenced metal sequestration in the sediment of wetlands and controlled their bioavailability. Further 

sorption and flocculation of particulate metals with OM released by the FTW, and subsequent 

settlement, may have contributed to higher Cu and Zn concentration build-up in the FTW pond in the 

beginning of autumn. Unlike Zn, Cu speciation in the sediment (mainly found as Cu org-S) was 

relatively stable under various sediment Eh conditions probably due to its stronger binding property 

with sulphide and OM.  

Even if metal accumulates in the vegetation of the FTW in spring, it is not thought to be a 

significant removal pathway, neither is the sorption of metals on the root surface plaques. Several 

other researchers have identified that plant uptake wasn’t a dominant process responsible for metal 

removal in wetlands or FTWs (Murray-Gulde et al., 2005, Kadlec and Wallace, 2009, Sekomo et al., 

2011, Tanner and Headley, 2011). Nevertheless the plants play a major role in trapping particulate 

pollutants in the root network eventually sloughing off and settling on the bottom of the pond (Headley 

and Tanner, 2012, Borne et al., 2013). Their roots provide an adequate substrate for bacterial 

development and release organic compounds which are both essential for dissolved metal sorption 

and metal sulphide formation. 
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8 FLOATING TREATMENT WETLAND INFLUENCE ON 
TREATMENT AND FATE OF NITROGEN  

8.1 NITROGEN TREATMENT PERFORMANCE  

8.1.1 OVERALL ANNUAL PERFORMANCE 

Over a period of 1 year (May 2011-June 2012), 17 storm events were sampled at the Silverdale 

site. NH4-N and NO2-N EMC were generally low, compared to other nitrogen forms, with 0.020, 0.021 

and 0.021 mg/L (median values for NH4-N-Figure 8-1) and 0.006, 0.003, 0.002 mg/L (median values 

for NO2-NFigure 8-1) for the inlet and Control and FTW pond outlets, respectively. 

Greater reduction of median EMCin occurred in the FTW pond than in the Control pond as 

evidenced lower median EMCout for ON, NOx-N and TN (Figure 8-1). Although differences between the 

FTW and Control ponds EMCout over the 1 year period were not statistically significant for any form of 

nitrogen, FTW TN EMCout showed a statistically stronger difference (p=0.003) to the EMCin than did 

the Control pond EMCout (p= 0.013). This greater difference is also evidenced by the downward shift of 

TN EMCout probability plot between the Control pond outlet and FTW pond outlet (Figure 8-2). During 

storm events, measured inflow and outflow volumes were similar. High MREs were thus directly 

attributed to reductions in EMCout rather than reductions in flow volume between inlets and outlets. 

Median MREs of ON, NOx-N and TN were greater for the FTW pond while higher NH4-N median MRE 

occurred for the Control pond (Figure 8-1). Although not statistically significant, FTW TN MREs were 

around 12%  higher than the Control pond MREs (median of the differences between paired MREs). 

  

Figure 8-1: Nitrogen inlet and outlet EMCs and MREs of the FTW and Control ponds (N=17) 
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Figure 8-2: Non-exceedance probability plots of the different nitrogen forms for inlet, and FTW 
and Control pond outlets 

8.1.2 PERFORMANCE VARIATION 

Both ponds NOx-N EMCout were negatively correlated with the sampling date (r= -0.692, 

p=0.002 and r= -0.767, p=0.0002 for the FTW and Control ponds, respectively, Figure 8-3-a). A 

weaker correlation existed between TN EMCout and the sampling date (r= -0.502, p=0.04 and 

 r= -0.489, p=0.032 for the FTW and Control ponds, respectively, Figure 8-3-b). A correlation was not 

found between NOx-N or TN EMCin and the sampling date. The FTW NOx-N MREs were positively 

correlated with the sampling date (Spearman’s rho=0.502, p=0.04), while no correlation was found for 

the Control pond NOx-N MREs or TN MREs of either pond. This suggests that NOx-N treatment 

improved over time especially in the FTW pond and was noticeably better from 1
 
November 2011 until 

beginning of June 2012 (corresponding to late spring to end autumn in the southern hemisphere), with 

all MREs becoming positive and increasing over time.  



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 77 
 

 

Figure 8-3: NOx-N (a) and TN (b) EMCs over time for the Control and the FTW ponds 
(exponential regression represents the Pearson correlation for natural log transformed data, 

i.e. it shows the correlation between ln(EMC) and time) 

8.1.2.1 Performance from winter to late spring 

From winter to late spring, the discernibly lower TN EMCout of the FTW pond compared to the 

Control pond (although not statistically significant- Figure 8-4-a) were mainly attributed to higher ON 

MRE (Figure 8-5-a). While ON EMC was positively correlated with TSS EMC at the outlet of the FTW 

pond (r=0.553, p=0.021), no correlation existed at the inlet or Control pond outlet. This suggests that a 

higher proportion of particulate bound ON was present at the outlet of the FTW pond than at the inlet 

or Control pond outlet. Whatever amount of dissolved ON entered the ponds, it was thus more 

efficiently removed in presence of the FTW. Higher ON MRE may also be attributed to higher 

particulate ON settlement in the FTW (section 8.2.2). Although the FTW pond exhibited overall higher 

ON MRE, FTW ON EMCout was higher than EMCin and Control EMCout twice from winter to late spring. 

This is likely due to decaying plants. Nietch (2002) reported that wetlands may be potential sources of 

N, especially ON, to receiving waters, as a result of shoot turnover and leaching of soluble ON.  

As NH4-N EMCin (median of 0.019 mg/L) were significantly lower than ON EMCin (median of 

0.703 mg/L), a modest difference between FTW and Control ON MREs may result in a high difference 

between NH4-N amounts produced in both ponds. No significant increase of NH4-N (compared to the 

amount of ON removed) was observed between inlet and outlets of either pond (Figure 8-4-a). This 

suggests that nitrification, plant uptake and/or ammonia volatilization (especially in the Control pond 

which exhibited elevated pH partly due to algal photosynthesis (section 4)) have occurred over winter 

and spring in both ponds.  

The higher NOx-N median EMCout of the FTW pond compared to the Control pond over this 

period (Figure 8-4-a) can be explained by increased mineralisation of ON leading to increased 
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production of NH4-N and subsequent nitrification in the FTW pond under conditions of limited 

denitrification.  

 

Figure 8-4: Nitrogen inlet and outlet EMC of the FTW and Control ponds from winter to late 
spring (a) and late spring to end autumn (b) 

   

  

Figure 8-5: MREs (%) of both ponds from winter to late spring (a) and from late spring to end 
autumn (b) 

8.1.2.2 Performance from late spring to end autumn 

Significantly improved TN removal occurred in the FTW pond from late spring to end autumn. 

Over this period, the FTW pond exhibited significantly lower TN EMCout (p=0.028, Figure 8-4-b) and 

higher TN MREs (p=0.033, Figure 8-5-b) than the Control pond. Enhanced mineralization and/or 

particulate ON settlement, and denitrification are likely to be the main causes as suggested by greater 
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reduction of ON and NOx-N EMC in the FTW pond than in the Control pond over this period (Figure 

8-4-b). 

The difference between the FTW and Control ponds ON median MREs was greater from late 

spring to end autumn (8%) than from winter to late spring (1%) (Figure 8-5-a & b). This can be 

explained by enhanced mineralization and/or particulate ON settlement in the FTW pond. Higher water 

temperature (median of 19.9ºC compared 13.5ºC from winter to late spring) combined with higher 

microbial biomass present in the FTW root biofilms are favourable conditions for increased 

mineralisation rate (White and Reddy, 2000, Kadlec and Reddy, 2001, Reddy and Delaune, 2008). 

Although mineralisation can occur under both aerobic and anaerobic conditions, it is likely to have 

been limited over summer due to the lower DO induced by the FTW over this period (average of 0.9 

mg/L DO, std. dev. 1.5 mg/L) (Reddy and Delaune, 2008). Higher release of plant detritus (dead 

tissues and lysates) due to plant die back, mid summer to end autumn (section 8.2.1) may have 

contributed to the formation of flocs in the water column (Neto et al., 2006) increasing particulate ON 

settlement (section 8.2.2). Although the FTW pond exhibited overall higher ON MRE, FTW ON EMCout 

was higher than EMCin and Control EMCout once over summer (mid-February) after noticeable shoot 

die back occurred. 

From late spring to end autumn, FTW NOx-N EMCout (mainly comprised of NO3-N) showed a 

statistically stronger difference (p=0.007) than the Control pond EMCout (p= 0.025) to EMCin, implying 

higher denitrification in the FTW pond. DO monitored below the FTW was lower from late spring to end 

autumn, ranging from 0 to 11.8 mg/L with a median of 1.1 mg/L over this period of time, than in winter. 

Higher organic carbon content (as evidenced by higher LOI over summer-autumn 2012 in the 

sediment of the FTW pond, section 8.2.2 Figure 8-7) and associated microbial activity consuming DO 

likely promoted anoxic conditions. Lower water aeration due to the physical barrier provided by the 

FTW and increase of the water temperature over summer can also explain this DO depletion. Such 

conditions in the FTW pond are likely to have enhanced denitrification rates compared to the Control 

pond.  

Unlike the FTW pond, the Control pond showed statistically lower NH4-N EMCout compared to 

EMCin (p=0.031) probably due to less variability in EMCout distribution (std. dev.=0.008 and 0.012 mg/L 

for the Control and FTW ponds, respectively).  

8.2 FATE OF NITROGEN 

8.2.1 PLANT 

The FTW was planted in early summer, December 2010, which allowed a fast growth of the 

above and below mat vegetation (Figure 8-6). The biomass stopped increasing after the end of the 

first summer and some die back occurred during autumn. Rapid shoot biomass growth over the next 

spring resulted in dense vegetation. Plant die-back was observed while sampling at the end of 

summer (Feb.2012). Potential causes could be toxic inputs (e.g. inadvertent herbicide entry in runoff), 

or toxicity generated within the stormwater pond (e.g. due to severe deoxygenation beneath the FTW). 
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DO monitored below the FTW was the lowest over January and February 2012 ranging from 0 to  

5.6 mg/L with a median of 0.16 mg/L and water temperatures ranged from 18.9  to 23.7 ºC. The 

production of toxic products due to anaerobic processes beneath the mat appears to be the most 

plausible cause of the die back (Lamers et al., 1998, Reddy and Delaune, 2008). Live and dead 

shoots were trimmed at the beginning of March 2012 to leave 30 cm long shoots and were removed 

from the FTW. Plants slowly re-established in scattered areas. In order to speed up the re-

establishment, the areas which were free of shoots were re-planted to a density of 5 plants /m
2
 in mid-

July 2012.   

TN accumulation in shoots represented from 34 to 80% of the total amount of TN accumulated 

in plants tissues (first sampling mission when no roots were present below the mat and 3 months 

period after shoots were harvested are not taken into account). The highest accumulated TN was 

recorded at the end of spring when shoot biomass was highest. The storm event analysis reveals that 

NOx-N MRE of the FTW pond improved over time (positive correlation with time) which resulted in a 

decrease of NOx-N EMCout, mainly comprised of NO3
-
 (Figure 8-3-a, section 8.1). The main forms of N 

taken up by plants are NH4
+
 and NO3

-
 (Cronk and Fennessy, 2001). Even if direct uptake by the plants 

was responsible for a part of  NOx-N removal during the growing season, the improvement in NOx-N 

MRE and decrease of NOx-N EMCout were most noticeable up until the start of June 2012 (beginning 

of winter), including February 2012 when shoots were decaying (Figure 8-6). This suggests that plant 

uptake is unlikely to have played an important role in NOx-N removal during this period. 
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Figure 8-6: Biomass (a) and total nitrogen accumulated in FTW’s vegetation (b) expressed in kg 
and g, respectively, and outlet event mean concentrations (EMCs) of the FTW pond over time 

(b) (Sum=summer, Aut=autumn, Win=winter, Spr=spring) 

8.2.2 SEDIMENT 

Mean TN concentrations were 1811 mg/kg and 1520 mg/kg dry weight for the FTW pond and 

Control pond, respectively, at the end of summer (March 2012) (not significantly different). A greater 

increase of TN occurred in the sediment of the FTW pond over autumn (mean concentration increase 

of 676 and 418 mg/kg N for FTW and Control pond, respectively, Figure 8-6) likely partly due to 

increased settlement of particulate ON.  TN concentrations were positively correlated with %LOI in the 

FTW pond only (r=0.697, p=0.0002). This suggests that the accumulation of N in the FTW pond was 

closely linked to the OM content of the sediment and was probably composed of ON. This accords 

with the dominant role of ON storage in natural wetlands (Reddy and Delaune, 2008, Kadlec and 

Wallace, 2009).  Release of OM by decaying plants over summer-autumn may have increased 

flocculation of particulate ON and subsequent settlement as evidenced by higher TN concentration 

and %LOI in the sediment of the FTW pond. Conversely %LOI decreased in the Control pond over this 

period (Figure 8-7). This resulted in a statistically significant difference (p<0.05) of 550 mg/kg dry 

weight between the ponds’ mean sediment TN concentration in June 2012 (Figure 8-7).  
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Figure 8-7: LOI (%) and TN (mg/kg) in sediments of the FTW and Control ponds (Sum=summer, 
Aut=autumn, Win=winter, Spr=spring, error bars represent +/- standard deviation) 

Over the following winter and spring, TN concentration decreased in sediments in both ponds 

with higher loss in the Control pond (mean concentration decrease of 375 mg/kg  (~15% loss) and  

513 mg/kg  (~26% loss) for the FTW and Control pond, respectively). This likely results from greater 

mineralization and thus losses of ON in the Control pond (due to more aerobic conditions) combined 

with higher settlement of particulate N below the FTW. N release from the sediment is known to occur 

when the carbon to nitrogen ratio (C:N) is below 25, under aerobic conditions (Reddy and Delaune, 

2008). Mean C:N ratio decreased from ~50 in both ponds’ sediments end of summer to ~39 at the end 

of autumn due to C assimilation by microbes and N accumulation in the sediment. Further C 

assimilation during winter may have reduced the C:N ratio below 25 inducing N release in both ponds. 

The increase of C:N ratio to ~55 mid spring 2012 suggests input of additional carbon and/or N losses 

through mineralisation/nitrification/denitrification of ON in the FTW sediments.  

8.3 SUMMARY AND CONCLUSION  

Over ~1 year monitoring period, the pond retrofitted with a FTW provided moderately higher TN 

removal than the conventional unvegetated retention pond. While performance was significantly better 

in summer-autumn (exhibiting significant TN EMC reduction, Figure 8-4b), restricted denitrification 

over winter to late spring appeared to be the limiting factor for TN removal. Indeed denitrification was 

limited over winter-spring as evidenced by greater NOx-N EMCs leaving the pond (compared to inlet 

EMCs, Figure 8-3a and Figure 8-4a). This suggests that internal production of NOx-N through 

mineralisation/nitrification of ON occurred between the inlet and outlet of the FTW pond. This was not 

observed over summer-autumn as evidenced by lower NOx-N EMCs leaving the pond (compared to 

inlet EMCs- Figure 8-3a and Figure 8-4b) likely resulting from better denitrification conditions 

developing in the FTW pond over this period (low DO, higher temperature, Figure 4-1). Better 

performance from late spring to end autumn also resulted from greater ON removal in presence of the 
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FTW (Figure 8-4b). Higher release of plant detritus due to plant die back may have contributed to the 

formation of flocs in the water column, increasing particulate ON settlement as evidence by greater TN 

concentration in the sediment of the FTW pond (Figure 8-7). ON mineralisation is likely to have played 

a lesser role over summer, limited by the low DO induced by the FTW.  

N was accumulated in the plant tissue (Figure 8-6) however the highest accumulation period 

didn’t occur concurrently to the observed better performance in summer-autumn and therefore this 

pathway is not considered significant in the present study site. Results presented in this thesis are 

based on data collected at only one site in New Zealand. Additional full scale monitoring studies are 

warranted to confirm these results and assess FTWs in a wider range of conditions (different input 

load, climate conditions, sizes and coverage ratio, etc.) and over a long term period.  
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9 FLOATING TREATMENT WETLAND INFLUENCE ON 
TREATMENT AND FATE OF PHOSPHORUS  

9.1 PHOSPHORUS TREATMENT EFFICIENCY  

9.1.1 SOLUBLE REACTIVE PHOSPHORUS 

Over the whole monitoring period, SRP EMCin of the Silverdale ponds were generally very low 

with a median EMCin below the Australian and New Zealand Environment Conservation Council 

trigger value of 10 µg/L, quantifying a “low” risk of adverse biological effects (ANZECC and 

ARMCANZ, 2000). As the incoming water was relatively “clean”, little difference was discernible 

between the performances of either pond (no statistical difference was noticed between FTW and 

Control pond SRP EMCout and MREs over the whole monitoring period-Figure 9-1). Both ponds also 

exhibited relatively similar SRP effluent probability plots (Figure 8-2) confirming that both ponds 

provided comparable SRP treatment performances. 

  

Figure 9-1: Soluble Reactive Phosphorus (SRP) and total phosphorus (TP) EMCs and MREs for 
FTW and Control ponds (n=17) 
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Figure 9-2: SRP and TP non-exceedance probability plot for the inlet and FTW and Control 
pond outlets 

Low SRP EMCs were noticed during winter-spring, with median values representing only 14, 16 

and 23% of TP at the inlet and the outlets of the Control and FTW ponds, respectively. SRP EMCs 

increased in summer-autumn, corresponding to median values of 56, 36 and 45% of TP at the inlet 

and the outlets of the Control and FTW ponds, respectively (Figure 9-3). This might result from the 

combination of the seasonal use of readily available phosphate fertilizers and/or higher organic P 

mineralisation in the catchment during the warmest months of the year. 

Neither of the ponds was able to reduce the inlet concentration when it was below 0.02 mg/L 

SRP (Figure 9-2 and Figure 9-3). Winston et al. (2013) found that a pond retrofitted with FTWs could 

reduce the median inlet concentration down to 0.02 mg/L SRP. The concentration of 0.02 mg/L could 

thus correspond to an irreducible concentration (Schueler, 1996) of FTWs and/or ponds although this 

value might vary depending on the design and operating conditions of the system and drainage area 

characteristics.  

Higher EMCin (>0.02 mg/L SRP) resulted in greater MRE, as evidenced by the statistically 

greater difference between EMCin and EMCout (p=0.023 and 0.013 for the FTW and Control ponds, 

respectively, Figure 9-3). Nevertheless both ponds exhibited similar SRP EMCout (Figure 9-3) and 

probability plots (Figure 9-2) suggesting no noticeable additional treatment from the FTW. Winston et 

al.(2013) and Tanner and Headley (2011) found noticeable SRP treatment improvement in presence 

of FTWs for initial concentration of ~0.09 mg/L SRP. The limited number of storm event exhibiting 

runoff with similar or higher concentrations (4 storm events in the present study) might have limited the 

statistical detection of differences between both ponds’ performance even for inlet concentrations > 

0.02 mg/L SRP. 
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Figure 9-3: SRP EMCin and EMCout of the FTW and Control ponds over time (Sum=summer, 
Aut=autumn, Win=winter, Spr=spring, * Inlet EMCs for which a statistically significant 

difference exists between inlet and outlet EMCs for both ponds or not “No dif.”) 

Internal higher production of SRP due to mobilisation of organic or aluminium bound 

phosphorus by Carex species (Pérez Corona et al., 1996) or bacterial mineralisation of organic 

phosphorus may have also “concealed” the actual removal of SRP by the FTW.  

9.1.2 TOTAL PHOSPHORUS 

The probability of non-exceedance of TP EMCs was markedly increased between the inlet and 

outlet EMCs of both ponds, across the entire range of concentration (Figure 9-2). A greater treatment 

occurred in the FTW pond as evidenced by the downward shift of the EMC probability plot between 

the Control and FTW pond outlets. TP EMCout were actually significantly lower than EMCin for both 

ponds (p<0.0001 and p=0.006 for the FTW and Control ponds, respectively-Figure 9-1) and the FTW 

pond exhibited lower EMCout than the Control pond (p<0.0001). TP MREs were also significantly 

(p<0.0001) higher for the FTW pond (median of 42%) than the Control pond (median of 24%). The 

Control pond released higher EMCout with increasing EMCin (r=0.694, p=0.002). A much weaker 

correlation was found for the FTW pond (r=0.497, p=0.042). 

At the inlet of both ponds, TP was partitioned between the soluble reactive fraction (positive 

correlation with SRP, r=0.591 p=0.012) and the particle bound fraction thought to be mainly composed 

of colloidal organic matter and/or clay particles. Indeed, TP EMCin were not correlated with TSS but 

with PCu EMCin (r=0.553, p=0.021) which was thought to be mainly comprised of small particles like 

colloidal organic matter and/or clay, with a diameter less than 1.2 µm, which were not recovered in the 

TSS analysis using a filter pore size of 1.2 µm (section 7.1.2, Borne et al. (2013)).  

At the outlet of the FTW pond, TP EMCs were still correlated with SRP (r=0.652, p=0.005) and 

PCu (r=0.589, p=0.013) EMCs but were also correlated with TSS EMCs (r=0.506, p=0.038). This 
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suggests that particulate phosphorus (PP) followed the same removal pathways as PCu in the FTW 

pond, namely direct entrapment in the root network and subsequent settlement on the bottom of the 

pond (Borne et al., 2013) and that phosphate (PO4) sorption onto bigger particles (TSS) also took 

place.  

On the other hand, PP followed different removal processes than PCu in the Control pond as TP 

was no longer correlated with PCu but only with SRP EMCs (r=0.811, p<0.0001) at the outlet of the 

Control pond. A possible explanation would be that P desorption occurred in the Control pond.  This is 

in agreement with the fact that P associated with clay particles  (usually bound to Fe, Al or Mn 

hydroxides) is usually potentially bioavailable (Maynard et al., 2009). The more alkaline water column 

pH in the Control pond over the whole monitoring period (mean of 8.25 (std dev. 0.51) versus 7.34 (std 

dev. 0.25) in the FTW pond (Borne et al., 2013)) likely led to phosphate desorption which could explain 

the non-correlation of TP with PCu at the outlet of the Control pond. This is in accordance with the 

literature reporting that as the pH approaches alkaline, PO4 associated with Fe and Al minerals can be 

replaced with OH
–
 ions and Al-OH groups on clay minerals, usually bounding PO4, become negatively 

charged resulting in greater PO4 availability (Reddy and Delaune, 2008).  

Fine PP was likely trapped into the sticky root biofilm of the FTW which contributed to overall 

higher TP removal in the FTW pond, showing a 27%  lower TP EMCout than the Control pond (median 

of the % difference between paired EMCout). Surprisingly the more anaerobic conditions developed in 

the water column below the FTW, especially in summer (section 4), didn’t increase TP export from the 

FTW pond. Possible explanations are discussed hereafter. This suggests that retrofitting a 

conventional retention pond with a FTW has the potential to significantly reduce TP EMCout. 

9.2 FATE OF PHOSPHORUS 

9.2.1 PLANT 

The FTW generally showed a good growth of the below and above mat biomass especially in 

spring during the growing season resulting in dense vegetation beginning December 2011. Low 

dissolved oxygen beneath the mat over summer 2012 (section 4) producing toxic conditions due to 

anaerobic processes (Lamers et al., 1998, Reddy and Delaune, 2008) appeared to be the most 

plausible cause of shoot die back over this period. Shoots were harvested in the beginning of March 

2012 and dead shoots were removed from the FTW. In order to speed up the re-establishment, the 

areas which were free of shoots were re-planted in July 2012. 

P accumulation in shoots represented from 52 to 90% of the total amount of P accumulated in 

plants tissue (first sampling mission when no roots were present below the mat and 3 months period 

after shoots were harvested not taken into account). The highest reported P accumulation was near 

the end of spring when shoots biomass reached a maximum (Figure 9-4). 
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Figure 9-4: Biomass and phosphorus accumulation in FTW’s vegetation over time 
(Sum=summer, Aut=autumn, Win=winter, Spr=spring) 

Neither SRP, which is known to be the main P form directly taken up by plants (Evert and 

Eichhorn, 2013), nor TP, whose organic and aluminium bound forms are potentially available for plant 

uptake (Pérez Corona et al., 1996), showed increased removal concurrently to the net P accumulation 

in shoot tissues over spring. This suggests that P uptake by plants didn’t contribute significantly to the 

overall removal of TP in the present study, which is in accordance with Tanner and Headley (2011). 

9.2.2 SEDIMENT 

Mean phosphorus sediment concentration in the FTW was 111 mg/kg d.w. higher than in the 

Control pond at the beginning of the study (Figure 9-5). TP sediment concentration increased over 

time in both ponds but greater accumulation occurred in the FTW pond which exhibited a positive 

correlation with the sampling date (r=0.612, p<0.0001) while no correlation was found for the Control 

pond.  This resulted in a statistical difference (p=0.011) between the ponds’ sediment concentration at 

the end of the study (mean difference of 151 mg/kg d.w). Higher Fe accumulation in the FTW pond, 

exhibiting a mean of 13.48 g/kg d.w. compared to 10.11 g/kg d.w. in the Control pond at the end of the 

study, might have provided greater capacity for P sequestration in the sediment as FePO4, under 

aerobic conditions. 

The repeated measure ANOVA performed over the period Dec 2011-Nov 2012 revealed that 

there was a significant interaction effect between the sampling date and the type of pond (FTW or 

Control pond),  with p=0.005. This indicates that the FTW and Control ponds had different effects on P 

accumulation depending on the time of the year. In order to identify when the different accumulation 
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patterns occurred between the ponds, contrast analysis between each successive time period was 

performed.  This revealed that the ponds exhibited different accumulation patterns over autumn 

(March- June 2012, p=0.013) with greater accumulation in the FTW pond while a decrease was 

noticed in the Control pond (Figure 9-5).  

 

Figure 9-5: Water column mean pH and sediment mean Eh and phosphorus concentration over 
time in the FTW and Control ponds (spr=spring, win=winter, sum=summer, aut=autumn, error 

bars represent +/-standard deviation) 

The reduced conditions prevailing in both ponds sediments over this period suggest potential for 

P release (Scholz, 2006, Reddy and Delaune, 2008). It is thus surprising to see that sediment P 

concentration increased in the FTW pond while it decreased in the Control pond. The more basic 

water column prevailing in the Control pond (mean pH of 8 vs 7.3 in the FTW pond, Figure 9-5) might 

be an explanation. P re-adsorption onto Al-OH, usually associated with clay particles, is not sensitive 

to Eh changes but is inhibited under basic pH (Kopáček et al., 2000, Reddy and Delaune, 2008, 

Navratil et al., 2009, Reitzel et al., 2013). Similarly re-adsorption onto soil particles, especially if high in 

organic content, is inhibited under basic pH (Reddy and Delaune, 2008). P was more strongly 

correlated with sediment LOI in the FTW pond (r=0.649, p<0.0001) than in the Control pond (r= 0.433, 

p=0.007), emphasising the important role of organic matter in P sediment accumulation in the FTW 

pond, exhibiting a more neutral pH. This factors can explain the P release over autumn in the Control 

pond while, under similar sediment Eh conditions but a more neutral water column pH, P accumulation 

occurred in the FTW pond (in summer-autumn) and in the Control pond (in summer).  
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Lower pH and higher organic content of the sediment in the FTW pond, due to decaying 

vegetation from mid-summer to autumn, thus provided greater potential for phosphate sorption, 

sedimentation and ensured stable P sequestration in the sediments. 

9.3 CONCLUSION 

The present study showed that inclusion of a FTW in a conventional retention pond would 

significantly improve the effluent water quality reducing TP EMCout by 27%. It thus appears to be a 

promising technology suitable to reduce stormwater runoff impact on the receiving environment.  

In order to guarantee an efficient functioning, it is important to properly design this device in 

order to promote the removal processes. The most plausible removal processes appeared to be 

sorption of dissolved phosphorus, physical entrapment of PP in roots of the FTW and settlement as 

sediment. Efficient sequestration in the sediment was most likely guaranteed by the neutral pH 

induced by the FTW and the presence of sorbing particles (clay and/or organic matter) which allowed 

re-adsorption in case of PO4 leaching from the reduced sediment.   

In order to ensure efficient TP treatment it is thus essential to install a FTW presenting a dense 

root network (~0.25 kg/m
2
 in the present study) able to act as a physical filter and providing sufficient 

organic matter acting as a biosorbent. The presence of Al-OH groups on the surface of the thick clay 

layer at the bottom of the ponds also likely provided re-adsorption sites for phosphorus under neutral 

pH induced by the FTW. This raises the question of sustainability as sorption sites become saturated 

over time. Additional research is thus needed to assess sediment capacity to store P over the long 

term in systems equipped with FTW and determine the optimal size of the FTW to act as an efficient 

filter depending on the input loads and maintain neutral pH. 
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10 IMPLEMENTATION AND MAINTENANCE 
CONSIDERATIONS 

In order to avoid any confusion, in this section the pond retrofitted with four FTWs  in North 

Carolina is referred as “NC FTW pond”, while the ponds in New Zealand are referred as “NZ FTW 

pond” (retrofitted with one FTW) and “NZ Control pond” (control). 

10.1 IMPLEMENTATION CONSIDERATIONS 

10.1.1 FTW SIZE AND ANAEROBIC CONDITIONS 

Figure 10-1 shows the continuous DO and temperature measurements in the ponds in North 

Carolina and New Zealand. In order to compare data between the sites and account for the different 

seasons in the northern and southern hemisphere, the respective X axises are aligned on similar 

meteorological seasons. Over similar meteorological seasons (end summer-autumn), water 

temperature varied over a range of  ~ 5-32 °C in North Carolina and ~11-24°C in New Zealand (Figure 

10-1). 

The one-year continuous measurements reveal that DO was markedly reduced in presence of 

FTW with a difference between the measurement taken at 15 min intervals in NZ Control pond and 

below the FTW of NZ FTW pond averaging at 9.15 mg/L DO (std.dev. 4.20 mg/L) (Figure 10-1).  

 

 

Figure 10-1: Dissolved oxygen and temperature in NC FTW pond, NZ FTW pond and NZ Control 
pond 
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DO depletion was greater in the water column underneath the 50 m
2
 FTW of the NZ FTW pond 

than the 23 m
2
 FTW 1 of the NC FTW pond.  Over equivalent seasonal periods or temperature range, 

the overall mean DO below the 50 m
2
 NZ FTW was 1.0 or 4.3 mg/L, respectively, lower than the 

overall mean DO below the 23 m
2
 NC FTW (Figure 10-1 and Table 10-1).  

Table 10-1: Mean DO (mg/L) below FTWs of NC FTW pond and NZ FTW pond 

Location 

Overall mean DO (mg/L) 

from the 3rd month 
of summer to the 

end of autumn 

Over the range of 11-

24 °C 

NZ FTW pond-below FTW 1.4 1.4 

NC FTW pond-below FTW 2.4 5.7 

difference between NZ and NC 
FTW ponds mean DO 

1.0 4.3 

From the 3
rd

 month of summer to end autumn, 36% of the 15 min interval measurements 

showed the 50 m
2
 NZ FTW induced a DO less than 0.5 mg/L, level above which the rate of 

denitrification reduces significantly (Van Haandel and Van der Lubbe, 2012) (Figure 10-2). Over 

equivalent seasonal period or temperature range, the 23 m
2
 NC FTW was able to maintain DO below 

this threshold only 5 or 7% of the time, respectively, while this threshold was always exceeded in the 

open water of the NC FTW pond and NZ Control pond (Figure 10-2). The 50 m
2
 FTW was able to 

induce favourable conditions for denitrification primarily in summer (Figure 10-1).  
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Figure 10-2: Non exceedance probability for DO in NC FTW pond and NZ FTW and Control 
ponds from the 3rd month of summer to the end of autumn (a) and over the temperature range 

11-24 °C (b). Optimal denitrification threshold (0.5 mg/L) is shown as a vertical line. 

The size of the FTW thus appears to be an important factor to promote nitrate removal via 

denitrification. The actual size of the FTW, associated amount of organic matter and bacteria 

consuming DO, and the extent of the shaded zone impeding photosynthesis likely impact the intensity 

of DO depletion below the FTW. While a 23 m
2
 FTW would provide limited optimal conditions for 

denitrification, a 50 m
2
 FTW appears sufficient, at least over the warmest month of the year. If high 

nitrate input is expected outside summer, installing a FTW larger than 50 m
2
 might extend the 

anaerobic period.  

As anaerobic water can have an adverse effect on freshwater organisms especially fish, 

installing a mixing system like a cascade structure at the system outlet could promote re-aeration 

during discharge and reduce potential toxicity downstream. Low DO in the water (i.e.hypoxia) can be a 

source of stress for aquatic life and sometimes results in mortality.  In hypoxic conditions, aquatic 

animals usually first attempt to maintain oxygen delivery (i.e. increases in respiration rate, number of 

red blood cells), then reduce energy expenditure and finally derive energy from anaerobic sources if 

possible (Wu, 2002). Only hypoxia-tolerant species can survive in such conditions therefore changes 
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in species composition and decreases in species richness and diversity can occur (Pihl, 1989, Diaz 

and Rosenberg, 1995, Karim et al., 2003). Mobile organisms (like fish) can move from hypoxic waters 

to more aerobic waters. However, species unable to escape from the hypoxic waters are subject to 

mortality, depending on the species tolerance to low DO and length of exposure. For some fish, 

hypoxia can cause the suppression of ovarian and testicular growth and endocrine disruption as 

observed for Atlantic croaker (Thomas et al., 2007).  

The main purpose of deploying FTWs should be clearly defined prior installation. If the main 

purpose is to provide habitat for freshwater species and enhance biodiversity, small FTWs (e.g. 1-3 

m
2
) limiting DO depletion should be used. Conversely if the main purpose is to provide additional 

treatment to improve nitrate or metal removal, large FTWs (at least 50 m
2
) should be used. 

10.1.2 FTW COVERAGE RATIO AND EXTENT OF ANAEROBIC ZONE 

As explained in section 10.1.1, the intensity of DO depletion below the FTW is linked to the 

actual size of the FTW, associated amount of organic matter and bacteria consuming DO, and the 

extent of the shaded zone impeding photosynthesis. The extent to which DO is depleted beyond the 

footprint of the FTW is however more likely linked to the % coverage ratio and how “confined” is the 

FTW. Periodic measurements in NZ FTW pond reveal that DO increased by only an average of 0.5 

mg/L (std.dev. 0.9) between below the FTW and 4 m downstream in the open water area (Figure 

10-3). Over the same temperature range (12-24°C), a greater difference was measured in the NC 

FTW pond where the DO measured 4 m away from the closet FTW was on average 3.3 mg/L (std.dev. 

1.7) higher than below FTW 1 (Figure 10-1). This suggests that FTWs covering 18% of the pond 

surface area (coverage of NC FTW pond) were less efficient at reducing DO beyond their physical 

footprint than a 50% coverage (coverage percentage of the NZ FTW pond). A greater percentage of 

open water would limit the DO depletion beyond the footprint of the FTW as DO would be locally 

produced by photosynthesis around the FTW and introduced in the water column due water aeration 

over a greater surface area.  
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Figure 10-3: Spatial representation of DO in NC FTW pond (3-Aug-2012) and DO measured in 
NZ FTW pond and Control pond (bars represent +/- standard deviation) 

The location of the FTWs in the pond might also affect the extent of DO depletion. Spreading 

out FTWs over the surface of NC FTW pond, likely lowered DO in most parts of the pond as shown on 

Figure 10-3 but larger FTWs would have promoted greater DO depletion and supposedly greater 

denitrification. 

10.1.3 PLANTS 

10.1.3.1 Root depth and morphology 

While flow ratio and peak flow have been identified as a factor influencing the FTW performance 

especially for TSS and PZn (sections 6 and 7.1), other parameters specifically associated to the 

design of the FTW, like the root depth, may impact the removal of particulate pollutants. In order to 

maximize particles’ entrapment, it is important to maintain a good degree of contact of incoming 

pollutants with the roots. High water level during peak flow will reduce the rooting depth ratio (defined 

as the depth occupied by 90% of the hanging roots relative to the pond water depth) and thus reduce 

the degree of contact with runoff.  Some limitations on rooting depth also appear necessary to avoid 

the roots to become attached to the pond bottom, which could induce the submersion of the FTW 

when the water level rises during a storm event. Sediment re-suspension could also potentially occur if 

the section area between the sediment and the roots is too small, resulting in increased velocity of the 

flow short-circuiting underneath the roots of the FTW.  

The rooting depth ratio (R ratio) varied from 0.48 during peak flow to 0.67 after release of the 

stored storm event (permanent pool condition). For each monitored storm event, the impact of R ratio 

during peak flow and time durations over which R ratio was <0.67 (permanent pool condition), <0.6, 
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<0.55 and <0.5 were investigated.  TSS, PZn and PCu mass removal efficiencies (MREs) didn’t seem 

to be impacted by R ratio reached during peak flow, but were impacted by the storm event’s time 

duration during which a low R ratio was maintained (Figure 10-4). Indeed while no correlation was 

found between pollutant removal and time duration during which R ratio>0.55, MREs decreased with 

increasing time duration exhibiting a R ratio <0.55. This decrease was statistically significant only for 

PCu exhibiting a Pearson correlation coefficient of -0.887 (p=0.019) with time duration during which R 

ratio<0.55 (Figure 10-4). For a given site, it is thus important to predict the maximum water depth of 

the pond during a water quality design event and select plants which could provide a rooting depth 

ratio higher than 0.55 during peak flow. A critical maximum rooting depth ratio creating re-suspension 

or roots attachment to the sediment has not been identified, but none of these phenomena were 

observed in the present study using a ratio of 0.67 (permanent pool condition), which is thus 

considered a safe upper limit.  

 

Figure 10-4: TSS, PZn and PCu MREs depending on rooting depth ratio during peak flow and 
time duration exhibiting rooting depth ratio<0.55 (1 outlier for “time duration of rooting depth 

ratio<0.55” discarded for analysis) 

Particle entrapment in the root biofilm has been identified as a significant removal pathway 

(section 6). In order to ensure efficient particulate pollutant treatment, a FTW that develops and 

maintains a dense root network is essential.  Plants presenting fibrous fine roots with numerous 

secondary lateral roots are likely to provide higher surface area to trap incoming particles than non-

fibrous roots (Cheng et al., 2009).  



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 97 
 

10.1.3.2 Other recommendations based on experience acquired through the NZ 2-year trial 

monitoring 

10.1.3.2.1 Shoots morphology 

Unless the FTW is firmly fastened to the embankment of the pond, it is preferable to avoid tall 

plants which could act as a sail under high wind conditions and allow the floating mat to drift or tip 

over. Plants presenting large above ground biomass loss during senescence should be avoided to 

limit the release of leaves’ accumulated pollutant in the water column. However, accumulation of plant 

material forming a thin litter layer on the surface of the mat can be beneficial to denitrifying bacteria as 

it would provide a source of organic carbon (Van de Moortel et al., 2012).  

10.1.3.2.2 Plant tolerance 

Plants must tolerate potentially high incoming pollutant loads; in particular, the selected plants 

should be tolerant to sulphide and anoxic conditions. Severe deoxygenation can occur during the 

warmest months of the year below the FTW and some species like Carex nigra, Carex disticha and 

Carex extensa.  for instance are known to show some signs of  toxicity and biomass reduction under 

flooding or anoxic conditions (Lamers et al., 1998, Moog, 1998). Species presenting high radial 

oxygen loss (ROL) are potentially more apt to overcome long periods of anaerobic conditions (Cronk 

and Fennessy, 2001). Nevertheless it is important to maintain low DO conditions for denitrification and 

metal retention. Further studies are thus needed to assess plant species with different ROL and their 

ability to overcome anaerobic conditions without outweighing the depletion of DO induced by the FTW.  

10.1.3.2.3 Plant selection process 

Sections 10.1.3.1, 10.1.3.2.1 and 10.1.3.2.2 present some plant morphological and tolerance 

criteria which are thought to promote the performance of a FTW. Some information is available in the 

literature in order to assist selecting plant fulfilling these recommendations (Barclay and Crawford, 

1982, Lai et al., 2011, Yao et al., 2011). Headley and Tanner (2012) also provided a list of wetland 

plants which have shown good performance for several FTW applications. These publications provide 

examples of suitable species, nevertheless it is recommended to assess local wetland plants in their 

ability to fulfil the recommendations presented in 10.1.3, as they will handle the climate conditions 

where the FTW will be deployed. Selecting several plant species meeting the above criteria would limit 

the risk of loss of the totality the plants due to a disease, as different species usually show different 

tolerances to specific diseases. 

10.1.4 RUNOFF ALKALINITY 

PH  should range between 6 and  8  to allow sorption of positively charged metals on particles 

and organic matter (OM) (Lead et al., 1999, Rijkenberg and Depree, 2010), and between 7 and 8.5 for 

nitrification and denitrification processes to happen (Van Haandel and Van der Lubbe, 2012). Basic pH 

should be avoided in order to allow phosphorus sorption onto Al-OH and particles (Reddy and 



Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 98 
 

Delaune, 2008). A pH ranging between 7-8 would thus be favourable to the simultaneous removal of 

nitrogen, phosphorus, copper and zinc.  

Inclusion of a FTW in a conventional retention pond induces a reduction of pH below its physical 

foot print but also in uncovered areas of the pond.  Significantly higher pH, sometimes approaching 

alkaline, was measured in the NZ Control pond which exhibited a mean difference of 0.91 (std. dev. 

0.58) from below the FTW of NZ FTW pond (Figure 10-5). pH showed a modest difference between 

below the FTW and in uncovered areas of NZ FTW pond with an absolute difference range of 0-0.32 

(mean of 0.08, std. dev. 0.11).  The one-off measurements of pH in different locations of NC FTW 

pond suggest that pH can be relatively homogeneous even in a bigger pond with the greatest 

difference between two locations being 0.14 (Figure 10-5).  

While wetlands usually present buffering capacity and maintain pH just above neutrality (Kadlec 

and Wallace, 2009), the NC FTW pond produced slightly acidic pH (pH<7). Runoff alkalinity could help 

predict the pH level that will prevail in the pond. Indeed alkalinity is a measure of the acid-neutralizing 

capacity of the water and is used to a great extent in wastewater treatment to ensure adequate 

treatment is maintained. For wastewater treatment systems, a concentration above 35 mg/L as CaCO3 

has been recommended in order to maintain pH between 7-8 (Van Haandel and Van der Lubbe, 

2012). Assessing the catchment’s runoff alkalinity could thus identify if an excessive decrease of pH 

would occur, or if a watershed neutralizing strategy (e.g. CaCO3 application to the watershed) should 

be put in place (Porcella et al., 1995). Additional research is needed in order to assess the impact of 

alkalinity on prevailing water column pH in systems comprising FTWs and determine the adequate 

alkalinity to buffer pH.  
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Figure 10-5: Spatial representation of pH in NC FTW pond (3-Aug-2012) and pH measured in NZ 
FTW pond (below the FTW and in open water areas) and in the NZ Control pond (open water) 

(bars represent +/- standard deviation) 

10.1.5 LOCATION AND EXTENT OF THE FTW  

  In order to limit short-circuiting which can occur around the FTW (Khan et al., 2011) and force 

the incoming flow through the roots to increase particles entrapment, it is recommended to design a 

FTW extending over the width of the retention pond perpendicular to the incoming flow.   

It is preferable to install the FTW close the inlet of the pond to increase the distribution of the 

inflow and thus the hydraulic efficiency and treatment performance of the system (Persson et al., 

1999b).  If a forebay is present it is preferable to install the FTW immediately downstream, in the main 

part of the pond. This would allow the forebay to trap the coarse particles avoiding saturating the roots 

of the FTW and maximizing the entrapment of the remaining fine particles by the FTW. 

10.2 MAINTENANCE 

10.2.1 SEDIMENT 

The presence of a FTW will enhance sediment accretion and increase the concentration of 

adsorbed or otherwise bound contaminants. The sediment TZn, TCu, TP and TN concentrations were 

higher in the NZ FTW pond than in the NZ Control pond (Table 10-2). Mean concentrations were 

compared to the Australian and New Zealand Environment Conservation Council (ANZECC) interim 

sediment quality guidelines (ISQG). The ISQG trigger values represent a statistical probability of 

adverse effects (low: 10% and high: 50%) on biological species (ANZECC and ARMCANZ, 2000). 

Total mean concentrations exceeded the ISQG low trigger values in the NZ FTW pond only, 
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suggesting potentially higher adverse effect on biological species than in the NZ Control pond. The 

toxicity of a metal in the sediment depends on its bioavailability. Metals found in exchangeable form in 

the sediments are readily available to biota. Metals bound to hydroxides (primarily ferric and 

manganese hydroxides) are potentially available if the sediments become reduced. Under low Eh, 

ferric and manganese hydroxides are reduced to more soluble forms, releasing the previously trapped 

metals. Finally metals bound to organics and/or sulphides become available if sediments become 

oxidised. The remaining fraction corresponds to the metals bound to the crystalline lattice of the 

minerals and is not available. The concentrations of bioavailable Cu and Zn were below the ISQG low 

trigger value (Table 10-2). The sediments trapped in the NZ FTW pond are thus likely to have little 

adverse effect on the biota.  About 80% of TCu and TZn were bound to organics and/or sulphides 

which are stable under reduced conditions.  The capacity of the FTW to maintain relatively reduced 

conditions in the sediment (7.2.1.2.2) will thus likely guarantee the low availability of the metals, 

although further study would be required to confirm that low bioavailability is maintained over a long 

term.  

While TCu and TZn concentrations in the sediment will unlikely trigger remediation actions (as 

long as the stored metals remain non-bioavailable), the accelerated accumulation of sediment 

compared to a conventional retention pond will eventually deplete the storage capacity of the 

permanent pool and affect the removal efficiency. Stormwater ponds usually require clean-out every 

15-25 years (USEPA, 1999). While dredging, sediments are put in contact with the air and oxidation 

may release sulphide-bound metals (Table 10-2). It has been reported that dredged sediments left 

draining and drying over a period of 3 months can release Cu and Zn  due to sulphide reduction (Tack 

et al., 1996). In the NZ FTW pond sediments, the mean concentration of Zn bound to 

organics/sulphides actually exceeded the ISQG low trigger value and could thus have an effect on the 

receiving environment if stored improperly. It is thus essential to identify an adequate disposal solution 

for the dredged sediment. One of the commonly used solutions is stabilization and dewatering of the 

sediment in a treatment facility before being sent to a landfill.  

It is thus anticipated that more frequent sediment removal operations will be needed in systems 

equipped with FTWs due to greater volume of accumulated sediment, although a longer period of 

monitoring would be required to define an adequate dredging frequency. 
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Table 10-2: Sediment pollutant concentration in NZ FTW pond and NZ Control pond (N=8 for 
each pond) at the end of the 2-year field monitoring study and relevant sediment guideline 

values 

  

TZn 
Zn 

bioavailable  
form (1) 

Zn 
potentially 
available 

in 
reducing 
sed. (2) 

Zn 
potentially 
available 

if oxidised 
(3) 

TCu 
Cu 

bioavailable  
form (1) 

Cu 
potentially 
available 

in 
reducing 
sed. (2) 

Cu 
potentially 
available 

if oxidised 
(3) 

TP TN 

  

mg/kg 
d.w. 

mg/kg d.w. 
mg/kg 
d.w. 

mg/kg 
d.w. 

mg/kg 
d.w. 

mg/kg d.w. 
mg/kg 
d.w. 

mg/kg 
d.w. 

mg/kg 
d.w. 

mg/kg 
d.w. 

NZ pond 

Mean 270 6 55 207 76 <1 <1 60 430 2113 

Std. Dev. 88 3 24 74 18 NA NA 13 81 613 

Minimum 144 1 22 102 44 <1 <1 36 310 1400 

Maximum 391 9 87 330 101 <1 <1 76 510 3100 

NZ 
Control 
pond 

Mean 183 1 23 155 64 <1 <1 54 279 1425 

Std. Dev. 20 0.3 5 25 6 NA NA 7 63 225 

Minimum 165 1 15 132 56 <1 <1 43 160 1100 

Maximum 224 2 29 206 71 <1 <1 65 340 1800 

ISQG (4) 
low 200 65 NA 

high 410 270 NA 

(1) concentration of Zn or Cu which is in bioavailable from (exchangeable), (2)  concentration of Zn or Cu which is potentially 

available if sediments become reduced (bound to hydroxides form), (3) concentration of Zn or Cu which is potentially available if 
sediments become oxidised  (bound to organics/sulphides) 

(4) concentration which represent a low (10%) or high (50%) probability of adverse effect on biological species 

  concentration>ISQG low trigger value but <ISQG high value 

NA: not applicable or no guidelines available 

        
In the NZ FTW pond, greater TZn, TCu, and TN sediment concentrations generally were 

measured below the upstream end of the FTW (Figure 10-6). This is likely due to accumulation of 

particles in the roots which are first in contact with the inflow, sorption of incoming dissolved pollutants 

onto particles or rhizodeposits and subsequent settlement. It is unclear why TP didn’t follow the same 

spatial distribution and reflects the occurrence of another process happening downstream of the FTW. 

If minimal short-circuiting happens in the pond it is expected that most of the accumulated sediment 

will be located below the FTW. For maintenance purposes and to facilitate the removal of the most 

polluted sediments it is thus recommended to install the FTW in a location easy to dredge.  
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Figure 10-6: Sediment pollutants’ concentrations in NZ FTW pond after 2 years of operation 

10.2.2 PLANTS 

Although minimal maintenance was needed over the monitoring period, it may be necessary if 

plants have some difficulties to adapt to the site conditions. Some die back was observed on the NZ 

FTW over the second summer-autumn partly due to severe de-oxygenation below the FTW (section 

7.2.1.1.1).  Shoots were trimmed and removed from the FTW and few areas free of vegetation were 

re-planted. Good re-growth was observed during the following spring and surprisingly plants didn’t die 

the next summer, despite a few months’ drought which meant no replacement of water and low DO 

over this period. The plants which were in their third summer were probably stronger and more apt to 

endure anaerobic conditions.  

Some invasive species whose seeds could easily be transported by the wind onto the FTW may 

be a potential issue. Plants exhibiting dense fibrous roots are essential to the good functioning of the 

FTW. It is thus important to maintain the predominance of the selected species over the FTW by 

regularly checking and pulling weeds if necessary. 

Regular monitoring is thus important especially during the initial plant establishment period to 

check the healthy and perennial development of the plants and initiate remediation actions if needed. 

10.2.3 DETRITUS 

In order to avoid short-circuits and promote flow distribution, the NZ FTW was designed to 

extend over the width of the retention pond creating a closed area between the inlet and the FTW. It 
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was observed that floating detritus (plastic bottles, branches, etc.) got trapped and accumulated in this 

area. If aesthetics are important requirements due to the localization of the site and access to public 

for instance it is recommended to plan maintenance visits at regular interval. 

10.3 CONCLUSION 

Given the little information available today regarding implementation and maintenance 

considerations for FTWs, the recommendations presented in section 10 are considered a first step for 

users willing to implement this novel technology to enhance runoff water quality treatment. They are 

based on the understanding of the removal processes provided by the FTW installed in Silverdale, 

New Zealand and the monitoring of physico-chemical conditions prevailing in only two ponds equipped 

with FTWs (in New Zealand and North Carolina). Full comprehension of a FTW and its design effects 

is still in its infancy. The runoff pollutant removal enhancement studies undertaken so far provided 

enough encouraging results to warrant other field scale experiments to refine design considerations. It 

is crucial that other full scale monitoring studies be conducted in order to assess FTWs in diverse 

conditions (different input loads, climate conditions, sizes and coverage ratio, etc.) and over a long 

term period. 
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11 SUMMARY AND CONCLUSIONS 

11.1 POLLUTANTS TREATMENT EFFICIENCY  

The field trial undertaken in New Zealand revealed that the pond retrofitted with a FTW was 

significantly more efficient than the conventional retention pond (Control pond), exhibiting a 41% TSS, 

40% PZn, 39% PCu, 16% DCu and 27% TP lower effluent EMC (Table 11-1). Mass removal 

efficiencies and inlet and outlet EMCs are summarised in Table 11-1. 

The greatest performance improvement induced by the FTW occurred for TSS and PCu for 

which the Control pond didn’t provide an effective treatment. Only 50% of the Control pond effluent 

EMCs met the the recommended 25 mg/L TSS (European Parliament, 2006), against ~85% for the 

FTW pond, and no significant PCu reduction was observed in the Control pond, while a 48% EMC 

reduction occurred in the FTW pond. These observations may be attributed to the fact that most storm 

events were not entirely captured in the ponds which were approximately flushed twice during an 

event. This limited settling of particles which is the primary removal mechanism occurring in the 

Control pond. The inclusion of an FTW, providing additional particle removal mechanisms, would thus 

be particularly beneficial for low efficiency ponds. 

 DZn and SRP inlet EMCs, which already met the ANZECC water quality guidelines and could 

correspond to an irreducible concentration of the system, were too low to differentiate the performance 

of either pond. The FTW moderately improved TN removal which was statistically better only from late 

spring to end autumn.  
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Table 11-1: Summary of Inlet, FTW and Control pond outlet EMCs and FTW and Control pond 
MREs (N=17, except for FTW and Control pond outlet TSS EMCs for which N=18)  
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11.2 POLLUTANT REMOVAL PATHWAYS 

The field trial undertaken in New Zealand suggests that the main factors contributing to the 

overall increased performance in presence of a FTW are (Figure 11-1): 

 A dense root network acting as a physical filter for particulate pollutant removal and 

possibly increasing hydraulic efficiency of the pond and thus particles settlement. 

 Root organics and detritus release: 

1. acting as a biosorbent for dissolved metal and phosphorus under neutral 

pH induced by the FTW;  

2. promoting floc formation increasing particulate pollutant settlement; 

3. promoting the development of bacteria responsible of 

mineralization/nitrification/denitrification and sulphate reduction. 

 Anoxic condition in the water column enhancing denitrification especially in summer and 

autumn 

 Neutral pH, reduced sediment and anoxic water column thereby increasing efficient 

storage of metal and phosphorus in sediment. 

  

Figure 11-1: Most plausible primary processes involved in pollutant removal by the FTW in 
Silveralde, NZ  
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Physical entrapment of particulate pollutants into the roots’ biofilm and subsequent settlement at 

the bottom of the pond seems be a significant removal pathway and could be impacted by the inflow 

volume and peak flow. A FTW would increase the overall sequestration of Cu and Zn in the sediment. 

While some occasional release is possible when favourable conditions exist for bacterial OM 

degradation or hydroxide reduction, increased accumulation occurred in summer through autumn. 

Higher water column temperature combined with lower sediment Eh and water column DO, neutral pH 

and greater source of carbon induced by the FTW over summer enhanced sorption onto OM, metal 

sulphide formation and limited OM degradation and thus release of metals. This is in accordance with 

Wood and Shelley (1999) who suggested that binding of metal with sulphide and organic carbon 

influenced metal sequestration in the sediment of wetlands and controlled their bioavailability. Further 

sorption and flocculation of particulate metals with OM released by the FTW, and subsequent 

settlement, may have contributed to higher Cu and Zn concentration build-up noticed in the FTW pond 

sediments in autumn. Unlike Zn, Cu speciation in the sediment (mainly found as Cu org-S) was 

relatively stable under various sediment Eh conditions probably due to its stronger binding property 

with sulphide and OM.  

Inlet PP is thought to have been associated with PCu on fine particles like colloidal OM and/or 

clay.  The main PP removal process appeared to be the physical entrapment in roots of the FTW and 

settlement as sediment. The FTW pond inducing a more neutral water column pH and higher OM 

release into the water column likely promoted dissolved phosphorus sorption onto particles. 

Surprisingly no P release was observed from the reduced sediment of the FTW pond which could 

results from re-adsorption onto organics and/or clay minerals (i.e. Al-OH). This resulted in higher P 

sediment accumulation in the FTW pond. Conversely, P release occurred in the Control pond when 

sediments were reduced and basic conditions prevailed in the water column over autumn.  

Greater TN pollutant removal performance observed from late spring to end autumn likely 

resulted from higher ON removal and denitrification in presence of the FTW. Low DO, higher water 

temperature and increased OM and microbial activity below the FTW likely facilitated greater 

denitrification observed over this period. Greater sediment N accumulation in the FTW pond also 

contributed to its higher overall N treatment performance. Higher OM availability in the FTW pond due 

to release of root exudates and supply of detritus from plant die back may have contributed to floc 

formation in the water column, increasing particulate ON settlement. Enhanced ON mineralisation may 

also be responsible but was probably limited in summer due to the low DO induced by the FTW.  

Even if pollutants accumulated in the vegetation of the FTW in spring, it is not thought to be a 

significant pollutant removal pathway, neither is the sorption of metals on root surface plaques. 

Accumulation in the sediment appears to be the main removal process for most of the pollutants, as 

supported by the literature for conventional constructed wetlands (Reddy and Delaune, 2008, Kadlec 

and Wallace, 2009). Several other researchers have identified that plant uptake wasn’t a dominant 

process responsible for metal and nutrient removal in wetlands or FTWs (Cronk and Fennessy, 2001, 

Hoagland et al., 2001, Murray-Gulde et al., 2005, Kadlec and Wallace, 2009, Sekomo et al., 2011, 

Tanner and Headley, 2011). Nevertheless the plants play a major role in trapping particulate pollutants 

in the root network eventually sloughing off and settling on the bottom of the pond. Their roots provide 
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an adequate substrate for bacterial development and release organic compounds which are both 

essential for dissolved metal and phosphorus sorption and metal sulphide formation. 

11.3 IMPLEMENTATION AND MAINTENANCE CONSIDERATIONS 

Implementation and maintenance considerations were developed based on the monitoring of 

two sites (in Silverdale, New Zealand and in Durham, North Carolina) presenting ponds retrofitted with 

different size FTWs.  

If the aim is to provide water quality control rather than peak flow control, installing a high flow 

bypass could be considered. This would allow the diversion of flows in excess of the water quality 

design storm and promote maximum TSS and PZn treatment performance. Results suggest that 

installing a FTW of at least 50 m
2
 would promote favourable conditions for denitrification but a larger 

FTW should be considered if high nitrate input is expected outside summer. Installing a mixing system 

like a cascade structure at the system outlet should be considered to promote re-aeration during 

discharge and reduce potential toxicity downstream. The main purpose of deploying FTWs should be 

clearly defined prior installation. If the main purpose is to provide habitat for freshwater species and 

enhance biodiversity, small FTWs limiting DO depletion should be used. Conversely large FTWs (at 

least 50 m
2
) should be used to provide additional treatment to improve nitrate or metal removal. 

It is recommended to select plants presenting dense fibrous roots able to occupy at least 55% of 

the water depth during peak flow to maintain good particulate pollutant removal. Excessively long roots 

could induce sediment re-suspension if the section area between the sediment and the roots is too 

small, resulting in increased velocity of the flow short-circuiting underneath the roots of the FTW.  

Furthermore long roots could grow into the sediment, inducing the submersion of the FTW when the 

water level rises during a storm event. None of these negative impacts were observed in the present 

study with roots occupying 67% of the permanent pool water depth. Plants should be tolerant to 

overall high pollutant loads and to sulphide and anoxic conditions which develop under the FTW 

during the warmest months of the year. Selecting several plant species meeting the above criteria 

would limit the risk of loss of the totality the plants due to a disease, as different species usually show 

different tolerances to specific diseases. Plants presenting a moderate shoot turn-over are preferable 

to avoid release of contaminants in the water column during senescence.  

The accelerated accumulation of sediment compared to a conventional retention pond suggests 

that more frequent sediment removal operations will be needed in systems equipped with FTWs in 

order to maintain adequate storage capacity of the permanent pool. Sediment-attached Cu and Zn 

were mainly non-bioavailable, thus unlikely to cause undue aquatic impacts. 

11.4 FUTURE RESEARCH 

Limited full scale studies have been undertaken so far to assess the benefits of using FTWs for 

stormwater treatment. Results presented in this thesis are encouraging but are based on the 
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monitoring of only two sites equipped with FTWs. Thorough comprehension of a FTW and its design 

effects is thus still in its infancy. The promising results of several FTW applications present in the 

literature warrant other field scale experiments to refine the knowledge on this device and associated 

design considerations. It is crucial that other full scale monitoring studies be conducted in order to 

assess FTWs in diverse conditions (different input load, climate conditions, sizes and coverage ratio, 

etc.) and over a long term period. 

The aim of the present thesis was to assess if a FTW would improve the treatment efficiency of 

a conventional retention pond and to identify the key pollutant removal mechanisms. The latter task 

was performed by identifying where pollutants accumulate (plant, sediment), in which form (organic, 

mineral..) and by monitoring physico-chemical indicators of which processes could occur.  These data 

are valuable to understand the key pollutant removal processes. In order to provide a more detailed 

analysis it would have been interesting to perform a pollutant mass balance. However this would have 

required the analysis of 100% of the storm-events over the 1 year monitoring period which might be 

feasible in a small-scale mesocosms experiment but physically not possible on a full-scale site. For 

future research, mesocosm studies providing a pollutant mass balance analysis would help refine 

and/or confirm the present results.  

The presence of a dense fibrous root network below the FTW has been identified as an 

essential factor for particle removal. Therefore it is of interest to determine the optimal size of a FTW 

and root density to act as an efficient filter depending on the input loads and flow conditions. Plant 

tolerance to anoxic conditions is also necessary to guarantee good and perennial establishment of 

plants. Species presenting high radial oxygen loss (ROL) are potentially more apt to overcome long 

periods of anaerobic conditions (Cronk and Fennessy, 2001). Nevertheless it is important to maintain 

low DO conditions for denitrification. Further studies are thus needed to assess plant species with 

different ROL and their ability to overcome anaerobic conditions without outweighing the depletion of 

DO induced by the FTW. 

The 2-year experiment undertaken in New Zealand identified that a FTW would accelerate 

sediment accumulation and maintain relatively reduced conditions in the sediment and thus 

guarantees low availability of accumulated metals. Further studies would be required to confirm that 

low bioavailability is maintained over the long term. A longer period of monitoring would also help in 

defining an adequate dredging frequency required to maintain adequate storage capacity of the 

permanent pool. 

Furthermore, while wetlands usually present buffering capacity and maintain pH just above 

neutrality (Kadlec and Wallace, 2009), it has been noticed that slightly acidic pH could occur in 

presence of FTWs, as observed at the North Carolina site. However it is important to maintain pH 

close to neutrality in order to promote N, P, Cu and Zn removal. Runoff alkalinity could help predict the 

pH level that would prevail in the pond and identify the need for a watershed neutralizing strategies 

(e.g. CaCO3 application to the watershed) (Porcella et al., 1995). Additional research is thus needed in 

order to assess the impact of alkalinity on prevailing water column pH in systems comprising FTWs 

and determine the adequate alkalinity to buffer pH.  
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Appendix A. EDS graphs of the FTW roots 
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Appendix B.  Storm-events water quality data 

ADP* 

Storm-

event 
ID 

Sampling 
date  

Part (1) 
Sample ID 

(2) 
NH4-N NO2-N NO3-N ON (3) TN SRP TP  TSS DCu 

PCu 
(4) 

TCu DZn PZn (4) TZn 

Days - dd/mm/yyyy  -  - mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

7.26 SE1 26/05/2011 F SE1-Cin 1.337 0.007 0.241 0.815 2.4 0.092 0.203 56 0.0055 0.0055 0.0110 0.0110 0.0400 0.0510 

7.26 SE1 26/05/2011 FTW SE1-CI 0.063 0.004 0.469 0.964 1.5 0.041 0.098 24 0.0047 0.0026 0.0073 0.0085 0.0175 0.0260 

7.26 SE1 26/05/2011 CONTROL SE1-CC 0.024 0.004 0.253 0.659 0.94 0.039 0.133 36 0.0054 0.0033 0.0087 0.0084 0.0226 0.0310 

0.83 SE1.5 24/06/2011 FTW SE1.5-CI - - - - - - - 20 - - - - - - 

0.83 SE1.5 24/06/2011 CONTROL SE1.5-CC - - - - - - - 36 - - - - - - 

0.542 SE2 26/06/2011 F SE2-Cin 0.033 0.003 0.309 1.955 2.3 0.017 0.06 21 0.0039 0.0012 0.0051 0.0096 0.0204 0.0300 

0.542 SE2 26/06/2011 FTW SE2-CI 0.045 0.002 0.328 0.465 0.84 0.018 0.052 18 0.0038 0.0007 0.0045 0.0076 0.0054 0.0130 

0.542 SE2 26/06/2011 CONTROL SE2-CC 0.063 0.003 0.481 0.653 1.2 0.019 0.076 25 0.0040 0.0030 0.0070 0.0085 0.0145 0.0230 

8.86 SE3 8/07/2011 F SE3-Cin 0.032 0.004 0.176 0.518 0.73 0.019 0.035 56 0.0110 0.0000 0.0110 0.0190 0.0310 0.0500 

8.86 SE3 8/07/2011 FTW SE3-CI 0.023 0.002 0.264 0.466 0.755 0.015 0.031 34 0.0053 0.0003 0.0056 0.0110 0.0210 0.0320 

8.86 SE3 8/07/2011 CONTROL SE3-CC 0.026 0.004 0.333 0.527 0.89 0.015 0.033 48 0.0033 0.0043 0.0076 0.0120 0.0300 0.0420 

3.38 SE4 21/07/2011 F SE4-Cin 0.019 0.002 0.647 0.632 1.3 0.01 0.09 39 0.0049 0.0044 0.0092 0.0103 0.0408 0.0510 

3.38 SE4 21/07/2011 FTW SE4-CI 0.027 <DL 0.289 1.132 1.45 0.011 0.043 16 0.0042 0.0019 0.0061 0.0140 0.0130 0.0270 

3.38 SE4 21/07/2011 CONTROL SE4-CC 0.058 0.004 0.301 0.457 0.82 0.013 0.066 34 0.0053 0.0031 0.0084 0.0140 0.0270 0.0410 

5.69 SE5 5/08/2011 F SE5-Cin 0.028 0.019 0.302 0.851 1.2 0.008 0.132 89 0.0071 0.0079 0.0150 0.0035 0.0685 0.0720 

5.69 SE5 5/08/2011 FTW SE5-CI 0.029 0.004 0.17 0.362 0.565 0.007 0.019 3 0.0031 0.0012 0.0043 0.0065 0.0055 0.0120 

5.69 SE5 5/08/2011 CONTROL SE5-CC 0.021 0.01 0.653 0.616 1.3 <DL 0.043 28 0.0045 0.0035 0.0080 0.0083 0.0207 0.0290 

3.32 SE6 11/08/2011 F SE6-Cin 0.014 0.006 0.358 0.432 0.81 <DL 0.119 35 0.0055 0.0037 0.0092 0.0041 0.0309 0.0350 

3.32 SE6 11/08/2011 FTW SE6-CI 0.017 <DL 0.539 0.112 0.67 <DL 0.045 7 0.0043 0.0013 0.0055 0.0081 0.0039 0.0120 

3.32 SE6 11/08/2011 CONTROL SE6-CC 0.013 0.003 0.143 0.501 0.66 <DL 0.066 14 0.0051 0.0018 0.0069 0.0071 0.0119 0.0190 

2.45 SE7 15/08/2011 F SE7-Cin 0.006 0.006 0.395 0.373 0.78 <DL 0.056 23 0.0037 0.0026 0.0063 0.0094 0.0247 0.0340 

2.45 SE7 15/08/2011 FTW SE7-CI 0.015 0.002 0.168 0.41 0.595 <DL 0.036 9 0.0032 0.0012 0.0044 0.0072 0.0048 0.0120 

2.45 SE7 15/08/2011 CONTROL SE7-CC 0.006 0.002 0.193 0.619 0.82 <DL 0.062 30 0.0040 0.0023 0.0063 0.0080 0.0160 0.0240 

8.82 SE8 11/09/2011 F SE8-Cin 0.01 0.011 0.367 1.012 1.4 <DL 0.12 75 0.0048 0.0112 0.0160 0.0050 0.0780 0.0830 



 

Karine BORNE-Department of Civil & Environmental Engineering-University of Auckland Page 125 
 

ADP* 

Storm-

event 
ID 

Sampling 
date  

Part (1) 
Sample ID 

(2) 
NH4-N NO2-N NO3-N ON (3) TN SRP TP  TSS DCu 

PCu 
(4) 

TCu DZn PZn (4) TZn 

Days - dd/mm/yyyy  -  - mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

8.82 SE8 11/09/2011 FTW SE8-CI 0.012 0.002 0.495 0.446 0.955 <DL 0.047 15 0.0032 0.0033 0.0065 0.0043 0.0152 0.0195 

8.82 SE8 11/09/2011 CONTROL SE8-CC 0.013 0.004 0.203 0.88 1.1 <DL 0.064 24 0.0044 0.0055 0.0099 0.0046 0.0254 0.0300 

5.26 SE9 11/10/2011 F SE9-Cin 0.019 0.008 0.857 0.316 1.2 <DL 0.066 28 0.0078 0.0008 0.0086 0.0059 0.0161 0.0220 

5.26 SE9 11/10/2011 FTW SE9-CI 0.013 0.005 0.164 0.428 0.61 0.007 0.035 8 0.0058 0.0008 0.0066 0.0050 0.0060 0.0110 

5.26 SE9 11/10/2011 CONTROL SE9-CC 0.016 0.006 0.216 0.457 0.695 <DL 0.043 14 0.0058 0.0019 0.0077 0.0027 0.0098 0.0125 

0.99 SE10 19/10/2011 F SE10-Cin 0.014 0.002 0.11 0.774 0.9 0.006 0.048 24 0.0042 0.0040 0.0082 0.0072 0.0208 0.0280 

0.99 SE10 19/10/2011 FTW SE10-CI 0.021 0.002 0.366 0.711 1.1 0.007 0.035 16 0.0043 0.0026 0.0069 0.0068 0.0112 0.0180 

0.99 SE10 19/10/2011 CONTROL SE10-CC 0.016 0.002 0.247 0.835 1.1 <DL 0.045 25 0.0043 0.0039 0.0082 0.0063 0.0232 0.0295 

12.28 SE11 1/11/2011 F SE11-Cin 0.074 0.04 0.21 0.692 0.98 <DL 0.07 40 0.0069 0.0009 0.0078 0.0075 0.0275 0.0350 

12.28 SE11 1/11/2011 FTW SE11-CI 0.034 <DL 0.148 0.476 0.66 0.007 0.044 12 0.0053 0.0002 0.0055 0.0062 0.0078 0.0140 

12.28 SE11 1/11/2011 CONTROL SE11-CC 0.016 0.002 0.173 0.659 0.85 0.008 0.059 24 0.0056 0.0016 0.0072 0.0059 0.0151 0.0210 

9.98 SE12 4/12/2011 F SE12-Cin 0.017 0.007 0.51 0.766 1.3 0.008 0.077 30 0.0072 0.0029 0.0100 0.0058 0.0183 0.0240 

9.98 SE12 4/12/2011 FTW SE12-CI 0.018 0.004 0.25 0.678 0.95 0.009 0.046 14 0.0043 0.0018 0.0061 0.0025 0.0125 0.0150 

9.98 SE12 4/12/2011 CONTROL SE12-CC 0.021 0.004 0.32 0.805 1.15 0.015 0.095 31 0.0055 0.0033 0.0088 0.0040 0.0180 0.0220 

1.53 SE13 15/02/2012 F SE13-Cin 0.017 <DL 0.11 0.621 0.75 0.072 0.13 51 0.0031 0.0064 0.0095 0.0120 0.0485 0.0605 

1.53 SE13 15/02/2012 FTW SE13-CI 0.017 <DL 0.013 0.768 0.8 0.033 0.092 37 0.0027 0.0037 0.0064 0.0048 0.0212 0.0260 

1.53 SE13 15/02/2012 CONTROL SE13-CC 0.012 <DL 0.12 0.611 0.745 0.02 0.105 51 0.0032 0.0048 0.0080 0.0041 0.0269 0.0310 

7.75 SE14 23/02/2012 F SE14-Cin 0.034 <DL 0.11 0.846 0.99 0.16 0.22 26 0.0046 0.0049 0.0095 0.0330 0.0405 0.0735 

7.75 SE14 23/02/2012 FTW SE14-CI 0.015 0.003 0.08 0.472 0.57 0.043 0.082 9 0.0028 0.0031 0.0059 0.0031 0.0149 0.0180 

7.75 SE14 23/02/2012 CONTROL SE14-CC 0.026 0.003 0.073 0.623 0.725 0.056 0.125 24 0.0037 0.0039 0.0075 0.0031 0.0170 0.0200 

5.97 SE15 19/03/2012 F SE15-Cin 0.035 0.004 0.19 0.601 0.83 0.092 0.14 22 0.0042 0.0026 0.0067 0.0076 0.0124 0.0200 

5.97 SE15 19/03/2012 FTW SE15-CI 0.029 0.003 0.12 0.558 0.71 0.068 0.11 15 0.0035 0.0023 0.0058 0.0050 0.0090 0.0140 

5.97 SE15 19/03/2012 CONTROL SE15-CC 0.029 0.003 0.14 0.638 0.81 0.067 0.125 23 0.0038 0.0031 0.0069 0.0057 0.0123 0.0180 

0.58 SE16 21/03/2012 F SE16-Cin 0.18 <DL 0.25 0.36 0.81 0.043 0.08 19 0.0031 0.0024 0.0055 0.0064 0.0116 0.0180 

0.58 SE16 21/03/2012 FTW SE16-CI 0.043 <DL 0.074 0.531 0.65 0.036 0.075 15 0.0033 0.0021 0.0054 0.0060 0.0100 0.0160 

0.58 SE16 21/03/2012 CONTROL SE16-CC 0.029 <DL 0.088 0.531 0.65 0.035 0.083 22 0.0035 0.0026 0.0061 0.0064 0.0116 0.0180 

9.24 SE17 7/06/2012 F SE17-Cin 0.02 0.007 0.25 0.823 1.1 0.089 0.2 24 0.0055 0.0036 0.0091 0.0120 0.0235 0.0355 

9.24 SE17 7/06/2012 FTW SE17-CI 0.011 0.011 0.084 0.379 0.485 0.012 0.044 5 0.0028 0.0010 0.0038 0.0052 0.0037 0.0088 
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ADP* 

Storm-

event 
ID 

Sampling 
date  

Part (1) 
Sample ID 

(2) 
NH4-N NO2-N NO3-N ON (3) TN SRP TP  TSS DCu 

PCu 
(4) 

TCu DZn PZn (4) TZn 

Days - dd/mm/yyyy  -  - mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

9.24 SE17 7/06/2012 CONTROL SE17-CC 0.011 0.009 0.082 0.6 0.7 0.02 0.078 10 0.0045 0.0016 0.0061 0.005 0.008 0.013 

*ADP=Antecedent dry period 
(1) F=sample collected in the Forbay, upstream inlet weirs, FTW=sample collected at the outlet of the FTW pond, CONTROL=sample collected at the outlet of the Control pond  

(2) SEY-Cin=Storm event Y-composite sample for inlet, SEY-CI=Storm event Y-composite sample for outlet FTW pond, SEY-CC=Storm event Y-composite sample for outlet Control pond 
(3) ON Calculated as TN  - (NH4-N+NO2-N+NO3-N), if one of the nitrogen forms was <MDL then the MDL was used to calculate ON. 
(4) Particulate copper (PCu) and particulate Zinc (PZn) concentrations were calculated by subtracting the dissolved form to the total element concentration. 

- : Not applicable or analysed 
DL NO2-N=0.002 mg/L 
DL SRP=0.005 mg/L 
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Appendix C. Mass Removal Efficiencies 

ADP* 
Storm-

event ID 
Sampling 

date  
Pond NH4-N NO2-N NO3-N NOx-N ON TN SRP TP  TSS DCu PCu TCu DZn PZn TZn 

Days  - dd/mm/yyyy - % % % % % % % % % % % % % % % 

7.26 SE1 26-May-2011 FTW 95 45 -88 -84 -14 40 57 53 58 18 54 36 25 58 51 

0.54 SE2 26-Jun-2011 FTW -37 33 -6 -6 76 63 -6 13 13 2 42 12 21 73 57 

8.86 SE3 08-Jul-2011 FTW 29 50 -49 -46 11 -3 22 12 40 52 NA 50 43 33 37 

3.38 SE4 21-Jul-2011 FTW -40 1 56 56 -77 -10 -9 53 58 15 57 35 -35 69 48 

5.69 SE5 05-Aug-2011 FTW 1 80 46 48 59 55 16 86 97 58 85 72 -78 92 84 

3.32 SE6 11-Aug-2011 FTW -19 67 -47 -45 75 19 2 63 79 25 67 42 -93 88 67 

2.45 SE7 15-Aug-2011 FTW -148 67 58 58 -9 24 1 36 63 14 54 31 24 81 65 

8.82 SE8 11-Sep-2011 FTW -16 82 -30 -27 57 34 4 62 81 36 72 61 17 81 77 

5.26 SE9 11-Oct-2011 FTW 33 39 81 81 -33 50 -37 48 71 27 2 25 17 63 51 

0.99 SE10 19-Oct-2011 FTW -51 -1 -236 -232 7 -23 -18 26 35 -3 34 15 5 46 35 

12.28 SE11 01-Nov-2011 FTW 55 95 31 31 33 34 -37 38 71 25 78 31 19 72 61 

9.98 SE12 04-Dec-2011 FTW -3 45 52 52 14 29 -9 42 54 42 39 41 58 34 39 

1.53 SE13 15-Feb-2012 FTW 6 6 89 87 -17 -1 57 33 31 18 45 36 62 59 59 

7.75 SE14 23-Feb-2012 FTW 59 -41 32 29 48 46 75 65 66 43 41 42 91 65 77 

5.97 SE15 19-Mar-2012 FTW 18 26 38 38 9 16 27 23 33 17 11 15 35 28 31 

0.58 SE16 21-Mar-2012 FTW 76 0 70 72 -47 20 16 6 20 -6 13 2 6 14 11 

9.24 SE17 07-Jun-2012 FTW 48 -48 68 65 57 59 87 79 80 52 74 61 60 85 77 

7.26 SE1 26-May-2011 CONTROL 98 45 -1 0 22 62 59 37 39 5 42 24 26 45 41 

0.54 SE2 26-Jun-2011 CONTROL -97 -3 -61 -60 66 46 -15 -31 -24 -6 -158 -42 9 27 21 

8.86 SE3 08-Jul-2011 CONTROL 19 1 -88 -86 -1 -21 22 6 16 70 NA 31 37 4 17 

3.38 SE4 21-Jul-2011 CONTROL -201 -97 54 54 29 38 -28 28 12 -8 30 10 -34 35 21 

5.69 SE5 05-Aug-2011 CONTROL 28 49 -108 -99 30 -4 40 69 70 39 57 49 -128 71 61 

3.32 SE6 11-Aug-2011 CONTROL 9 51 61 61 -14 20 2 46 62 9 52 27 -70 62 47 

2.45 SE7 15-Aug-2011 CONTROL 1 67 52 52 -64 -4 1 -9 -25 -7 13 1 16 36 30 
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ADP* 
Storm-

event ID 
Sampling 

date  
Pond NH4-N NO2-N NO3-N NOx-N ON TN SRP TP  TSS DCu PCu TCu DZn PZn TZn 

Days  - dd/mm/yyyy - % % % % % % % % % % % % % % % 

8.82 SE8 11-Sep-2011 CONTROL -25 65 47 47 16 24 4 49 69 12 53 40 12 69 65 

5.26 SE9 11-Oct-2011 CONTROL 18 27 75 75 -41 43 2 36 51 27 -126 13 55 40 44 

0.99 SE10 19-Oct-2011 CONTROL -15 -1 -127 -124 -9 -23 16 5 -5 -3 3 0 12 -13 -6 

12.28 SE11 01-Nov-2011 CONTROL 79 95 19 19 6 15 -58 17 41 20 -75 9 22 46 41 

9.98 SE12 04-Dec-2011 CONTROL -20 45 39 39 -2 14 -82 -20 -2 25 -12 15 33 4 11 

1.53 SE13 15-Feb-2012 CONTROL 33 5 -3 -3 7 6 74 24 5 2 29 20 68 47 51 

7.75 SE14 23-Feb-2012 CONTROL 28 -41 38 35 31 31 67 47 12 26 26 26 91 61 74 

5.97 SE15 19-Mar-2012 CONTROL 18 26 27 27 -5 4 28 12 -3 10 -18 -1 26 2 11 

0.58 SE16 21-Mar-2012 CONTROL 84 0 65 67 -47 20 19 -4 -14 -13 -6 -10 0 0 0 

9.24 SE17 07-Jun-2012 CONTROL 47 -25 68 66 29 38 78 62 57 20 57 35 59 67 64 

NA: not applicable, MRE can't be calculated as inlet EMC=0 mg/L 
*ADP=Antecedent dry period 
- : Not applicable or analysed 
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Appendix D. Dry weather water column data 

 

Sampling date Pond Sample ID DO DO pH Eh 
Specific 
conduct

ivity 

Chlorophyl
l A 

dd/mm/yyyy - - % mg/L - mV µS/cm mg/L 

15/12/2010 FTW M1-WC1s 47.50 3.98 7.32 420 513 - 

15/12/2010 FTW M1-WC1d 38.50 3.26 7.38 413 509 - 

15/12/2010 FTW M1-WC2s 41.00 3.35 7.39 341 504 - 

15/12/2010 FTW M1-WC2d 36.30 3.01 7.33 339 501 - 

15/12/2010 FTW M1-WC3s 43.20 3.45 7.4 327 497 - 

15/12/2010 FTW M1-WC3d 42.80 3.40 7.4 330 500 - 

15/12/2010 FTW M1-WC4s 36.20 2.95 7.3 329 520 - 

15/12/2010 FTW M1-WC4d 30.80 2.54 7.28 325 512 - 

15/12/2010 FTW M1-WC5s 44.70 3.62 7.36 326 514 - 

15/12/2010 FTW M1-WC5d 34.60 2.82 7.29 330 517 - 

15/12/2010 FTW M1-WC6s 44.90 3.57 7.37 332 520 - 

15/12/2010 FTW M1-WC6d 52.60 4.26 7.41 360 510 - 

15/12/2010 FTW M1-WC7s 46.30 3.86 7.36 411 526 - 

15/12/2010 FTW M1-WC7d 34.80 2.94 7.37 403 516 - 

15/12/2010 CONTROL M1-WC8s 90.50 7.45 8.1 409 560 - 

15/12/2010 CONTROL M1-WC8d 93.10 7.70 8.11 405 555 - 

15/12/2010 CONTROL M1-WC9s 100.00 8.19 8.09 331 564 - 

15/12/2010 CONTROL M1-WC9d 92.80 7.70 8.11 340 562 - 

15/12/2010 CONTROL M1-WC10s 92.90 7.57 8.11 376 564 - 

15/12/2010 CONTROL M1-WC10d 99.20 8.17 8.13 369 563 - 

14/03/2011 FTW M2-WC1s 48.20 4.40 7.08 470 430 - 

14/03/2011 FTW M2-WC1d 63.70 5.85 7.22 320 434 - 

14/03/2011 FTW M2-WC2s 37.90 3.41 7.23 379 428 - 

14/03/2011 FTW M2-WC2d 51.40 4.65 7.28 377 421 - 

14/03/2011 FTW M2-WC3s 25.60 2.25 7.11 378 427 - 

14/03/2011 FTW M2-WC3d 28.10 2.47 7.18 370 405 - 

14/03/2011 FTW M2-WC4s 11.70 1.04 7 397 423 - 

14/03/2011 FTW M2-WC4d 35.50 3.19 7.22 361 424 - 

14/03/2011 FTW M2-WC5s 20.90 1.83 7.04 411 406 - 

14/03/2011 FTW M2-WC5d 41.80 3.68 7.26 402 412 - 

14/03/2011 FTW M2-WC6s 23.70 2.07 7.1 366 410 - 

14/03/2011 FTW M2-WC6d 38.00 3.34 7.25 424 405 - 

14/03/2011 FTW M2-WC7s 45.40 4.18 7.28 340 410 - 

14/03/2011 FTW M2-WC7d 44.50 4.12 7.27 334 409 - 

14/03/2011 CONTROL M2-WC8s 167.10 15.10 9.09 343 428 - 

14/03/2011 CONTROL M2-WC8d 170.40 15.47 9.14 341 423 - 

14/03/2011 CONTROL M2-WC9s 169.50 15.26 9.14 342 423 - 

14/03/2011 CONTROL M2-WC9d 177.10 16.08 9.19 338 413 - 
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Sampling date Pond Sample ID DO DO pH Eh 
Specific 
conduct

ivity 

Chlorophyl
l A 

dd/mm/yyyy - - % mg/L - mV µS/cm mg/L 

14/03/2011 CONTROL M2-WC10s 168.50 15.11 9.08 344 419 - 

14/03/2011 CONTROL M2-WC10d 169.10 15.36 9.14 341 415 - 

16/06/2011 FTW M3-WC1s 40.40 4.16 7.74 389 573 - 

16/06/2011 FTW M3-WC1d 38.70 3.99 7.75 387 575 - 

16/06/2011 FTW M3-WC2s 21.40 2.17 7.77 448 494 - 

16/06/2011 FTW M3-WC2d 42.90 4.38 7.99 388 575 - 

16/06/2011 FTW M3-WC3s 22.50 2.30 7.84 406 528 - 

16/06/2011 FTW M3-WC3d 35.40 3.62 7.92 412 571 - 

16/06/2011 FTW M3-WC4s 19.70 2.02 7.76 420 383 - 

16/06/2011 FTW M3-WC4d 36.90 3.75 7.96 424 558 - 

16/06/2011 FTW M3-WC5s 28.80 2.92 7.85 427 478 - 

16/06/2011 FTW M3-WC5d 46.00 4.67 7.98 422 531 - 

16/06/2011 FTW M3-WC6s 48.00 4.85 7.96 429 468 - 

16/06/2011 FTW M3-WC6d 50.20 5.09 8.06 419 512 - 

16/06/2011 FTW M3-WC7s 45.20 4.68 7.82 418 526 - 

16/06/2011 FTW M3-WC7d 45.60 4.73 7.82 407 524 - 

16/06/2011 CONTROL M3-WC8s 111.80 11.54 8.42 429 537 - 

16/06/2011 CONTROL M3-WC8d 104.50 10.85 8.36 430 534 - 

16/06/2011 CONTROL M3-WC9s 108.50 11.20 8.44 444 532 - 

16/06/2011 CONTROL M3-WC9d 106.60 11.06 8.39 445 534 - 

16/06/2011 CONTROL M3-WC10s 107.80 11.11 8.46 450 529 - 

16/06/2011 CONTROL M3-WC10d 104.60 10.87 8.42 450 529 - 

27/09/2011 FTW M4-WC1s 60.00 6.28 7.23 463 503 - 

27/09/2011 FTW M4-WC1d 64.50 6.78 7.36 437 507 - 

27/09/2011 FTW M4-WC2s 76.00 8.07 7.54 430 447 - 

27/09/2011 FTW M4-WC2d 75.40 8.01 7.53 431 448 - 

27/09/2011 FTW M4-WC3s 38.10 3.84 7.26 434 470 - 

27/09/2011 FTW M4-WC3d 63.20 6.39 7.48 436 499 - 

27/09/2011 FTW M4-WC4s 39.60 4.04 7.26 442 487 - 

27/09/2011 FTW M4-WC4d 68.90 7.06 7.45 446 495 - 

27/09/2011 FTW M4-WC5s 47.50 4.83 7.23 453 439 - 

27/09/2011 FTW M4-WC5d 62.20 6.33 7.41 448 492 - 

27/09/2011 FTW M4-WC6s 62.30 6.27 7.38 452 439 - 

27/09/2011 FTW M4-WC6d 71.70 7.25 7.47 450 456 - 

27/09/2011 FTW M4-WC7s 68.00 6.88 7.42 454 449 - 

27/09/2011 FTW M4-WC7d 77.20 7.81 7.59 445 449 - 

27/09/2011 CONTROL M4-WC8s 167.60 17.50 8.66 402 550 - 

27/09/2011 CONTROL M4-WC8d 155.20 16.33 8.66 406 554 - 

27/09/2011 CONTROL M4-WC9s 168.10 17.49 8.66 413 556 - 

27/09/2011 CONTROL M4-WC9d 159.40 16.74 8.65 420 558 - 

27/09/2011 CONTROL M4-WC10s 166.00 17.20 8.7 422 548 - 

27/09/2011 CONTROL M4-WC10d 174.70 18.37 8.84 421 537 - 

23/11/2011 FTW M5-WC1s 23.20 2.14 6.91 471 595 - 
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Sampling date Pond Sample ID DO DO pH Eh 
Specific 
conduct

ivity 

Chlorophyl
l A 

dd/mm/yyyy - - % mg/L - mV µS/cm mg/L 

23/11/2011 FTW M5-WC1d 22.60 2.09 6.95 477 598 - 

23/11/2011 FTW M5-WC2s 24.70 2.22 7.29 508 583 - 

23/11/2011 FTW M5-WC2d 27.90 2.54 7.33 500 590 - 

23/11/2011 FTW M5-WC3s 11.50 1.04 7.24 507 584 - 

23/11/2011 FTW M5-WC3d 13.30 1.22 7.3 505 595 - 

23/11/2011 FTW M5-WC4s 15.60 1.41 7.26 496 564 - 

23/11/2011 FTW M5-WC4d 19.60 1.78 7.25 483 559 - 

23/11/2011 FTW M5-WC5s 22.90 2.05 7.3 513 538 - 

23/11/2011 FTW M5-WC5d 23.50 2.13 7.31 512 543 - 

23/11/2011 FTW M5-WC6s 15.70 1.40 7.28 499 543 - 

23/11/2011 FTW M5-WC6d 29.30 2.62 7.37 506 538 - 

23/11/2011 FTW M5-WC7s 17.20 1.60 6.99 501 541 - 

23/11/2011 FTW M5-WC7d 17.55 1.63 7.03 352 542 - 

23/11/2011 CONTROL M5-WC8s 42.70 3.82 7.6 477 459 - 

23/11/2011 CONTROL M5-WC8d 43.20 3.88 7.62 438 459 - 

23/11/2011 CONTROL M5-WC9s 43.00 3.85 7.63 460 459 - 

23/11/2011 CONTROL M5-WC9d 40.10 3.60 7.62 467 458 - 

23/11/2011 CONTROL M5-WC10s 42.60 3.81 7.65 497 459 - 

23/11/2011 CONTROL M5-WC10d 39.25 3.52 7.63 418 459 - 

28/02/2012 FTW M6-WC1s 18.80 1.70 7.08 423 417 - 

28/02/2012 FTW M6-WC1d 15.10 1.37 7.13 359 418 - 

28/02/2012 FTW M6-WC2s 12.80 1.13 7.26 401 366 - 

28/02/2012 FTW M6-WC2d 15.60 1.40 7.24 387 412 - 

28/02/2012 FTW M6-WC3s 7.60 0.68 7.18 409 389 - 

28/02/2012 FTW M6-WC3d 6.50 0.58 7.18 354 418 - 

28/02/2012 FTW M6-WC4s 9.00 0.80 7.12 403 342 - 

28/02/2012 FTW M6-WC4d 8.80 0.79 7.16 115 407 - 

28/02/2012 FTW M6-WC5s 12.70 1.13 7.16 326 323 - 

28/02/2012 FTW M6-WC5d 14.60 1.30 7.17 334 317 - 

28/02/2012 FTW M6-WC6s 8.50 0.77 7.14 280 328 - 

28/02/2012 FTW M6-WC6d 13.30 1.21 7.19 309 323 - 

28/02/2012 FTW M6-WC7s 11.60 1.05 7.16 346 322 - 

28/02/2012 FTW M6-WC7d 11.50 1.05 7.11 314 322 - 

28/02/2012 CONTROL M6-WC8s 69.20 6.19 7.62 422 380 - 

28/02/2012 CONTROL M6-WC8d 67.80 6.07 7.59 418 381 - 

28/02/2012 CONTROL M6-WC9s 69.50 6.22 7.58 426 381 - 

28/02/2012 CONTROL M6-WC9d 65.30 5.85 7.54 455 380 - 

28/02/2012 CONTROL M6-WC10s 68.80 6.16 7.56 473 380 - 

28/02/2012 CONTROL M6-WC10d 67.10 6.01 7.55 480 379 - 

23/05/2012 FTW M7-WC1s 21.20 2.27 7.18 465 545 - 

23/05/2012 FTW M7-WC1d 20.10 2.16 7.24 386 547 - 

23/05/2012 FTW M7-WC2s 14.40 1.50 7.21 417 490 - 

23/05/2012 FTW M7-WC2d 18.20 1.89 7.26 409 545 - 
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Sampling date Pond Sample ID DO DO pH Eh 
Specific 
conduct

ivity 

Chlorophyl
l A 

dd/mm/yyyy - - % mg/L - mV µS/cm mg/L 

23/05/2012 FTW M7-WC3s 13.50 1.41 7.18 418 490 - 

23/05/2012 FTW M7-WC3d 11.60 1.21 7.23 389 540 - 

23/05/2012 FTW M7-WC4s 19.60 2.03 7.21 388 434 - 

23/05/2012 FTW M7-WC4d 21.80 2.25 7.31 387 534 - 

23/05/2012 FTW M7-WC5s 30.50 3.21 7.28 384 439 - 

23/05/2012 FTW M7-WC5d 33.30 3.49 7.3 389 446 - 

23/05/2012 FTW M7-WC6s 29.90 3.11 7.3 429 437 - 

23/05/2012 FTW M7-WC6d 32.70 3.44 7.34 397 460 - 

23/05/2012 FTW M7-WC7s 34.00 3.70 7.33 402 460 - 

23/05/2012 FTW M7-WC7d 33.60 3.65 7.35 379 459 - 

23/05/2012 CONTROL M7-WC8s 94.30 10.20 7.86 398 506 - 

23/05/2012 CONTROL M7-WC8d 97.90 10.61 7.93 400 508 - 

23/05/2012 CONTROL M7-WC9s 96.30 10.36 7.86 405 510 - 

23/05/2012 CONTROL M7-WC9d 105.40 11.41 7.99 399 509 - 

23/05/2012 CONTROL M7-WC10s 100.70 10.81 7.96 401 497 - 

23/05/2012 CONTROL M7-WC10d 106.60 11.55 8.04 399 497 - 

31/10/2012 FTW M8-WC1d 55.20 5.29 7.24 417 459 - 

31/10/2012 FTW M8-WC2d 42.80 4.07 7.21 460 452 - 

31/10/2012 FTW M8-WC3d 50.40 4.77 7.22 476 457 - 

31/10/2012 FTW M8-WC4d 8.00 0.75 7.05 503 382 0.00088 

31/10/2012 FTW M8-WC5d 13.90 1.30 7.14 497 382 - 

31/10/2012 FTW M8-WC6d 17.50 1.62 7.15 491 395 - 

31/10/2012 FTW M8-WC7d 15.90 1.53 7.18 397 393 - 

31/10/2012 CONTROL M8-WC8d 120.60 11.30 8.6 425 402 - 

31/10/2012 CONTROL M8-WC9d 118.20 11.06 8.57 435 403 0.01 

31/10/2012 CONTROL M8-WC10d 101.40 9.47 8.35 464 404 - 

31/10/2012 CONTROL M8-WC11d 116.50 10.90 8.58 425 402 - 

31/10/2012 CONTROL M8-WC12d 119.40 11.16 8.58 444 403 - 

31/10/2012 CONTROL M8-WC13d 118.00 11.04 8.56 461 403 - 

Mx-WCYs: Mission x, sample WC y, 10 cm depth 

Mx-WCYd: Mission x, sample WC y, 40 cm depth 
- : Not applicable, measured or analysed 
note:  3 additional locations for samples collection were added in the Control pond during the last mission 
(i.e. M8-WC11d, M8-WC12d, M8-WC13d) which were located between M8-WC8d and M8-WC10d 
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Appendix E. Sediment TP, TN,TFe, LOI and Eh data 

Sample description 

TP TN TFe LOI 
Sediment 

Eh 
Sampling 

date Pond 
Sample 

ID 

- - - mg/kg mg/kg mg/kg % mV 

13/12/2010 FTW M1-S1 270 - - 5.0 7.85 

13/12/2010 FTW M1-S2 300 - - 5.3 77 

13/12/2010 FTW M1-S3 110 - - 5.1 173 

13/12/2010 FTW M1-S17 220 - - 5.7 72.85 

13/12/2010 FTW M1-S6 310 - - 5.3 45.35 

13/12/2010 FTW M1-S7 290 - - 4.7 60.6 

13/12/2010 CONTROL M1-S9 99 - - 5.0 137.05 

13/12/2010 CONTROL M1-S14 170 - - 4.6 193.55 

23/08/2011 FTW M2-S1 310 - - 6.8 203.5 

23/08/2011 FTW M2-S2 450 - - 7.4 140.4 

23/08/2011 FTW M2-S3 380 - - 12.1 147.8 

23/08/2011 FTW M2-S4 410 - - 13.8 151.4 

23/08/2011 FTW M2-S17 400 - - 10.6 131.9 

23/08/2011 FTW M2-S5 350 - - 12.9 215.3 

23/08/2011 FTW M2-S6 400 - - 11.0 203.4 

23/08/2011 FTW M2-S7 330 - - 8.6 147.3 

23/08/2011 FTW M2-S8 300 - - 7.9 177.5 

23/08/2011 CONTROL M2-S9 230 - - 6.1 202.2 

23/08/2011 CONTROL M2-S11 250 - - 9.2 136.1 

23/08/2011 CONTROL M2-S13 280 - - 8.9 126.9 

23/08/2011 CONTROL M2-S15 350 - - 7.4 173.9 

6/12/2011 FTW M3-S1 370 - - 5.8 62.7 

6/12/2011 FTW M3-S2 370 - - 10.0 -133.5 

6/12/2011 FTW M3-S3 300 - - 8.5 -119.6 

6/12/2011 FTW M3-S4 430 - - 11.6 -44.4 

6/12/2011 FTW M3-S5 300 - - 8.1 -65.8 

6/12/2011 FTW M3-S6 390 - - 7.0 -35.3 

6/12/2011 FTW M3-S7 370 - - 11.0 55.8 

6/12/2011 FTW M3-S8 280 - - 7.5 -108.5 

6/12/2011 CONTROL M3-S9 250 - - 7.5 -55.7 

6/12/2011 CONTROL M3-S10 260 - - 8.3 -66.9 

6/12/2011 CONTROL M3-S11 290 - - 9.0 -51.2 

6/12/2011 CONTROL M3-S12 270 - - 9.8 -55.2 

6/12/2011 CONTROL M3-S13 260 - - 9.8 -22.7 

6/12/2011 CONTROL M3-S14 290 - - 7.4 -18.6 

6/12/2011 CONTROL M3-S15 260 - - 7.7 -25.7 

6/12/2011 CONTROL M3-S16 210 - - 9.3 -78.4 

5/03/2012 FTW M4-S1 310 790 - 4.2 130.8 

5/03/2012 FTW M4-S2 400 1200 - 8.5 -13.1 
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Sample description 

TP TN TFe LOI 
Sediment 

Eh 
Sampling 

date Pond 
Sample 

ID 

- - - mg/kg mg/kg mg/kg % mV 

5/03/2012 FTW M4-S3 410 2100 - 10.9 -66.9 

5/03/2012 FTW M4-S4 460 1700 - 10.3 -40.6 

5/03/2012 FTW M4-S5 340 1900 - 10.4 1.8 

5/03/2012 FTW M4-S6 490 2300 - 11.5 27.8 

5/03/2012 FTW M4-S7 480 2300 - 11.0 37.1 

5/03/2012 FTW M4-S8 400 2200 - 10.0 -16.9 

5/03/2012 CONTROL M4-S9 240 910 - 5.8 70 

5/03/2012 CONTROL M4-S10 320 1200 - 7.4 63.5 

5/03/2012 CONTROL M4-S11 320 1600 - 7.7 73.4 

5/03/2012 CONTROL M4-S12 340 1500 - 7.5 57.3 

5/03/2012 CONTROL M4-S13 300 1400 - 7.2 97.5 

5/03/2012 CONTROL M4-S14 360 1750 - 8.4 81.4 

5/03/2012 CONTROL M4-S15 310 1900 - 7.8 71.3 

5/03/2012 CONTROL M4-S16 290 1900 - 8.6 72.8 

11/06/2012 FTW M5-S1 340 1800 - 6.0 141.8 

11/06/2012 FTW M5-S2 560 2600 - 10.9 94.3 

11/06/2012 FTW M5-S3 590 3400 - 10.9 101.8 

11/06/2012 FTW M5-S4 480 2900 - 12.1 123.2 

11/06/2012 FTW M5-S5 490 2500 - 12.0 110.8 

11/06/2012 FTW M5-S6 470 2600 - 8.4 127.4 

11/06/2012 FTW M5-S7 420 2000 - 10.3 99.6 

11/06/2012 FTW M5-S8 330 2100 - 8.2 -2.2 

11/06/2012 CONTROL M5-S9 220 1200 - 5.8 118.6 

11/06/2012 CONTROL M5-S10 280 2000 - 6.9 69.8 

11/06/2012 CONTROL M5-S11 260 1800 - 8.1 60.5 

11/06/2012 CONTROL M5-S12 220 2600 - 8.0 5.7 

11/06/2012 CONTROL M5-S13 290 2300 - 8.4 74.1 

11/06/2012 CONTROL M5-S14 190 2000 - 6.8 8.3 

11/06/2012 CONTROL M5-S15 240 1900 - 8.1 8.3 

11/06/2012 CONTROL M5-S16 250 1700 - 7.7 103.6 

5/11/2012 FTW M6-S1 310 1400 9800 7.4 63.4 

5/11/2012 FTW M6-S2 410 2200 14000 10.9 -1.4 

5/11/2012 FTW M6-S3 510 3100 14000 13.2 -35.5 

5/11/2012 FTW M6-S4 490 2900 15000 12.8 -18 

5/11/2012 FTW M6-S5 310 1900 13000 12.1 23.5 

5/11/2012 FTW M6-S6 480 2100 14000 10.1 16.8 

5/11/2012 FTW M6-S7 440 1500 14000 10.3 28.8 

5/11/2012 FTW M6-S8 490 1800 14000 9.1 -41.6 

5/11/2012 CONTROL M6-S9 160 1400 9400 7.9 -36.3 

5/11/2012 CONTROL M6-S10 240 1100 9800 7.6 -8.8 

5/11/2012 CONTROL M6-S11 340 1500 12000 8.8 84.3 

5/11/2012 CONTROL M6-S12 320 1800 11000 9.1 -9.9 

5/11/2012 CONTROL M6-S13 330 1600 11000 7.4 -21.3 
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Sample description 

TP TN TFe LOI 
Sediment 

Eh 
Sampling 

date Pond 
Sample 

ID 

- - - mg/kg mg/kg mg/kg % mV 

5/11/2012 CONTROL M6-S14 270 1200 9900 8.0 16.3 

5/11/2012 CONTROL M6-S15 330 1300 11000 8.2 58.1 

5/11/2012 CONTROL M6-S16 240 1500 6800 8.6 -18.3 

-: Not applicable or analysed 
Mx-Sy: Mission x, sample Sy 
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Appendix F. Sediment Zinc and Copper data 

 
Sample description Zinc Copper 

Sampling 

date Pond 

Sample 

ID TZn Zn exc Zn hyd 

Zn org-

S Zn res 

% Zn 

exc 

%Zn 

hyd 

%Zn 

org-S 

%Zn 

res TCu Cu exc Cu hyd 

Cu 

org-S Cu res 

% 
Cu 

exc 

%Cu 

hyd 

%Cu 

org-S 

%Cu 

res 

dd/mm/yyyy - - mg/kg mg/kg mg/kg mg/kg mg/kg % % % % mg/kg mg/kg mg/kg mg/kg mg/kg % % % % 

 
13/12/2010 FTW M1-S1 59.4 4.6 5.0 11.1 38.8 7.7 8.4 18.7 65.3 30.3 <MDL 2.0 8.1 19.2 3.3 6.8 26.6 63.3 

 
13/12/2010 FTW M1-S2 50.9 2.5 3.1 3.0 42.2 5.0 6.2 5.9 83.0 26.3 <MDL <MDL 4.3 20.0 3.8 3.8 16.3 76.1 

 
13/12/2010 FTW M1-S3 57.2 2.6 4.0 4.4 46.2 4.6 7.0 7.6 80.8 25.6 <MDL 2.1 1.7 20.9 3.9 8.0 6.7 81.3 

 
13/12/2010 FTW M1-S17 46.0 5.3 5.9 4.6 30.2 11.5 12.8 10.1 65.5 18.0 <MDL 2.1 4.1 10.8 5.6 11.8 22.9 59.8 

 
13/12/2010 FTW M1-S6 64.6 11.4 8.2 10.2 34.9 17.6 12.7 15.8 54.0 38.1 1.9 3.7 11.8 20.7 5.1 9.7 31.0 54.3 

 
13/12/2010 FTW M1-S7 67.6 7.6 5.5 10.5 44.0 11.2 8.1 15.5 65.1 34.3 <MDL 2.2 10.2 20.9 2.9 6.5 29.7 60.8 

 
13/12/2010 CONTROL M1-S9 49.8 7.0 8.6 17.2 17.0 14.0 17.2 34.5 34.3 31.1 <MDL 4.4 <MDL 0.0 3.2 14.3 0.0 0.0 

 
13/12/2010 CONTROL M1-S14 65.5 5.0 5.3 11.5 43.8 7.6 8.0 17.5 66.9 36.6 <MDL <MDL 5.9 28.7 2.7 2.7 16.2 78.3 

 
23/08/2011 FTW M2-S1 177.8 39.4 32.7 39.8 65.9 22.1 18.4 22.4 37.1 42.8 <MDL <MDL 27.0 13.8 2.3 2.3 63.2 32.2 

 
23/08/2011 FTW M2-S2 169.3 24.2 18.4 39.2 87.6 14.3 10.9 23.1 51.7 38.6 <MDL <MDL 21.6 15.0 2.6 2.6 56.0 38.8 

 
23/08/2011 FTW M2-S3 324.9 91.5 97.3 136.1 0.0 28.2 29.9 41.9 0.0 73.0 <MDL <MDL 61.5 9.5 1.4 1.4 84.2 13.0 

 
23/08/2011 FTW M2-S4 341.0 108.9 93.0 139.0 0.0 31.9 27.3 40.8 0.0 64.5 8.4 2.3 30.7 23.2 12.9 3.5 47.6 36.0 

 
23/08/2011 FTW M2-S17 255.5 87.1 58.1 110.3 0.0 34.1 22.7 43.2 0.0 47.6 1.3 1.7 23.7 20.9 2.7 3.6 49.7 43.9 

 
23/08/2011 FTW M2-S5 243.3 99.9 48.6 83.4 11.4 41.1 20.0 34.3 4.7 67.5 5.8 4.4 39.7 17.6 8.6 6.5 58.9 26.0 

 
23/08/2011 FTW M2-S6 246.6 107.4 56.8 82.4 0.0 43.5 23.0 33.4 0.0 75.2 10.5 5.1 48.5 11.2 13.9 6.8 64.5 14.8 

 
23/08/2011 FTW M2-S7 179.0 61.9 45.9 71.2 0.0 34.6 25.7 39.8 0.0 57.1 1.1 <MDL 47.7 7.2 2.0 1.8 83.6 12.6 

 
23/08/2011 FTW M2-S8 152.1 35.5 38.5 78.2 0.0 23.3 25.3 51.4 0.0 49.2 <MDL <MDL 39.7 7.5 2.0 2.0 80.7 15.2 

 
23/08/2011 CONTROL M2-S9 106.4 36.2 28.0 42.2 0.0 34.0 26.3 39.7 0.0 35.0 4.7 3.3 21.6 5.5 13.4 9.4 61.6 15.6 

 
23/08/2011 CONTROL M2-S11 238.3 90.7 70.2 77.4 0.0 38.1 29.4 32.5 0.0 60.2 5.1 7.5 40.8 6.7 8.5 12.5 67.8 11.1 

 
23/08/2011 CONTROL M2-S13 235.7 52.8 56.4 126.5 0.0 22.4 23.9 53.6 0.0 57.2 <MDL 3.7 28.8 23.6 1.7 6.5 50.4 41.4 

 
23/08/2011 CONTROL M2-S15 186.0 30.2 42.2 79.8 33.8 16.2 22.7 42.9 18.2 54.8 <MDL <MDL 38.1 14.7 1.8 1.8 69.5 26.8 

 
6/12/2011 FTW M3-S1 103.7 5.0 13.7 59.1 25.8 4.8 13.2 57.0 24.9 28.5 <MDL <MDL 15.9 10.7 3.5 3.5 55.6 37.4 

 
6/12/2011 FTW M3-S2 240.6 7.2 29.5 203.8 0.0 3.0 12.3 84.7 0.0 59.1 <MDL <MDL 56.7 0.4 1.7 1.7 95.9 0.7 
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Sample description Zinc Copper 

Sampling 

date Pond 

Sample 

ID TZn Zn exc Zn hyd 

Zn org-

S Zn res 

% Zn 

exc 

%Zn 

hyd 

%Zn 

org-S 

%Zn 

res TCu Cu exc Cu hyd 

Cu 

org-S Cu res 

% 
Cu 

exc 

%Cu 

hyd 

%Cu 

org-S 

%Cu 

res 

dd/mm/yyyy - - mg/kg mg/kg mg/kg mg/kg mg/kg % % % % mg/kg mg/kg mg/kg mg/kg mg/kg % % % % 

 
6/12/2011 FTW M3-S3 170.2 9.2 34.2 114.2 12.6 5.4 20.1 67.1 7.4 45.4 <MDL <MDL 40.8 2.6 2.2 2.2 89.9 5.6 

 
6/12/2011 FTW M3-S4 280.6 30.2 47.7 202.7 0.0 10.8 17.0 72.3 0.0 72.8 <MDL <MDL 59.8 11.0 1.4 1.4 82.2 15.1 

 
6/12/2011 FTW M3-S5 206.2 12.9 31.3 157.1 5.0 6.3 15.2 76.2 2.4 55.5 <MDL <MDL 47.8 5.7 1.8 1.8 86.1 10.2 

 
6/12/2011 FTW M3-S6 135.0 13.4 28.9 92.6 0.0 10.0 21.4 68.6 0.0 56.4 <MDL <MDL 41.0 13.5 1.8 1.8 72.6 23.9 

 
6/12/2011 FTW M3-S7 282.3 21.6 60.4 200.2 0.0 7.7 21.4 70.9 0.0 70.6 <MDL <MDL 59.5 9.1 1.4 1.4 84.3 12.9 

 
6/12/2011 FTW M3-S8 116.4 1.7 11.3 67.3 36.2 1.4 9.7 57.8 31.1 36.2 <MDL <MDL 25.9 8.4 2.8 2.8 71.4 23.1 

 
6/12/2011 CONTROL M3-S9 170.8 5.6 19.3 136.2 9.7 3.3 11.3 79.8 5.7 48.5 <MDL <MDL 36.0 10.5 2.1 2.1 74.3 21.6 

 
6/12/2011 CONTROL M3-S10 205.1 3.3 16.5 156.0 29.3 1.6 8.0 76.1 14.3 63.3 <MDL <MDL 46.5 14.9 1.6 1.6 73.4 23.4 

 
6/12/2011 CONTROL M3-S11 188.4 5.4 30.3 152.7 0.0 2.9 16.1 81.0 0.0 54.1 <MDL <MDL 42.9 9.2 1.8 1.8 79.3 17.0 

 
6/12/2011 CONTROL M3-S12 226.7 7.0 41.4 162.3 15.9 3.1 18.3 71.6 7.0 78.0 <MDL <MDL 54.7 21.3 1.3 1.3 70.1 27.3 

 
6/12/2011 CONTROL M3-S13 197.5 4.1 20.1 147.2 26.1 2.1 10.2 74.5 13.2 60.6 <MDL <MDL 44.8 13.8 1.6 1.6 73.9 22.8 

 
6/12/2011 CONTROL M3-S14 154.3 2.9 24.0 127.3 0.0 1.9 15.6 82.5 0.0 49.2 <MDL <MDL 42.7 4.5 2.0 2.0 86.9 9.1 

 
6/12/2011 CONTROL M3-S15 192.8 1.6 9.7 181.6 0.0 0.8 5.0 94.2 0.0 57.1 <MDL <MDL 51.6 3.5 1.8 1.8 90.3 6.2 

 
6/12/2011 CONTROL M3-S16 219.1 4.0 30.4 183.2 1.5 1.8 13.9 83.6 0.7 69.1 <MDL <MDL 55.8 11.3 1.4 1.4 80.8 16.3 

 
5/03/2012 FTW M4-S1 124.1 1.0 8.5 69.9 44.8 0.8 6.8 56.3 36.0 33.9 <MDL <MDL 19.9 12.0 2.9 2.9 58.7 35.4 

 
5/03/2012 FTW M4-S2 242.6 3.2 24.4 214.9 0.0 1.3 10.1 88.6 0.0 51.0 <MDL <MDL 45.0 4.1 2.0 2.0 88.1 8.0 

 
5/03/2012 FTW M4-S3 298.2 4.0 30.6 263.7 0.0 1.3 10.2 88.4 0.0 71.4 <MDL <MDL 60.9 8.4 1.4 1.4 85.4 11.8 

 
5/03/2012 FTW M4-S4 277.5 6.3 38.6 232.6 0.0 2.3 13.9 83.8 0.0 73.9 <MDL <MDL 59.4 12.5 1.4 1.4 80.4 16.9 

 
5/03/2012 FTW M4-S5 269.9 5.6 40.9 223.5 0.0 2.1 15.2 82.8 0.0 62.6 <MDL <MDL 56.5 4.1 1.6 1.6 90.3 6.5 

 
5/03/2012 FTW M4-S6 284.7 7.7 59.9 216.4 0.6 2.7 21.0 76.0 0.2 78.4 <MDL <MDL 66.1 10.3 1.3 1.3 84.3 13.1 

 
5/03/2012 FTW M4-S7 297.3 7.4 46.9 243.0 0.0 2.5 15.8 81.7 0.0 75.6 <MDL <MDL 61.1 12.6 1.3 1.3 80.7 16.6 

 
5/03/2012 FTW M4-S8 218.6 3.0 44.6 171.1 0.0 1.4 20.4 78.3 0.0 62.1 <MDL <MDL 55.6 4.6 1.6 1.6 89.4 7.3 

 
5/03/2012 CONTROL M4-S9 128.0 7.5 25.8 90.8 3.9 5.9 20.2 70.9 3.0 31.7 <MDL <MDL 27.7 2.0 3.2 3.2 87.3 6.4 

 
5/03/2012 CONTROL M4-S10 157.4 7.5 36.3 109.7 3.9 4.8 23.0 69.7 2.5 44.7 <MDL <MDL 34.8 7.9 2.2 2.2 77.9 17.6 

 
5/03/2012 CONTROL M4-S11 224.4 10.9 50.6 162.9 0.0 4.9 22.6 72.6 0.0 60.4 <MDL <MDL 46.0 12.4 1.7 1.7 76.2 20.5 

 
5/03/2012 CONTROL M4-S12 215.2 6.1 43.1 166.0 0.0 2.8 20.0 77.1 0.0 62.8 <MDL <MDL 49.4 11.4 1.6 1.6 78.7 18.1 

 
5/03/2012 CONTROL M4-S13 199.1 5.7 40.4 153.0 0.0 2.9 20.3 76.9 0.0 58.9 <MDL <MDL 48.9 7.9 1.7 1.7 83.1 13.5 
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Sample description Zinc Copper 

Sampling 

date Pond 

Sample 

ID TZn Zn exc Zn hyd 

Zn org-

S Zn res 

% Zn 

exc 

%Zn 

hyd 

%Zn 

org-S 

%Zn 

res TCu Cu exc Cu hyd 

Cu 

org-S Cu res 

% 
Cu 

exc 

%Cu 

hyd 

%Cu 

org-S 

%Cu 

res 

dd/mm/yyyy - - mg/kg mg/kg mg/kg mg/kg mg/kg % % % % mg/kg mg/kg mg/kg mg/kg mg/kg % % % % 

 
5/03/2012 CONTROL M4-S14 248.6 7.1 45.3 196.3 0.0 2.9 18.2 78.9 0.0 67.8 <MDL <MDL 61.2 4.6 1.5 1.5 90.3 6.8 

 
5/03/2012 CONTROL M4-S15 199.5 6.4 33.8 159.3 0.0 3.2 17.0 79.8 0.0 59.4 <MDL <MDL 48.3 9.1 1.7 1.7 81.3 15.4 

 
5/03/2012 CONTROL M4-S16 191.7 5.0 41.0 145.7 0.0 2.6 21.4 76.0 0.0 65.4 <MDL <MDL 56.4 6.9 1.5 1.5 86.3 10.6 

 
11/06/2012 FTW M5-S1 106.9 6.0 46.0 34.2 20.6 5.6 43.1 32.0 19.3 34.7 <MDL <MDL 26.8 6.0 2.9 2.9 77.1 17.2 

 
11/06/2012 FTW M5-S2 343.2 7.3 133.6 202.4 0.0 2.1 38.9 59.0 0.0 79.4 <MDL <MDL 72.9 4.5 1.3 1.3 91.8 5.7 

 
11/06/2012 FTW M5-S3 347.4 4.1 170.5 172.7 0.0 1.2 49.1 49.7 0.0 80.7 <MDL <MDL 69.6 9.1 1.2 1.2 86.3 11.2 

 
11/06/2012 FTW M5-S4 376.3 6.9 151.6 217.8 0.0 1.8 40.3 57.9 0.0 83.9 <MDL <MDL 73.2 8.7 1.2 1.2 87.3 10.3 

 
11/06/2012 FTW M5-S5 382.1 14.0 187.8 180.3 0.0 3.7 49.1 47.2 0.0 87.0 <MDL <MDL 81.0 4.0 1.1 1.1 93.1 4.6 

 
11/06/2012 FTW M5-S6 196.6 2.6 47.1 135.6 11.3 1.3 23.9 69.0 5.8 55.2 <MDL <MDL 50.4 2.8 1.8 1.8 91.3 5.0 

 
11/06/2012 FTW M5-S7 288.0 7.4 134.0 136.2 10.3 2.6 46.5 47.3 3.6 71.2 <MDL <MDL 60.8 8.4 1.4 1.4 85.4 11.7 

 
11/06/2012 FTW M5-S8 163.1 0.6 56.9 105.5 0.0 0.4 34.9 64.7 0.0 47.1 <MDL <MDL 42.3 2.8 2.1 2.1 89.9 5.9 

 
11/06/2012 CONTROL M5-S9 118.2 5.2 38.2 57.8 16.9 4.4 32.3 48.9 14.3 39.0 <MDL <MDL 32.7 4.3 2.6 2.6 83.8 11.0 

 
11/06/2012 CONTROL M5-S10 170.4 9.5 68.7 76.2 16.0 5.6 40.3 44.7 9.4 60.9 <MDL <MDL 48.3 10.6 1.6 1.6 79.3 17.4 

 
11/06/2012 CONTROL M5-S11 234.0 4.4 94.3 135.3 0.0 1.9 40.3 57.8 0.0 71.2 <MDL <MDL 57.9 11.3 1.4 1.4 81.3 15.9 

 
11/06/2012 CONTROL M5-S12 207.0 4.3 77.0 125.8 0.0 2.1 37.2 60.8 0.0 65.5 <MDL <MDL 58.0 5.5 1.5 1.5 88.5 8.4 

 
11/06/2012 CONTROL M5-S13 227.6 4.7 85.2 137.7 0.0 2.1 37.4 60.5 0.0 66.5 <MDL <MDL 57.7 6.8 1.5 1.5 86.8 10.2 

 
11/06/2012 CONTROL M5-S14 157.6 1.9 85.3 70.4 0.0 1.2 54.1 44.7 0.0 54.8 <MDL <MDL 40.2 12.6 1.8 1.8 73.3 23.0 

 
11/06/2012 CONTROL M5-S15 213.5 2.8 72.1 138.6 0.0 1.3 33.8 64.9 0.0 61.4 <MDL <MDL 56.3 3.0 1.6 1.6 91.8 4.9 

 
11/06/2012 CONTROL M5-S16 184.7 4.0 82.4 98.4 0.0 2.2 44.6 53.2 0.0 57.7 <MDL <MDL 52.8 3.0 1.7 1.7 91.4 5.1 

 
5/11/2012 FTW M6-S1 143.6 1.7 24.5 102.3 15.1 1.2 17.1 71.3 10.5 43.6 <MDL <MDL 36.2 5.3 2.3 2.3 83.2 12.3 

 
5/11/2012 FTW M6-S2 318.6 6.7 52.2 259.8 0.0 2.1 16.4 81.5 0.0 79.9 <MDL <MDL 70.0 7.9 1.3 1.3 87.6 9.9 

 
5/11/2012 FTW M6-S3 391.2 5.7 55.8 329.7 0.0 1.5 14.3 84.3 0.0 100.8 <MDL <MDL 76.1 22.7 1.0 1.0 75.5 22.6 

 
5/11/2012 FTW M6-S4 339.8 8.4 84.6 246.8 0.0 2.5 24.9 72.6 0.0 93.1 <MDL <MDL 68.9 22.2 1.1 1.1 74.0 23.9 

 
5/11/2012 FTW M6-S5 331.4 9.1 86.7 235.5 0.0 2.8 26.2 71.1 0.0 87.4 <MDL <MDL 68.4 17.0 1.1 1.1 78.3 19.4 

 
5/11/2012 FTW M6-S6 227.9 5.7 48.6 173.7 0.0 2.5 21.3 76.2 0.0 72.0 <MDL <MDL 58.1 11.9 1.4 1.4 80.7 16.5 

 
5/11/2012 FTW M6-S7 240.5 8.0 66.9 165.7 0.0 3.3 27.8 68.9 0.0 67.0 <MDL <MDL 53.3 11.7 1.5 1.5 79.5 17.5 

 
5/11/2012 FTW M6-S8 168.0 0.8 22.1 140.7 4.5 0.5 13.1 83.8 2.7 63.2 <MDL <MDL 49.3 11.9 1.6 1.6 78.0 18.8 
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Sample description Zinc Copper 

Sampling 

date Pond 

Sample 

ID TZn Zn exc Zn hyd 

Zn org-

S Zn res 

% Zn 

exc 

%Zn 

hyd 

%Zn 

org-S 

%Zn 

res TCu Cu exc Cu hyd 

Cu 

org-S Cu res 

% 
Cu 

exc 

%Cu 

hyd 

%Cu 

org-S 

%Cu 

res 

dd/mm/yyyy - - mg/kg mg/kg mg/kg mg/kg mg/kg % % % % mg/kg mg/kg mg/kg mg/kg mg/kg % % % % 

 
5/11/2012 CONTROL M6-S9 164.7 2.0 15.5 132.9 14.4 1.2 9.4 80.7 8.7 59.7 <MDL <MDL 45.9 11.8 1.7 1.7 76.9 19.7 

 
5/11/2012 CONTROL M6-S10 175.2 1.6 29.2 132.0 12.4 0.9 16.6 75.3 7.1 61.5 <MDL <MDL 52.8 6.7 1.6 1.6 85.8 10.9 

 
5/11/2012 CONTROL M6-S11 198.9 1.2 26.0 171.7 0.0 0.6 13.1 86.3 0.0 60.9 <MDL <MDL 57.7 1.1 1.6 1.6 94.8 1.9 

 
5/11/2012 CONTROL M6-S12 223.5 1.6 15.7 206.2 0.0 0.7 7.0 92.2 0.0 70.6 <MDL <MDL 64.5 4.0 1.4 1.4 91.4 5.7 

 
5/11/2012 CONTROL M6-S13 164.6 1.1 27.3 136.2 0.0 0.7 16.6 82.7 0.0 56.0 <MDL <MDL 42.8 11.2 1.8 1.8 76.4 20.1 

 
5/11/2012 CONTROL M6-S14 191.6 1.1 26.3 164.1 0.0 0.6 13.7 85.7 0.0 64.1 <MDL <MDL 58.6 3.5 1.6 1.6 91.4 5.5 

 
5/11/2012 CONTROL M6-S15 172.9 1.3 23.8 147.7 0.0 0.8 13.8 85.4 0.0 69.3 <MDL <MDL 54.1 13.2 1.4 1.4 78.1 19.0 

 
5/11/2012 CONTROL M6-S16 175.9 1.1 19.4 152.9 2.5 0.6 11.0 86.9 1.4 71.2 <MDL <MDL 54.4 14.8 1.4 1.4 76.4 20.7 

 exc=exchangeable/carbonate form, hyd= bound to hydroxides form,   org-S= bound to organics/sulphides form, res=residual form 
MDL of Cu exc, Cu hyd, Cu org-S=1 mg/kg 
-: Not applicable or analysed 

Mx-Sy: Mission x, sample Sy 
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Appendix G. Plant chemical analysis data 

Sampling 
date 

Sample ID Plot (1) 
biomass 
per plot 

TN 

sample 
(2) 

TN 

accumulated 
per plot 

TP 
sample (2) 

TP 

accumulated 
per plot 

Cu sample 
(2) 

Cu 

accumulated 
per plot 

Zn sample 
(2) 

Zn 

accumulated 
per plot 

Fe sample 
(2) 

Mn sample 
(2) 

dd/mm/yyyy - - kg d.w. % g % g mg/kg d.w. mg mg/kg d.w. mg mg/kg d.w. mg/kg d.w. 

8/12/2010 M1-P1S - - 1.58 - 0.12 - 6.5 - 18.0 - - - 

8/12/2010 M1-P2S - - 1.62 - 0.15 - 9.7 - 18.1 - - - 

8/12/2010 M1-P3S - - 1.36 - 0.13 - 5.2 - 15.0 - - - 

8/12/2010 M1-P4S - - 1.75 - 0.16 - 7.9 - 14.7 - - - 

8/12/2010 M1-P5S - - 1.84 - 0.17 - 7.7 - 15.6 - - - 

8/12/2010 M1-P6S - - 1.15 - 0.12 - 5.7 - 13.0 - - - 

8/12/2010 M1-P1R - - 0.90 - 0.09 - 11.3 - 25.2 - - - 

8/12/2010 M1-P2R - - 0.97 - 0.11 - 11.1 - 22.2 - - - 

8/12/2010 M1-P3R - - 0.66 - 0.07 - 7.4 - 16.3 - - - 

8/12/2010 M1-P4R - - 0.77 - 0.10 - 16.4 - 24.9 - - - 

8/12/2010 M1-P5R - - 0.92 - 0.11 - 10.1 - 18.2 - - - 

8/12/2010 M1-P6R - - 0.67 - 0.08 - 9.5 - 20.3 - - - 

5/09/2011 M4-P1R plaq Plot 1 1.57 - - - - 5.6 8.9 92.6 145.2 266.2 181.5 

5/09/2011 M4-P2R plaq Plot 2 0.98 - - - - 4.8 4.7 68.5 67.2 293.0 246.0 

5/09/2011 M4-P3R plaq Plot 3 1.30 - - - - 5.8 7.5 52.9 68.6 325.1 181.8 

5/09/2011 M4-P4R plaq Plot 4 1.48 - - - - 5.1 7.6 99.3 146.9 264.0 241.6 

5/09/2011 M4-P5R plaq Plot 5 0.53 - - - - 5.0 2.6 65.2 34.5 288.8 191.2 

5/09/2011 M4-P6R plaq Plot 6 0.60 - - - - 5.8 3.5 159.4 95.8 256.1 318.8 

5/09/2011 M4-P7R plaq Plot 7 0.63 - - - - 5.0 3.1 92.0 57.9 196.6 103.8 

5/09/2011 M4-P8R plaq Plot 8 2.63 - - - - 5.4 14.3 108.4 285.5 274.2 373.8 

5/09/2011 M4-P9R plaq Plot 9 0.80 - - - - 5.0 4.0 63.6 50.9 320.2 268.4 

5/09/2011 M4-P10R plaq Plot 10 0.51 - - - - 4.6 2.4 103.5 52.4 213.5 85.8 

5/09/2011 M4-P11R plaq Plot 11 1.10 - - - - 5.3 5.8 78.5 86.3 328.2 365.0 

5/09/2011 M4-P1S Plot 1 4.45 1.72 76 0.34 15.05 17.8 79.2 53.2 236.7 - - 
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Sampling 
date 

Sample ID Plot (1) 
biomass 
per plot 

TN 

sample 
(2) 

TN 

accumulated 
per plot 

TP 
sample (2) 

TP 

accumulated 
per plot 

Cu sample 
(2) 

Cu 

accumulated 
per plot 

Zn sample 
(2) 

Zn 

accumulated 
per plot 

Fe sample 
(2) 

Mn sample 
(2) 

dd/mm/yyyy - - kg d.w. % g % g mg/kg d.w. mg mg/kg d.w. mg mg/kg d.w. mg/kg d.w. 

5/09/2011 M4-P2S Plot 2 1.21 1.77 21 0.40 4.83 22.2 26.9 57.6 69.8 - - 

5/09/2011 M4-P3S Plot 3 2.66 2.11 56 0.50 13.23 23.2 61.7 69.4 184.5 - - 

5/09/2011 M4-P4S Plot 4 3.84 1.64 63 0.24 9.16 19.1 73.4 44.4 170.4 - - 

5/09/2011 M4-P5S Plot 5 1.71 1.71 29 0.27 4.55 19.9 34.0 48.7 83.4 - - 

5/09/2011 M4-P6S Plot 6 1.48 1.65 24 0.22 3.19 16.7 24.7 51.6 76.1 - - 

5/09/2011 M4-P7S Plot 7 2.31 1.59 37 0.22 5.11 17.8 41.0 46.3 106.8 - - 

5/09/2011 M4-P8S Plot 8 3.66 1.70 62 0.23 8.34 17.1 62.5 48.9 178.8 - - 

5/09/2011 M4-P9S Plot 9 1.11 1.63 18 0.28 3.14 19.9 22.2 54.5 60.6 - - 

5/09/2011 M4-P10S Plot 10 1.08 1.70 18 0.28 3.07 17.5 19.0 51.7 56.0 - - 

5/09/2011 M4-P11S Plot 11 2.64 1.76 47 0.33 8.77 19.6 51.8 61.3 161.9 - - 

5/09/2011 M4-P1R Plot 1 1.57 2.12 33 0.20 3.21 67.6 106.0 855.3 1341.7 - - 

5/09/2011 M4-P2R Plot 2 0.98 2.24 22 0.26 2.55 79.6 78.1 857.8 840.9 - - 

5/09/2011 M4-P3R Plot 3 1.30 2.62 34 0.29 3.80 90.4 117.2 888.6 1152.1 - - 

5/09/2011 M4-P4R Plot 4 1.48 2.47 37 0.22 3.19 58.7 86.7 672.6 994.5 - - 

5/09/2011 M4-P5R Plot 5 0.53 2.50 13 0.26 1.40 59.0 31.2 953.3 503.7 - - 

5/09/2011 M4-P6R Plot 6 0.60 1.82 11 0.17 1.04 44.7 26.9 514.0 308.8 - - 

5/09/2011 M4-P7R Plot 7 0.63 1.88 12 0.16 1.01 48.0 30.2 360.4 226.8 - - 

5/09/2011 M4-P8R Plot 8 2.63 1.84 48 0.17 4.42 59.5 156.7 619.1 1630.4 - - 

5/09/2011 M4-P9R Plot 9 0.80 2.28 18 0.26 2.12 73.4 58.8 1014.8 813.2 - - 

5/09/2011 M4-P10R Plot 10 0.51 2.01 10 0.20 1.03 56.4 28.6 536.4 271.7 - - 

5/09/2011 M4-P11R Plot 11 1.10 2.36 26 0.25 2.75 71.5 78.6 781.4 858.8 - - 

28/11/2011 M5-P1R plaq Plot 1 1.31 - - - - 6.1 8.0 68.3 89.3 240.6 208.8 

28/11/2011 M5-P2R plaq Plot 2 0.73 - - - - 5.8 4.2 78.6 57.6 403.6 138.8 

28/11/2011 M5-P3R plaq Plot 3 0.72 - - - - 5.2 3.8 70.4 50.7 540.5 209.3 

28/11/2011 M5-P4R plaq Plot 4 1.72 - - - - 5.5 9.4 81.1 139.3 537.0 76.1 

28/11/2011 M5-P5R plaq Plot 5 0.59 - - - - 3.3 1.9 45.8 27.0 281.8 141.3 

28/11/2011 M5-P6R plaq Plot 6 0.61 - - - - 3.2 1.9 62.0 37.6 204.8 90.7 
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Sampling 
date 

Sample ID Plot (1) 
biomass 
per plot 

TN 

sample 
(2) 

TN 

accumulated 
per plot 

TP 
sample (2) 

TP 

accumulated 
per plot 

Cu sample 
(2) 

Cu 

accumulated 
per plot 

Zn sample 
(2) 

Zn 

accumulated 
per plot 

Fe sample 
(2) 

Mn sample 
(2) 

dd/mm/yyyy - - kg d.w. % g % g mg/kg d.w. mg mg/kg d.w. mg mg/kg d.w. mg/kg d.w. 

28/11/2011 M5-P7R plaq Plot 7 0.70 - - - - 4.1 2.9 44.6 31.1 422.2 112.2 

28/11/2011 M5-P8R plaq Plot 8 1.71 - - - - 3.5 5.9 61.8 105.5 294.5 141.1 

28/11/2011 M5-P9R plaq Plot 9 0.81 - - - - 4.0 3.3 41.6 33.9 347.1 149.8 

28/11/2011 M5-P10R plaq Plot 10 0.48 - - - - 3.2 1.5 41.9 20.2 259.9 119.6 

28/11/2011 M5-P11R plaq Plot 11 1.08 - - - - 3.4 3.7 41.2 44.5 318.9 153.5 

28/11/2011 M5-P1S Plot 1 7.46 1.44 108 0.18 13.23 14.0 104.8 42.6 318.2 - - 

28/11/2011 M5-P2S Plot 2 3.45 1.72 59 0.31 10.60 21.0 72.3 58.5 201.7 - - 

28/11/2011 M5-P3S Plot 3 7.79 1.50 117 0.22 17.17 16.1 125.3 44.1 343.4 - - 

28/11/2011 M5-P4S Plot 4 12.75 1.52 193 0.18 23.38 15.3 195.7 44.9 571.8 - - 

28/11/2011 M5-P5S Plot 5 3.83 1.61 62 0.23 8.91 17.4 66.5 42.8 163.9 - - 

28/11/2011 M5-P6S Plot 6 2.97 1.42 42 0.17 5.04 15.1 45.0 40.3 119.8 - - 

28/11/2011 M5-P7S Plot 7 4.15 1.30 54 0.12 4.90 14.3 59.3 36.5 151.4 - - 

28/11/2011 M5-P8S Plot 8 6.13 1.31 80 0.13 8.24 12.9 79.2 33.8 207.3 - - 

28/11/2011 M5-P9S Plot 9 3.11 1.41 44 0.17 5.40 15.2 47.4 35.7 110.9 - - 

28/11/2011 M5-P10S Plot 10 2.56 1.31 33 0.16 4.11 13.9 35.4 34.8 88.9 - - 

28/11/2011 M5-P11S Plot 11 5.64 1.51 85 0.22 12.37 17.6 99.5 44.5 250.8 - - 

28/11/2011 M5-P1R Plot 1 1.31 1.72 22 0.12 1.58 53.7 70.2 423.8 553.8 - - 

28/11/2011 M5-P2R Plot 2 0.73 2.50 18 0.16 1.18 73.8 54.1 599.5 439.2 - - 

28/11/2011 M5-P3R Plot 3 0.72 2.62 19 0.14 0.97 56.3 40.5 506.2 364.6 - - 

28/11/2011 M5-P4R Plot 4 1.72 2.04 35 0.11 1.92 60.5 104.0 462.9 795.7 - - 

28/11/2011 M5-P5R Plot 5 0.59 1.98 12 0.11 0.66 51.9 30.6 515.5 304.3 - - 

28/11/2011 M5-P6R Plot 6 0.61 2.28 14 0.13 0.77 48.1 29.2 492.6 299.2 - - 

28/11/2011 M5-P7R Plot 7 0.70 2.03 14 0.10 0.72 48.0 33.5 461.4 321.8 - - 

28/11/2011 M5-P8R Plot 8 1.71 1.95 33 0.11 1.85 59.0 100.7 544.7 930.4 - - 

28/11/2011 M5-P9R Plot 9 0.81 2.18 18 0.14 1.13 63.3 51.5 523.6 425.8 - - 

28/11/2011 M5-P10R Plot 10 0.48 2.68 13 0.14 0.69 75.3 36.4 554.5 267.9 - - 

28/11/2011 M5-P11R Plot 11 1.08 2.43 26 0.15 1.60 64.9 70.0 507.2 547.4 - - 
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Sampling 
date 

Sample ID Plot (1) 
biomass 
per plot 

TN 

sample 
(2) 

TN 

accumulated 
per plot 

TP 
sample (2) 

TP 

accumulated 
per plot 

Cu sample 
(2) 

Cu 

accumulated 
per plot 

Zn sample 
(2) 

Zn 

accumulated 
per plot 

Fe sample 
(2) 

Mn sample 
(2) 

dd/mm/yyyy - - kg d.w. % g % g mg/kg d.w. mg mg/kg d.w. mg mg/kg d.w. mg/kg d.w. 

29/02/2012 M6-P1R plaq Plot 1 1.57 - - - - 1.1 1.8 16.4 25.7 319.5 36.1 

29/02/2012 M6-P2R plaq Plot 2 0.96 - - - - 0.9 0.8 9.7 9.4 281.2 25.9 

29/02/2012 M6-P3R plaq Plot 3 0.76 - - - - 1.2 1.0 13.7 10.5 380.8 52.1 

29/02/2012 M6-P4R plaq Plot 4 1.61 - - - - 0.7 1.1 12.3 19.9 301.9 22.5 

29/02/2012 M6-P5R plaq Plot 5 0.58 - - - - 1.0 0.6 11.6 6.7 219.2 39.1 

29/02/2012 M6-P6R plaq Plot 6 0.94 - - - - 1.4 1.3 13.6 12.8 326.6 40.1 

29/02/2012 M6-P7R plaq Plot 7 1.04 - - - - 1.1 1.2 14.0 14.5 335.7 40.9 

29/02/2012 M6-P8R plaq Plot 8 1.70 - - - - 1.6 2.7 10.4 17.7 405.3 74.1 

29/02/2012 M6-P9R plaq Plot 9 1.51 - - - - 2.3 3.4 24.1 36.5 447.0 241.2 

29/02/2012 M6-P10R plaq Plot 10 0.80 - - - - 2.7 2.1 18.8 14.9 512.8 469.0 

29/02/2012 M6-P11R plaq Plot 11 1.36 - - - - 1.7 2.3 15.4 20.9 444.4 308.6 

29/02/2012 M6-P1S Plot 1 6.59 1.15 75 0.12 7.96 5.9 38.5 22.4 147.2 - - 

29/02/2012 M6-P2S Plot 2 2.17 1.25 27 0.18 3.84 10.9 23.6 44.6 96.8 - - 

29/02/2012 M6-P3S Plot 3 4.85 1.17 57 0.11 5.45 6.8 33.2 31.9 154.6 - - 

29/02/2012 M6-P4S Plot 4 8.72 1.09 95 0.10 9.14 5.8 50.7 29.6 258.2 - - 

29/02/2012 M6-P5S Plot 5 1.78 1.09 19 0.11 1.99 8.7 15.6 30.6 54.4 - - 

29/02/2012 M6-P6S Plot 6 0.85 0.98 8 0.09 0.79 6.7 5.7 30.2 25.5 - - 

29/02/2012 M6-P7S Plot 7 2.72 1.00 27 0.10 2.71 7.3 19.9 28.3 77.0 - - 

29/02/2012 M6-P8S Plot 8 2.37 0.96 23 0.11 2.60 12.8 30.2 32.6 77.3 - - 

29/02/2012 M6-P9S Plot 9 2.81 0.99 28 0.10 2.90 9.1 25.6 26.1 73.4 - - 

29/02/2012 M6-P10S Plot 10 1.16 0.94 11 0.09 1.01 9.2 10.7 34.0 39.4 - - 

29/02/2012 M6-P11S Plot 11 1.62 0.93 15 0.10 1.61 9.5 15.4 29.0 47.1 - - 

29/02/2012 M6-P1R Plot 1 1.57 2.37 37 0.11 1.79 77.1 121.1 442.7 695.1 - - 

29/02/2012 M6-P2R Plot 2 0.96 2.89 28 0.11 1.08 73.8 71.0 385.4 370.6 - - 

29/02/2012 M6-P3R Plot 3 0.76 2.21 17 0.11 0.85 53.6 41.0 335.0 255.9 - - 

29/02/2012 M6-P4R Plot 4 1.61 2.09 34 0.09 1.43 34.0 54.9 170.0 274.3 - - 

29/02/2012 M6-P5R Plot 5 0.58 2.49 14 0.09 0.54 55.7 32.2 229.1 132.2 - - 
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Sampling 
date 

Sample ID Plot (1) 
biomass 
per plot 

TN 

sample 
(2) 

TN 

accumulated 
per plot 

TP 
sample (2) 

TP 

accumulated 
per plot 

Cu sample 
(2) 

Cu 

accumulated 
per plot 

Zn sample 
(2) 

Zn 

accumulated 
per plot 

Fe sample 
(2) 

Mn sample 
(2) 

dd/mm/yyyy - - kg d.w. % g % g mg/kg d.w. mg mg/kg d.w. mg mg/kg d.w. mg/kg d.w. 

29/02/2012 M6-P6R Plot 6 0.94 2.41 23 0.10 0.98 61.4 57.8 247.4 232.6 - - 

29/02/2012 M6-P7R Plot 7 1.04 2.00 21 0.10 1.08 65.4 68.1 380.2 396.2 - - 

29/02/2012 M6-P8R Plot 8 1.70 2.23 38 0.09 1.56 55.5 94.2 238.4 404.6 - - 

29/02/2012 M6-P9R Plot 9 1.51 2.10 32 0.08 1.27 31.5 47.6 202.6 306.8 - - 

29/02/2012 M6-P10R Plot 10 0.80 2.76 22 0.11 0.85 50.1 39.9 238.6 189.8 - - 

29/02/2012 M6-P11R Plot 11 1.36 2.64 36 0.09 1.29 34.0 46.0 148.6 201.5 - - 

24/05/2012 M7-P1R plaq Plot 1 0.97 - - - - 4.4 4.2 40.7 39.4 610.1 171.4 

24/05/2012 M7-P2R plaq Plot 2 0.50 - - - - 2.4 1.2 21.1 10.4 328.9 59.2 

24/05/2012 M7-P3R plaq Plot 3 0.65 - - - - 2.3 1.5 20.2 13.1 340.7 85.8 

24/05/2012 M7-P4R plaq Plot 4 1.25 - - - - 3.4 4.2 28.5 35.6 417.0 92.5 

24/05/2012 M7-P5R plaq Plot 5 0.43 - - - - 2.6 1.1 22.9 9.8 370.6 116.5 

24/05/2012 M7-P6R plaq Plot 6 0.38 - - - - 3.6 1.4 23.6 8.9 385.6 42.8 

24/05/2012 M7-P7R plaq Plot 7 0.63 - - - - 2.7 1.7 30.5 19.3 340.4 143.3 

24/05/2012 M7-P8R plaq Plot 8 1.23 - - - - 2.6 3.2 15.6 19.1 324.3 50.6 

24/05/2012 M7-P9R plaq Plot 9 0.50 - - - - 3.3 1.7 14.0 7.0 382.3 90.5 

24/05/2012 M7-P10R plaq Plot 10 0.29 - - - - 4.2 1.2 21.6 6.4 637.9 152.1 

24/05/2012 M7-P11R plaq Plot 11 1.24 - - - - 3.6 4.5 22.2 27.5 484.2 195.7 

24/05/2012 M7-P1S Plot 1 0.40 1.31 5 0.19 0.74 11.8 4.7 33.1 13.1 - - 

24/05/2012 M7-P2S Plot 2 0.02 1.41 0 0.21 0.03 10.6 0.2 52.3 0.8 - - 

24/05/2012 M7-P3S Plot 3 0.04 1.31 1 0.18 0.07 9.6 0.4 48.7 1.9 - - 

24/05/2012 M7-P4S Plot 4 0.33 1.86 6 0.20 0.65 11.9 3.9 50.7 16.5 - - 

24/05/2012 M7-P5S Plot 5 0.31 1.30 4 0.17 0.53 11.5 3.5 43.8 13.4 - - 

24/05/2012 M7-P6S Plot 6 0.21 1.15 2 0.15 0.32 8.2 1.7 39.6 8.2 - - 

24/05/2012 M7-P7S Plot 7 0.50 1.19 6 0.14 0.71 8.7 4.3 37.3 18.6 - - 

24/05/2012 M7-P8S Plot 8 0.51 1.24 6 0.15 0.78 10.3 5.3 45.4 23.1 - - 

24/05/2012 M7-P9S Plot 9 0.42 1.18 5 0.17 0.72 11.0 4.7 47.7 20.2 - - 

24/05/2012 M7-P10S Plot 10 0.10 1.20 1 0.14 0.14 10.4 1.1 51.0 5.2 - - 
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Sampling 
date 

Sample ID Plot (1) 
biomass 
per plot 

TN 

sample 
(2) 

TN 

accumulated 
per plot 

TP 
sample (2) 

TP 

accumulated 
per plot 

Cu sample 
(2) 

Cu 

accumulated 
per plot 

Zn sample 
(2) 

Zn 

accumulated 
per plot 

Fe sample 
(2) 

Mn sample 
(2) 

dd/mm/yyyy - - kg d.w. % g % g mg/kg d.w. mg mg/kg d.w. mg mg/kg d.w. mg/kg d.w. 

24/05/2012 M7-P11S Plot 11 0.31 1.22 4 0.16 0.49 9.9 3.0 42.8 13.1 - - 

24/05/2012 M7-P1R Plot 1 0.97 1.79 17 0.13 1.24 45.2 43.7 366.9 355.1 - - 

24/05/2012 M7-P2R Plot 2 0.50 2.30 11 0.11 0.57 45.9 22.8 263.1 130.4 - - 

24/05/2012 M7-P3R Plot 3 0.65 2.53 16 0.13 0.84 59.9 38.8 323.4 209.8 - - 

24/05/2012 M7-P4R Plot 4 1.25 1.88 24 0.14 1.81 56.5 70.7 515.9 645.6 - - 

24/05/2012 M7-P5R Plot 5 0.43 1.86 8 0.10 0.43 48.9 20.8 340.6 145.0 - - 

24/05/2012 M7-P6R Plot 6 0.38 2.08 8 0.12 0.46 55.6 21.0 275.1 104.1 - - 

24/05/2012 M7-P7R Plot 7 0.63 2.07 13 0.10 0.63 40.7 25.8 313.5 198.6 - - 

24/05/2012 M7-P8R Plot 8 1.23 3.04 37 0.12 1.50 47.7 58.4 229.1 280.7 - - 

24/05/2012 M7-P9R Plot 9 0.50 3.34 17 0.15 0.74 66.2 33.1 352.4 176.4 - - 

24/05/2012 M7-P10R Plot 10 0.29 3.55 10 0.21 0.61 70.0 20.6 413.2 121.7 - - 

24/05/2012 M7-P11R Plot 11 1.24 2.16 27 0.15 1.80 50.7 62.7 418.8 518.1 - - 

1/11/2012 M8-P1R plaq Plot 1 1.63 - - - - 1.1 1.9 35.6 57.9 370.0 167.4 

1/11/2012 M8-P2R plaq Plot 2 0.68 - - - - 1.5 1.0 50.1 34.0 400.2 549.1 

1/11/2012 M8-P3R plaq Plot 3 0.98 - - - - 1.9 1.8 38.8 38.2 648.9 621.2 

1/11/2012 M8-P4R plaq Plot 4 1.60 - - - - 1.9 3.0 21.8 34.9 235.5 245.3 

1/11/2012 M8-P5R plaq Plot 5 0.51 - - - - 1.1 0.5 19.1 9.8 312.7 236.4 

1/11/2012 M8-P6R plaq Plot 6 0.37 - - - - 1.9 0.7 33.6 12.5 333.7 216.2 

1/11/2012 M8-P7R plaq Plot 7 0.98 - - - - 2.2 2.2 27.2 26.6 392.2 370.3 

1/11/2012 M8-P8R plaq Plot 8 1.13 - - - - 0.6 0.7 18.5 21.0 306.1 172.9 

1/11/2012 M8-P9R plaq Plot 9 0.76 - - - - 2.6 2.0 26.5 20.1 450.0 419.4 

1/11/2012 M8-P10R plaq Plot 10 0.76 - - - - 1.3 1.0 17.5 13.2 398.2 451.7 

1/11/2012 M8-P11R plaq Plot 11 2.12 - - - - 1.6 3.3 20.4 43.3 200.7 251.3 

1/11/2012 M8-P1S Plot 1 1.98 1.27 25 0.08 1.65 4.9 9.7 35.2 69.5 - - 

1/11/2012 M8-P2S Plot 2 0.30 1.65 5 0.10 0.31 5.4 1.6 49.1 14.6 - - 

1/11/2012 M8-P3S Plot 3 0.59 1.64 10 0.11 0.62 7.1 4.2 43.6 25.7 - - 

1/11/2012 M8-P4S Plot 4 2.00 1.42 28 0.11 2.26 8.6 17.3 38.2 76.4 - - 
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Sampling 
date 

Sample ID Plot (1) 
biomass 
per plot 

TN 

sample 
(2) 

TN 

accumulated 
per plot 

TP 
sample (2) 

TP 

accumulated 
per plot 

Cu sample 
(2) 

Cu 

accumulated 
per plot 

Zn sample 
(2) 

Zn 

accumulated 
per plot 

Fe sample 
(2) 

Mn sample 
(2) 

dd/mm/yyyy - - kg d.w. % g % g mg/kg d.w. mg mg/kg d.w. mg mg/kg d.w. mg/kg d.w. 

1/11/2012 M8-P5S Plot 5 0.83 1.48 12 0.10 0.79 6.0 5.0 34.0 28.3 - - 

1/11/2012 M8-P6S Plot 6 0.66 1.52 10 0.10 0.68 5.3 3.5 31.2 20.5 - - 

1/11/2012 M8-P7S Plot 7 0.85 1.42 12 0.10 0.82 6.0 5.1 25.4 21.7 - - 

1/11/2012 M8-P8S Plot 8 1.66 1.44 24 0.10 1.59 6.0 9.9 35.6 59.2 - - 

1/11/2012 M8-P9S Plot 9 1.19 1.45 17 0.10 1.17 5.7 6.8 32.2 38.2 - - 

1/11/2012 M8-P10S Plot 10 0.18 1.58 3 0.12 0.22 7.3 1.3 31.4 5.7 - - 

1/11/2012 M8-P11S Plot 11 0.45 1.73 8 0.12 0.54 6.6 3.0 26.7 12.0 - - 

1/11/2012 M8-P1R Plot 1 1.63 2.16 35 0.08 1.31 38.6 62.8 438.4 712.8 - - 

1/11/2012 M8-P2R Plot 2 0.68 2.67 18 0.10 0.67 29.9 20.4 285.7 194.3 - - 

1/11/2012 M8-P3R Plot 3 0.98 1.70 17 0.10 0.99 27.6 27.2 227.8 224.3 - - 

1/11/2012 M8-P4R Plot 4 1.60 2.12 34 0.08 1.26 24.9 40.0 193.7 310.8 - - 

1/11/2012 M8-P5R Plot 5 0.51 2.56 13 0.09 0.44 23.4 12.0 230.0 118.3 - - 

1/11/2012 M8-P6R Plot 6 0.37 2.84 11 0.09 0.33 32.9 12.3 409.6 152.7 - - 

1/11/2012 M8-P7R Plot 7 0.98 3.37 33 0.09 0.89 40.1 39.3 282.8 277.2 - - 

1/11/2012 M8-P8R Plot 8 1.13 3.53 40 0.06 0.72 28.2 31.9 176.7 200.2 - - 

1/11/2012 M8-P9R Plot 9 0.76 3.10 23 0.10 0.77 34.2 25.9 245.5 186.0 - - 

1/11/2012 M8-P10R Plot 10 0.76 3.79 29 0.10 0.77 31.4 23.8 245.3 185.8 - - 

1/11/2012 M8-P11R Plot 11 2.12 2.32 49 0.08 1.68 15.6 33.1 120.4 255.5 - - 

Mx-PYR: Mission x, sample PY, root analysis 
Mx-PYR plaq: Mission x, sample PY, root plaque analysis 

Mx-PYS: Mission x, sample PY, shoot analysis 
- : Not applicable or analysed 
(1) Plot on the FTW associated to the sample (c.f. Figure 3-8), (2) Concentration of the collected sample 
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Total amount accumulated on the FTW 

Mission ID Plant part TN TP Cu Zn 

- - g g mg mg 

M4 R plaq - - 64.3 1091.2 

M4 S 452 78.4 496.4 1385.0 

M4 R 264 26.5 799.0 8942.5 

M5 R plaq - - 46.7 636.8 

M5 S 878 113.3 930.5 2528.1 

M5 R 225 13.1 620.8 5249.9 

M6 R plaq - - 18.2 189.5 

M6 S 386 40.0 269.1 1050.9 

M6 R 301 12.7 673.8 3459.7 

M7 R plaq - - 25.9 196.4 

M7 S 40 5.2 32.7 134.0 

M7 R 189 10.6 418.4 2885.4 

M8 R plaq - - 18.2 311.7 

M8 S 154 10.7 67.4 371.8 

M8 R 302 9.8 328.7 2817.9 

-: Not applicable or analysed       

R plaq: Root plaque 

   

  

R: Root 
    

  

S: Shoot           
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Appendix H. Plants biomass measurements 

Sample 
ID 

Max 
length   

(1) 

Majority 
length  

(2) 

Number of 
roots/leaves 

per plant 
FOR ROOTS-Length (cm) and Diameter (mm) of 6 representative roots from the sampling pot (3) 

- cm cm - 
Root 1 Root 2 Root 3 Root 4 Root 5 Root 6 

L D L D L D L D L D L D 

M1-P1S 47 30 137 - - - - - - - - - - - - 

M1-P2S 40 28 225 - - - - - - - - - - - - 

M1-P3S 36 23 193 - - - - - - - - - - - - 

M1-P4S 39 20 110 - - - - - - - - - - - - 

M1-P5S 44.5 30 202 - - - - - - - - - - - - 

M1-P6S 41 24 209 - - - - - - - - - - - - 

M2-P1S 54 45 204 - - - - - - - - - - - - 

M2-P1R 62 30 132 50 2.5 24 1.5 34 1.3 32.5 1.9 37 0.8 25 0.8 

M2-P2S 91 55 168 - - - - - - - - - - - - 

M2-P2R 48 32 188 20 1.9 22 1.9 36 1.25 32 0.9 39 1.65 25 1.45 

M2-P3S 85 52 210 - - - - - - - - - - - - 

M2-P3R 70 43 226 36.5 1.3 38 0.9 50 1.95 50 1.5 32 0.75 22 1.5 

M2-P4S 87 57 170 - - - - - - - - - - - - 

M2-P4R 57 32 138 25 1.9 28 1.3 36 1.75 28 1.4 30 1.25 37 1.8 

M2-P5S 77 52 184 - - - - - - - - - - - - 

M2-P5R 50 31 140 20 1.75 41 1.2 34 1.2 34 1.7 33 1.25 16 1.2 

M2-P6S 78 50 280 - - - - - - - - - - - - 

M2-P6R 59 37 176 29 1.9 59 1.3 27 0.95 22 1.95 35 0.9 41 1.5 

M2-P7S 96 56 260 - - - - - - - - - - - - 

M2-P7R 60 42 244 24 1.3 48 1.75 38 1.3 60 1.5 51 1.7 43 1.25 

M2-P8S 93 56 166 - - - - - - - - - - - - 

M2-P8R 76 35 206 28 1.7 38 1.7 74 1.2 24 1.45 23 1.2 28 1.3 

M2-P9S 104 57 126 - - - - - - - - - - - - 
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Sample 
ID 

Max 
length   

(1) 

Majority 
length  

(2) 

Number of 
roots/leaves 

per plant 
FOR ROOTS-Length (cm) and Diameter (mm) of 6 representative roots from the sampling pot (3) 

- cm cm - 
Root 1 Root 2 Root 3 Root 4 Root 5 Root 6 

L D L D L D L D L D L D 

M2-P9R 57 37 146 24 1.8 52 1.6 24 1.65 42 1 30 1.75 30 0.9 

M2-P10S 82 50 124 - - - - - - - - - - - - 

M2-P10R 73 40 122 50 1.4 36 0.65 75 1.05 37 0.9 33 1.4 21 1.1 

M2-P11S 86 51 188 - - - - - - - - - - - - 

M2-P11R 73 35 138 26 1.7 41 1.65 63 1.25 22 1.2 24 1.3 63 1.65 

M3-P1S 100 65 310 - - - - - - - - - - - - 

M3-P1R 87 36 132 43 1.65 39 0.7 42 1.3 43 1.3 67.5 1.25 39 0.9 

M3-P2S 107 57 172 - - - - - - - - - - - - 

M3-P2R 69 38 144 59 1.6 41 0.95 38 1.2 63 1.2 38 1.3 58 1.1 

M3-P3S 111 68 150 - - - - - - - - - - - - 

M3-P3R 73 42 130 49 1.35 45 1.65 28 1.3 35 1.3 13 1 19 0.95 

M3-P4S 81 64 90 - - - - - - - - - - - - 

M3-P4R 76 38 100 40 1.4 68 1.25 36 0.9 48.5 0.9 41.5 1.15 13 1.35 

M3-P5S 69 52 100 - - - - - - - - - - - - 

M3-P5R 71 31 100 46 1.45 44 1 54 1.6 34 0.7 30 1.6 33 1.45 

M3-P6S 90 59 152 - - - - - - - - - - - - 

M3-P6R 73 40 130 52 1.35 33 1.1 41 0.95 49 0.95 27 0.85 58 1.25 

M3-P7S 71 62 202 - - - - - - - - - - - - 

M3-P7R 57 41 188 59 1.55 26 1 24.5 0.95 22.5 1.2 27.5 1.55 30 0.95 

M3-P8S 84 62 160 - - - - - - - - - - - - 

M3-P8R 66 37 190 44 1.25 46 1.3 37 0.5 50 0.95 44 1.5 61 1.2 

M3-P9S 78 57 112 - - - - - - - - - - - - 

M3-P9R 52 33 152 47 1.8 53 1.45 29 1.25 38 0.8 44 1.35 31 1.1 

M3-P10S 75 50 118 - - - - - - - - - - - - 

M3-P10R 83 43 144 60 1.2 80 1.5 35 1.25 31 0.7 28 0.7 19 1.2 

M3-P11S 78 63 178 - - - - - - - - - - - - 

M3-P11R 78 46 184 43 1.5 46 1 63 1 54 0.75 56 1 40 0.75 
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Sample 
ID 

Max 
length   

(1) 

Majority 
length  

(2) 

Number of 
roots/leaves 

per plant 
FOR ROOTS-Length (cm) and Diameter (mm) of 6 representative roots from the sampling pot (3) 

- cm cm - 
Root 1 Root 2 Root 3 Root 4 Root 5 Root 6 

L D L D L D L D L D L D 

M4-P1S 71 57 296 - - - - - - - - - - - - 

M4-P1R 76 45 168 42 1.3 44 1.1 47 1.49 52 1.5 41 1.25 50 1.79 

M4-P2S 65 42 186 - - - - - - - - - - - - 

M4-P2R 84 45 166 42 1.47 40 1.49 41 1.32 38 1.22 49 1.06 37 1.62 

M4-P3S 70 55 186 - - - - - - - - - - - - 

M4-P3R 70 47 128 57 1.73 61 1.76 51 1.42 48 1.3 49 1.47 52 0.96 

M4-P4S 59 43 214 - - - - - - - - - - - - 

M4-P4R 66 37 122 34 1.43 56 1.62 43 1.48 39 1.09 37 1.01 44 1.14 

M4-P5S 63 48 218 - - - - - - - - - - - - 

M4-P5R 67.5 38 138 57 1.64 39 1.86 49 1.39 40 0.78 43 1.34 25 0.74 

M4-P6S 75 50 320 - - - - - - - - - - - - 

M4-P6R 71 45 172 42 1.36 36 1.22 58 1.29 40 1.18 42 1.29 49 1.3 

M4-P7S 69 56 236 - - - - - - - - - - - - 

M4-P7R 56 38 146 32 1.27 31 1.48 36 0.87 39 1.45 40 1.2 42 1.17 

M4-P8S 81 55 144 - - - - - - - - - - - - 

M4-P8R 77 43 170 57 1.44 35 1.58 57 1.39 33 1.39 47 1.19 47 1.3 

M4-P9S 56 40 122 - - - - - - - - - - - - 

M4-P9R 54 35 152 31.5 1.41 39 1.33 40 0.79 32 0.82 27 1.17 37 1.38 

M4-P10S 62 47 142 - - - - - - - - - - - - 

M4-P10R 80 45 124 61 1.27 41 1.04 50 0.96 65 1.05 52 1.29 35 1.02 

M4-P11S 74 48 224 - - - - - - - - - - - - 

M4-P11R 71 43 150 48 1.32 30 1.36 59 0.94 50 1.57 64 1.49 52 0.83 

M5-P1S 90 66 404 - - - - - - - - - - - - 

M5-P1R 72 36 230 40 1.35 29 1.1 34 1.25 51 1.25 36 1.05 39 1.1 

M5-P2S 104 67 274 - - - - - - - - - - - - 

M5-P2R 88 38 180 73 1.45 75 1 23.5 1.2 35 1 42 1.1 31 1.45 

M5-P3S 100 73 366 - - - - - - - - - - - - 
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Sample 
ID 

Max 
length   

(1) 

Majority 
length  

(2) 

Number of 
roots/leaves 

per plant 
FOR ROOTS-Length (cm) and Diameter (mm) of 6 representative roots from the sampling pot (3) 

- cm cm - 
Root 1 Root 2 Root 3 Root 4 Root 5 Root 6 

L D L D L D L D L D L D 

M5-P3R 90 37 200 45 0.9 21.5 0.6 29 1 32 1.55 43 0.75 68 0.6 

M5-P4S 87 67 380 - - - - - - - - - - - - 

M5-P4R 65 30 230 31 1 34 1.3 50 1.05 21 0.9 33 1.2 34 1.1 

M5-P5S 90 60 356 - - - - - - - - - - - - 

M5-P5R 63 32 198 29 1.35 50 1.3 19 1.4 12 1 27 1.15 22 1 

M5-P6S 88 60 498 - - - - - - - - - - - - 

M5-P6R 91 42 242 67 1 26 1 24 1.3 26 1.15 27 1.25 26 0.85 

M5-P7S 86 63 360 - - - - - - - - - - - - 

M5-P7R 64 34 220 28 1.6 25 1 22 0.95 28 1.05 27 0.95 29 1.05 

M5-P8S 100 62 204 - - - - - - - - - - - - 

M5-P8R 68 30 196 32 1.45 28 1.5 25 1.35 20 0.65 36 0.9 25 1.3 

M5-P9S 85 58 202 - - - - - - - - - - - - 

M5-P9R 70 35 176 27 1.6 49 1.1 30 0.9 47 1.05 46 0.9 23 0.85 

M5-P10S 83 61 232 - - - - - - - - - - - - 

M5-P10R 76 38 150 3 1 43 0.95 32 1 41 1.2 58 1.05 38 1.1 

M5-P11S 85 65 312 - - - - - - - - - - - - 

M5-P11R 88 37 242 20 1.1 38 0.8 45 0.9 47 1.3 38 0.75 29 1.25 

M6-P1S 103 82 300 - - - - - - - - - - - - 

M6-P1R 71 41 256 69 1.4 37 0.95 43 1.45 46 1.35 45 1.2 27 0.6 

M6-P2S 104 86 202 - - - - - - - - - - - - 

M6-P2R 64 45 214 39 1.5 36 1.1 26 1.2 23 1.25 31 1 40 0.95 

M6-P3S 110 82 312 - - - - - - - - - - - - 

M6-P3R 75 37 190 35 1.1 41 1.2 31 0.9 21 0.85 27 0.7 39 1 

M6-P4S 112 80 94 - - - - - - - - - - - - 

M6-P4R 72 43 192 21 0.9 35 1 20 1 39 1 49 0.9 40 1.05 

M6-P5S 88 74 164 - - - - - - - - - - - - 

M6-P5R 63 38 206 35 1 41 1.05 20 0.9 30 1.6 30 0.85 29 0.95 
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Sample 
ID 

Max 
length   

(1) 

Majority 
length  

(2) 

Number of 
roots/leaves 

per plant 
FOR ROOTS-Length (cm) and Diameter (mm) of 6 representative roots from the sampling pot (3) 

- cm cm - 
Root 1 Root 2 Root 3 Root 4 Root 5 Root 6 

L D L D L D L D L D L D 

M6-P6S 95 70 274 - - - - - - - - - - - - 

M6-P6R 63 44 240 43 1.4 36 1.6 35 0.7 38 1.2 35 1.6 24 1.75 

M6-P7S 98 73 274 - - - - - - - - - - - - 

M6-P7R 53 38 256 25 1.5 30 1.4 43 1.1 32 1.1 36 1.05 31 1.05 

M6-P8S 105 71 130 - - - - - - - - - - - - 

M6-P8R 62 40 212 20 1.15 28 1.75 51 0.6 56 0.85 43 0.8 55 0.75 

M6-P9S 100 73 150 - - - - - - - - - - - - 

M6-P9R 62 40 226 71 1.25 41 1.3 30 0.95 40 1.1 53 1.6 27 1.2 

M6-P10S 92 74 200 - - - - - - - - - - - - 

M6-P10R 62 44 190 70 1.45 22 1.1 51 1.05 48 0.8 42 1.45 63 0.95 

M6-P11S 81 70 202 - - - - - - - - - - - - 

M6-P11R 65 40 254 21 1.25 37 1.2 25 1.2 46 0.85 40 0.55 27 1.45 

M7-P1S 82 34 109 - - - - - - - - - - - - 

M7-P1R 66 38 212 51 0.9 41 1.2 28.5 1.1 43 0.75 53 1.5 45 0.65 

M7-P2S 67 27 31 - - - - - - - - - - - - 

M7-P2R 71 31 184 31 1.15 17 1.05 40 0.9 40 0.6 30 1.2 34 1.4 

M7-P3S 74 21 70 - - - - - - - - - - - - 

M7-P3R 60 28 178 18 1.15 36 1.05 52 0.65 28 0.6 30 2 36 0.8 

M7-P4S 41 30 41 - - - - - - - - - - - - 

M7-P4R 51 27 172 45 1 49 1.1 28 1.1 24 1 23 1.2 41 1.4 

M7-P5S 80 34 158 - - - - - - - - - - - - 

M7-P5R 56 30 208 43 1.1 56 1.45 23 0.75 43 0.6 34 0.9 37 1.05 

M7-P6S 89 34 226 - - - - - - - - - - - - 

M7-P6R 61 32 220 45 1.5 67 1.2 18 0.95 34 0.8 37 1 18 0.6 

M7-P7S 88 38 220 - - - - - - - - - - - - 

M7-P7R 58 32 232 32 1.2 35 0.85 33 0.9 28 1.1 45 1.2 23 1 

M7-P8S 59 23 26 - - - - - - - - - - - - 
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Sample 
ID 

Max 
length   

(1) 

Majority 
length  

(2) 

Number of 
roots/leaves 

per plant 
FOR ROOTS-Length (cm) and Diameter (mm) of 6 representative roots from the sampling pot (3) 

- cm cm - 
Root 1 Root 2 Root 3 Root 4 Root 5 Root 6 

L D L D L D L D L D L D 

M7-P8R 62 31 140 37 1.5 47 1 25 1.25 26 1.1 43 1.2 41 1 

M7-P9S 69 27 92 - - - - - - - - - - - - 

M7-P9R 50 29 164 32 0.7 37 0.95 30 1.15 40 1.2 45 0.95 32 0.6 

M7-P10S 75 28 110 - - - - - - - - - - - - 

M7-P10R 69 29 132 28 0.8 57 0.9 50 1.1 52 0.75 28 1.1 34 1.2 

M7-P11S 77 31 192 - - - - - - - - - - - - 

M7-P11R 56 33 244 40 1.15 24 1.45 18 1.3 45 1 29 0.85 40 1.2 

M8-P1S 78 51 220 - - - - - - - - - - - - 

M8-P1R 74 34 264 30 1.45 43 1.1 26 1.05 45 1.25 27 1.55 26 1.25 

M8-P2S 64 40 196 - - - - - - - - - - - - 

M8-P2R 50 23 236 25 1 49 1.05 24 1.3 23 1.2 43 1.7 39 1.35 

M8-P3S 75 46 212 - - - - - - - - - - - - 

M8-P3R 60 28 236 44 1.6 30 0.8 28 1.2 21 1.2 28 1.25 29 0.7 

M8-P4S 59 38 164 - - - - - - - - - - - - 

M8-P4R 52 26 214 20 0.85 36 1.15 33 1.15 25 1.75 25 1.1 29 1.05 

M8-P5S 70 54 224 - - - - - - - - - - - - 

M8-P5R 79 33 150 49 1.05 18 1.8 28 1.5 21 1.4 41 1.2 25 0.8 

M8-P6S 87 59 376 - - - - - - - - - - - - 

M8-P6R 68 28 212 42 0.7 26 1.05 23 1.4 20 1.4 24 1 34 1 

M8-P7S 70 42 328 - - - - - - - - - - - - 

M8-P7R 65 32 280 24 1.7 47 1.2 25 0.85 20 1.5 40 1 47 0.95 

M8-P8S 57 33 194 - - - - - - - - - - - - 

M8-P8R 86 51 138 25 0.75 18 0.9 16 1.25 30 0.7 15 0.8 42 0.9 

M8-P9S 57 33 194 - - - - - - - - - - - - 

M8-P9R 86 51 138 25 1.1 29 1.05 16 1.05 31 0.8 51 0.65 16 1.2 

M8-P10S 67 31 172 - - - - - - - - - - - - 

M8-P10R 70 42 228 42 0.8 44 0.75 16 1.2 35 1.55 37 1 44 0.8 
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Sample 
ID 

Max 
length   

(1) 

Majority 
length  

(2) 

Number of 
roots/leaves 

per plant 
FOR ROOTS-Length (cm) and Diameter (mm) of 6 representative roots from the sampling pot (3) 

- cm cm - 
Root 1 Root 2 Root 3 Root 4 Root 5 Root 6 

L D L D L D L D L D L D 

M8-P11S 85 31 282 - - - - - - - - - - - - 

M8-P11R 87 59 268 30 0.95 44 1.15 19 1.1 15 0.9 30 1 45 1.6 

Mx-PYR: Mission x, sample PY, root analysis 
Mx-PYS: Mission x, sample PY, shoot analysis 
- : Not applicable or analysed 
(1) measured from the upper (for shoots) and lower (for roots) surface of the mat (2)  length below which about 90% of roots and shoots, respectively, occurred 
(3) L: length, D: diameter 
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