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Preface 
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Summary 

The pesticides imazalil and tebuconazole are commonly used to protect various 

agricultural crops against fungal attack or as biocides for wood protection, as such, they 

have been found in both rural and urban water bodies. The emerging pesticides are 

gaining prominence due to the toxic effects on aquatic environment and human health. 

Constructed wetland systems (CWs) have been an economical, robust and sustainable 

technology for wastewater treatment, and are emerging for the treatment of pesticides 

contaminated water. However, excluding the studies on pesticides removal efficiency, the 

research of removal dynamics, underlying mechanisms, influencing factors, associated 

nutrients removal and microbial metabolic functions in different constructed wetland 

designs is scarce.  

The present PhD works aimed at reduce that knowledge gap. Present thesis shows the 

results from phytoremediation studies of two model pesticides imazalil and tebuconazole 

under different CWs designs with various operation strategies. The results showed that 

CWs can be applied to efficiently treat imazalil and tebuconazole contaminated 

wastewater. The pesticides removal in CWs can be adequate described by first order 

kinetics model. Moreover, the removal ability was strongly influenced by CWs design, 

dissolved oxygen (DO) level, season (temperature), initial concentrations, hydraulic 

loading rate (HLR), plant present and species, and potentially nitrification processes. The 

pesticides biodegradation inside plant tissue after plant uptake may play a crucial role on 

the pesticides degradation. In terms of the microbial metabolic function, CWs designs, the 

season, present and species of wetland plant were the main drivers for defining the 

interstitial water and biofilm microbial community metabolic profiles. The presence of the 

pesticides generally did not affect the microbial community, suggesting the inherent 

microbial communities in the CW to be quite robust. The information obtained in the PhD 

projects bring relevant details on removal mechanisms and kinetics data, which are crucial 

for the development of dedicated design of CWs for pesticides treatment. 
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Resumé 

Fungiciderne imazalil og tebuconazole er to af de almindeligste anvendte svampemidler i 

gartnerier og landbruget, og anvendes også til overfladebehandling af bygningsmaterialer.  

Stofferne spredes via nedbør og udsivning til vandløb og søer, hvor de kan skade planter 

og dyr samt ultimativt påvirke vores sundhed. Der er derfor stigende fokus på hvorledes 

disse og andre miljøfremmede stoffer kan fjernes fra forurenet vand. Konstruerede 

vådområder, eller beplantede fileranlæg, er en lavteknologisk renseteknologi der benytter 

naturens egne processer til rensning af forurenet vand.  Forskellige typer af fileranlæg har 

vist sig at være effektive til at fjerne mange forskellige typer af miljøfremmede stoffer, 

herunder medicinrester, pesticider og andre organiske stoffer fra bl.a. kosmetik, 

plejeprodukter, psykofarmaka og sprøjtemidler. Men processerne der er ansvarlige for 

rensningen, og hvorledes disse påvirkes af ydre og indre parametre er stort set ukendt. 

Formålet med ph.d. projektet var at undersøge hvorledes pesticider kan nedbrydes og 

bindes i bio-filtre via interaktionen mellem filtermateriale, planter og miroorganismer. 

Rensningen i bio-filtrene foregår ved en kombination mellem kemiske reaktioner, 

mikrobiel nedbrydning, planteoptag og metabolisme, og plante-stimuleret mikrobiel 

omsætning. I projektet undersøges hvorledes nedbrydningen af to fungicider, imazalil og 

tebuconazole, som model-stoffer, påvirkes af filter opbygning, beplantning, driftsmåde og 

belastning. Undersøgelserne viser, at begge stoffer fjernes effektivt i filtrene, men at 

rensegraden afhænger af filterdesign, mængden af opløst ilt, temperatur, stof 

koncentration og belastning, og tilstedeværelse og type af plante i filteret.  Fjernelsen af 

stofferne i filteret kan generelt beskrives vha. første-orden fjernelses kinetik. Stofferne 

nedbrydes hovedsageligt af de mikroorganismer, der findes i filteret, men begge stoffer 

bliver også optaget i planterne. Vi har som de første påvist at stofferne optages og 

nedbrydes i planternes væv. Vi har også karakteriseret de mikrobielle samfund i forskellige 

typer af filteranlæg under forskellige forhold. De mikrobielle samfunds sammensætning 

og aktivitet afhænger især af filterdesign, sæson og tilstedeværelse og type af planter i 

filtrene, og tilledningen af fungicidholdigt vand i lave koncentrationer påvirker ikke de 

mikrobielle samfunds sammensætning og aktivitet.    

Projektet har givet os en bedre forståelse for renseprocesser af betydning for nedbrydning 

af organiske miljøfremmede stoffer i beplantede filteranlæg, en viden, der vil kunne 

benyttes ved udvikling af fuldskala bio-filtre til rensning af organiske miljøfremmede 

stoffer fra forurenet vand.   
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Background 

1. Emerging organic contaminants 

Thousands of trace organic pollutants referred to as emerging organic contaminants (EOCs) 

have recently been detected in the aquatic environment and may have adverse human 

health effects (Murray et al., 2010). EOCs comprise compounds such as pesticides, 

pharmaceuticals and personal care products (PPCPs), hormones, flame retardants, 

surfactants and plasticizers that are discharged to the environment as a consequence of 

human activity (Ternes et al., 2004). Conventional wastewater treatment technologies are 

considered a major source of EOCs to the aquatic environment, once they are unable to 

remove most EOCs (Heberer, 2002; Miège et al., 2009). Therefore, these technologies 

need to be upgraded. It is currently discussed to use either ozonation or reverse osmosis 

(Hofmann et al., 2011), however, both of which consume unacceptable amounts of energy 

and produce either by-products or concentrated reject water.  

CWs have been found to be able to remove various pollutants and nutrients from polluted 

waters, and they are also cost-effective, robust and capable of operating with minimal 

maintenance or supervision (Brix et al., 2007; Vymazal, 2007). The application of CWs has 

been mainly used for the restatement of traditional tertiary and secondary 

domestic/municipal wastewater, and can achieve high levels of treatment standards 

through careful design and technology selection (Lee et al., 2009; Tanner et al., 1995). 

Recently, it has repeatedly been documented that CWs, are superior to remove various 

types of organic micro-contaminants (Carvalho et al., 2014a; Matamoros et al., 2009). 

Different types of CWs have been shown to be able to effectively remove many EOCs, 

including pesticides, pharmaceuticals, hormones, flame retardants, surfactants and 

plasticizers (Ávila et al., 2010; García et al., 2010; Janzen et al., 2009).  

2. Constructed wetland for pesticides removal 

CWs have been used for treatment of various types of wastewater since the 1950s 

(Vymazal, 2010; Wu et al., 2014), however, the research of EOCs removal in CWs has 

developed much recently. Fig. 1 shows the markedly increased research articles about 

EOCs treatment in CWs were conducted in the last decade, which indicates the 

considerably increasing concern of EOCs problems. Moreover, the highest articles number 

of research on pesticides removal in CWs may reflect the threat of pesticides to 

environment and human health is serious and urgently need to be solved.  
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Fig. 1. The relationship between the cumulative number of articles about emerging organic 

contaminants treatment in constructed wetlands and year published since 1991, SCI-EXPANDED, 

Web of Science 

2.1 Source of pesticides in aquatic environment 

Pesticides may enter aquatic environment after applying to agricultural area through 

surface runoff and erosion, leaching, drain flows and atmospheric deposition 

(Reichenberger et al., 2007). Some pesticides, such as imazalil and tebuconazole, also 

heavily used as biocides for wood protection (Bylemans & Thys, 2007; Freeman et al., 

2005), thus, they are also commonly present in storm waters from urban settings 

(Bollmann et al., 2014).  

2.2 Removal efficiency of pesticides in constructed wetlands 

The removal efficiencies of pesticides, which have been reported at least in two CWs 

studies, varied between 25% and 97%, with >60% in the majority of the cases (Fig. 2) 

(Vymazal & Březinová, 2015). The removal performance has been demonstrated to be 

affected not only by pesticide physico-chemical characteristics, but also by many other 

parameters, such as CW type, dissolved oxygen (DO) level, season (temperature), wetland 

plants, influent concentrations, hydraulic loading rates and others (Fig. 3). However, 

besides the pesticides removal efficiency influence, the simultaneous effect of these 

factors on removal kinetics and microbial communities are still unknown.  
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Fig. 2. The pesticides removal efficiencies in constructed wetlands. Numbers in parentheses 

indicate number of pesticides in each group. Adapted from Vymazal and Březinová (2015) 

 

Fig. 3. Influencing factors of pesticides removal in constructed wetlands 

2.3 Removal mechanisms 

Microbial degradation, plant uptake, adsorption, photolysis, hydrolysis and volatilization 

have been considered to be the processes with greater contributions to pesticide removal 

within the complex ecosystem of CWs. The overall pathways of pesticides removal in CWs 

are summarized in Fig. 4, although not whole always occur simultaneously. The 

contribution of photodegradation can be neglected in subsurface CWs, the dominating 

CW types used in Europe and Australia (Brix, 1994). The hydrolysis is dependent of 
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individual pesticides chemical characteristics. Volatilization can be the main mechanisms 

and totalized up to 57% of removal for some volatile pesticides, such as 2,4-D, in the 

agricultural area (Messing et al., 2013; Risco et al., 2015). However, nowadays, with the 

increased use of non-volatile, thermally labile pesticides (imidazoles, benzimidazoles, 

carbamayes, neonicotinoids, benzoyl ureas, etc.), volatilization becomes less relevant. 

Sorption processes will be highly dependent CW substrate used. Sand and gravel (instead 

of soil) are the more commonly used materials for CWs in order to avoid clogging and 

provide homogenized water flow. Thus, the substrate organic content is normally 

relatively low (<10%) in CWs (Bruland & Richardson, 2006). Nevertheless, it should be 

noted that soil (with increased pesticides sorption capacity) is used in other eco-

technologies applied in the agricultural setting with similarities to CWs, such as buffer 

strips (Bruland & Richardson, 2006). Thus, pesticides sorption is sometimes considered a 

relevant mechanism. Moreover, microbial community functionalities on pesticides 

treatment in CWs and plant uptake, translocation and degradation process of pesticides 

are still not adequately understood. 

 

Fig. 4. Pesticides removal pathways in constructed wetlands 

2.4 Influencing factors of pesticides removal 

2.4.1 CW types  

The previous pesticides treatment studies were conducted mostly in saturated CW, such 

as free water surface CWs or horizontal subsurface flow CWs, while unsaturated CWs, 

such as vertical flow CWs, have been used less frequently (Vymazal & Březinová, 2015). 

Additionally, there are no direct comparative results available from different CW types, 

therefore, it is not possible to determine the most effective CW type so far. Unsaturated 

4



CWs, was demonstrated to have higher nutrients, e.g. COD and ammonia, removal 

performance due to better oxygen transfer capability in the wetland bed (Wu et al., 2014), 

moreover, it appears different hydrology characteristic including water flow pathway and 

hydraulic retention time compare with saturated CWs. These features suggested possibly 

different contaminants removal ability and mechanisms, i.e. various microbial processes, 

substrate sorption and plant uptake (Gregoire et al., 2009; Kadlec & Wallace, 2008; 

Vymazal, 2007). Thus, the first comparison study of the pesticides removal performance in 

different CWs designs is necessary to provide better information to the future application. 

2.4.2 Season (temperature) 

The seasonal and annual performance evaluations of CWs for the pesticides treatment are 

rare. A few studies have examined the seasonal effect on the removal of some EOCs in 

CWs, however, these studies have drawn contradictory conclusions for different 

compounds. Previous research has reported that the low water temperature in winter 

decreases the biodegradation kinetics in full-scale free-water CWs of selected EOCs 

(pesticides, pharmaceuticals, veterinary medicines and personal care products), while the 

removal of some recalcitrant compounds (carbamazepine and clofibric acid) and 

pharmaceuticals (ibuprofen) was not affected by the temperature (Matamoros et al., 

2008). However, the removal of ketoprofen in mesocosm-scale CWs was found to be even 

more efficient during the winter season (Reyes-Contreras et al., 2012). Thus, the study of 

pesticides seasonal removal performance is needed and will provide better information to 

validate CWs application. 

2.4.3 Influent concentration and HLR 

High influent concentration may have negative effect on pesticides removal performance 

in CWs due to the toxic effect to microbial community and wetland plant. It has been 

reported that the removal ability and removal rate constant of one popular used pesticide, 

chlorpyrifos, were negatively affected by increased influent concentrations from 100 µg L-1 

to 500 µg L-1 and 1 mg L-1 level through phytoremediation (Prasertsup & Ariyakanon, 

2011). However, these concentrations are high, especially if considering typical urban 

storm water concentrations, range of 0.01- 10 µg L-1 (Bollmann et al., 2014; Casas & Bester, 

2015). Thus, it is still unclear the effect of initial pesticide concentration for the removal 

under real environment level.  

Pollutants treatment in CWs can be significantly influenced by the important design 

parameters such as hydraulic loading rate (HLR) (Kadlec & Wallace, 2008). Different HLRs 

configuration in CWs will change pollutants/microbial contact time and affect pollutants, 

such as COD and nitrogen, biodegradation (Lin et al., 2008). However, the effect of HLR on 
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pesticides removal in CWs has not received much attention. Moreover, removal kinetics 

model, such as zero/first order kinetics model, is calculated based on the pollutants 

removal under different HLRs. Thus, to obtain pesticides removal kinetics data for further 

application, it is necessary to test the pesticides removal under different HLRs. 

2.4.4 Wetland plants 

Previous studies have shown that wetland plants play an important role in the removal of 

nutrients (Brix et al., 2002), heavy metals (Kadlec & Wallace, 2008), pharmaceuticals 

(Carvalho et al., 2014b) and chemical industry organic pollutants (Lv et al., 2013). Planted 

constructed wetland systems show higher removal rates of pesticides and 

pharmaceuticals than non-planted ones (García et al., 2010). It is expected that plant 

species with different rhizosphere structure, root exudate release, compound uptake 

ability and associated different microbial community may also influence differently 

pesticides removal in CWs. For the wetland plant species, as shown in Fig. 5, Phragmites 

australis, Typha latifolia, Juncus effusus and Iris pseudacorus are the most common used 

wetland plant in CWs research contributing to about 20% of the whole CWs publications. 

      

Fig. 5. Publication percentage of the “plant” related research and target plant species related 

research inside the term “constructed wetland” since 1991, SCI-EXPANDED, Web of Science. T, P, I, 

J represent Typha latifolia, Phragmites australis, Iris pseudacorus and Juncus effusus 

2.4.5 Pesticide physico-chemical characteristics 

The results presented in Fig. 2 indicate that the removal efficiencies of certain pesticide 

groups were clearly higher than others. The authors stated that the pesticide groups with 

higher removal efficiencies always have relatively high values of soil/water partition 

coefficient (Koc) and octanol/water partition coefficient (Kow) (Vymazal & Březinová, 2015). 

In fact, Koc value of the pesticide is an important parameter that showed to be strongly 

positive related with the pesticides sorption capacity to suspended particles (Poissant et 
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al., 2008; Wu et al., 2004) but highly dependent on the organic matter content of the 

particles. The commonly used media types, as discussed above, are sand and gravel in 

CWs, therefore the pesticides adsorption to organics is limited and could occur only in 

older mature systems where organic matter concentrations increase due to sedimentation 

of suspended solids and formation on biofilms.  

The hydrophobicity of pesticides, in the form of octanol/water partition coefficient 

(typically represented as log Kow), is commonly used to predict soil sorption as well as 

plant uptake performance in CWs. It is considered and widely cited that for organic 

pollutants log Kow values ranging from 0.5 to 3 will be optimum for uptake (Pilon-Smits, 

2005). However, numerous experiment studies have shown that compounds with log Kow 

values out of the optimal range (Aryal & Reinhold, 2013; Yu et al., 2009; Zhang et al., 

2016), can still be efficiently uptake by the plants. Thus, the use of pesticide physico-

chemical characteristics for predicting their removal in CWs has not yet been fully proved 

and need further investigation.  

3. Aims and methods 

In order to ultimately improve actual constructed wetlands design capable of removing 

pesticides efficiently. The primary objectives of this dissertation were 1) to investigate the 

pesticides removal kinetics in CWs both on the water and plant phases 2) to study 

underlying removal mechanisms in different CWs and 3) to evaluate influencing factors on 

pesticides removal and 4) to compare microbial metabolic functions with pesticides 

present under different operation conditions. Imazalil and tebuconazole, commonly used 

to protect agricultural crops as pesticides and as in biocidal wood protection, were 

selected as model compounds. Phragmites australis, Typha latifolia, Juncus effusus, Iris 

pseudacorus as well as Berula erecta, were selected as the model wetland plants in the 

studies.  

Fig. 6 shows a flow chart of the overall PhD project, two hydroponic studies (study 1 and 

study 2) were conducted to investigate the pesticides uptake, translocation, degradation, 

phytoaccumulation and enantioselective characteristics during phytoremediation process 

by wetland plants (Paper I and Paper II). Two CWs mesocosms studies (study 3 and study 

4) were focused on pesticides removal kinetics, mechanisms, influencing factors (Paper III 

and Paper V) as well as microbial community metabolic functions (Paper IV and Paper VI) 

in different CWs types. 
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Fig. 6. Flow chart of overall PhD project 
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D. Perspectives 
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4. Conclusions and perspectives 

Overall, the present dissertation demonstrates that CWs can efficiently treat imazalil and 

tebuconazole contaminated water. The pesticides removal could be adequately described 

by first-order kinetics model both in the hydroponics and mesocosms CWs studies. 

Moreover, pesticides removal efficiencies were strongly influenced by CW design, DO level 

(positive effect), temperature (positive effect described by Arrhenius equation), HLR 

(negative effect), plant present and species, and potentially nitrification processes 

(positive effect). The experimental data obtained from the PhD project contribute to 

better understand the pesticides removal mechanisms in CWs, which is crucial for the 

development of dedicated design of CWs for pesticides treatment.  

Additionaly, it was documented for the first time that the pesticides uptake, translocation 

and metabolisation occurred simultaneously inside Phragmites australis. The pesticides 

degradation was enantioselective in the plant but not in the water. It is normally assumed 

that plant role for compounds degradation in CWs is reduced. Present results show that 

plant role may be more relevant than expected. 

In terms of the microbial metabolic function, CWs designs, the season, present and 

species of wetland plant were the main drivers for defining the interstitial water and 

biofilm microbial community metabolic profiles. The presence of the pesticides generally 

did not affect the microbial community, suggesting the inherent microbial communities in 

the CW to be quite robust.  

For the future perspectives, the parameters of first-order kinetics model and Arrhenius 

model should be considered during CWs application for pesticides treatment, at the same 

time, the parameters should be verified in the field-scale CWs application. Moreover, the 

contribution of nitrification processes and nitrifying bacteria for the pesticides 

degradation in CWs appears to be one of the most relevant hypotheses to be further 

investigated.  
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� The imazalil and tebuconazole up-
take abilities of four wetland plants
are assessed.

� Removal of imazalil and tebucona-
zole follow a first-order removal ki-
netics model.

� Pesticide degradation is enantiose-
lective in plants but not in solution.

� Pesticide phytoaccumulation de-
pends on the compound hydropho-
bicity and plants.

� Phytoaccumulation of both pesticides
occurred but is not a major removal
mechanism.
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a b s t r a c t

Pollution from pesticide residues in aquatic environments is of increasing concern. Imazalil and tebu-
conazole, two commonly used systemic pesticides, are water contaminants that can be removed by
constructed wetlands. However, the phytoremediation capability of emergent wetland plants for imazalil
and tebuconazole, especially the removal mechanisms involved, is poorly understood. This study
compared the removal of both pesticides by four commonly used wetland plants, Typha latifolia,
Phragmites australis, Iris pseudacorus and Juncus effusus, and aimed to understand the removal mecha-
nisms involved. The plants were individually exposed to an initial concentration of 10 mg/L in hydro-
ponic solution. At the end of the 24-day study period, the tebuconazole removal efficiencies were
relatively lower (25%e41%) than those for imazalil (46%e96%) for all plant species studied. The removal
of imazalil and tebuconazole fit a first-order kinetics model, with the exception of tebuconazole removal
in solutions with I. pseudacorus. Changes in the enantiomeric fraction for imazalil and tebuconazole were
detected in plant tissue but not in the hydroponic solutions; thus, the translocation and degradation
processes were enantioselective in the plants. At the end of the study period, the accumulation of
imazalil and tebuconazole in plant tissue was relatively low and constituted 2.8e14.4% of the total spiked
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pesticide in each vessel. Therefore, the studied plants were able to not only take up the pesticides but
also metabolise them.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Imazalil and tebuconazole are widely used as pesticides to
control fungi in various crops, fruits and vegetables (SANCO, 2013;
USEPA, 2002). Tebuconazole is also heavily used as a biocide for
wood protection (Freeman et al., 2005), and imazalil can be used in
the formulation of wood and building materials for protection
products (Bylemans and Thys, 2007). Thus, imazalil and tebuco-
nazole are commonly present in storm waters from urban settings
(Bollmann et al., 2014). The structural and physicochemical prop-
erties of imazalil and tebuconazole are shown in Table S1 (sup-
plementary material). The EU and USEPA have set maximum
residue limits for both compounds in various food products
(SANCO, 2013; USEPA, 2002). However, there is no formal envi-
ronmental standard for either pesticide in water and aquatic eco-
systems. Nevertheless, imazalil and tebuconazole pose a threat to
aquatic environments. Castillo et al. (2006) found that low con-
centrations (1 mg/L) of imazalil damaged the composition of macro-
invertebrate communities and that tebuconazole at 261 ng/L
damaged non-target organisms (Campo et al., 2013).

Imazalil and tebuconazole are highly persistent (half-lives of
120e597 days) in soil (USEPA, 2002), moderately soluble in water
(1400 and 36 mg/L for imazalil and tebuconazole, respectively) and
can contaminate water resources through runoff. Phytor-
emediation, being one of the most environmentally sound and
cost-effective methods for the decontamination and detoxification
of pesticide-contaminated environments, is of great interest,
especially in the form of constructed wetland systems (CWs)
(Pilon-Smits, 2005). The uptake, accumulation, translocation and
metabolism of micro-contaminants by plants have been suggested
as important mechanisms for phytoremediation technology. Pre-
vious studies showed that wetland plants play an important role in
the removal of nutrients (Brix et al., 2002), persistent organic pol-
lutants (Carvalho et al., 2014), pharmaceuticals (Carvalho et al.,
2014) and chemical industry organic pollutants (Lv et al., 2013).
Thus far, only the aquatic macrophyte (Elodea nuttallii) is known to
contribute significantly to the mitigation of imazalil (89 ± 3%
removal) at a 93 mg/L influent concentration level (Stang et al.,
2013), while Typha latifolia, Leersia oryzoides, Sparganium ameri-
canum (Moore et al., 2013) and E. nuttallii (Elsaesser et al., 2013) can
significantly promote tebuconazole removal in CWs. However,
these studies only report removal efficiencies, and to our knowl-
edge, no studies have investigated the ability of emergent wetland
plants to uptake and translocate imazalil and tebuconazole.

Many pesticides, including imazalil and tebuconazole, are chiral
compounds. Chirality can be used to probe biological metabolic
processes. Enantiomers usually differ in their biological properties,
which may lead to differences in biodegradation rates and plant
uptake (Chu et al., 2007; Wang et al., 2012). Monitoring the enan-
tiomeric fraction is a very promising method to assess the signifi-
cance of microbial degradation, given that other attenuation
processes, such as dilution, diffusion, transport, and chemical re-
actions in the environment, are known to be non-enantioselective
(Zipper et al., 1998). Thus, enantioselective analyses of imazalil and
tebuconazole can help us better understand the mechanisms
involved in pesticide removal processes.

In this study, we exposed four species of emergent wetland

plants, namely, T. latifolia (Typha), Phragmites australis (Phragmites),
Iris pseudacorus (Iris) and Juncus effusus (Juncus), to 10 mg/L of the
pesticides imazalil and tebuconazole in hydroponic solution for 24
days. Pesticide removal from the hydroponic solutions, as well as
the removal kinetics, was assessed. Additionally, the imazalil and
tebuconazole removal mechanisms, including the presence of
enantioselective processes, plant uptake, translocation and accu-
mulation, were also investigated.

2. Materials and methods

2.1. Plant material and experiment setup

The four species, T. latifolia (cattail), P. australis (common reed), I.
pseudacorus (yellow flag) and J. effusus (soft rush), were propagated
from seeds at the “Påskehøjgård” greenhouse facilities at Aarhus
University, Denmark. After germination, individual seedlings were
potted in 0.7-L pots containing a mixture (50:50) of sand and
commercial peat-based potting compost. When the plants were
approximately 200 mm tall, the soil was carefully washed off the
roots, and the plants were rinsed in Milli-Q water. Four similarly
sized plants from each species (6.2 ± 2.0 g fresh biomass) were
selected and distributed randomly between the treatments. The
plants were initially incubated for 10 days in hydroponic solution
without pesticide to acclimate the plants to the hydroponic growth
conditions. After the 10-day acclimation period, dead biomass was
carefully removed, the plants were weighed and the hydroponic
solutions were replaced. The treatments were (i) control (n¼ 3), (ii)
10 mg/L imazalil (n ¼ 3) and (iii) 10 mg/L tebuconazole (n ¼ 3). A
10-mg/L concentration level was used to ensure that the uptake
levels could be measured and that the plant tissue analysis limi-
tations could be overcome. The plants were mounted in the lids of
700-mL glass vessels using soft polyethylene foam, making sure
that all roots were submerged in 500 mL of hydroponic solution,
and then placed in a growth chamber (Bio 2000S, Weiss Umwelt-
technik GmbH, Lindenstruth, Germany). The growth chamber was
programmed at a 25:22 �C, 70:80% relative humidity and a 16:8 h
light:dark cycle. The photon flux density at the base of the plants
was approximately 400 mmol/m2/s (PAR), as provided by metal
halide bulbs. The vessels were covered with aluminium foil to
ensure no light penetration into the solution.

In addition to the planted vessels, unplanted control vessels
with 10 mg/L imazalil (n¼ 5) or 10 mg/L tebuconazole (n¼ 5) were
placed in the growth chamber. The experiment ran for a period of
24 days, during which the hydroponic solutions were replenished
daily to 500 mL with Milli-Q water (without imazalil and tebuco-
nazole) to compensate for evapotranspiration and sampling losses.

The growth solutionwas prepared according to Smart and Barko
(1985) and had the following composition (mg/L): Ca2þ 25.0; Mg2þ

6.8; Naþ 16.0; Kþ 6.0; DIC 10.2; SO2�
4 26.9; and Cl� 44.2 (pH 7.7).

Nitrogen, phosphorus and micronutrients were added daily using a
commercial nutrient solution (Tropica Master Grow, Tropica
Aquacare, Aarhus, Denmark) with the following concentrations
(mg/L): N 1.64, P 0.12, Kþ 1.26, Mg2þ 0.48, S2� 1.11, B3þ 0.005, Cu2þ

0.007, Fe2þ 0.08, Mn2þ 0.05, Mo 0.002, Zn2þ 0.002.
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2.2. Water quality analysis

Samples were collected using a 20-mL glass syringe. Prior to
each sampling, the solutions in the vessels were thoroughly mixed
by filling the syringe with sample and ejecting it again into the
vessel several times. Water samples (1 mL) were taken on days 0,
0.5, 1, 2, 3, 4, 5, 7, 10, 14, 18 and 24 and filtered through a 0.45-mm
pore-size mixed cellulose ester filter (Mikrolab KX Syringe Filter,
0.45 mm, 25 mm) in preparation for pesticide analysis via high-
performance liquid chromatography (HPLC). The concentration
error caused by the increased dilution due to sampling and filling
the missing volume with pure water ranged from 0.2% (day 0.5) to
2% (day 24) and was considered negligible. The pesticide removal
efficiency was calculated using the following equation: Removal
(%) ¼ (Ci � Ct)/Ci � 100%, where Ci is the initial pesticide concen-
tration in mg/L and Ct is the pesticide concentration, in mg/L,
measured at time t. The pH value was measured in all vessels using
a MeterLab PHM220 pH metre (Radiometer, Copenhagen,
Denmark) at days 0, 3, 7,10,14,18, 21 and 24. Dissolved oxygen (DO)
was only measured at day 24 using a portable DOmetre (OxyGuard
International A/S, Birkerød, Denmark). To avoid cross-
contamination, the electrodes were carefully cleaned with Milli-Q
water and ethanol between measurements.

2.3. Plant growth

The fresh biomass (FM) of each experimental plant was
measured after carefully blotting roots at days 0 and 24. The relative
growth rate (RGR) of the individual plants was calculated using the
following equation: RGR ¼ (lnW2 � lnW1)/t, where W1 and W2 are
the FM of plants at the start and the end of the incubation, and t is
the incubation time. Additionally, the maximum root and
maximum leaf/stem length of the plants were measured. At day 24,
the plants were harvested for imazalil and tebuconazole analysis.
The plants were washed and rinsed with Milli-Q water prior to
separation into roots, stems and leaves. All fractions were weighed
and freeze-dried, and their dry biomass (DM) determined. The
freeze-dried plant tissue was further used for the extraction and
analysis of pesticides, as described below. The root concentration
factor (RCF) was calculated as the ratio of the imazalil or tebuco-
nazole concentration in the roots to the final concentrations in the
hydroponic media, and the translocation factor (TF) was calculated
as the ratio of the imazalil or tebuconazole concentrations in the
shoots to the corresponding concentrations in the roots.

2.4. Imazalil and tebuconazole analysis

The plant extracts and water samples were analysed for imazalil
and tebuconazole using an HPLC system (Thermo Scientific Ulti-
mate 3000) equipped with a diode array detector (DAD). The
imazalil and tebuconazole enantiomeric fractions were calculated
after enantiomer separation and quantification using both HPLC-
DAD and HPLC equipped with tandem mass spectrometry (HPLC-
MS/MS). Detailed description of the plant tissue extraction, HPLC
procedures and the analytical material are provided in the sup-
plementary material.

2.5. Statistical analysis

The results were statistically evaluated using the R studio soft-
ware. All data were tested for a normal distribution and variance
homogeneity using Levene's test. One-way ANOVA and Tukey's
HSD post-hoc test were used to assess all comparisons, with sta-
tistical significance set at p < 0.05.

3. Results

3.1. Water chemistry and plant vitality in treated and control
aquatic systems

During the study period, the pH level (Fig. S1) in the unplanted
controls remained constant, at approximately 8.5 ± 0.1. For the
planted systems, the pH gradually decreased from an initial pH of
8.5± 0.1 to approximately 4.2 ± 0.3 in the plant controls (unspiked),
with a smaller decrease (to 6.5 ± 0.9) seen in the planted vessels
treated with imazalil and tebuconazole. Dissolved oxygen (DO)
(Fig. S2) did not significantly differ between the imazalil and
tebuconazole vessels; however, DO in the treatments was signifi-
cantly (p < 0.05) lower than in the planted controls.

The growth of the pesticide-exposed plants was negatively
affected (Table S3). The RGR and fresh biomass production of Typha,
Iris and Juncus were reduced to 11%e69% compared with the con-
trol plants, whereas Phragmites was not significantly affected.

3.2. Removal of imazalil and tebuconazole in solution

The pesticide concentrations in solution were significantly
reduced in all planted systems during the 24-day experiment. In
the unplanted controls, the concentrations remained constant
throughout the experiment (Fig. 1). During the first two days, a
rapid decrease in imazalil concentration occurred in the Phragmites
system compared with the other plant species. Additionally, ima-
zalil was rapidly degraded during the first 10 days of incubation in
all the planted systems, after which the degradation rate slowed.
The final imazalil removal efficiencies obtained in the planted
systems were 53%, 96%, 46% and 67% for Typha, Phragmites, Iris and
Juncus, respectively. The tebuconazole removal efficiencies

Fig. 1. Change in the concentration of imazalil and tebuconazole in the hydroponic
solutions of the four wetland plant species Typha latifolia, Phragmites australis, Iris
pseudacorus and Juncus effusus (n ¼ 3) and an unplanted control (n ¼ 5) throughout the
24-day experiment period. Fitted lines using a first-order kinetics model are shown.
Tebuconazole in the Iris systems does not fit the first-order kinetics model and is
represented using points. Error bars indicate the standard deviation.
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obtained in the same plant systems were 27%, 31%, 25% and 41%,
respectively, andwere lower than the imazalil removals for all plant
species.

3.3. Reaction rate constants for imazalil and tebuconazole

The removal of both pesticides in solution can be adequately
described using a first-order kinetics model, with the exception of
tebuconazole removal in the Iris systems (Table S4). For imazalil,
the removal rate constants were 0.14, 0.25, 0.09 and 0.10 d�1 for
Typha, Phragmites, Iris and Juncus, respectively. The estimated half-
lives were 5.1, 2.8, 7.7 and 7.0 days for Typha, Phragmites, Iris and
Juncus, respectively. For tebuconazole, the removal rate constants
were slightly lower, 0.10, 0.09 and 0.12 d�1 for Typha, Phragmites
and Juncus, respectively. The estimated half-lives were 6.9, 7.7 and
6.0 days for Typha, Phragmites and Juncus, respectively.

3.4. Imazalil and tebuconazole removal mechanisms

3.4.1. Enantioselectivity
The enantiomeric fractions of imazalil and tebuconazole in the

hydroponic solutions in the 24-day samples did not differ signifi-
cantly (p > 0.05) from those of the initial spiked solution (Fig. 2).
However, the enantiomeric fractions of the pesticides within the
various plant parts (leaf, stem and root) of the four plant species at
day 24 were in some cases significantly different (p < 0.05) from
those in the initial solution (Fig. 2). For imazalil, the enantiomeric
fractions were significantly lower in both the leaves and roots of
Typha and Juncus, as well as in the leaves of Phragmites and roots of
Iris. For tebuconazole, both the leaves and roots of Juncus and the
roots of Typha and Phragmites showed significantly lower enan-
tiomeric fractions. Moreover, the enantiomeric fraction in the
leaves and roots of Iris presented different directions compared

with the initial value.

3.4.2. Plant uptake
Regarding plant uptake, imazalil and tebuconazole were

detected in both the roots and shoots of all four plant species
(Fig. 3). Plant tissue concentrations of imazalil were statistically
lower (p < 0.05) than the corresponding tebuconazole concentra-
tions in all four species. For imazalil, root concentrations were
statistically higher than shoot concentrations in Typha and Juncus.
However, in Phragmites, a significantly higher imazalil concentra-
tion was measured in the aboveground biomass. Iris presented no
significant difference in imazalil concentrations between root and
shoot material. For tebuconazole, root concentrations were signif-
icantly higher than shoot concentrations for Typha and Iris. Typha
and Phragmites had similar distribution patterns for both pesticides
in below and aboveground biomass, whereas the distributions in
Iris and Juncus differed.

The RCF and TF values are shown in Table 1. For imazalil, the RCF
and TF show significantly different between-plant values. For
tebuconazole uptake, only Phragmites and Typha showed a signifi-
cant difference in RCF among plant species. Moreover, each plant
showed significantly different TF values for imazalil and tebuco-
nazole (p < 0.05).

Mass balance analyses of imazalil and tebuconazole in the
planted systems are shown in Fig. 4. The total mass balance equa-
tion is: Minitial ¼ Mplant þ Mmetabolised þ Msolution. The amount of
imazalil and tebuconazole in the plant tissues was relatively low (in
the range of 2.8%e14.4% of the total spiked pesticide in each vessel).
Themetabolised imazalil removal in the Phragmites systems (>90%)
was substantially higher than those in the Typha, Iris and Juncus
systems (42%, 32% and 54%, respectively). Regarding tebuconazole,
themetabolisedmass was relatively lower, ranging from 14% to 26%
in the planted systems.

Fig. 2. Measured enantiomeric fraction of imazalil and tebuconazole in solution (0, 0.5 and 24 days) and in various plant parts (24 days). Horizontal lines represent the initial ratio of
the compound, and the dotted line represents the error. N.D.: not detectable (under LOD). UC, T, P, I and J: unplanted control, Typha latifolia, Phragmites australis, Iris pseudacorus and
Juncus effusus, respectively. Error bars indicate one standard error. Asterisks indicate significant differences versus the initial enantiomeric fraction (*p < 0.05, **p < 0.01,
***p < 0.001).
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4. Discussion

Water chemistry and plant vitality parameters during the study
period showed differences between control plants and those
exposed to the pesticides. The pH was stable for the unplanted
controls, whereas a decrease was observed for the planted samples.
The higher variability in pH fit the observed growth rates (higher
for the controls than for pesticide-exposed plants) and is explained
by nutrient uptake (in the form of ammonium) by the plants. DO
concentrations did not differ in the hydroponic cultures of the two
pesticides; however, higher values were observed in the plant
control, which may be related to the induction of phytotoxic effects
in the plants, as also shown by the negative effect on plant growth
induced by the pesticides.

In the present study, all plant species removed significant
amounts of imazalil and tebuconazole from solution. Phragmites
removed the most imazalil (96%) from solution, and Juncuswas the

most efficient in removing tebuconazole (41%). Hence, the present
study confirms the potential for using phytoremediation technol-
ogy to treat imazalil- and tebuconazole-contaminated water. The
observed imazalil removal is similar to that previously reported for
phytoremediation by E. nuttallii (93 mg/L level, 89 ± 3% removal)
(Stang et al., 2013). For tebuconazole, the observed removal was
lower than that observed for E. nuttallii-vegetated flow-through
streams (>90%), although the latter had a lower initial concentra-
tion (approximately 10 mg/L) (Elsaesser et al., 2013). For compari-
son, in chemical oxidation procedures, 100% of the initial 25 mg/L
imazalil was removed within 35 min using TiO2 as a photocatalyst
(Hazime et al., 2012). In activated sludge treatment, 30% of the
tebuconazole was removed when operating with a 1e10 ng/L
influent concentration (Kahle et al., 2008).

Numerous pesticides dissipate following a first-order kinetics
removal model, which is useful in estimating performance and
comparing treatment technologies. In the present study, imazalil

Fig. 3. Concentrations of imazalil and tebuconazole in the belowground (root) and aboveground (leaf and stem) biomass of four wetland plant species, Typha latifolia (T), Phragmites
australis (P), Iris pseudacorus (I) and Juncus effusus (J), at the end of the 24-day experiment. Letters above the bars indicate statistically significant differences (p < 0.05).

Table 1
Average (±1. S.D.) translocation factors (TF) and root concentration factors (RCF) for imazalil and tebuconazole at the end of the 24-day experiment.

Compounds Typha latifolia Phragmites australis Iris pseudacorus Juncus effusus

Imazalil TF 0.27 ± 0.03d 3.9 ± 0.2a 1.7 ± 0.5b 0.46 ± 0.05c

RCF 79 ± 12c 104 ± 2b 27 ± 5d 154 ± 15a

Tebuconazole TF 0.55 ± 0.07b 1.8 ± 0.6a 0.42 ± 0.07b 2.2 ± 0.5a

RCF 85 ± 2b 102 ± 5a 63 ± 2c 58 ± 12c

Data followed by different letters in rows are significantly different (p < 0.05).

Fig. 4. Mass balance of added imazalil and tebuconazole in the planted systems (Typha latifolia (T), Phragmites australis (P), Iris pseudacorus (I) and Juncus effusus (J)) after 24 days of
incubation.
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and tebuconazole removal was also adequately described by this
model, with reaction rate constants (k) ranging from 0.09 to 0.25
d�1, with the exception of tebuconazole removal in Iris. The imazalil
and tebuconazole reaction rate constants for other phytor-
emediation systems are not available to the best of our knowledge.
However, the photocatalytic degradation of imazalil over illumi-
nated TiO2 in aqueous suspensions also follows a first-order model
(k of 100 d�1) (Hazime et al., 2012). Additionally, tebuconazole
degradation in Tifton loamy sand (k of 0.014 d�1) (Strickland et al.,
2004) and reduction in peppers grown in a greenhouse (k of
0.006e0.085 d�1) (Fenoll et al., 2009) also followed first-order ki-
netics. However, tebuconazole removal in a biofilm reactor did not
fit a first-order model or show any correlation between hydraulic
residence time and removal (Casas and Bester, 2015). Whereas it
was unable to match the higher degradation rates of these
advanced technologies, phytoremediation by emergent wetland
plants clearly shows an increased rate compared with other bio-
logical removal processes. Notably, the concentration tested is
relatively high; thus, the reaction kinetics should be further
investigated at more realistic imazalil and tebuconazole
concentrations.

Removal mechanisms such as photolytic degradation, microbial
degradation and phytodegradation have been considered impor-
tant pesticide removal processes in aquatic plant-based systems
(Rose et al., 2006; Stang et al., 2013). However, in the present study,
the unplanted control solutions clearly showed no loss of imazalil
or tebuconazole due to volatilization (both are non-volatile com-
pounds; low Henry's law constant <10�9 atm-m3 mole�1, Table S1)
or photodegradation. The absence of light in the solution also
prevented periphyton formation. However, even when microbial
growth and activity are minimised due to the absence of a readily
available carbon source, some bacteria can nevertheless colonize
the root surface and use root exudates as their carbon source (Brix
et al., 2002). Thus, the present study was unable to quantify the
contribution of microbial degradation in the observed removal.

To our knowledge, this is the first time that the enantioselective
degradation of imazalil and tebuconazole in a plant/water system
has been studied. However, the enantiomeric fractions of imazalil
and tebuconazole in the hydroponic solutions remained stable
throughout the incubation period (Fig. 2). For imazalil and tebu-
conazole, enantiomeric selectivity was apparently not an appro-
priate probe for measuring microbial degradation and plant uptake
throughout the experiment. These results are in agreement with
previous work in which the biodegradation of imazalil (Chu et al.,
2007) and tebuconazole (Wang et al., 2012) in soil was a non-
enantioselective process. However, significant differences in the
enantiomeric fractions of imazalil and tebuconazole with respect to
the initial solutionwere observed in various plant parts. The lack of
an observable difference in solution may be due to the order of
magnitude of the compound mass (concentration) in plants vs.
solution. The enantioselectivity observed in plants implies selective
uptake and/or translocation or enantioselective degradation in
plants.

The direct uptake, accumulation and translocation of organic
micropollutants have been demonstrated as important mecha-
nisms in phytoremediation technology. Aryal and Reinhold (2013)
performed a lab-scale investigation of the plant uptake of two
pesticides, triclocarban (log Kow 4.90) and triclosan (log Kow 4.66),
using Pumpkin (Cucurbita pepo cultivar Howden) and Zucchini (C.
pepo cultivar Gold Rush) in aqueous systems. After 9 weeks of
growth, the more hydrophilic antimicrobial compound triclosan
(lower log Kow) presented higher pesticide concentrations in the
shoots of both Pumpkin and Zucchini, as well as higher TF values

(Aryal and Reinhold, 2013). In our study, the shoot concentrations
of tebuconazole for all plants were statistically higher than the
corresponding imazalil shoot concentrations. This difference may
be related to the lower log Kow value of tebuconazole. Triclocarban
and triclosan residues in shoots were previously found to be 769 (TF
of 0.0013) and 12 (TF of 0.082)-fold lower than those in roots,
thereby indicating a higher accumulation of the compounds in
roots (Aryal and Reinhold, 2013). In the present study, imazalil
concentrations were higher in roots than in shoots for Juncus and
Typha but not for Iris or Phragmites, whereas tebuconazole con-
centrations were only higher in roots for Typha and Iris. Presum-
ably, the lower hydrophobic nature of imazalil (log Kow of 4.10) and
tebuconazole (log Kow of 3.89) compared with the previously
studied triclocarban and triclosan explains the generally higher TF
values observed in the present study (0.27e3.9).

Yu et al. (2009) evaluated the removal capacity of spring onion
(Allium cepa) for two insecticides, chlorpyrifos and carbofuran (log
Kow of 4.66 and 2.30), in soil systems. This experiment was per-
formed over 5 weeks, and the root concentrations of chlorpyrifos
and carbofuran were 20e500-fold higher than the shoot concen-
trations. Once again, the residues of carbofuran in both roots and
shoots were higher than those for chlorpyrifos, presumably due to
differences in their hydrophobicities (Yu et al., 2009). However,
different species of crop plants, including pepper, collard, lettuce,
radish and tomato, had similar root concentrations but different TF
values (ranging from 0.17 to 1.16) when exposed to triclocarban in
soil systems (Wu et al., 2012). These last results support the
observed significant translocation of pesticides to the aboveground
biomass for Phragmites and Juncus compared with the other plant
species when treated with the same pesticide. Consequently, the
observed trends for the accumulation of pesticides by wetland
plants show that uptake and translocation depend not only on the
hydrophobic nature of the compounds but also on plant species
characteristics such as the lipid content of the plant tissue and their
root structure.

The RCF describes the root uptake potential of an organic
compound (Aryal and Reinhold, 2013). Organic compounds can
pass through the lipid membranes associated with the epidermal
layers of the roots. Additionally, log Kow values ranging from 0.5 to
3 were suggested to be optimal for the uptake of organic pollutants
(Pilon-Smits, 2005). The observed higher root concentrations of
tebuconazole compared with imazalil in all plants may be due to
the fact that the log Kow of tebuconazole indicates that tebuco-
nazole is sufficiently lipophilic to move through the lipid bilayer of
plant membranes while also being sufficiently water soluble for
transportation with the root cell fluids.

The accumulation of imazalil and tebuconazole in all plant tis-
sues was relatively low, ranging from 2.8 to 14.4% of the total spiked
pesticide in each vessel, which indicates that accumulation in
plants only accounted for a small amount of the total removed from
the systems. These results are consistent with previous work
showing that plant accumulation only accounts for 0.5e30% of the
removal of pesticides such as triclocarban and triclosan in hydro-
ponic systems with crop plants (Aryal and Reinhold, 2013;
Mathews et al., 2014).

After plant uptake, organic pollutants may be degraded,
metabolised or transformed into less toxic compounds and
bound in plant tissues in unavailable forms (Salt et al., 1998). The
total mass of tebuconazole in the plant tissues, which was
highest in Juncus (720 mg), followed by Typha (563 mg), Phrag-
mites (559 mg) and Iris (530 mg), represented a relatively high
percentage (36%e44%) of the total mass of the tebuconazole
removed. Additionally, the tebuconazole mass in the plant tissues

T. Lv et al. / Chemosphere 148 (2016) 459e466464

20



had a positive linear relationship with the corresponding tebu-
conazole removal efficiency (Fig. S3). In a previous study, the
tebuconazole degradation ability of microorganisms in soil was
found to be limited (Wang et al., 2012), supporting the hypoth-
esis that plant uptake and further transformation and meta-
bolism played a crucial role in the depletion of tebuconazole
from the plant/water system in the present study. At the end of
the experiment, the mass of imazalil was greatest in Juncus plant
tissues (406 mg), followed by Iris (316 mg), Typha (240 mg) and
Phragmites (173 mg). However, the removal efficiency did not
correlate with the imazalil mass in the plant tissues: the highest
imazalil removal efficiency was achieved for Phragmites (Fig. S3).
This comparison strongly suggests that the plant accumulation of
imazalil may play a role but is not the primary loss mechanism.
The present data on accumulation do not reflect the total plant
uptake. Information on transpiration rates (not presently
measured) may be important to fully understand the role of plant
uptake in removal. However, the significant unaccounted mass of
the pesticides (metabolised mass) for all plant species (Fig. 4)
indicates the existence of significant metabolism in the plant/
water system. The observed enantiomeric fractions in the plant
tissues also support the hypothesis that pesticides can be
degraded inside plant tissues. Therefore, the specific pathways
responsible for the metabolism and transformation of imazalil
and tebuconazole in both the water phase and inside the plant
tissues should be investigated further.

5. Conclusions

� Imazalil and tebuconazole were significantly removed (25%e
96%) in all incubations involving different plants species in the
hydroponic medium. Phragmites was the best candidate for
removing both pesticides. First-order kinetics can describe
pesticide removal in the planted aquatic systems, with the
exception of tebuconazole removal in the Iris planted solution.
Both results indicate the potential application of phytor-
emediation technology to treat imazalil- and tebuconazole-
contaminated water.

� The enantiomeric fractions of imazalil and tebuconazole
measured in plants tissues differed significantly from those in
the hydroponic solutions. Thus, the uptake, translocation and/or
degradation processes in the plants were enantioselective.

� At the end of the study period, the accumulation of imazalil and
tebuconazole bywetland plants was relatively low (2.8e14.4% of
the spiked pesticides) and was dependent on both the hydro-
phobic nature of the compounds and the specific plant species.
Additionally, a large fraction of the pesticides disappeared from
the hydroponic solution (14%e90%), indicating that degrada-
tion/metabolism is the most important removal pathway.
However, the relevance of the two competing processes e mi-
crobial degradation in solution and metabolism following plant
uptake e cannot be distinguished.

� The enantiomeric selectivity andmass balance results show that
the studied plants may be capable of not only taking up the
pesticides but also metabolising them.
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Abstract 

Phytoremediation of realistic environmental concentrations (10 µg L-1) of the chiral 

pesticides tebuconazole and imazalil by Phragmites australis was investigated to better 

understand removal dynamics and enantioselective mechanisms in both hydroponic 

growth solutions and plant tissues. For the first time, we document experimental plant 

uptake, translocation and metabolisation of these chiral compounds inside wetland plant 

species, using enantiomeric analysis. Tebuconazole and imazalil removal efficiencies 

reached 96.1% and 99.8% by the end of the experiments (day 24), respectively. Removal 

from the solutions could be modelled by first-order removal kinetics with removal rate 

constants of 0.14 d-1 for tebuconazole and 0.31 d-1 for imazalil. Removal of the pesticides 

from the hydroponic solution, plant uptake, within plant translocation and degradation by 

Phragmites occurred simultaneously. Tebuconazole and imazalil concentrations inside 

Phragmites peaked at day 10 and 5, respectively, and decreased thereafter until day 24. 

Pesticide uptake by Phragmites was positively correlated with evapotranspiration. 

Pesticides removal from the hydroponic solution were not enantioselective. However, 

tebuconazole was degraded enantioselectively both in the roots and shoots of Phragmites. 

Imazalil translocation and degradation inside Phragmites were also enantioselective:  R-

imazalil was translocated faster than S-imazalil. The enantiomer mass data for imazalil, 

however, was inconclusive regarding the direction of enantioselectivity. 

Keywords: Constructed Wetlands; Phytoremediation; Contaminants of emerging 

concern; Enantiomeric fraction; Fungicides  
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1. Introduction 

Phytoremediation is an emerging technology that utilises green plants and their 

associated rhizosphere microorganisms.  It is used in the remediation of many soil and 

water contaminants, including many classes of inorganic contaminants, such as 

phosphorus (Akinbile et al., 2016), nitrogen (Zhai et al., 2013), and heavy metals (Ali et al., 

2013), as well as organic pollutants, such as pharmaceuticals (Zhang et al., 2015) and 

pesticides (Lv et al., 2016b). To expand usage and successful application of 

phytoremediation and bioremediation techniques, more research is needed to better 

understand the interactions between soil, microbes, plants and contaminants (Hussain et 

al., 2009). Particularly the role of plants in removing organic pollutants is still not well 

understood. 

The pesticides tebuconazole and imazalil (Table S1) are commonly used to protect various 

agricultural crops against fungal attack and as a biocide for wood protection. However, 

these biocides may have adverse effects on aquatic organisms and, ultimately, human 

health when leached into the environment (Campo et al., 2013; Castillo et al., 2006). 

Tebuconazole and imazalil were selected as model compounds for a systematic study on 

removal dynamics during phytoremediation. Most previous studies have focused on the 

removal performance of tebuconazole and imazalil, such as the removal efficiency of >86% 

demonstrated by Elodea nuttallii in flowing vegetated streams (Moore et al., 2013; Stang 

et al., 2013).  What these studies did not consider was identification of the relevant 

mechanism:  sorption/partitioning or degradation. Various emergent wetland plant 

species (Typha latifolia, Phragmites australis, Iris pseudacorus and Juncus effusus) have 

been found to promote high removal efficiencies (25%-96%) of both pesticides in 

hydroponic medium (Lv et al., 2016a). Although phytoaccumulation has been measured to 

be low, the real extent of pesticide removal by uptake, translocation and degradation in 

plants during phytoremediation is still unclear (Lv et al., 2016a). Thus, a study of the 

pesticide removal dynamics at a realistic environmental concentration was conducted to 

improve understanding of the phytoremediation process. 

Enantiomeric fractioning of chiral compounds can be used as an indicator of enzyme-

pesticide interactions and, together with mass balance approaches, also as an indicator of 

biodegradation (Ruiz-Rodríguez et al., 2015). The enantiomeric fraction (EF) has been 

proposed by Harner et al. (2000) as a parameter for assessing environmental processes. In 

fact, monitoring the change in EF is a very promising method to assess different 

phytoremediation mechanisms (Zipper et al., 1998). Even though tebuconazole and 

imazalil are both chiral compounds (Table S1) and present in both agricultural and rural 
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area, previous enantioselective studies on plants have mainly focused on the risk 

assessment of the pesticides in agricultural crops (Wang et al., 2012). In a previous study 

(Lv et al., 2016a), we indicated that both tebuconazole and imazalil showed signs of 

enantioselective degradation in the plants at the end of the experiment. However, the 

initial concentration of 10 mg L-1 unfortunately induced phytotoxicity in the experimental 

plants, and the enantiomer fractions inside plant tissues were only measured once at the 

end of the experiment. Thus, tracing the EF of the chiral pesticides is needed, together 

with providing mass balances during the phytoremediation processes not only in the 

hydroponic solution but also in the plant tissues, to gain insight into the mechanisms of 

phytoremediation.  

The aim of this study was to investigate the removal and/or degradation dynamics during 

phytoremediation of the chiral pesticides tebuconazole and imazalil. Specifically, we made 

the following hypotheses: i) enantioselective microbial degradation in hydroponic solution 

will result in changes in the EF of chiral pesticides in the solution, ii) enantioselective plant 

uptake will result in changes in the pesticide EF in the plants in general, and iii) differences 

in EF between different parts in the plants (roots and shoots) may indicate differential 

metabolic degradation of the pesticide in the plants, especially if this is supported by mass 

balances. In our experiments, we used Phragmites australis, the most commonly used 

wetland plant in constructed wetland systems, as well as an environmentally realistic 

concentration level of 10 μg L-1. For the first time, assessment of enantioselective 

mechanisms in a wetland plant species was coupled with plant uptake, translocation, 

accumulation and degradation of the chiral compounds in both the hydroponic growth 

solution and different plant tissues.  

2. Materials and methods 

2.1 Plant material and experiment setup 

Phragmites australis (common reed) was propagated from seeds in the greenhouse 

facilities of Aarhus University, Denmark. After germination, individual seedlings were 

potted in 0.7 L pots containing a mixture (volume ratio of 50:50) of sand and a commercial 

peat-based potting compost. When plants were approximately 200 mm tall, the soil was 

carefully washed off the roots and the plants were rinsed in Milli-Q water. Similarly sized 

plants (6.0 ± 0.2 g fresh biomass) were selected and assigned randomly to treatment 

groups. The plants were mounted in the lids of 700 mL glass vessels using soft 

polyethylene foam while ensuring that all roots were submerged in 500 mL of hydroponic 

solution (Fig. S1a) and then placed in a controlled growth chamber (Bio 2000S, Weiss 

Umwelttechnik GmbH, Lindenstruth, Germany). The growth chamber was programmed 
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for a temperature of 25:22 °C (day:night), 70:80 % relative air humidity and a 16:8 h 

light:dark cycle. The photon flux density at the base of the plants was approximately 400 

µmol m-2 s-1 (PAR) and was provided by metal halide bulbs. The vessels were covered with 

aluminum foil to ensure no light penetration into the solution.  

The plants were initially incubated for 14 days in hydroponic solution without pesticide to 

acclimate the plants to the hydroponic growth conditions. After acclimation, dead roots 

and leaves were carefully removed, the plants weighed and the hydroponic growth 

solutions replaced. Treatments included the following:  (i) 10 µg L-1 tebuconazole (n=27), 

(ii) 10 µg L-1 imazalil (n=27), (iii) a “solution control” without plants (solution spiked with 

10 µg L-1 tebuconazole and 10 µg L-1 imazalil, n=9) and (iv) a “plant control” (plants in 

solution without pesticides, n=6). A schematic diagram of the experimental design is 

shown in Fig. S1b. The experiment ran for a period of 24 days, during which the 

hydroponic solutions were replenished daily to 500 mL with Milli-Q water to compensate 

for evapotranspiration. 

The hydroponic solution was prepared according to Smart and Barko (1985) and had the 

following composition (mg L-1): Ca2+ 25.0, Mg2+ 6.8, Na+ 16.0, K+ 6.0; DIC 10.2, SO4
2- 26.9, 

and Cl- 44.2 (pH 7.7). Nitrogen, phosphorus and micronutrients were added daily using a 

commercial nutrient solution (Tropica Master Grow, Tropica Aquacare, Aarhus, Denmark) 

with the following concentrations (mg L-1): N 1.64, P 0.12, K+ 1.26, Mg2+ 0.48, S2- 1.11, B3+ 

0.005, Cu2+ 0.007, Fe2+ 0.08, Mn2+ 0.05, Mo 0.002, and Zn2+ 0.002. 

2.2 Sampling and analysis 

Sampling of the growth solutions and plants were carried out on days 0, 0.5, 1, 2, 5, 10, 15, 

20 and 24 after spiking the vessels with the respective pesticides. We measured pH and 

dissolved oxygen (DO) in the growth solutions using portable meters (Multi-Parameter 

Meter HQ40d and sensION+ EC5, both from HACH, Düsseldorf, Germany). The fresh plant 

biomass (FM) and chlorophyll content of leaves (using a hand-held chlorophyll content 

meter, CCM-200, Opti-Science, Hudson, USA) were monitored at each sampling time for 

all plants. The daily volume of Milli-Q water (Milli-Q gradient A10, Millipore, Bedford, USA) 

replenished in each vessel was recorded as a proxy for evapotranspiration. At each 

sampling time, solution from three vessels of each of the pesticide treatments (i and ii) 

and one vessel for the solution control (iii) were sampled for pesticide analysis. In the 

solution control, the total solution volume was divided into three subsamples for 

analytical purposes. Also, plants were harvested, the roots rinsed with Milli-Q water, and 

then separated into roots and shoots (stems and leaves) and roots. All plant fractions 
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were then weighed, freeze dried and their dry biomass (DM) was determined. The freeze-

dried plant tissue was stored at -8 °C until pesticide analysis.  

2.3 Tebuconazole and imazalil analysis 

All water samples were pre-concentrated by solid-phase extraction (SPE) prior to HPLC 

analysis. Plant tissue samples were extracted by ultrasonication and further cleansed by 

two-stage saponification and SPE prior to HPLC-MS/MS analysis. The enantiomeric 

separation of both pesticides was performed on a HPLC system (Thermo Scientific 

Ultimate 3000) using a NUCLEODEX β-PM column (Macherey-Nagel, Düren, Germany) 

(200 mm, 4 mm, 5 µm). Tebuconazole enantiomers were separated in this column with a 

methanol water gradient and post column acidification (Bollmann et al., 2015). The 

imazalil enantiomers were separated in the column using isocratic elution (Casas et al., 

2016). Detection of enantiomers was performed with an API 4000 (ABSciex, Framingham, 

MA, USA) triple quadrupole mass spectrometer. All reagents and procedures are detailed 

in the supplementary material. For imazalil, the enantiomers had already been elucidated 

in a previous study (Casas et al., 2016), whereas the enantiomers for tebuconazole could 

be separated but not elucidated within the framework of this project.  

2.4 Data analysis 

The enantiomeric fraction (EF) of tebuconazole is here defined as the quantitative ratio of 

the first eluting peak (1-tebuconazole) to the second eluting peak (2-tebuconazole) as 

follows in Eq. (1). The tebuconazole enantiomers are named by their elution order during 

the HPLC-MS/MS analysis. 

EFtebuconazole = 
1−𝑡𝑒𝑏𝑢𝑐𝑜𝑛𝑎𝑧𝑜𝑙𝑒

1−𝑡𝑒𝑏𝑢𝑐𝑜𝑛𝑎𝑧𝑜𝑙𝑒 + 2−𝑡𝑒𝑏𝑢𝑐𝑜𝑛𝑎𝑧𝑜𝑙𝑒
                                                  (1) 

As the enantiomers of imazalil have already been identified, the EF of imazalil is defined as 

the quantitative ratio of the relative compositions of R-imazalil and S-imazalil (Casas et al., 

2016) as follows in Eq. (2).  

EFimazalil = 
𝑅−𝑖𝑚𝑎𝑧𝑎𝑙𝑖𝑙

𝑅−𝑖𝑚𝑎𝑧𝑎𝑙𝑖𝑙 + 𝑆−𝑖𝑚𝑎𝑧𝑎𝑙𝑖𝑙
                                                            (2) 

The concentrations of tebuconazole and imazalil in the hydroponic solutions and the plant 

tissue samples were calculated as the sum of both enantiomers for each pesticide. 

The reaction kinetics of the removal of the pesticides from the hydroponic solution were 

described by a first-order reaction kinetic model (Eq. (3)). 

                     C(t) = C0 e-kt                                                                      (3) 

where C(t) is the pesticide concentration at time t [µg L-1], C0 is the initial concentration at time zero 

[µg L-1] and k is the removal rate constant of the pesticide [d-1]. 
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The mass balance of the pesticides during the phytoremediation was assumed to follow 

Eq. (4). 

Mpesticides = Msolution + Msolution-degradation + Mroot + Mroot-degradation + Mshoot + Mshoot-degradation   (4) 

where Mpesticides is the total mass of the pesticides in the whole system [µg], Msolution, Mroot and 

Mshoot [µg] are the masses of the pesticides in hydroponic solution, plant roots and shoots, 

respectively, and Msolution-degradation, Mroot-degradation and Mshoot-degradation [µg] are the masses of the 

pesticides degraded in the hydroponic solution, plant roots and shoots, respectively. 

2.5 Statistical analysis 

Statistical analyses were conducted using XLStat Pro® statistical software (XLStat, Paris, 

France). Kruskal-Wallis tests were used to compare the pH, DO and plant vitality (leaf 

chlorophyll and plant fresh biomass) between different treatment groups in the 

experiment. The enantiomeric fractions of each pesticide in the solution control and the 

pesticide treatments (hydroponic solution, plant roots and shoots) for each sampling time 

were tested by Kruskal-Wallis tests followed by Dunn's post-hoc tests. The first-order 

kinetic model of pesticide degradation in the solutions and the correlation between 

pesticide accumulation and plant evapotranspiration were tested by Spearman’s rank 

correlation analyses. The p-value for significant differences in all comparisons was set at 

<0.05. 

3. Results  

3.1 Water quality and plant vitality 

The pH and DO in the solution control were constant throughout the experiment at 

around 8.2 and 8.3 mg L-1, respectively (Fig. S2). In the plant control, and the tebuconazole 

and imazalil treatment groups, the pH and DO decreased over the first two days and then 

reached constant values around 7.1 and 3 mg L-1, respectively. Both pH and DO were 

significantly lower in solutions with plants than in the solution control. However, there 

were no significant difference between the plant control and pesticide treatment groups 

in pH or DO. All Phragmites plants from the tebuconazole and imazalil treatment groups 

had similar leaf chlorophyll content and growth in fresh biomass to the plants in the plant 

control.  

3.2 Removal kinetics of tebuconazole and imazalil 

In the planted vessels, concentration of tebuconazole decreased from an initial 

concentration of 7.9 ± 0.3 µg L-1 to 0.3 ± 0.1 µg L-1 on day 24, which is equivalent to a 

removal efficiency of 96.1 ± 0.1 % (Fig. 1). In the solution control (with pesticides but no 

plants), the tebuconazole concentration remained constant throughout the experiment 
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(Fig. 1). The initial concentration of imazalil was 7.8 ± 0.2 µg L-1 and did not change in the 

solution control, while in the presence of Phragmites plants, it decreased to 0.02 ± 0.01 µg 

L-1 reaching 99.7 ± 0.1 % removal after 10 days. The removal of both tebuconazole and 

imazalil in the Phragmites-planted vessels strongly fitted the first-order kinetic model 

(Table 1), with average removal rate constants of 0.14 d-1 and 0.31 d-1, and half-lives of 5.1 

d and 2.3 d, respectively.  

3.3 Dynamics of pesticides in hydroponic solutions and plant tissues 

Tebuconazole and imazalil concentrations in the hydroponic solutions and plant tissues 

during the experiment are shown in Fig. 2a and b. Simultaneously with the decrease of 

concentrations in the hydroponic solution, the tebuconazole and imazalil concentrations 

in both roots and shoots of the plant increased to a peak concentration on day 10 and day 

5, respectively, followed by a gradual decrease until day 24.  

For tebuconazole, concentrations in plant roots were significantly higher than in the 

shoots on days 1, 2, and 5, and reached a maximum concentration of 0.7 ± 0.1 and 0.6 ± 

0.1 mg kg dw-1, respectively, on day 10. However, on day 15 and day 20, the tebuconazole 

concentration in shoots became significantly higher than in plant roots, indicating uptake 

from the water into roots and subsequent translocation to the shoots. For imazalil, 

concentrations in plant roots (0.6 ± 0.1 mg kg dw-1) were significantly higher than those in 

the shoots (0.3 ± 0.1 mg kg dw-1) until day 5. Afterwards, imazalil concentrations in both 

plant parts decreased simultaneously with no significant differences until the 

concentrations fell below the limit of quantification (LOQ) at the end of experiment.   

To determine whether biodegradation occurred in parallel to the transport, a mass 

balance assessment was performed. The mass balances presented in Fig. 2c and d show 

the cumulative phase distribution of the compound mass in the hydroponic solution as 

well as in the roots and the shoots of the plants during the experiment. The total mass of 

tebuconazole and imazalil decreased significantly by 90% over time. Mass was transferred 

from the hydroponic solution to the plant over time, while a part of the mass was lost 

from the system. The mass fractions found in both plant parts increased until day 10 for 

tebuconazole and day 5 for imazalil, and decreased thereafter. The highest mass fraction 

of tebuconazole reached in plant tissues was 24% of the initial mass on day 10, with 0.57 ± 

0.02 µg and 1.37 ± 0.05 µg found in plant roots and shoots, respectively. For imazalil, the 

maximum mass fraction in the plant roots and shoots at day 5 was 0.30 ± 0.02 µg and 0.36 

± 0.01 µg, respectively, representing 8.3% of the initial mass of imazalil. After these peaks, 

the mass in the plant tissue continued decreasing until day 24 for both compounds. At the 
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end of the experiment, the tebuconazole mass fraction in the plant tissue constituted 7.7% 

of the initial mass, while that in imazalil was not quantifiable (<0.1% of the initial mass). 

The uptake of the pesticides by Phragmites plants, as indicated by total mass in the plant 

tissues, showed strong positive linear relationships (p<0.05) with the cumulative 

evapotranspiration up to day 10 for tebuconazole and day 5 for imazalil (Fig. 3).  

3.4 Enantioselectivity  

Enantiomeric fractions (EF) were used to evaluate whether enantioselective degradation 

occurred within the plant tissue, and if so, in which plant tissues. The EF values in the 

hydroponic solutions of the solution control and the pesticide treatments are shown in Fig. 

4a and b. No significant differences in EF over time were found in the hydroponic solutions 

for tebuconazole (0.51 ± 0.01) and imazalil (0.50 ± 0.01) (Table S3). Similarly for both 

pesticides, the EF in the hydroponic solutions of pesticide treatments did not show 

statistical differences with the corresponding control solution. This indicates a non-

enantioselective removal process of the compounds from the hydroponic solutions.  

For tebuconazole (Fig. 4a), EF values in the plant roots and the shoots, as well as the 

whole plant (Fig. S3), showed similar trends of increasing EF during the experiment. In the 

plant shoots, the EF values (ranging from 0.52 to 0.55) were similar to that in the 

hydroponic solution (ranging from 0.51 to 0.53) until day 10 but significantly increased 

thereafter. The EF values in the plant shoots were also similar to those in the plant roots 

until day 15 but were significantly higher on days 20 and 24. On day 24, the EF values were 

0.60 ± 0.05 and 0.70 ± 0.01 for the plant roots and the shoots, respectively. Regarding the 

mass of tebuconazole enantiomers, the mass of 2-tebuconazole was significantly lower in 

the shoots, especially after day 10 (Fig. 4c). Taken together with the mass balance data, 

this clearly indicates that tebuconazole was metabolised in both the roots and shoots of 

the plants. 

For imazalil (Fig. 4b), EF values in the plant roots were initially significantly lower than 

those in the plant shoots on days 0.5 and 1 (0.46 ± 0.01 and 0.47± 0.01, respectively). Over 

time, however, this pattern reversed and EF in the plant roots became significantly higher 

on days 15 and 20 (0.54 ± 0.02 and 0.53 ± 0.02, respectively) than in the plant shoots. The 

EF in the plant shoots were significantly higher (0.53 ± 0.01, 0.52 ± 0.01 and 0.52 ± 0.01 on 

days 0.5, 1 and 2 respectively) than the EF values in the solution and plant roots before 

day 5. Afterwards, EF values in the plant shoots were similar to those in the solution but 

significantly lower than those in the roots on days 15 and 20 (0.48 ± 0.01). However, it 

should be noted when considering the whole plants (Fig. S3), the EF values of imazalil 
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(ranging from 0.49 to 0.51) in plant tissue were similar to those in the solution (ranging 

from 0.48 to 0.50) throughout the experiment.  

Regarding enantiomer mass of imazalil (Fig. 4d), no differences between R-imazalil and S-

imazalil mass were observed in the solutions during the experiment. For plant tissues, 

however, the mass of R-imazalil was significantly lower than the mass of S-imazalil in the 

plant roots and significantly higher than the mass of S-imazalil in the plant shoots before 

day 5. After day 5, the mass of R-imazalil and S-imazalil decreased in both plant parts, and 

were not significantly different from each other. As only the data for day 15 are 

significantly different, it is difficult to interpret the results for imazalil. However, it seems 

like roots and shoots of the plants metabolise imazalil with different enantiopreference. 

4. Discussion 

In the present study, the planted hydroponic systems showed more than 96% removal of 

tebuconazole and imazalil after 24 days. The data is consistent with the high removals of 

tebuconazole (>90%) and imazalil (89 ± 3%) observed in previous studies using stream 

mesocosms vegetated with Elodea nuttallii under short hydraulic retention time (78 

minutes) (Elsaesser et al., 2013; Stang et al., 2013). Together, this indicates that wetland 

plants may play a major role in the removal of pesticides from contaminated water.  

The removal efficiencies and removal rate constants determined in this study (0.14 d-1 for 

tebuconazole and 0.31 d-1 for imazalil) were significantly higher than those previously 

found with initial concentrations of 10 mg L-1 (31%, 0.09 d-1 for tebuconazole and 95%, 

0.25 d-1 for imazalil) (Lv et al., 2016a). Thus, the relatively high initial concentrations may 

have affected the plants and, consequently, the removal processes in the previous study. 

Other studies have demonstrated that other pesticides may have phytotoxic effects at 

high concentrations. For example, removal efficiencies of dimethomorph were negatively 

affected by increasing initial influent concentration from µg L-1 to mg L-1 levels (Dosnon-

Olette et al., 2010), and the first-order kinetic removal rate constants of chlorpyrifos were 

also negatively affected (Prasertsup & Ariyakanon, 2011). In the present study, no 

phytotoxic effects on Phragmites growth, chlorophyll content and on water pH and DO 

were observed at the initial 10 µg L-1 concentration of tebuconazole and imazalil. 

Therefore, we assume that our setup resulted in a healthy system for studying pesticide 

removal mechanisms. 

The fact that the pesticide concentrations in control solutions did not change during the 

course of the 24-day experiment shows that photolytic degradation was minimal due to 

the absence of light in the solutions (Fig. S1a). Also volatilization of the pesticides can be 

neglected as both pesticides are non-volatile compounds with low Henry's law constants 
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<10−9 atm-m3 mole−1 (Table S1). Furthermore, volatilization is a non-enantioselective 

process. Although the pesticides removal in the unplanted control was reduced, probably 

because microbial activity was low due to the absence of a readily available carbon source 

and a solid substrate (Brix et al., 2002). Microbial degradation processes in the planted 

vessels cannot be excluded, but the rates were probably very low. Therefore, we assume 

that the loss of tebuconazole and imazalil from solution was mainly due to plant uptake 

followed by biodegradation within both the roots and shoots. 

The tebuconazole and imazalil removal from the hydroponic solutions over time occurred 

in parallel with uptake of the compounds by the plants. In general, plant root uptake of 

anthropogenic organic compounds, including pesticides, have been shown to occur by two 

pathways: namely passive uptake, with compounds being carried into the plant roots and 

the water taken up and transpired by the plants (Carvalho et al., 2014; Salt et al., 1998); 

and active uptake through carriers in membranes of the root cells, as documented for a 

few phenoxy acid herbicides (Bromilow & Chamberlain, 1995) and simple amino acids 

(Dettenmaier et al., 2008). In the present study, the significant linear correlations between 

tebuconazole and imazalil mass in the plant tissues and the rate of evapotranspiration (Fig. 

3) indicate that passive uptake of both pesticides into the plant tissue with the 

transpiration stream was a major route of uptake.  This has previously been observed for 

O-methylcarbamoyloxime insecticides and phenylurea herbicides in barley (Briggs et al. 

(1982), and other xenobiotic organic chemicals in soybean and tomato (Dettenmaier et al., 

2008).  

The pesticides were not only taken up into the root tissue of Phragmites plants but the 

compounds were subsequently effectively translocated to the shoots of the plants. 

Tebuconazole and imazalil translocation may be driven by the water transport inside the 

plant (Collins et al., 2011) and diffuse laterally into adjacent tissues, becoming 

concentrated in plant stems and leaves (Trapp, 2007).   

The degradation of organic pollutants inside the plant tissue can occur as a consequence 

of the activity of endophytic bacteria  (Chen et al., 2012) and plant enzymatic reactions 

(Dosnon-Olette et al., 2011; San Miguel et al., 2013; Schalk et al., 1997), such as via 

hydroxylation followed by conjugation (Huber et al., 2012; Wilken et al., 1995). Thus, the 

decrease of tebuconazole and imazalil concentrations in roots observed in the present 

study was probably the result of simultaneous translocation and degradation. It should be 

noted that plant growth has been recognized as an important variable that may dilute the 

chemical concentration in different plant compartments (Trapp & Matthies, 1995). 

However, the mass balance analysis used in this study (Fig. 2c and d) compensates for this 
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plant growth dilution effect, confirming that the initial pesticide uptake phase had a 

higher uptake rate than the simultaneously occurring degradation rate within the plant 

tissues.  

In the present study, enantiomeric fraction (EF) of both tebuconazole and imazalil showed 

no differences in the hydroponic solution for the control and treatment groups over the 

time, which indicates that the potential degradation of pesticides in the hydroponic 

solution by biofilms and plant uptake in the systems may be not enantioselective. This is 

supported by the findings of previous works that show that tebuconazole (Wang et al., 

2012) and imazalil (Chu et al., 2007) degradation in soils was not enantioselective. Lv et al. 

(2016a) also reported that tebuconazole and imazalil degradation in hydroponic solution 

was not enantioselective. However, taking into consideration the magnitude of the 

observed enantiomer mass in the plant tissues, it should be noted that the lack of an 

observable difference in solution EF due to a possible enantioselective pesticides uptake 

can be attributed to the higher order of magnitude of the compound mass found in 

solution. 

In contrast, the EF values of tebuconazole increased over time in the plant tissues, 

revealing the existence of enantioselective degradation within the plant. The second 

eluting enantiomer of tebuconazole, 2-tebuconazole, had a higher degradation rate than 

the first eluting enantiomer of tebuconazole, 1-tebuconazole, especially in the shoots. This 

is the first time that enantioselective degradation of tebuconazole has been observed in a 

wetland plant species, Phragmites. Until now, tebuconazole enantioselective degradation 

has only been known to occur in crops (cabbage, cucumber and strawberry) (Wang et al., 

2012; Zhang et al., 2012). It should be added that enantioselectivity may differ according 

to the crop (Li et al., 2013). For example, S-tebuconazole degraded more rapidly than R-

tebuconazole in cabbage, but the opposite was observed in cucumber (Wang et al., 2012). 

Therefore, from a phytoremediation perspective, it would be interesting to understand 

how selectivity may differ in other wetland plant species. 

Regarding imazalil, the significantly lower EF values in plant roots than plant shoots (but 

complementary, EF of the whole plant was 0.5) indicated enantioselective translocation of 

imazalil from the roots to the shoots, with R-imazalil being translocated faster than S-

imazalil. The difference in mass of each enantiomer in the different plant parts up to day 2 

confirms the selective translocation. Moreover, variation of imazalil EF over time indicates 

the existence of enantioselective degradation in both the roots and shoots of Phragmites. 

A previous study also found that degradation of imazalil in the orange fruit was 

enantioselective, and that S-imazalil was degraded more quickly than R-imazalil (Kodama 
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et al., 2003). However, in the present study, the enantiomer mass data were inconclusive 

regarding the identity of the enantiomer that was degraded faster within each plant 

organs.  

In previous studies on chiral pesticide, either the whole plant (Liu et al., 2008; Lu et al., 

2010) or only parts of a certain edible crop (Kodama et al., 2003; Wang et al., 2012) were 

evaluated for enantioselective processes. In the present study, imazalil EF in solution was 

not found to be different from that in Phragmites tissues before day 5, when considering 

only whole-plant concentrations. However, the analysis of the different plant organs 

revealed opposite EF values for roots and shoots. Therefore, we have demonstrated that 

for the correct understanding of the underlying phytoremediation mechanisms, it is 

insufficient to look only at the whole plant or only at single specific plant parts in isolation.  

For the first time, uptake followed by translocation and degradation, including 

enantioselective degradation of tebuconazole and imazalil, was demonstrated in a 

wetland plant species, Phragmites. Studies usually evaluate the potential of wetland 

plants for phytoaccumulation, but little data exists on the xenobiotics dynamics within 

plant tissues. Further studies on the degradation pathways within the plant tissue will be 

crucial to assess whether phytoremediation technology can be advanced from an 

accumulation to a degradation process. It should be stressed that the current hydroponic 

system studied may only show the maximum potential for predicting the fate of 

contaminants in actual engineered conditions, especially if some kind of substrate 

(sand/soil) will be present and under lower bioavailability of the compounds. Therefore, 

further investigation is needed to understand the degree to which such processes are 

occurring at the scale of real systems.   

5. Conclusions 

Phragmites australis promoted tebuconazole and imazalil removal from hydroponic 

solution with initial pesticide levels of 10 µg L-1, achieving about 96.1% and 99.8% at 24 

days, respectively. The removal dynamics were well fitted by the first-order kinetic model. 

Pesticide uptake, translocation and degradation inside Phragmites were shown to occur 

simultaneously. Plant uptake was driven by evapotranspiration and both pesticides were 

found to be biodegraded inside the plant tissues. The uptake rate was higher than the 

degradation rate up to a peak concentration within the plant tissues. 

No enantioselective removal was found in the hydroponic solutions, excluding 

degradation processes by suspended or rhizome living bacteria. However, tebuconazole 

degradation in both the roots and shoots was enantioselective. For imazalil, translocation 
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was enantioselective, as R-imazalil was translocated faster than S-imazalil. Imazalil 

degradation within the plant after day 5 also seemed to be also enantioselective but 

results were inconclusive on the direction of enantioselectivity.  

For the first time in a wetland plant species, enantioselective degradation of the chiral 

compounds tebuconazole and imazalil was demonstrated in the different plant tissues of 

Phragmites australis. 
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Fig. 1. Concentration of tebuconazole and imazalil in the hydroponic solutions of the solution 
controls (solutions with pesticides, without plants) and pesticide treatments (solutions with 
pesticides, with plants). Error bars indicate the standard deviation (n=3). 
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Fig. 2. Concentration (a, b) and cumulative phase distribution (c, d) of tebuconazole and imazalil 

in hydroponic solutions and plant tissues (roots and shoots) for pesticide treatments during the 

experiment. Pesticide concentrations in both plant parts were below the LOQ on day 0 for 

tebuconazole, and on days 0 and 24 for imazalil. *indicates significant difference between plant 

roots and shoots (p<0.05)  
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Fig. 3. Relationship between tebuconazole and imazalil mass in plant tissues, and cumulative 

evapotranspiration. 
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Fig. 4. Enantiomeric fractions (a, b) and enantiomer mass (c, d) of tebuconazole and imazalil in 

the solution controls and pesticide treatment groups during the experiment. Pesticide detection 

in both plant parts were below the LOQ on day 0 for tebuconazole, and on days 0 and 24 for 

imazalil. *indicates significant difference between different enantiomers for the same plant part 

(p<0.05) 
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Table 1. Estimated first-order removal rate constants (k), half-lives (t½ ), R2 and Pearson 
coefficients (p) of tebuconazole and imazalil in pesticide treatment groups. Values are presented 
as means (± S.D.). 

Pesticides k (d-1) t½  (d) R2 p 

Tebuconazole 0.14 ± 0.02 5.1 ± 0.7 0.99 <0.05 

Imazalil  0.31 ± 0.04 2.3 ± 0.3 0.98 <0.05 

44



Supplementary Information 

Table S1. Physicochemical properties of the investigated pesticides tebuconazole and imazalil 
 Tebuconazole Imazalil 

Chemical structure  
of enantiomers 
 
 
 

 

 
Water solubility 

Octanol-Water partition coefficient 
(Log Kow) 

Organic carbon adsorption 

coefficient (Koc, L kg-1) 

Henry’s law constant  
(atm-m3 mole-1) 

Aqueous hydrolysis DT50 
(20 °C, pH = 7) 

Volatilisation potential 

 
 
 
 
 

(R/S-tebuconazole)     

32 

3.89 

 

2579 

 

1.4 . 10-10 

 
Stable 

 

Hard  

 
 
 
 

 

           (R/S-imazalil)             

1400 

4.10 

 

4753 

 

2.6 . 10-9 

 
Stable 

 
Hard 

Data obtained from U.S. Environmental Protection Agency 
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(a)                                                                                (b) 
 

Fig. S1. Schematic diagram of a hydroponic glass vessel (a) and the experimental design (b). 
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Material and Methods details 

1. Material and Reagents  

Methanol and n-hexane (SupraSolv®), and formic acid (98 %, reagent ACS) were 

purchased from Merck (Darmstadt, Germany). High-purity grade tebuconazole and 

imazalil were supplied by Sigma–Aldrich (Schnelldorf, Germany). Other solvents and 

reagents used were at analytical grade. The water used in this study was Milli-Q water. 

All plastic and glassware were washed with soap, rinsed with water, soaked overnight in 

4.5% (v/v) hydrochloric acid (technical 30% purity, VWR BDH Prolabo), rinsed with water 

again and dried at 40 °C. 

2. Tebuconazole and imazalil analysis 

The water samples were processed by solid-phase extraction (SPE) using StrataTM X 

cartridges (reverse phase, 200 mg, 6 mL, Phenomenex). Each cartridge was conditioned 

with 5 mL of methanol followed by 5 mL of Milli-Q water prior to sample loading at a 

rate of 1-3 mL min-1. Afterwards, the cartridge was washed with 5 mL of Milli-Q water 

containing 1% methanol and dried for 30 min under vacuum. Elution was performed 

using 5 mL of a 9:1 methanol/formic acid mixture. The sample extract was then 

evaporated to dryness under a nitrogen stream (water bath at 40 ℃), and the residue 

re-dissolved in 1 mL of methanol. The final extract was analysed by HPLC (described 

below).  

For plant tissue extraction, freeze-dried plant material was first finely ground using a 

rotor mill (Retsch KG, Haan, Germany). Afterwards, 1 g of plant powder was mixed with 

10 mL of hexane in an ultrasound bath for 30 min. The mixture was then centrifuged 

(3000 rpm) for 10 min. The collected supernatant was then evaporated under nitrogen 

gas flow in a water bath at 40 ℃. The residues were then dissolved with 5 mL KOH 

solution (1 mol/L) of 4:1 methanol/water mixture, in order to saponify the chlorophylls. 

After 30 min of sonication, the solvent was filtered through nylon filters, (Q-Max GPF 

Syinge Filters) and diluted in 75 mL Milli-Q water. (i) For tebuconazole analysis, pH of 

the previous aqueous solution was adjusted to 5.5 using HCl before a solid-phase 

extraction process. (ii) For imazalil analysis, the aqueous solution was further processed 

without pH adjustment. Solid-phase extraction was performed using the same StrataTM 

X cartridge used for water samples, following the same protocol. Extraction and clean-

up steps have been thoroughly studied by Carvalho et. al. (2016). 

The separation of both tebuconazole and imazalil enantiomers was performed using a 

NUCLEODEX β-PM (Macherey-Nagel) column for enantiomer separation. Pesticide 

analysis was performed on a HPLC system Dionex DGP-3600 M pump, a WPS 3000 TSL 

autosampler and a column oven and degasser, also from the Dionex 3000 series. The 

HPLC was operated with two ten-port Valco valves.  
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For tebuconazole, we avoid using an acidic eluent to improve retention in the HPLC 

column. Acidification took place post column by adding a flow of 0.03 mL min−1 of 0.2% 

formic acid in water via a T-piece between the column and ion-source in order to 

support the ionization process. The separation of tebuconazole enantiomers was 

achieved after the injection of 10 µL of sample with a gradient of water and methanol at 

a flow rate of 0.7 mL/min. The gradient program used was a 3 min linear gradient to 65% 

methanol, followed by an 11 min linear gradient to 67% methanol and followed by 0.5 

min linear gradient to 100% hold for 2 min. Finally, the gradient was linearly decreased 

to 0% methanol in 1 min and was held for 6.5 min. The tebuconazole enantiomers were 

identified as 1-tebuconazole and 2-tebuconazole (named by their elution order during 

HPLC-MS/MS analysis). The detection of tebuconazole was performed using tandem 

mass spectrometry by a ABI Sciex (Frammingham, MA, USA) API 4000 operated in ESI in 

positive mode at 400 °C with a capillary voltage of 5500 V. Transition m/z 308>70 and 

m/z 308>125 were used for quantification and confirmation of tebuconazole and 

transition m/z 314>72 and m/z 314>125 for quantification and confirmation of the 

respective internal standard tebuconazole-d9.The limit of quantification (LOQ) of the 

equipment analysis was as low as 1 µg L-1 racemic (0.5 µg L-1 per enantiomer).  

For imazalil, the separation of enantiomers was achieved after the injection of 5 µL of 

sample with isocratic elution using a gradient of water (with 0.2% triethylammonium, 

0.08% acetic acid at pH~7) and methanol at a flow of 0.5 mL/min (25 oC). The step-

gradient was begun with 3 minutes of 0% organic phase in order to elute the polar 

compounds (salts and DMSO). During these 3 minutes, the eluent was diverted to waste 

and did not enter the mass spectrometer. In the following step, the organic phase was 

raised up to 70% in 1 minute and maintained for 14 minutes. Successively, the organic 

phase was increased to 100% in 1 minute and maintained again for 1 minute for the 

elution of lipophilic sample constituents. In the end, the fraction of organic phase was 

lowered back to 0% over one minute and left at these condition for 3 minutes to achieve 

equilibration prior to the next injection. This injection had a flow of 500 µL/min, and the 

sample injection volume was 5 µL. The detection of imazalil was performed using 

tandem mass spectrometry operated in MRM mode under the following conditions: 

297amu→ 159amu (Declustering Potential (DP) = 15 V, Entrance Potential (EP) = 6 V, 

Collision Energy (CE) = 32 V, Collision Cell Exit Potential (CXP) = 9 V) and 297amu → 

255amu (DP = 17 V, EP = 10 V, CE = 25 V, CXP = 17 V) for the quantifier and qualifier 

transitions, respectively. The limit of quantification (LOQ) of the equipment analysis was 

as low as 0.5 µg L-1 racemic (0.25 µg L-1 per enantiomer). 
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Table S2. Analytical figures of merit of the tebuconazole and imazalil quantification methods for 

water solutions and plant tissue samples showing linear range used, regression coefficient (R2) 

obtained, limit of quantitation (LOQ), relative standard deviation (RSD), and recovery and intra-

equipment deviation (IED).  

Samples Enantiomer 
Linear 
rangea  

(mg L-1) 

R2 a 
LOQ a 

 (ng L-1/µg 
kg-1) 

RSD 
(%) 

Recovery 
(%) 

IEDc 

(%) 

Water 
samples 

 

1-tebuconazole 

0.01-30 

 

0.9999 
1 4.5a 97a 3 

2-tebuconazole 0.9999 

Plant 
tissue 

 

1-tebuconazole 0.9999 
5 2b 93b 9 

2-tebuconazole 0.9999 

        

Water 
samples 

R-imazalil 

0.01-30 

0.9930 
0.5 10.2a 80a 5 

S-imazalil 0.9961 

Plant 
tissue 

R-imazalil 0.9930 
2.5 8b 109b 15 

S-imazalil 0.9961 

arepresents MS/MS detector conditions 
bdiode array detector (DAD) used for plant extraction method optimisation (Carvalho et. al. 2016) 
crepresents the deviation between control samples (n8) analysed by both diode array detector and 

MS/MS detector 

 

References: 

Pedro N. Carvalho, Zhang Yang, Lv Tao, Carlos A. Arias, Kai Bester, Hans Brix (2016). 

Methodologies for the analysis of emerging contaminants in sediments and plant tissue. 

Analytical and Bioanalytical Chemistry. In preparation. 
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Fig. S2. The pH, dissolved oxygen (DO), leaf chlorophyll and plant fresh biomass of all the 

samples in the solution controls (solutions with pesticides, without plants), plant controls 

(solutions with plants, no pesticides), and tebuconazole and imazalil treatment groups (solutions 

with plants and pesticides) during the experiment.  
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Fig. S3. Enantiomeric fractions of tebuconazole (a) and imazalil (b) in the solution controls and 

pesticide treatment groups during the experiment. Pesticide detection in both plant parts were 

below the LOQ on day 0 for tebuconazole, and on days 0 and 24 for imazalil.
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Table S3. Results of the statistical analyses of the enantiomeric fractions (EF) of tebuconazole and imazalil in the solution controls and pesticide 

treatment groups using the Kruskal-Wallis test at each sampling point. Different letters in the EF value rows indicate significantly different values 

(p<0.05) between treatment groups for the same pesticide at each sampling point. 

Time 
(days) 

Tebuconazole  Imazalil 

EF in solution 
control 

EF in tebuconazole treatment  
EF in solution  

control 
EF in imazalil treatment  

Solution 
control 

Solution 
Whole 
plant 

Plant 
shoots 

Plant 
roots 

Solution 
control 

Solution 
Whole 
plant 

Plant 
shoots 

Plant 
roots 

0 0.51 0.52 - - - 0.50 0.49 - - - 

0.5 0.51 0.52 0.53 0.54 0.53 0.50b 0.49bc 0.50b 0.53a 0.46d 

1 0.51 0.51 0.51 0.52 0.50 0.50ab 0.49b 0.50ab 0.52a 0.47c 

2 0.51 0.53 0.52 0.53 0.51 0.50ab 0.49b 0.50ab 0.52a 0.48b 

5 0.51 0.51 0.53 0.55 0.51 0.50 0.50 0.51 0.52 0.50 

10 0.51 0.51 0.54 0.55 0.51 0.50a 0.48ab 0.50a 0.46b 0.52a 

15 0.51b 0.51b 0.56a 0.57a 0.53ab 0.50bc 0.49bc 0.51ab 0.48c 0.53a 

20 0.51b 0.53b 0.64a 0.65a 0.56b 0.50ab 0.48b 0.51a 0.48b 0.52ab 
24 0.51d 0.53cd 0.66b 0.70a 0.60c 0.50 0.50 - - - 
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a b s t r a c t

The aim of this study was to investigate the removal of the pesticides imazalil and tebuconazole at
realistic concentration levels (10 and 100 mg L�1) in saturated constructed wetland (CW) mesocosms
planted with five wetland plant species (Typha latifolia, Phragmites australis, Iris pseudacorus, Juncus
effusus and Berula erecta) at different hydraulic loading rates during summer and winter.

The removal of imazalil and tebuconazole was not influenced by the influent concentration, but the
removal efficiency for both compounds was lower in winter than in summer. Planted mesocosms had
significantly higher removal efficiencies than the unplanted controls only in summer. The first-order
kinetics model fitted the tebuconazole removal in all mesocosms, and the reaction rate constants var-
ied by plant species and season (0.1e0.7 d�1 in winter and 0.6e2.9 d�1 in summer). For imazalil, the first-
order kinetics model fitted the removal only in mesocosms planted with Phragmites australis
(k ¼ 1.2 ± 0.4 d�1) and in the unplanted control (k ¼ 1.2 ± 0.5 d�1 in both summer and winter). The
removal of imazalil and tebuconazole by sorption to the bed substrate and plant uptake were low,
suggesting a high rate of metabolization in the saturated CW mesocosms. The removal of imazalil and
tebuconazole correlated with the rate of evapotranspiration and the removal of nutrients (N and P)
during summer and with the DO/oxygen saturation during winter. This reveals two possible metabo-
lization pathways: degradation inside the plant tissue after uptake and plant-stimulated microbial
degradation in the bed substrate. Furthermore, the results indicate that nitrifying bacteria may play an
active role in the biodegradation of these pesticides.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Imazalil and tebuconazole, commonly used pesticides present in
agricultural run-off and in storm-waters from urban catchments
(physic-chemical properties of the compounds are shown in
Table S1), have been an increasing concern due to their potential
negative effects on the aquatic environment and human health
(Bollmann et al., 2014; USEPA, 2002). The removal of pesticides
from contaminated water using advanced oxidation processes such
as homogeneous and heterogeneous Fenton degradation is often
expensive due to the high energy consumption and costs of re-
agents in these processes (Hazime et al., 2012; Oller et al., 2011;
Teixeira et al., 2005), and storm-waters are difficult to treat in
these systems because of the fluctuating hydraulics and pollutant

loading rates. Constructed wetland systems (CWs) are robust,
environmentally friendly and low-cost wastewater treatment sys-
tems with great potential to remove various pollutants, including
pesticides (Vymazal and B�rezinov�a, 2015).

To date, most studies on pesticide removal in CWs have focused
merely on removal efficiency by comparing the inflow and outflow
concentrations, and, for the pesticides imazalil and tebuconazole,
only the removal in flowing vegetated streams (similar to tradi-
tional free-water surface CWs) have been studied. Stang et al.
(2013) reported a removal of imazalil in vegetated mesocosms of
90% with inlet concentrations ranging from 1.8 to 93 mg L�1

Elsaesser et al. (2013) observed a tebuconazole removal of 86% in a
three-cell, in-series, flowing vegetated stream treating agricultural
drainage with influent concentrations of 0.1e1.07 mg L�1 over a
four-year period. However, to design and optimize CWs for the
removal of pesticides from different water sources, more detailed
information is needed. For instance, there is limited knowledge of
pesticides removal kinetics under different CW operating
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conditions, such as CW design or hydraulic loading rates. The
aquatic macrophyte (Elodea nuttallii) can significantly promote
imazalil and tebuconazole removal in open water CWs (Elsaesser
et al., 2013; Stang et al., 2013), but the removal abilities of
different plant species, such as the common reeds, widely used in
subsurface flow CWs, and their influence on removal mechanisms
have not been reported in the literature. Thus, the study of pesticide
uptake in plant tissues and substrate sorption can provide better
information concerning not only the mechanisms of pesticide
removal in CWs but also the lifetime and management of CWs.

To our knowledge, no study has focused on the seasonal and
annual performance of subsurface flow CWs for imazalil and
tebuconazole treatment. A few studies have examined the seasonal
effect on the removal of some organic micro-pollutants in CWs;
however, these studies have drawn contradictory conclusions for
different compounds. Previous research has reported that the low
water temperature in winter decreases the biodegradation kinetics
in full-scale CWs of selected organic micro-pollutants, including
pesticides, pharmaceuticals, veterinary medicines and personal
care products, while the removal of some recalcitrant compounds
(carbamazepine and clofibric acid) and pharmaceuticals
(ibuprofen) were not affected by the temperature (Matamoros
et al., 2008). Moreover, the removal of ketoprofen in mesocosm-
scale CWs was found to be even more efficient during the winter
season (Reyes-Contreras et al., 2012).

In this work, saturated CWmesocosm systems planted with five
wetland plant species, Typha latifolia, Phragmites australis, Iris
pseudacorus, Berula erecta and Juncus effuses, as well as unplanted
controls were installed and operated to investigate the removal of
imazalil and tebuconazole. Furthermore, five hydraulic loading
rates (0.7, 1.8, 3.4, 6.9 and 13.8 cm d�1), two influent concentration
levels (10 and 100 mg L�1) and seasonal performance (summer and
winter) were studied.

2. Materials and methods

2.1. Experimental setup and operating conditions

The five wetland plant species, T. latifolia (cattail), P. australis
(common reed), I. pseudacorus (yellow flag), Juncus effusus (soft
rush) and B. erecta (water parsnip), were cultivated from seeds in a
greenhouse at Aarhus University, Denmark. The CW mesocosms
consisted of black plastic containers (20 cm diameter by 20 cm
height) filled with a 4 cm layer of gravel (8e12 mm particle size) on
the bottom, a geotextile, a 10 cm layer of sand (0.5e1 mm particle
size with an average porosity of 37%) and finally a 4 cm layer of
gravel, reaching a total effective depth of 18 cm. Synthetic waste-
water was fed onto the mesocosm surface; the effluent was
collected at the bottom by plastic tubes (8 mm inner diameter with
8 evenly distributed holes), and flow out was collected through a
tube. The outlet height was set at 15 cm from the bottom to keep
the mesocosms constantly water saturated (Fig. 1a) and below the
top gravel layer to avoid unwanted photo-degradation effects.
Three treatment groups were set up for imazalil, tebuconazole and
the control (no pesticide addition), respectively. A scheme of one
group is shown in Fig. 1b. For each group, similarly-sized plant
specimens (120 ± 10 g fresh biomass for each) were randomly
selected and planted in the mesocosms (three replicates), while
three mesocosms were left unplanted. The influent hydraulic
loading rates (HLRs) were controlled by a timer-controlled pump
connected to a Ø 16 mm PE pipe fitted with pressure compensating
drippers.

The set of mesocosms was placed under a glass roof to prevent
the effects of precipitation, but still experiencing the natural vari-
ations in temperature, humidity and light exposure. Summer and

winter sampling campaigns were performed over a nine-month
period (from July 2014 to March 2015) after 30 days for stabiliza-
tion. The average seasonal air temperature was 20 �C for the
summer campaign (July to September 2014) and 7 �C for the winter
campaign (January to March 2015). Pictures of the CW mesocosm
system in summer and winter, respectively, are shown in Fig. S1.
The systems were fed with “Pioner Grøn” (Brøste Group, Denmark)
N:P:K full-strength nutrient solution prepared with tap water with
the following composition (mg L�1): total-N, 8.3; P, 2.0; Mg, 3.0; K,
15.4; and S, 3.9. A carbon feed using acetic acid was used to
simulate a 12 mg L�1 TOC load. Moreover, two concentrations of
imazalil and tebuconazole (10 mg L�1 and 100 mg L�1) and five hy-
draulic loading rates (0.7, 1.7, 3.4, 6.9 and 13.8 cm d�1) were studied
in each sampling campaign. The synthetic wastewater was pre-
pared in 300 L doses and constantly mixed by a submerged pump
placed at the bottom of the tank. At each HLR/concentration con-
dition, the mesocosms were stabilized for three complete hydraulic
cycles, after which the performance was assumed to be represen-
tative, before initiating sampling. The environmental conditions
and the influent and effluent temperatures during the experiment
are shown in Fig. S2a, and the experimental conditions are shown
in Fig. S2b.

2.2. Sampling procedure

At each sampling event, approximately 0.8 L composite water
samples of each mesocosm effluent and influent tank were
collected in amber flasks. The volume of effluent was registered for
the evapotranspiration calculation. The pH, dissolved oxygen (DO),
oxygen saturation (SAT), temperature and electrical conductivity
(EC) were measured using calibrated portable meters (Multi-
Parameter Meter HQ40d, and sensION þ EC5, HACH, USA). Water
samples were transported to the lab and acidified with 0.4% (v/v)
HCl. Fifty milliliters of each water sample were transferred into PE
bottles and preserved in a �18 �C freezer until nutrient analysis.
Total nitrogen (TN) and total organic carbon (TOC) were measured
by the TNM-1 unit of a TOC-V analyzer (Shimadzu, Japan). NH4

þ-N,
NO3

�-N and PO4
3þ-P were analyzed by QuikChem Methods® (10-

107-06-3-D, 10-107-04-1-C, 10-115-01-1-A, respectively) on an
automated flow injection analyzer (QuikChem FIAþ 8000 Series,
Lachat instruments, Milwaukee, USA). Water samples (0.5 L) were
stored in a 4 �C refrigerator until being processed for pesticide
analysis within 48 h.

Plant height and leaf chlorophyll (measured using a calibrated
hand-held chlorophyll content meter, CCM-200, Opti-Science, USA)
were monitored at each sampling time during the summer
campaign. Thesemeasurements were not carried out during winter
because the plants were senescent. The weight of each CW meso-
cosmwas measured at the end of the summer campaign to grossly
evaluate the final fresh biomass (Wplant) of the different plant
species using the equation, Wplant¼Wp�Wu, where Wp and Wu are
the total mass of planted and unplanted CW mesocosms, respec-
tively, at the end of the summer campaign. Approximately 100 g of
the aboveground plant parts of all species were collected in sum-
mer; however, only Juncus was collected in winter (the only plant
that had not wilted). Substrate samples (100 g) of all mesocosms
were collected as 10 mm Ø cores (0e14 cm depth) at the end of
each summer and winter campaign. The plant tissue and substrate
samples were freeze-dried and stored at �8 �C until analysis of
pesticides within 1 month. The substrate total organic carbon (SOC)
content was estimated by the loss on ignition (LOI) method using a
muffle furnace. The LOI is calculated using the following equation:
LOI550¼ ((DW105�DW550)/DW105)*100, where LOI550 represents the
LOI at 550 �C (as a percentage), DW105 represents the dry weight of
the sample before combustion and DW550 is the dry weight of the
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sample after heating to 550 �C (both in g).

2.3. Imazalil and tebuconazole analysis

Water, substrate and plant extract samples were analyzed for
imazalil and tebuconazole on an HPLC system (Thermo Scientific
Ultimate 3000) equipped with a diode array detector (DAD). The
water samples were pre-concentrated by solid-phase extraction
(SPE) prior to analysis. Substrate and plant tissue samples were
extracted by ultrasonication, and the substrate extracts were
analyzed directly, while the plant extracts were further cleaned by
two-stage saponification and SPE prior to analysis. All procedures
and reagents used are described in the supplementary material.
The detection (LOD) and quantification limits (LOQ), relative stan-
dard deviations (RSDs) and recovery efficiencies for imazalil and
tebuconazole are provided for the water, substrate and plant tissue
samples in Table S2.

2.4. Calculation

Imazalil and tebuconazole removal efficiencies were corrected
for water loss due to evapotranspiration. The evapotranspiration
was calculated as follows: DV (%) ¼ (Q t e Vout)/Q t, where DV is the
water loss by evapotranspiration, Q is the influent flow in L d�1, t is
the time in d and Vout is the effluent volume in L. The removal ef-
ficiencies were calculated as follows: Removal (%) ¼ (Cin e (1 e

DV) � Cout)/Cin � 100, where Cin and Cout are the influent and
effluent concentrations, respectively, in mg L�1. Moreover, the real
hydraulic retention time of each mesocosm was calculated as
Tr ¼ Vout/(Vm � r), where Tr is the real HRT in d, Vm is the volume of
each CWmesocosm (3.38 L) in L and r is the porosity value (37%) in
%.

The removal of imazalil and tebuconazole was expected to
follow a first-order kinetics model. Fitted values were derived from
the following Eq. (1):

k ¼ ln (Cin/Cout)/Tr (1)

where Tr is the real HRT calculated in d and Cin and Cout are the
influent and effluent concentrations, respectively, in mg L�1.

The Arrhenius equation was used to evaluate the temperature
effect on the pesticide removal kinetics following Eq. (2):

k ¼ A exp (-Ea/RT) (2)

where k is the first-order reaction rate constant (d�1), Ea is the
activation energy (KJ mol�1), A is the pre-exponential constant
(d�1), R is the ideal gas constant (8.31 kJ�1 mol�1), and T is the
absolute temperature (K).

2.5. Statistical analysis

Statistical analyses were carried out using the XLStat Pro® sta-
tistical software (XLStat, Paris, France). A KruskaleWallis test was
used to compare the pesticide removal, chlorophyll content, plant
height growth, water quality (pH, effluent temperature, EC, SAT,
evapotranspiration and DO), and nutrient (TOC, TN and TP) removal
between the different treatment groups in the same season. A
ManneWhitney test was used to compare seasonal changes for
each mesocosm. A one-way ANOVA and post hoc Tukey's HSD test
were used to assess the reaction rates constants and the pesticide
concentrations in the substrates and plant tissues between the
different systems at the 0.05 significance level. Student T test was
used to compare two seasonal differences in the same system for
the same parameters. Principal component analyses (PCA) were
used to compare the relation between pesticide removal and all the
measured environment conditions, operating conditions, water
quality parameters and nutrient removal values for the different
treatment groups and seasons. For PCA analysis, data were stan-
dardized (to a Z score with a mean ¼ 0 and S.D. ¼ 1) to ensure that
each variable had the same influence in the analysis.

3. Results

3.1. Standard water parameters and plant growth

The effluent temperatures ranged from 15 to 24 �C in summer
and from 0.9 to 11 �C in winter (Fig. S2a). The mesocosm influent
concentrations of TOC (8e16 mg L�1), TN (7e13 mg L�1) and TP
(1.3e2.3 mg L�1) were stable along the course of the experiment
(Fig. S2b). Standard effluent quality parameters of all mesocosm
groups throughout the experiment from July 2014 to March 2015
(Fig. S3) were not significantly different, showing that pesticide
groups performed similarly to the control groups. Focusing on each
treatment group, the pH significantly increased from the influent to
the effluent of the unplanted mesocosms. The planted mesocosms
had significant lower effluent pH values than the unplanted con-
trols. Additionally, all mesocosms had statistically higher SAT (%)
than the influent level, while the SAT of unplanted controls' efflu-
ents, although appearing lower, was not significantly different than
that of the planted mesocosms. All wetland plants in the different
groups (pesticides and control) had similar plant heights and
chlorophyll contents in leaves (Fig. S4) during the summer period.
Plant senescence occurred in winter. Juncus was the only erect and
green plant during this period, less affected by the cold and lack of
light during the winter (stable plant height and leaf density were
recorded), indicating no plant growth during this period. No data
were registered for the other plants; once they had all wilted, the
dead aboveground biomass was removed prior to the sampling

Fig. 1. Schematic diagram of a single constructed wetland mesocosm system (a) and a group of systems (b).
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campaign. Evapotranspiration (Fig. S4) was, as expected, higher in
summer (range from 10% to 100%) than in winter (range from 0% to
27%). Nutrient removal among the 3 groups (Fig. S5) was also not
significantly different, showing that the pesticides did not have an
impact on the systems by comparison with the control group.
Regarding the seasons, lower removal of TN and TPwas observed in
some mesocosms in the winter, although not statistically signifi-
cant. For all the parameters mentioned previously, no effect of the
HLR could be observed (data not emphasized in the supplementary
figures).

3.2. Removal of imazalil and tebuconazole

The removal efficiencies of both pesticides decreased with the
HLR increase in all CW mesocosms and with a similar pattern for
both concentration levels and seasonal periods (Fig. 2). Statistical
analyses of pesticide removal (Table S3) showed that all planted
mesocosms achieved significantly higher imazalil and tebucona-
zole removal compared with the unplanted controls during the
summer campaign. For imazalil, the removal rate remained con-
stant above 95% in the planted mesocosms, with the exception of
the highest HLR of 13.8 cm d�1 that lowered the removal efficiency
to 68%e90% in the planted mesocosms at both the 10 mg L�1 and
100 mg L�1 influent levels. In the unplanted mesocosms, the
removal efficiencies also decreased with increasing HLR. For

tebuconazole, mesocosms planted with Berula showed statistically
higher removal efficiencies than the other plants, except the
unplanted mesocosms during the summer period. The removal
efficiencies decreased to 24%, 23%, 61%, 18%, 7% and 10% for the
Juncus, Typha, Berula, Phragmites, Iris and unplanted mesocosms at
the 100 mg L�1 influence level during the highest HLR (13.8 cm d�1).
During the winter campaign, only planted mesocosms showed
statistically lower removal efficiencies for both compounds
compared with the corresponding systems in the summer
campaign. The efficiencies of the unplanted mesocosms were
similar in both seasons. Moreover, for the winter period, the
pesticide removal abilities of the planted and unplanted meso-
cosms were similar.

3.3. Kinetics of imazalil and tebuconazole removal

3.3.1. First-order reaction rate constants
The removal of both pesticides in the CW mesocosms could be

adequately described by the first-order kinetics model, except for
imazalil removal in the CWmesocosms planted with Juncus, Typha,
Berula and Iris during winter. The removal rate constants were
dependent on the season, but not influenced by the influent con-
centration levels (10 and 100 mg L�1). The first-order removal rate
constants (k value), half-life, R2 and suitable model ranges in the
experiment are presented in Table 1. The unfitted imazalil data

Fig. 2. Removal efficiency of imazalil (IMZ) and tebuconazole (TBZ) in constructed wetland mesocosms (n ¼ 3) planted with five wetland plant species and unplanted controls at
two tested concentrations in summer and winter seasons for different hydraulic loading rates (HLRs) and/or corresponding theoretical hydraulic retention times (tHRTs). Error bars
indicate the standard deviation.
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were further investigated, but fit neither a zero-order kinetic nor a
Monod kinetic model. Therefore, the further presented results and
discussion only consider the data that fit the first-order kinetics
model.

Imazalil reduction in unplantedmesocosms reached a k value of
1.2 ± 0.5 d�1 without influence from seasons or initial concentra-
tion levels. Effluent concentrations results lower than the LOD
(0.3 mg L�1) were not used for the k-value calculation because they
would cause calculation artefacts. These points lower than the LOD
correspond to the high imazalil removal data points (Fig. 2).
Therefore, due to a lack of value proof, even higher at HLRs
(>13.8 cm d�1), for imazalil removal during the summer campaign,
the k value for all planted mesocosms was only estimated by the
performance under a HLR of 13.8 cm d�1. These k values were
significantly higher than those in the unplanted mesocosms, 13.3,
11.9, 11.5, 7.4 and 5.8 d�1 for the Berula, Typha, Juncus, Iris and
Phragmites planted mesocosms, respectively.

Regarding tebuconazole, the first-order kinetics model fitted the
removal in all planted and unplanted CWmesocosms (Table 1). The
removal of tebuconazole at the lowest HLR (0.7 cm d�1) in the
winter appears to be close to the highest removal ability of the
systems; therefore, these data points were not used in the regres-
sion calculation. The reaction rate constants were significantly
lower in the unplanted mesocosms (k of 0.6 d�1) than in the
planted mesocosms (k ranging from 1.1 to 2.9 d�1) in summer.
During winter, only the mesocosms planted with Juncus and
Phragmites showed significantly higher k values than the unplanted
mesocosms (0.7, 0.6 and 0.3 d�1, respectively). The reaction rate
constants showed a significant seasonal difference, being higher in
summer than in winter for the same CW mesocosm system.

3.3.2. Arrhenius equation
The change in the seasonal tebuconazole removal rate constants

for all mesocosms fit the Arrhenius equation (Eq. (2)) in the effluent
temperature range from 0.9 to 24 �C (Fig. 3). The fitted activation

energies were 24, 26, 31, 83, 33 and 36 kJ mol�1 for the unplanted
control and the Juncus, Typha, Berula, Phragmites and Iris planted
mesocosms, respectively. The Arrhenius equation cannot be used to
describe imazalil removal in this experiment because of the un-
determined k value in the summer.

3.4. Imazalil and tebuconazole removal mechanisms

3.4.1. Substrate sorption
Pesticide sorption to the CW mesocosm substrate was quanti-

fied at the end of the summer and winter sampling campaigns
(Fig. 4a). Imazalil levels in the substrate were two to ten times
higher than for tebuconazole in both seasons. For each pesticide,
the winter levels tended to be higher than the respective summer
levels for each mesocosm, and the unplanted mesocosms showed
higher levels than the planted groups in the corresponding season.
However, to better understand the differences between com-
pounds and systems, the pesticide concentrations normalized to
the SOC content were calculated (Fig. 4b). The imazalil-normalized
concentrations for all CW mesocosms in both the summer and
winter sampling campaigns were significantly higher (p < 0.05)
than the corresponding tebuconazole concentrations. Moreover,
the imazalil- and tebuconazole-normalized concentrations during
both seasons in the unplantedmesocosmswere significantly higher
than in the planted mesocosms, except tebuconazole in summer.

The mass removal by sorption of imazalil and tebuconazole to
the substrate in the CWmesocosms was evaluated. The amounts of
both pesticides removed by the substratewere relatively low, in the
range of 2%e7% for imazalil and 0.3%e1% for tebuconazole of the
total pesticide input in each mesocosm during the whole
experiment.

3.4.2. Plant uptake
Regarding plant uptake, imazalil and tebuconazole were both

quantified in the aboveground tissues of the five studied plant

Table 1
Observed first-order removal rate constants (k), half-lives, R2 values and suitable kinetic ranges of imazalil and tebuconazole removal in all constructed wetland mesocosms. k
values are presented as the means (standard deviation), and range values are provided as the suitable equation hydraulic retention time.

Compounds Mesocosm type Concentration
(mg L�1)

Summer (temperature 20 �C) Winter (temperature 8 �C)

K (d�1) R2 Half-life (d) Range (d) K (d�1) R2 Half-life (d) Range (d)

Imazalil Unplanted 10 1.2c 0.38 0.6 0e3.0 1.2a 0.38 0.6 0e3.0
100 (0.5) (0.5)

Juncus 10 11.5ab e 0.06 0e0.3 e e e e

100 (3.6) e e e e

Typha 10 11.9ab e 0.06 0e0.3 e e e e

100 (3.6) e e e e

Berula 10 13.3a e 0.05 0e0.3 e e e e

100 (1.6) e e e e

Phragmites 10 5.8b* e 0.1 0e0.3 1.2a 0.65 0.6 0e2.0
100 (2.0) (0.4)

Iris 10 7.4b e 0.09 0e0.3 e e e e

100 (2.0) e e e e

Tebuconazole Unplanted 10 0.6c* 0.71 1.2 0e5.3 0.3c 0.76 2.0 0e5.0
100 (0.2) (0.1)

Juncus 10 1.2b* 0.95 0.6 0e3.5 0.7a 0.91 1.0 0e2.0
100 (0.3) (0.1)

Typha 10 1.1b* 0.96 0.7 0e3.6 0.5abc 0.90 1.4 0e2.0
100 (0.2) (0.1)

Berula 10 2.9a* 0.93 0.3 0e3.1 0.4bc 0.41 1.9 0e2.0
100 (0.6) (0.1)

Phragmites 10 1.3b* 0.95 0.6 0e2.8 0.6ab 0.73 1.3 0e2.0
100 (0.2) (0.2)

Iris 10 1.3b* 0.98 0.5 0e3.7 0.5abc 0.89 1.2 0e2.0
100 (0.3) (0.1)

Different letters in the k-value column indicate significantly different values (p < 0.05) between the different mesocosm types for the same season and same compound. *
indicates significantly different (p < 0.05) k values between seasons for each mesocosm type (in the same row).
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Fig. 3. Relationships between the reaction rate constants (k value) for tebuconazole removal and the water temperature in the different mesocosm types.

Fig. 4. Mesocosm substrate concentrations of imazalil and tebuconazole (a) and the respective normalized concentrations of the substrate total organic carbon (b) at the end of the
summer and winter sampling campaigns. Different letters above the bars of the same compound in the same season indicate statistically significant differences (p < 0.05).
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species (Fig. 5). In the summer campaign, the plant tissue con-
centrations of imazalil were statistically lower than the corre-
sponding tebuconazole concentrations (p < 0.05), except in Iris.
Concentrations of both pesticides in Berulawere statistically higher
than in the other plants. Among the remaining plants, Typha, Iris,
Phragmites and Juncus, there were no significant differences in the
levels of both pesticides. Regarding the winter campaign, only the
aboveground tissue of Juncus was analyzed, showing more than
100-fold higher imazalil and 15-fold higher tebuconazole concen-
trations than those found at the end of the summer period.

Based on the previous research by Lv et al. (2015) and assuming
the same pesticide translocation factor (range of 0.27e3.9) and
relative plants biomass aboveground/roots ratio (in a range of
0.3e0.7), the total imazalil and tebuconazole accumulated in plant
tissues over the summer period was estimated. These results
revealed that the total mass of imazalil and tebuconazole accu-
mulated by the different plants accounted for 5%e6% of the total
pesticide input in each mesocosm during the summer experiment.
Regarding the winter campaign, due to plant senescence, no uptake
estimation was performed except for Juncus, which revealed that
accumulation in the plant could account for up to 13% of the input
mass.

3.5. Factors influencing pesticide removal

Principal component analyses (PCA) and multivariate analysis
were carried out to assess the relationships between pesticide
removal and environmental conditions (air temperature, relative
humility and influent temperature), operating conditions (influent
concentration and HLR), water quality (pH, effluent temperature,
EC, SAT, evapotranspiration and DO) and nutrient (TOC, TN, TP,
NH4

þ-N and NO3
�-N) removal. A blind test of the pesticide removal

during both summer and winter by mixing up the imazalil and
tebuconazole group performances is shown in Fig. S6 and Table S4a.
TN, TP and NH4

þ-N removal values show moderately and strongly
positive correlations with the pesticide (imazalil and tebuconazole)
removal values. Moreover, the factors influencing imazalil and
tebuconazole removal differentiated between the pesticides and
seasons are shown in Fig. 6 and Table S4 (bee). It can be observed
from Fig. 6a and Table S4b that imazalil removal was strongly
positively correlated with TN, TP and NH4

þ-N removal and
moderately positively correlated with evapotranspiration during
the summer campaign. Imazalil removal had a positive correlation

with TN, TP and NH4
þ-N removal and SAT in the systems in winter

(Fig. 6b and Table S4c). The accompanying loading plot (Fig. 6 c, d)
and Table S4 (d, e) illustrate the strong contributions of TN, TP and
NH4

þ-N removal and evapotranspiration to tebuconazole removal
in summer. Additionally, in winter, tebuconazole removal was
moderately positively correlated with TN, TP and NH4

þ-N removal
and also with the DO values.

4. Discussion

Three groups of mesocosms treating the pesticides imazalil and
tebuconazole together with a control group were efficiently
implemented to provide valuable data on pesticide removal by
saturated CWs. The similar performance of the different meso-
cosms, as revealed by the standard effluent water quality param-
eters, plant vitality and nutrient removal independent of the
mesocosm group, indicates an absence of toxic effects by imazalil
and tebuconazole at both 10 mg L�1 and 100 mg L�1 that may inhibit
performance. In fact, the plants were healthy and growing during
the summer period, and the observed senescence inwinter was due
to the natural plant cycles and not induced by the pesticides. For
each group, planted and unplanted mesocosms exhibited differ-
ences in their performance. Significantly higher TN and TP removal
as well as SAT (%) levels were observed in planted mesocosms,
clearly due to the plants' presence. In addition, a trend of lower
nutrient removal in winter than in summer was observed.

Kadlec and Wallace (2008) investigated 72 variably sized free
surface-flow and horizontal sub-surface flow CWs for wastewater
treatment by a sampling tracer study and demonstrated that the
most common HRT regime was normally higher than 1 d. In this
regime, imazalil was more efficiently removed than tebuconazole
in both seasons. Imazalil achieved more than 95% and 79% removal
in planted and unplanted mesocosms in summer, respectively,
whereas only 60% and 43% of tebuconazole were removed in the
planted and unplanted mesocosms. Moreover, the removal effi-
ciencies of imazalil and tebuconazole decreased to 60% and 30% in
winter, respectively. These results show that the mesocosms had a
similar performance to flowing vegetated streams for imazalil (90%
of an inlet concentration ranging from 1.8 to 93 mg L�1) (Stang et al.,
2013) but a slightly lower efficiency for tebuconazole (86%)
(Elsaesser et al., 2013). Therefore, in addition to free-water surface
systems, subsurface flow systems working under saturated condi-
tions have the potential to treat imazalil and tebuconazole

Fig. 5. Concentrations of imazalil and tebuconazole in the aboveground biomass of the different plant species at the end of summer and winter (Juncuswas the only plant not wilted
in this season) sampling campaigns. Different letters above the bars of the same compound in both seasons indicate statistically significant differences (p < 0.05).
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contaminated waters.
Significantly lower removal efficiencies of both pesticides, were

found in the unplanted CW mesocosms in summer (Fig. 2), which
clearly demonstrates that the presence of wetland plants improves
the pesticide treatment efficiency. Gregoire et al. (2009) reported
that direct uptake and indirect effects by the macrophytes can be
expected for the removal of organic compounds, including pesti-
cides. Previous research with imazalil and tebuconazole also
demonstrated that aquatic macrophytes (E. nuttallii) and wetland
plants (T. latifolia, Leersia oryzoides and Sparganium americanum)
could significantly promote removal (Moore et al., 2013; Stang
et al., 2013). However, until now, the specific contribution of indi-
vidual plant species to specific pesticide removal had not been
shown. The planted mesocosms in the present study also differ-
entiated in their efficiency according to the plant species, especially
in summer when the plant activity was higher.

The observed seasonal changes of pesticide removal in the
present CWs, higher efficiencies in summer than in winter, was
opposite to the observations of different organic micropollutants in

previous research (Li et al., 2014; Matamoros et al., 2008). However,
there was a reduction of imazalil and tebuconazole removal in
planted mesocosms during winter, resulting in comparable effi-
ciencies to the unplanted mesocosms. The seasonal change may
have been caused by the reduced activity of both the senescent
plants and the microbial activity affected by the lower temperature
(Brix, 1997; Kadlec and Reddy, 2001). Maillard and Imfeld (2014)
also observed seasonal differences in the performance of a storm-
water wetland (free-water surface system) in the treatment of 12
pesticides. In fact, in this previous work, vegetation enhanced the
pesticide degradation during the vegetative phase (summer).

The imazalil and tebuconazole removal efficiency decreased
with the increase in the HLR throughout the entire experiment,
fitting the first-order kinetics model, except imazalil removal in
Juncus, Typha, Berula and Iris mesocosms during winter. The
determined reaction rate constants in the range of 1.2e11.9 d�1 for
imazalil degradation and 0.3e2.9 d�1 for tebuconazole degradation
were quite different from what has been previously observed for
imazalil using an advanced energy-cost technology, photocatalytic

Fig. 6. Principal component biplots based on imazalil (summer (a) and winter (b)) and tebuconazole (summer (c) and winter (d)) removal and environmental conditions, operating
conditions, water quality and removal. REM means the pesticide (imazalil or tebuconazole) removal. reflects the strongly and moderately positively correlated parameters to
REM (p > 0.4). Abbreviations: TOC, TN, TP, NH4 and NO3 e nutrient removal; EVA e evapotranspiration; AT MAX - maximum air temperature; AT MIN e minimum air temperature;
Tem e effluent temperature; IN.T e influent temperature; SAT e oxygen saturation; HLR - hydraulic loading rate; IN.C. e influent concentration; and EC e electrical conductivity.
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degradation, that achieved high reaction rates of 158 d�1 (Hazime
et al., 2012). However, reaction rate constants of lower magnitude
were observed for the biodegradation of tebuconazole in Tifton
loamy sand (k value of 0.014 d�1) and dissipation in contaminated
peppers (k value of 0.006e0.085 d�1) (Fenoll et al., 2009; Strickland
et al., 2004). The degradation rates in the present work were higher
than those previously observed for phytoremediation in hydro-
ponic media by the same wetland plants (Typha, Juncus, Phragmites
and Iris) for imazalil (k value of 0.14e0.32 d�1) and tebuconazole (k
value of 0.11e0.15 d�1) (Lv et al., 2015). Saturated mesocosms could
not provide the highest degradation rates of the advanced photo-
degradation processes, but clearly show an increased rate relative
to other bioactive processes (biodegradation and
phytoremediation).

In the present research, the reaction rates did not depend on the
influent concentration level (10 and 100 mg L�1). However, similar
to the removal efficiency, seasonal differences (summer and
winter) for the reaction rates were observed for tebuconazole. In
fact, the Arrhenius equation was used to describe the observed
increase in the reaction rate constants with increasing temperature,
denoting an important effect of the temperature in tebuconazole
degradation rate. No published data were available on tebucona-
zole for direct comparison, but the fitted activation energies
(ranging from 24 to 83 kJ mol�1) match estimated Ea values
(ranging from 10 to 94 kJ mol�1) from published studies describing
the degradation of other triazole fungicides, hexaconazole, tri-
adimefon, flutriafol, epoxiconazole, triadimenol and propiconazole,
in soil (Potter et al., 2005).

The first-order degradation rates and activation energies
determined in the present study can be used as reference data to
estimate the half-life and removal efficiency of tebuconazole in
saturated CWs for any given temperature by conjugation of Eqs. (1)
and (2). Regarding imazalil, the present data cannot clarify whether
its degradation in saturated mesocosms fits the first-order kinetic
model. To achieve this, further tests at an HLR higher than
13.8 cm d�1 (the maximumvalue tested in the present study that is
uncommon in saturated subsurface flow CWs systems) need to be
verified.

Microbial degradation, plant uptake, adsorption, photolysis, and
hydrolysis were considered to be the processes with greater con-
tributions to pesticide removal (Vymazal and B�rezinov�a, 2015)
within the complex ecosystem of CWs. In the present study, ima-
zalil and tebuconazole photolysis was negligible because of the
subsurface flow system conditions and both pesticides were
demonstrated to be relatively resistant to aqueous hydrolysis
(USEPA, 2000; USEPA, 2002). Pesticide sorption to the CW meso-
cosm substrate depended on the pesticide and season. The
imazalil-normalized concentrations of SOC were significantly
higher than the corresponding tebuconazole concentrations in all
CW mesocosms, which was justified by the higher soil organic
carbon (Koc; 4753 and 2579 L kg�1 for imazalil and tebuconazole,
respectively) and octanolewater partitioning coefficients of ima-
zalil compared to tebuconazole (log Kow 4.10 and 3.89 for imazalil
and tebuconazole, respectively). More interestingly, both pesticide-
normalized concentrations of SOC during both seasons in the
unplanted mesocosms were higher than those in the planted
mesocosms, which indicates lower biodegradation possibly due to
lower microbial activity and a lack of plant uptake. It is also ex-
pected that the lower pesticide-normalized concentrations of SOC
in the summer compared with the corresponding mesocosms in
the winter depended on the same lower biodegradation/microbial
activity due to the lower temperatures, as well as a lower plant
activity. Considering the relevance of sorption to the removal effi-
ciency, the amount of imazalil and tebuconazole sorbed by the
substrate only accounted for 7% at most of the total pesticides

removed in the mesocosms. Additional laboratory sorption tests of
imazalil and tebuconazole on the substrate used (typical batch
equilibrium method, 100 mg L�1 initial pesticide concentrations,
room temperature, Freundlich isotherm model) revealed highest
potential sorption concentrations of 0.024 and 0.056 mg kg�1,
resulting in comparable removal values of 1% and 3% for imazalil
and tebuconazole, respectively. Consequently, the pesticide sorp-
tion capacity of CW mesocosm substrates is not only related to the
chemical characteristics (water solubility and Koc value) but also
influenced by the substrate organic carbon content, plant activity
and season. The present results also show that substrate sorption
may contribute less as a sink for pesticides in their removal by
subsurface CW mesocosms than what is normally expected. Pre-
vious work by Maillard and Imfeld (2014) revealed that particle
sedimentation (sediment layer > 10 cm) in a full-scale free-water
surface stormwater wetland system acted as a sink for pesticides
from the contaminated water. Therefore, it is clear that CW design
(free-water vs. subsurface) will determine the relative importance
of pesticide removal by sedimentation and/or sorption processes
and consequent implications on CW management.

The uptake of pesticides by plants is governed by both the
pesticide and plant characteristics. Less hydrophobic (low Kow)
pesticides are normally more easily taken up and transported in the
plant; however, the uptake of pesticides can also vary among
different plant species (Hussain et al., 2009). This supports the
relatively higher accumulation observed for tebuconazole in the
aboveground biomass of plant compared with imazalil in corre-
sponding plants and illustrates the different accumulation con-
centrations between plant species treated with the same
compound. The higher pesticide levels in the Juncus aboveground
plant tissue in winter than in summer were probably due to the
absence of the plants' natural growth dilution effect. Independent
of this difference, a relatively low pesticide accumulation of the
total input pesticide was observed in all plants (gross evaluation of
5%e13%) in each mesocosm. This observation is supported by a
previous study in which the accumulation of carbofuran and
chlorpyrifos in spring onion (Allium cepa) could only account for
less than 1% of the total pesticides added to a cultivated sandy loam
soil-based container (Yu et al., 2009). Moreover, in hydroponics
systems where the compounds are expected to be more bioavail-
able, plant accumulation only accounted for 0.5e30% of the
removal of triclocarban and triclosan by crop plants (Aryal and
Reinhold, 2013; Mathews et al., 2014), and the accumulation of
imazalil and tebuconazole by wetland plants (Typha, Juncus,
Phragmites and Iris) at the end of 24 days was relatively low at a
range of 2.8%e14.4% of the total spiked pesticide (Lv et al., 2015).
Nevertheless, although the accumulation in plant tissue may be
limited, the real relevance of plant uptake is unclear. The same
previous work (Lv et al., 2015) revealed that metabolization of the
pesticides inside the plant is a very plausible mechanism. This fact
increases the difficulties in properly accounting for the importance
of the real plant uptake in the present mesocosm performance,
once the existence of pesticide metabolization inside the plant
tissue, after uptake by the plant, occurs and to what extent.
Considering the previous discussion, which showed that sorption
could represent 7% and plant accumulation 13% at most of the
removed mass in the system, both microbial biodegradation and
the possible plant metabolization of the pesticides can be key fac-
tors in the overall high performance of the systems.

A key finding from the PCA and multivariate analysis is that the
removal of imazalil and tebuconazole was positively correlated
with the TN, NH4

þ-H and TP removal and evapotranspiration in
summer and with the TN, NH4

þ-H and TP removal and the DO/SAT
value in winter. In summer, the increased removal by planted sys-
tems appeared to be closely related to the high evapotranspiration
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observed. Previous research has indicated that a driving force
controlling plant phytoremediation effectiveness is evapotranspi-
ration, which has a positive effect on contaminant delivery to
cellular phytoreduction pathways (Williams, 2002). In the present
experiment, this driving force maintains the possibility of a higher
uptake contribution during the summer period, which, based on
the low accumulation observed, will also mean a high metabo-
lization rate inside the plant. Conversely, evapotranspiration also
indicates that healthy plant growth is closely connected to their
ability for direct nutrient uptake and healthy plant is also a sign of
expected higher microbial activity for nutrient removal(Brix, 1997).
Inwinter, both NH4

þ-H removal and the aerobic condition (DO and/
or SAT value) of the mesocosms, key factors for the growth of ni-
trifying bacteria and nitrification, were positively correlated with
the pesticide removal. Although nutrients could be taken up by the
plant, plant activity was reduced in the winter. Therefore, the
present results support the hypothesis that wetland plants (in
summer) and nitrification processes (in winter) may play a role in
imazalil and tebuconazole biodegradation in CWs. In fact, the
simultaneous removal of several different trace nitrogenous
organic pollutants and ammonia has already been reported for
other type of reactors (Batt et al., 2006; Wijekoon et al., 2013), in
which the relevance of possible co-metabolism along nitrification
processes and enhancement by nitrifying bacteria has been
pointed. Therefore, the extent of metabolization inside the plant,
the bacterial processes behind the pesticide removal and their
environmental impacts need to be deeply understood.

5. Conclusions

The present research aimed to investigate the removal of the
pesticides imazalil and tebuconazole in saturated CW mesocosms
provides a better understanding of the pesticide removal processes
in saturated CW systems.

� Performance was significantly lower in winter than in summer.
Higher pesticide removal was observed in planted CW meso-
cosms than in the unplanted group in summer; however, effi-
ciency was similar between the planted and unplanted
mesocosms during winter.

� The removal of both pesticides in the CW mesocosms can be
adequately described by a first-order kinetics model, except for
the imazalil removal in CW mesocosms planted with Juncus,
Typha, Berula and Iris during the winter campaign. The tebuco-
nazole removal rate constants fit the Arrhenius equation and
allowed the determination of the activation energy. The pesti-
cide kinetics parameters can be used as reference data to esti-
mate the half-life and removal efficiency of tebuconazole
removal in saturated CW systems.

� Regarding the most relevant removal mechanisms, imazalil and
tebuconazole sorption by the substrate and direct plant uptake
were relatively low (0.3%e7% and 5%e13% of the total influent
pesticide mass, respectively), indicating reduced accumulation
and suggesting that a main fraction of the compounds was
efficiently degraded in the CW mesocosms.

� Imazalil and tebuconazole removal correlated with evapo-
transpiration and TN, NH4

þ-H and TP removal during summer
and TN, NH4

þ-H and TP removal and DO/oxygen saturation level
in winter, which reveals two possible metabolization pathways,
degradation inside the wetland plants after uptake and a
possible active role of the nitrification processes in the biodeg-
radation of the pesticides.
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a  b  s  t  r  a  c  t

The  objective  of this  research  was  to study  the  differences  in  microbial  community  metabolic  function
in  planted  and  unplanted  saturated  constructed  wetland  mesocosm  systems  with  five different  wetland
plant  species,  Typha  latifolia,  Phragmites  australis,  Iris  pseudacorus,  Berula  erecta  and  Juncus  effusus  treat-
ing  the  pesticides  imazalil  and  tebuconazole.  Community  level  physiological  profiling  (CLPP)  was  used
to determine  the  microbial  community  metabolic  function  from  each  mesocosm.  Microbial  activity and
metabolic  richness  were  in general  not  differentiated  by pesticides  presence.  Significantly  lower  values  in
comparison  with  a non-pesticide  control  were  only  found  in  the  Iris  mesocosms  exposed  to imazalil  and
tebuconazole  and  in the Berula  mesocosms  exposed  to  tebuconazole  during  winter.  Planted  mesocosms
had  different  microbial  community  carbon  source  utilization  patterns  in  comparison  to the  unplanted
mesocosms.  In comparison  to  pesticide  presence,  plant  species  had  a larger  effect  on  differentiating  the
microbial  community  carbon  source  utilization  patterns.  Seasonal  effects  on carbon  source  utilization
patterns  were  observed  for  both  planted  and  unplanted  mesocosms.  In summer,  microbial  activity  and
metabolic  richness  were  negatively  correlated  with  TN,  NH4

+-N,  TP  concentration  and  pH in  the  control
group,  but  not  in  the  pesticide  treatment  groups,  again  suggesting  a microbial  community  functional  shift
in  the  presence  of pesticides.  The  main  factors  driving  microbial  community  activity  and  functional  diver-
sity  were  plant  species  and  season,  while  carbon  source  utilization  revealed  some  pesticide  adaptation
in  the  summer  period.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Constructed wetland systems (CWs) are an economical, robust
and sustainable technology for wastewater treatment, and emerg-
ing as a widely used technology for the treatment of a variety of
pollutants, including pesticides (Vymazal and Březinová, 2015).
Commonly used pesticides, such as imazalil and tebuconazole, are
not only present in agricultural run-off due to their fungicide use
applications, they are also used as biocides in different construc-
tion materials thus appearing in storm waters from urban settings.
The discharge of polluted water to the environment has resulted
in increasing concern due to the potential toxic effects on aquatic
biota and human health (Bollmann et al., 2014; USEPA, 2000, 2002).

∗ Corresponding author.
E-mail addresses: lvtao@bios.au.dk, lvtaocau@gmail.com (T. Lv).

1 These authors contributed equally to this work.

Regarding treatment, studies on imazalil and tebuconazole removal
in CWs  are limited and mainly focused on removal efficiency in
flowing vegetated streams (Elsaesser et al., 2013; Lv et al., 2016a;
Stang et al., 2013). More recently, removal of these compounds
has been shown to also occur in saturated constructed wetlands,
indicating the potential for subsurface flow systems for this appli-
cation (Lv et al., 2016b). An important part of pesticide treatment in
these systems was  attributed to the uptake by plants and microbial
activity/action. Phytoaccumulation has proven to be relatively low
pointing to degradation (both microbial degradation and degrada-
tion within plant tissue) as the main probable pathway for removal.
In addition to both plants and microbial communities likely being
responsible for final degradation, the presence of plants can also
promote microbial communities by releasing oxygen and low-
molecular weight root exudates, and by providing surface area for
attachment (Brix, 1997; Zhai et al., 2013; Zhang et al., 2016b).

Research on the influence of pesticides on microbial commu-
nities in CWs  is limited. The bacterial community structure of the

http://dx.doi.org/10.1016/j.ecoleng.2016.07.004
0925-8574/© 2016 Elsevier B.V. All rights reserved.
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sediment from a stormwater basin (CW application) showed spe-
cific adaptations after being spiked with a cocktail of herbicides,
diuron, 3, 4-dichloroaniline and glyphosate at the mg  L−1 level (Bois
et al., 2011). Additional results also suggested that the presence of
plants may  help to stabilise bacterial-driven pesticide mitigation
in environments subject to variable conditions such as stormwa-
ter basins (Bois et al., 2011). For natural wetlands, Milenkovski
et al. (2010) reported eight fungicides (benomyl, carbendazim, car-
boxin, captan, cycloheximide, fenpropimorph, propiconazole and
thiram) to have toxic effects on two functions of natural wetland
bacterial communities, specifically their activity (potential deni-
trification) and growth rate (leucine incorporation). However, the
adverse effect (10% inhibitory effect on the microbial community)
only occured at fungicide concentrations above 1 mg  L−1, not at the
ng L−1 to �g L−1 levels which are more common for pesticides in
agricultural runoff and stormwater. There is a large knowledge gap
regarding the effect pesticides may  have on established microbial
communities in CWs, and the subsequent adaptations in commu-
nity metabolic function.

Previous research found that microbial community activity and
metabolic richness can be altered by plant species (Phragmites aus-
tralis and Phalaris arundinacea) in horizontal subsurface flow CWs
treating reconstituted wastewater from diluted fish farm sludge
(Button et al., 2016). However, the effects of different wetland
plant species on the microbial community when treating the pesti-
cides imazalil and tebuconazole in CWs  is unknown. Plant density
was shown to have a strong positive correlation with tebucona-
zole removal in an Elodea nuttallii planted flow-through stream
system (Elsaesser et al., 2013). Imazalil and tebuconazole removal
efficiency and kinetics were different between non-planted and
planted systems and also differet between five species of wetland
plants in a saturated CW mesocosms study (Lv et al., 2016b). In
Lv et al. (2016b), different plant species resulted in various pes-
ticide efficiencies, but it is unknown if this was  directly due to
the plants themselves or by an indirect effect through stimulation
and establishment of differing microbial communities. No direct
relationships between pesticide presence and microbial commu-
nities were made in Lv et al. (2016b). Therefore the exact effect of
microbial communities on pesticides or the effect of pesticides on
microbial communities has not been systematically investigated in
these types of systems. Additionally, it is widely known that season
can affect the metabolic function (Chazarenc et al., 2010), compo-
sition (Morató et al., 2014) and structure (Zhang et al., 2016a) of
the microbial communities when treating domestic wastewater in
CWs. However, the effect of season on microbial communities sub-
jected to the presence of the pesticides imazalil and tebucoanzole
has not been previously investigated.

The CLPP method, using BIOLOGTM EcoPlates with multiple sole-
carbon sources, has advantages over other techniques as it does not
require specialised expertise and can be used to easily, accurately
and rapidly determine differences in microbial community func-
tion, carbon utilization intensity and overall catabolic capability
of non-isolated microbial community samples (Weber and Legge,
2010b). Recently, CLPP has become a tool in CW research to deter-
mine the time required for microbial community establishment
during the start-up phase (Weber and Legge, 2011), evaluating
the changes in microbial community with respect to plant iden-
tity and diversity (Bissegger et al., 2014), in understanding seasonal
and spatial microbial community changes (Chazarenc et al., 2010),
to spatially investigate microbial community function in different
pilot scale designs (Button et al., 2015; Weber and Legge, 2013) and
to evaluate the influence of various influent wastewater qualities
on the inherent CW microbial communities (Zhao et al., 2010).

The objective of this study was to investigate the effects of sea-
son, plant presence, plant species, and pesticide presence on the
microbial community metabolic function in saturated constructed

wetland systems. Three parallel mesocosm groupings were fed
with either simulated wastewater containing imazalil, simulated
wastewater containing tebuconazole, or simulated wastewater
with no added pesticide. The mesocosms were saturated CW sys-
tems, either unplanted or planted with one of five wetland plant
species, Typha latifolia, Phragmites australis, Iris pseudacorus, Berula
erecta or Juncus effusus.

2. Materials and methods

2.1. Mesocosm systems set-up and sampling

The study consisted of three CW mesocosm groups (imazalil
exposed, tebuconazole exposed and a control with no pesticide),
giving a total of 54 mesocosms. Each group consisted of triplicates of
6 types: unplanted, planted with Typha latifolia (Typha), Phragmites
australis (Phragmites), Iris pseudacorus (Iris), Berula erecta (Berula),
or Juncus effusus (Juncus). Samples from the influent tanks were
also evaluated. The experiment ran at the Påskehøjgård greenhouse
facilities of Aarhus University, Denmark. A detailed description of
the experimental setup can be found in (Lv et al., 2016b). Briefly,
each mescosom was  set up in a 6 L plastic container (surface area
314 cm2) filled with a 4 cm bottom layer of gravel (8–12 mm parti-
cle size), 10 cm layer of sand (0.5–1 mm particle size) and finally a
4 cm top layer of gravel, reaching a total depth of 18 cm.  Synthetic
wastewater was  fed onto the mesocosm surface and the effluent
was collected at the bottom by plastic tubes. The outlet height was
set at 15 cm to keep the mesocosms constantly saturated. For each
group, similar sized (120 ± 10 g fresh biomass) plant specimens
were randomly selected and planted in the mesocosms.

The mesocosms were rain protected, but exposed to natural
daily and seasonal temperature (minimum 14 ± 3 ◦C and maximum
30 ± 4 ◦C) and environmental light exposure variations. The sys-
tems were fed with “Pioner Grøn” (Brøste Group, Denmark) N:P:K
full strength nutrient solution prepared with tap water having the
following composition (mg  L−1): Total-N 8.3; P 2.0; Mg  3.0; K 15.4; S
3.9. A carbon feed using acetic acid was used to simulate a 12 mg  L−1

TOC inflow concentration. The synthetic wastewater was prepared
approximately every 5 days in 300 L doses and constantly mixed
by a submerged pump placed at the bottom of the tank (light
protected). Two different influent concentrations of imazalil and
tebuconazole (10 and 100 �g L−1) and five different hydraulic load-
ing rates (HLR: 0.7, 1.8, 3.4, 6.9 and 13.8 cm d−1) were tested in
each season. The experimental period covered summer and winter
seasons (from July 2014 to March 2015) after an initial 30 days of
startup period (June 2014).

2.2. Sample collection

Microbial community interstitial water samples were collected
at the end of the summer and winter period, when the systems were
operated at a HLR of 3.4 cm d−1 and a pesticide concentration of
100 �g L−1. The pH, dissolved oxygen (DO), water temperature and
electrical conductivity (EC) were measured using portable meters
(Multi-Parameter Meter HQ40d, and sensION + EC5, HACH, USA).
Total nitrogen (TN) and total organic carbon (TOC) were measured
by a TNM-1 unit of a TOC-V analyzer (Shimadzu, Japan). NH4

+-
N, NO3

−-N and PO4
3+-P were analysed by QuikChem Methods®

(10-107-06-3-D, 10-107-04-1-C, 10-115-01-1-A, respectively) on
an automated flow injection analyzer (QuikChem FIA+ 8000 Series,
Lachat instruments, Milwaukee, USA). Plant height and leaf chloro-
phyll (measured using a calibrated hand-held chlorophyll content
meter, CCM-200, Opti-Science, USA) were monitored through-
out the summer campaign. Pesticides were analysed by an HPLC
(Thermo Scientific Ultimate 3000) equipped with a diode array
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detector (DAD) after solid phase extraction (SPE). A detailed
description of the pesticide analysis by HPLC can be found in (Lv
et al., 2016b).

Before sample collection, each mesocosm was shaken for one
minute. Then a mesocosm bottom output plug was  unplugged, the
first pulse was  discarded (20–30 mL)  and the remaining effluent
collected in a 1 L amber bottle. The samples from the input tank
were sampled directly in amber flasks. All the amber bottles were
labeled and transported to the lab for CLPP analysis within a 5 h
period. Due to problems with laboratory supplies during the sum-
mer  period, samples were only further analysed for influent tank,
unplanted, Typha and Phragmites planted mesocosms. For winter all
mesocosms (unplanted, Typha, Phragmites, Iris, Juncus and Berula)
and the influent tank samples were processed.

2.3. Community level physiological profiling

Mesocosm and influent tank microbial community samples
were analysed via CLPP using BIOLOGTM EcoPlates (Biolog Inc., Hay-
ward CA, USA). BIOLOG EcoPlates are 96-well plates that contain
31 different carbon sources and a blank in triplicate. The CLPP pro-
tocol was performed using previously described methods (Weber
and Legge, 2010a). Briefly, microplate wells were inoculated with
100 �L of mesocosm interstitial water and incubated in the dark
at 20 ◦C on aVWR® Advanced Orbital Shaker (VWR International,
Pennsylvania, USA) at 100 rpm. Plates were read using the Biolog
MicroStation absorbance reader (Biolog Inc., Hayward CA, USA) at
an absorbance of 590 nm every 6 h for 88 h in summer and 82 h
in winter. Each BIOLOG EcoPlate was inoculated as a sample type,
meaning that true replicates were performed using the triplicated
carbon source wells on each plate (i.e. for one mesocosm type each
of the three triplicated mesocosms were individually inoculated
onto a single plate).

2.4. Data analysis

Analysis of the CLPP data was performed as previously described
(Weber et al., 2007; Weber and Legge, 2009). To evaluate all plate
data within one season (summer or winter) separate incubation
time points were chosen for each season, when evaluating seasonal
differences (both summer and winter data sets), a different incuba-
tion time point was chosen. Time points were selected to provide
greatest variance between well responses and the least number of
absorbance values above 2.0 (values above 2.0 are above the linear
absorbance range) (Bissegger et al., 2014). For the samples in this
study, absorbance readings (590 nm)  at 82 h, 62 h and 70 h were
identified as the metric for further CLPP data analysis in summer,
winter and seasonal comparison, respectively. For quantitative
analysis CLPP data were used to calculate the average well color
development (AWCD), and the number of carbon sources utilized
(richness) (Button et al., 2015). In order to reduce the complexity
of the data, the 31 carbon sources in the micro-plates were orga-
nized into five groups (guilds), carbohydrate, polymers, carboxylic
& acetic acids, amino acids and amines/amides, as described by
Weber and Legge (2009). Principal component analyses (PCA) based
on carbon source utilization patterns (CSUPs) were performed to
further assess for differences between mesocosms and seasons.
All CSUPs data were subjected to Taylor transformation after the
assessment of normality, homoscedasticity and linear correlations
(Weber et al., 2007). Differences between observed groupings in
the PCA plots were assessed using one-way permutational analy-
sis of variance (PERMANOVA) with both Bray-Curtis and Euclidean
distance.

The pesticides and nutrients removal efficiencies were corrected
for evapotranspiration. Mass removal rates were calculated as fol-
lows: Removal (%) = (Cin× Vin− Cout × Vout)/(Cin× Vin) × 100, where

Cin and Cout are the influent and effluent concentrations, respec-
tively, in �g L−1; Vin and Vout are influent and effluent volume,
respectively, in mL.  Canonical correlation analysis (CCorA) was used
to assess the correlation of two dataset: water quality (DO, EC,
water temperature, pH, TOC, TN, NH4

+-N and Pesticide concen-
trations) and CLPP (AWCD, richness and guilds utilization) for the
different groups. One-way ANOVA and post hoc Tukey’s HSD test
were used to assess all comparisons at the 95% confidence level
(p < 0.05). PCA, CCorA and one-way ANOVA were carried out using
the software XLStat Pro® statistical software (XLStat, Paris, France).
PERMANOVA analysis was completed using the free paleontologi-
cal statistic software package (PAST) (Hammer et al., 2001).

3. Results

3.1. Water quality parameters

The effluent water quality parameters of all constructed wetland
mesocosms at the end of each season sampling campaign (HLR of
3.4 cm d−1 and an HRT of 1 d) are shown in Table 1. The influent
concentrations of imazalil and tebuconazole were 100 �g L−1. All
planted mesocosms achieved significantly (p < 0.05) higher imazalil
and tebuconazole removal compared with the unplanted controls
during the summer. The removal in the unplanted systems was
similar in both seasons, where for planted systems imazalil and
tebuconazole were generally removed to a greater degree in the
summer. The water temperature ranged from 15 to 23 ◦C in the
summer and 5.8–11 ◦C in the winter. The pH values and electrical
conductivity were in the range of 7.1–7.8 and 504–571 �S cm−1,
respectively, in all mesocosms. All planted mesocosms showed
relatively higher DO values than in the corresponding unplanted
mesocosms, and also achieved higher TN, NH4

+-N and TOC removal.
Nutrient removal decreased from summer to winter for the same
mesocosms. TP showed a release performance (TP increase) during
winter in some mesocoms. Regarding the plant vitality parame-
ters, each plant species in the different groups had similar plant
heights and chlorophyll content in leaves during the duration of the
experiment, indicating non-phytotoxic pesticide effects (Lv et al.,
2016b). Plant senescence occurred in winter, with common fea-
tures in all groups, Typha, Phragmites, Iris, and Berula wilted and
Juncus, although green, did not show differences in the plant height
between controls and mesocosms where pesticides were present.

3.2. Microbial community metabolic function in the summer

Fig. 1 presents the microbial activity, as measured by the aver-
age well color development (AWCD), metabolic richness and% of
total carbon source utilization for each guild (carbon source groups)
from the influent tank, unplanted, Typha and Phragmites planted
mesocosms for all three groups (imazalil, tebuconazole and con-
trol) during summer. A one-way ANOVA analysis confirmed that
there was  no significant difference between AWCD (Fig. 1A) or
metabolic richness (Fig. 1B) between the three groups for any meso-
cosm type. It can, however, be observed that when comparing
all data across all mesocosms that the microbial activity (AWCD)
and metabolic richness were significantly higher for the Typha
control mesocosm and the three Phragmites mesocosms (imazalil,
tebuconazole and control). When looking at the carbon source uti-
lization (guilds) in Fig. 1C and Fig. S1, it can be seen that the carbon
source utilization shifted in the mesocosms receiving pesticides in
comparison to the control systems for all mesocosm types, with a
more substantial shift for the unplanted and the Typha mesocosm
types. The carbohydrates utilization in unplanted and Typha meso-
cosms significantly decreased, while the amines/amides utilization
in unplanted mesocosms significantly increased (Fig. S1). Although
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Table 1
Water quality data for imazalil, tebuconazole and control groups constructed wetland mesocosms.

Groups Season Type Water tem-
perature
(◦C)

pH EC
(�S cm−1)

DO (mg  L−1) TOC Removal
(%)

TN Removal
(%)

NH4
+-N

Removal (%)
TP Removal
(%)

Pesticide
removal (%)

Imazalil summer Tank 21.3 (0.1)a* 7.7 (0.3)a 531 (5)b 5.7 (0.1)c* – – – – –
Up  15.0

(0.1)bc*
7.7 (0.1)a 526 (14)b 7.2 (0.4)b* 28 (2)c 31 (2)b* 28 (1)b* 5 (1)c* 36 (6)c

T 16.4 (0.6)b* 7.6 (0.9)a 550 (8)a 9 (2)a 74 (5)a* 99 (10)a* 99 (2)a* 99 (1)a* 89 (4)a*

P 14.9 (0.2)c* 7.2 (0.1)a 528 (6)b 7 (1)ab 51 (4)b* 95 (12)a* 99 (1)a* 55 (11)b* 69 (5)b*

winter Tank 10.5 (0.1)a 7.3 (0.1)b 512 (2)d 3.6 (0.1)e – – – – –
Up  6.2 (0.2)b 7.7 (0.1)a 529 (4)c 3.3 (0.1)e 33 (4)bc 6 (1)d 10 (1)d −38 (21)de 34 (1)c

T 6.5 (0.3)b 7.5 (0.2)ab 539 (34)ab 7 (2)bc 25 (6)c 29 (2)c 29 (1)c 7 (1)c 41 (1)b

P 6.1 (0.2)b 7.4 (0.1)b 538 (6)bc 6 (1)cd 11 (1)d 61 (5)b 62 (2)b −67 (24)e 40 (1)b

I 6.3 (0.1)b 7.4 (0.1)b 538 (4)bc 9 (1)ab 38 (8)bc 89 (13)a 89 (8)a 17 (1)b 58 (7)a

B 5.8 (0.3)b 7.4 (0.1)b 550 (7)b 3 (2)de 39 (4)b 26 (3)c 30 (4)c −30 (5)d 42 (1)b

J 6.5 (0.2)b 7.5 (0.2)a 571 (33)a 10 (2)a 68 (3)a 94 (8)a 99 (10)a 79 (17)a 53 (1)a

Tebuco
nazole

summer Tank 22.3 (0.1)a* 7.2 (0.4)ab 557 (4)a 1.2 (0.2)b – – – – –
Up  15.9

(0.2)bc*
7.8 (0.2)a 510 (15)b 7.6 (0.6)a 51 (2)b* 44 (7)b* 40 (5)b* 5 (1)c* 11 (4)b

T 15.4 (0.1)b* 7.1 (0.1)b 529 (4)b 8.0 (0.1)a* 70 (4)a* 94 (9)a* 90 (14)a* 99 (1)a* 23 (7)a*

P 14.9 (0.3)c* 7.2 (0.1)b 572 (25)a 7 (1)a* 76 (6)a* 95 (9)a* 90 (15)a* 37 (5)b* 18 (5)a*

winter Tank 10.7 (0.1)a 7.4 (0.1)b 524 (21)bc 2.0 (0.1)d – – – – –
Up  7.8 (0.5)bc 7.7 (0.1)a 531 (1)b 7 (1)b 30 (4)b 15 (1)c 13 (1)c −40 (10)e 8 (1)c

T 6.9 (0.3)c 7.4 (0.1)b 523 (2)c 6.7 (0.4)b 22 (1)c 57 (2)b 60 (5)b −8 (5)d 20 (1)a

P 6.8 (0.3)c 7.4 (0.1)b 531 (2)b 4 (2) 25 (5)bc 54 (3)b 53 (4)b −37 (12)e 11 (1)b

I 7.1 (0.2)c 7.4 (0.1)b 525 (2)c 10 (2)a 86 (3)a 97 (19)a 96 (18)ab 59 (9)b 10 (1)b

B 6.6 (0.1)d 7.4 (0.1)b 523 (5)c 3.9 (0.5)c 77 (7)a 61 (7)b 60 (14)b 33 (7)c 12 (1)b

J 8.7 (0.5)b 7.7 (0.2)a 546 (2)a 11 (2)a 85 (6)a 97 (8)a 97 (5)a 98 (19)a 23 (1)a

Control summer Tank 21.7 (0.1)a* 7.6 (0.3)ab 526 (4)a 3.0 (0.1)b* – – – – –
Up  16.6 (0.2)c* 7.9 (0.1)a 515 (10)ab 8.1 (0.9)a* 50 (4)a* 50 (4)b* 51 (5)b 4 (2)c* –
T  16.4 (0.1)c* 7.4 (0.4)ab 504 (1)b 8.7 (0.3)a* 59 (4)a* 96 (6)a* 99 (11)a* 99 (1)a* –
P  17.4 (0.1)b* 7.4 (0.3)b 510 (13)ab 8.3 (0.9)a* 45 (6)a* 93 (7)a* 95 (4)a* 95 (1)b* –

winter Tank  11.0 (0.1)a 7.5 (0.1)a 524 (6)a 2.0 (0.1)c – – – – –
Up  7.3 (0.1)c 7.7 (0.1)a 528 (3)a 4 (2)b 24 (1)d 5 (0)c 7 (1)c −34 (12)c –
T  7.4 (0.2)c 7.5 (0.1)a 527 (1)a 4 (2)b 38 (3)c 54 (5)b 56 (15)b 42 (18)ab –
P  7.9 (0.1)b 7.5 (0.1)a 523 (3)a 5 (1)b 25 (2)d 65 (1)b 68 (16)b −52 (20)c –
I  7.2 (0.6)bc 7.6 (0.1)a 529 (7)a 8 (1)a 48 (3)b 93 (2)a 94 (1)a 38 (17)b –
B  7.6 (0.1)c 7.6 (0.1)a 533 (13)a 4 (2)b 44 (2)bc 55 (10)b 55 (7)b 26 (9)b –
J  7.2 (0.2)c 7.5 (0.1)a 534 (9)a 9 (3)a 62 (5)a 87 (7)a 89 (9)ab 70 (17)a –

Up, T, P, I, B and J represent unplanted, Typha, Phragmites, Iris, Berula and Juncus saturated constructed wetland mesocosms respectively. All values represent an average of
three  mesocosms replicates analysis, standard deviation is presented within brackets. Different letters in each season indicate significantly different between mesocosms
within the group (p < 0.05).

* Indicate significantly different for the mesocosms in summer compare with winter (p < 0.05).

the same carbohydrates utilization shift could be seen for the Phrag-
mites mesocosms, the change was not statistically significant but
perhaps contributed to the significantly higher overall activity and
metabolic richness seen in Fig. 1A and B.

Fig. 2 shows a PCA ordination of the carbon source utilization
patterns of the microbial community samples from all CW meso-
cosms and the influent tank during summer. PERMANOVA analysis
was used to define groupings. Four relatively distinct groupings
are observed; influent tank samples, unplanted mesocosm samples,
Typha mesocosm samples, and Phragmites mesocosm samples. The
effect of pesticides (comparison of control, imazalil, tebuconazole)
was somewhat evident however, as shown with the above observed
groupings in Fig. 2, the effect of plants dominated in defining the
observed microbial community functional profiles.

3.3. Microbial community metabolic function in the winter

In most systems microbial activity (AWCD) and metabolic rich-
ness was not significantly lowered when exposed to pesticides
(Fig. 3A and B). Exception were significantly lower AWCD and
metabolic richness in the Iris mesocosms for both imazalil and
tebuconazole groups, and in the Berula mesocosms with tebucona-
zole presence when compared to the respective control group.
Regarding the comparison of the planted mesocosms with the cor-
responding unplanted mesocosms, significantly lower AWCD and
metabolic richness is observed for Iris in both imazalil and tebu-

conazole groups and Juncus in tebuconazole mesocosms. On the
other hand, significantly higher AWCD and metabolic richness is
observed for Berula in both imazalil and control groups. When look-
ing at the guild utilization profiles (Fig. 3C) no general shifts can be
observed within groups. However, a closer look at each guild (Fig.
S2) shows that the carbohydrates usage in Berula planted meso-
cosms was significantly higher while carboxylic & acetic acides
usage was  significantly lower than the others mesocosms. In con-
trast to the summer observations, clear differences between plant
type groups was  not as evident when examining activity and rich-
ness data.

Five distinct groupings (p < 0.05, PERMANOVA) are observed and
shown in the PCA ordination (Fig. 4). It can be summarized as (1)
samples from the influent tank of the pesticide groups (not the
control) and the unplanted mesocosms (all imazalil, tebuconazole
and control groups), (2) Berula planted mesocosms, (3) Iris planted
mesocosms, (4) Juncus and Phragmites planted mesocosms. There
were some exceptions to these general overall grouping descrip-
tions. However, it was clear that plant type was  still the driving
factor in defining the groups in the winter.

3.4. Seasonal differences in microbial community metabolic
function

The common samples for both summer and winter (samples
from influent tank, unplanted, Typha and Phragmites) were addi-
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Fig. 1. Microbial activity based on (A) average well color development (AWCD), (B) microbial metabolic richness, and (C) utilization of specific carbon sources for summer
samples.  Stars above the bars indicate statistically significant difference by comparison with the corresponding unplanted controls (p < 0.05).

tionally analysed for seasonal variation in the microbial community
functional profiles (Fig. 5 and Fig. S3). Microbial activity (AWCD)
and metabolic richness were significantly higher in winter than
in summer in the influent tank and the unplanted mesocosms for
all groups (imazalil, tebuconazole and control). From the planted
mesocosms only Phragmites with imazalil presence showed a sim-
ilar significant seasonal difference as the unplanted mesocosm and
the influent tank (Fig. 5A and B). Regarding carbon source utiliza-
tion, Fig. 5C and Fig. S3 show that polymer utilization was  generally
slightly higher in the winter, except for Typha mesocosms. In the
control mesocosms, the carbohydrate utilization was lower in the
winter, while, amines/amides utilization was higher in the winter
when compared to the summer. The remaining guilds did not shift
significantly by season.

The PCA ordination and grouping classification (Fig. 6), show
results are similar to those seen for summer or winter on their
own. The unplanted and the influent tank samples group together,

with two separate groups generally (but not decisively) represent-
ing winter and summer seasons, Phragmites systems form separate
winter and summer groupings, with summer Typha samples hav-
ing a separate grouping and winter Typha samples being grouped
with the unplanted and influent tank summer samples.

3.5. Correlations between microbial community physiological
profiles and water quality

Fig. 7 provides a visualization of the correlations between
water quality parameters (DO, EC, pH, water temperature, TOC, TN,
NH4

+-N, TP and pesticide concentrations) and microbial commu-
nity metrics (AWCD, richness and guilds utilization) by canonical
correlation analysis (CCorA). The correlation matrix of the anal-
ysis is shown in Table S1. In summer, the microbial AWCD and
metabolic richness were strongly negatively correlated with TN,
NH4

+-N, TP concentration and pH for the control group but not
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Fig. 2. PCA plot of the microbial community carbon source utilization pattern of influent tank (In), unplanted (Up), Typha (T) and Phragmites (P) samples in summer. 1–3
represent imazalil, tebuconazole and control groups, respectively. Objects represent an average of three real replicates analysis. Indicated groupings are significantly different
(p  < 0.05, PERMANOVA).

Fig. 3. Microbial activity based on (A) average well color development (AWCD), (B) microbial metabolic richness, and (C) utilization of specific carbon sources for winter
samples. Stars above the bars indicate a statistically significant difference with the corresponding unplanted controls (p < 0.05). Different letters above the bars indicate
significant differences within the groups for a given sample type (p < 0.05).

for the imazalil and tebuconazole groups. For the microbial guilds
utilization, the amines/amides utilization showed a positive corre-
lation with nitrogen (TN and NH4

+-N) concentration in all groups
and a positive correlation with the pesticides concentration in the
pesticide groups. The carbohydrates and polymer utilization neg-
atively correlated with the imazalil concentration in the imazalil

group. In the tebuconazole group, the polymer and amino utiliza-
tion negatively correlated with the tebuconazole concentrations.
In the winter the microbial metrics were generally not strongly
correlated to any of the water quality measures for any group.
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Fig. 4. PCA plot of the microbial community carbon source utilization pattern of influent tank (In), unplanted (Up), Typha (T), Phragmites (P), Iris (I), Berula (B) and Juncus
(J)  samples in winter. 1–3 represent imazalil, tebuconazole and control groups, respectively. Objects represent an average of three mesocosm replicates analysis. Indicated
groupings are significantly different (p < 0.05, PERMANOVA).

Fig. 5. Microbial activity based on (A) average well color development (AWCD), (B) microbial metabolic richness, and (C) utilization of specific carbon sources for influent tank,
unplanted, Typha and Phragmites planted saturated constructed wetland mesocosms in summer and winter. Stars above the bars indicate statistically significant difference
between summer and winter (p < 0.05).

4. Discussion

To the best of our knowledge, there are no publications report-
ing how CW microbial communities may  change when treating
the pesticides imazalil and tebuconazole, and how plant species
and season may  affect the microbial communities. The presence
of the pesticides did not in general affect the microbial community
activity and the metabolic richness in the present study. A few exep-

tions were observed in the winter, where Iris planted mesocosms
(for imazalil and tebuconazole) and Berula planted mesocosms
(for tebuconazole) significantly differentiated from the control.
The absence of a marked negative effect of the pesticides in most
mesocosms may  be due to the low concentration (�g L−1) levels
used. Only relatively high concentration (>1 mg  L−1) levels of fungi-
cides (benomyl, carbendazim, carboxin, captan, cycloheximide,
fenpropimorph, propiconazole and thiram) have been reported to
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Fig. 6. PCA plot of the microbial community carbon source utilization pattern of influent tank (In), unplanted (Up), Typha (T) and Phragmites (P) samples in summer (green
marks)  and winter (yellow marks). 1–3 represent imazalil, tebuconazole and control groups, respectively. Objects represent an average of three sample analysis. Indicated
groupings are significantly different (p < 0.05, PERMANOVA). (For interpretation of the references to colour in this figure legend, the reader is referred to the web  version of
this  article.).

Fig. 7. Canonical correlation analysis (CCorA) for water quality parameters, DO, EC, pH, water temperature, TOC, TN, NH4
+-N, TP and Pesticides (EOC) concentrations,and

microbial community metrics, AWCD, metabolic richness and guilds utilization, for all constructed wetland mesocosms groups in summer and winter. Carbs, Amino, A/A,
C&AA  represent cabohydrae, amino acides, amines/amides and carboxylic & acetic acids, respectively.
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inhibit wetland bacterial activity and growth in sediment/water
microcosms (Milenkovski et al., 2010). Moreover, Weber et al.
(2011) showed that an antibiotic, ciprofloxacin, can have an adverse
effect on the microbial community activity and metabolic richness
in constructed wetland mesocosms but also at a concentration level
of 2 mg  L−1. Given the lower and realistic concentrations studied
here, the specific effects observed in the present study are for lower
concentrations (�g L−1) than previously recorded. Weber et al.
(2011) showed that over time wetland mesocosms planted with
Phragmites were able to recover from a 2 mg  L−1 antiobitc exposure,
suggesting that wetland systems can be quite robust in the face of
perturbations. We  also found that the Phragmites mesocosms were
quite robust with no inhibitions in any of the treatments. How-
ever, the Iris and Berula planted systems were slightly affected in
the winter. The present study is based on a comparison of indepen-
dent treatments at low concentration levels, suggesting that the
microbial communities in constructed wetland systems in general
are very robust and that the removal of the pesticides imazalil and
tebuconazole is significant (Lv et al., 2016b). To better elucidate the
potential inhibitory effects of the pesticides, a continuous assess-
ment of a single system subject to sudden pesticide input should be
studied. Morover, long term studies as well as mixtures of pesticide
in the influent are suggested for further study.

Seasonality, plant presence and plant species showed a more
clear effect on the variability of microbial community metabolic
profiles for all three mesocosm groups in the present study. The car-
bon source utilization pattern of microbial community in the PCA
plots grouped differently between planted and unplanted meso-
cosms for all groups, and the same plant type generally grouped
together (all plants in summer and Phragmites and Berula in winter)
regardless of the pesticides imazalil and tebuconazole presence.
Moreover, the PERMANOVA analysis showed in PCA plots a signifi-
cant shift for all mesocosms between summer and winter. Perhaps
the clearest observation is that of the influent tank samples and the
unplanted mesocosms samples grouping together, and being dif-
ferent from the planted mesocosm samples. This suggests that the
unplanted mesocosm microbial communities were largely defined
based on the incidental microbial communities in the influent
water, whereas in the planted mesocosms the microbial communi-
ties were largely defined based on the plant species used. Different
carbon source utilization patterns measured by CLPP have already
been observed between unplanted and Acorus calamus planted
pilot-scale vertical subsurface flow constructed wetlands (Zhao
et al., 2010). Bissegger et al. (2014) also found different grouping
performance of carbon source utilization pattern between different
free-floating mesocosms with different combinations of wetland
plants (Limnobium laevigatum, Salvinia molesta, Eichhornia crassipes
and Pistia stratiotes). The rhizosphere of different wetland plants
can provide unique attachment sites for certain microbial popula-
tions, and also mediate the environment through oxygen release
and root exudates of varying quality and quantity which can stim-
ulate the function and formation of certain microbial communities
in CWs  (Zhang et al., 2016a). Microbial community profile depen-
dence on season was previously demonstrated for a two-stage
vertical flow constructed wetland planted with Phragmites aus-
tralis treating raw domestic wastewater (Chazarenc et al., 2010).
This study further supports evidence that microbial community
functional profiles can change seasonally.

It should be noted that microbial communities in CW meso-
cosms adapted their function to different carbon source guilds
when the pesticides imazalil and tebuconazole were present,
despite showing similar microbial activity and metabolic rich-
ness. In summer, carbohydrate utilization was higher in all control
mesocosms. However, carbohydrates utilization in the imazalil and
tebuconazole mesocosms groups was relatively lower in the sum-
mer  when compared with corresponding mesocosms in the control

group. This observation could only be made through rigorous data
analysis as a respective significant difference in microbial activity
and metabolic richness was not seen. Some evidence exists for the
reduced consumption of carbohydrates in the presence of pesti-
cides. Pringault et al. (2016) found that bacteria consumed fewer
carbohydrates when exposed to pesticides in offshore and lagoon
ecosystems (acetochlor, alachlor, deisopropylatrazine, diuron, lin-
uron and simazine at 2–15 ng L−1). With respect to the present
study the carbon source utilization for each guild seems to be sim-
ilar between pesticide and control groups in the winter. Lv et al.
(2016b) observed significantly reduced pesticide removal abilities
of the mesocosm systems in the winter when compared to the
summer. Perhaps the functional adaptation observed here for the
summer period helped improve pesticide removal during summer,
contrary to the limited adaptation and lower removals observed in
the winter.

The canonical correlation analysis (CCorA), between the charac-
teristic of the microbial community metrics and the water quality
parameters revealed clear differences between seasons. Addition-
ally, control and pesticide groups showed different relationships in
the summer. For the control systems microbial metrics were nega-
tively correlated with nutrient concentrations (TN, NH4

+-N and TP),
meaning a positive correation to nutrient removal abilities, in sum-
mer  but showed no correlation in winter. Correlations observed for
the control group were different from the pesticides groups, which
indicated a shift in the microbial community metabolic function
when pesticides were present. The already described adaptation
observed for the summer period, seems to result in larger cor-
relations for the different guilds, pointing out that polymer and
carbohydrate use may  be related/correlated to imazalil removal.
Microbial community use of polymers and amino acids positevly
correlated with tebuconazole removal while amides/amines use
negatively correlated with tebuconazole removal. The different
correlations observed between the pesticides and different guilds,
support the idea that the observed adaptations are perhaps pesti-
cide specific.

5. Conclusions

Season, presence of plants and species of wetland plant were
the main drivers for defining the microbial community metabolic
profile in the saturated CW mesocosms. The presence of imazalil
and tebuconazole at concentrations <100 �g L−1 did not affect the
microbial community activity and the metabolic richness in the
majority of cases, suggesting that the inherent microbial com-
munities in the CW substrates were quite robust. Inhibition of
the microbial community was seen for Berula planted mesocosms
when exposed to tebuconazole, and for Iris planted mesocosms
when exposed to imazalil or tebuconazole. The observed inhi-
bitions are interesting as they are the first known observed
inhibitions at the �g L−1 level for these pesticides. The presence
of plants defined the carbon source utilization patterns of the
microbial communites. In the unplanted system, the microbial
community profiles were driven by the incidental microbial com-
munity profiles found in the influent water. Only in the planted
mesocosms did the microbial community profiles differ from the
profiles of the influent water. Moreover, the different plant species
generally showed different microbial community patterns inde-
pendent of whether the mesocosm received pesticides or not,
suggesting that plant type is a determining factor for the microbial
community profile. There are clear seasonal shifts in the carbon
source utilization patterns probably because of environmentally
induced changes in plant as well as microbial activity.
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Abstract 

The aim of this study was to investigate the dynamics and influencing factors of 

tebuconazole removal in unsaturated and saturated constructed wetland mesocosms 

planted with five wetland plant species (Typha latifolia, Phragmites australis, Iris 

pseudacorus, Juncus effusus and Berula erecta) as well as unplanted mesocosms. The 

removal at realistic concentration levels (10 and 100 µg L-1) and four different influent 

hydraulic loading rates (HLRs) of 1.8, 3.4, 6.9 and 13.8 cm d-1 were studied. Tebuconazole 

removal efficiencies were significantly higher in unsaturated CWs than saturated CWs and 

achieved > 56% at HLR ≤ 3.4 cm d-1. The tebuconazole removal both fitted the first order 

kinetics model. The removal rate constants were higher in unsaturated CWs (range of 2.6 - 

10.9 cm d-1) than saturated CWs (range of 1.7 - 7.9 cm d-1) and higher in planted CWs than 

unplanted CWs for both designs. The low sorption of tebuconazole to the substrate (0.7 - 

2.1%) and plant phytoaccumulation (2.5 - 12.1%) indicate that the majority of the 

compound was degraded in the systems. The influencing factors of tebuconazole removal 

can be concluded as system design, DO, plant species and HLR in both system designs. 

Influent concentrations of 10 and 100 µg L-1 only affect tebuconazole removal in 

unsaturated CWs. DO and plant play a positive effect on tebuconazole removal, while, 

influent concentration and HLR show a negative effect. Moreover, tebuconazole removal 

also showed positive correlation with all nutrients removal. 

Keywords: Contaminants of emerging concern; Fungicides; Pesticides; 

Phytoremediation; subsurface flow constructed wetland  
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1. Introduction 
Tebuconazole is a triazole pesticide, widely used in agriculture for crop protection due to 

its broad spectrum antifungal activities (Shikuku et al., 2014) and included as an active 

ingredient in wood preservatives (Miyauchi et al., 2005). Thus, tebuconazole has been 

found in both rural and urban water bodies with a realistic environment concentration 

level from ng L-1 to µg L-1 (Bollmann et al., 2014; Casas & Bester, 2015; Shikuku et al., 

2014). Physico-chemical properties of tebuconazole are shown in Table S1. Tebuconazole 

was reported to be toxic to aquatic life and also human health at µg L-1 level (EFSA, 2014). 

In the last few decades, the occurrence of pesticides, such as tebuconazole, in the aquatic 

environment has become a worldwide issue of increasing environmental concern.  

Constructed wetland systems (CWs) had become widely used to treat pesticide 

contaminated wastewater as an economical, robust and sustainable technology (Vymazal 

& Březinová, 2015). The previous pesticides treatment studies were conducted mostly in 

saturated CW, such as free water surface CWs or horizontal subsurface flow CWs, while 

unsaturated CWs, such as vertical flow CWs, have been used less frequently. Vegetated 

and non-vegetated saturated surface flow CWs were reported to provide 45%-90% 

tebuconazole removal with 0.1-10 µg L-1 inflow concentration in agricultural landscapes in 

Europe (Passeport et al., 2013; Tournebize et al., 2013). Unsaturated CW, such as vertical 

flow CW, was demonstrated to have higher pollutants, including COD and ammonium, 

removal performance due to better oxygen transfer capability in the wetland bed (Wu et 

al., 2014). However, there are no direct comparative results available from different CW 

types, therefore, it is not possible to determine the most effective CW type so far. 

Moreover, unsaturated CW appears different hydrology characteristic including water 

flow pathway and hydraulic retention time compare with saturated CWs. These features 

suggested possibly different contaminants removal ability and mechanisms, i.e. various 

microbial processes, substrate sorption and plant uptake (Gregoire et al., 2009; Kadlec & 

Wallace, 2008; Vymazal, 2007). Thus, the first comparison study of the pesticide removal 

performance, kinetics and mechanisms in different CWs designs is necessary to provide 

better information to the future application. 

To date, influencing factors of the pesticide tebuconazole removal in different CWs have 

been rarely investigated. High influent concentration may have negative effect on 

pesticides removal performance in CWs due to the toxic effect to microbial community 

and wetland plant. It has been reported that the removal ability and removal rate 

constant of one popular used pesticide, chlorpyrifos, were negatively affected by 

increased influent concentrations from 100 µg L-1 to 500 µg L-1 and 1 mg L-1 level through 

phytoremediation (Prasertsup & Ariyakanon, 2011). However, these concentrations are 
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high, especially if considering typical urban storm water concentrations, range of 0.01- 10 

µg L-1 (Bollmann et al., 2014; Casas & Bester, 2015). Thus, it is still unclear the effect of 

initial pesticide concentration for the removal under real environment level. Different 

HLRs configuration in CWs will change pollutants/microbial contact time and affect 

pollutants, such as COD and nitrogen, biodegradation (Lin et al., 2008). However, the 

effect of HLR on pesticides removal in CWs has not received much attention. Moreover, 

removal kinetics model, such as zero/first order kinetics model, is calculated based on the 

pollutants removal under different HLRs. Thus, to obtain pesticides removal kinetics data 

for further application, it is necessary to test the pesticides removal under different HLRs. 

It is expected that plant species with different rhizosphere structure, root exudate release, 

compound uptake ability and associated different microbial community may also 

influence differently pesticides removal in CWs. Lv et al. (2016d) studied tebuconazole 

contaminated water treatment in saturated CWs and observed that tebuconazole removal 

was influenced by plant species, and plant uptake and substrate sorption contributed less 

for tebuconazole removal in saturated CWs. However, whether these factors still influence 

the pesticide tebuconazole removal in unsaturated CW is unknown. Thus, understanding 

the influencing factors of the pesticide tebuconazole removal in different CWs designs 

would undoubtedly facilitate design and operation of CWs for the treatment of not only 

tebuconazole but also other pesticides with similar chemical structure and properties. 

Consequently, the main objectives of the study are the following: (1) to study the removal 

ability, kinetics and mechanism of tebuconazole in both unsaturated and saturated CWs; 

(2) to investigate the main influencing factors of tebuconazole removal in CWs. In this 

study, four hydraulic loading rates (1.8, 3.4, 6.9 and 13.8 cm d-1) and two influent 

tebuconazole concentrations (10 and 100 µg L-1) were tested in unsaturated and saturated 

CWs planted with different wetland plant species, Juncus effuses, Typha latifolia, Berula 

erecta, Phragmites australis and Iris pseudacorus as well as unplanted controls.  

2. Materials and methods 

2.1 Mecrocosm-scale CWs 
Each mesocosm-scale CW was made of a black plastic container with height and diameter 

of both 20 cm. Each container was filled with a 4 cm layer of gravel (Ø  0.8 to 1.2 cm) in the 

bottom, a geotextile, a 10 cm layer of sand (Ø  0.05 to 0.1 cm with average porosity of 37%) 

and finally a 4 cm layer of gravel. All mesocosm-scale CWs were feed by artificial 

tebuconazole contaminated water from the surface and the outlet height was set at 3 cm 

for unsaturated CWs (Fig. 1a) and 15 cm for saturated CWs (Fig. 1b). The system was setup 

and used for previous experiment along summer 2014 and winter 2015 by Lv et al. 
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(2016d). Both unsaturated and saturated CWs consisted of triplicates of 6 types: 

unplanted and planted with Juncus effusus (Juncus), Typha latifolia (Typha), Berula erecta 

(Berula), Phragmites australis (Phragmites) and Iris pseudacorus (Iris), as well as an 

influent tank. The experiment was set under a glass roof to prevent the effect of 

precipitation, but with the natural variation of temperature, humidity and light exposure, 

at Påskehøjgård greenhouse facilities of Aarhus University, Denmark. 

2.2 Experimental conditions 
Artificial tebuconazole contaminated wastewater was prepared in 300 L doses and 

constantly mixed by a submerged centrifugal pump placed at the bottom of the tank. 

Influent was prepared with “Pioner Grøn” (Brøste Group, Denmark) N:P:K full strength 

nutrient solution with tap water having the following composition (mg L-1): Total-N 19.3; 

NH4
+-N 7.4; NO3

--N 11.9; P 2.3; Mg 3.0 ; K 15.4; S 3.9. An additional carbon feed using 

acetic acid was used to simulate a 20 mg L-1 TOC load. Two concentrations of tebuconazole 

(10 and 100 µg L-1) and four hydraulic loading rates (1.7, 3.4, 6.9 and 13.8 cm d-1) were 

studied. The present experiment lasted from July to August 2015 with air temperature of 

15-25 °C and relative humility of 51-78%. Environmental and operational conditions during 

the experiment are shown in Fig. 1c.  

2.3 Sampling and analysis 

2.3.1 Water sampling and analysis 

Around 800 mL composite water samples of each mesocosm effluent and influent tank 

were collected in amber flasks at each HLR/influent concentration condition. Before each 

sampling time, the mesocosms were stabilized for three complete hydraulic cycles 

(calculated by saturated CWs), after which the effluent quality was assumed to be 

representative. The volume of effluent was registered for evapotranspiration calculation. 

Portable meters (Multi-Parameter Meter HQ40d, and sensION+ EC5, HACH, USA) were 

used to measure in-situ the pH, dissolved oxygen (DO), temperature and electrical 

conductivity (EC). Around 50 mL water samples were transferred to PE bottles and 

preserved in a -8 °C freezer after acidified with 0.4% (v/v) HCL for nutrient analysis. Total 

nitrogen (TN) and total organic carbon (TOC) were measured by TOC-V analyser equipped 

also with a TNM-1 unit (Shimadzu, Japan). NH4-N, NO3-N and PO4-P were analysed by 

QuikChem Methods® (10-107-06-3-D, 10-107-04-1-C, 10-115-01-1-A, respectively) on an 

automated flow injection analyzer (QuikChem FIA+ 8000 Series, Lachat instruments, 

Milwaukee, USA). Approximate 500 mL water samples were stored in a 4 °C refrigerator 

until processed for tebuconazole analysis within 48 hours. Tebuconazole analysis in water 

samples were pre-concentrated by solid-phase extraction (SPE) prior to analysis using a 

HPLC system (Thermo Scientific Ultimate 3000) equipped with a diode array detector 
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(DAD). A detailed description of tebuconazole analysis by HPLC and reagent used can be 

found in (Lv et al., 2016d).  

2.3.2 Plant and substrate sampling and analysis 

Plant height and leaf chlorophyll were measured at the beginning and end of experiment 

using a hand-held chlorophyll content meter (CCM-200, Opti-Science, USA). The weight of 

each CW mesocosm was measured at the end of the experiment to grossly evaluate fresh 

biomass growth of different plant species. Approximately 100 g of plant aerial part and 

100 g of substrate (1 cm Ø  cores at 0-14 cm depth) were collected at the end of 

experiment. The plant tissue and substrate samples were lyophilized and stored at -8 °C 

until tebuconazole analysis within 1 month. Moreover, substrate total organic carbon 

(SOC) content was estimated by the loss on ignition (LOI) method using a muffle furnace. 

Substrate and plant tissue samples were extracted by ultrasonication, and the substrate 

extracts were analyzed directly while the plant extracts were further cleaned by a two-

stage saponification and SPE prior to analysis. The further measurement of tebuconazole 

was followed as described before. 

2.4 Calculation 

The fresh biomass (Wplant) of different plant species was calculated using the Equation (1):  

Wplant = Wp - Wu                                                                                 (1) 

Where Wp and Wu are the total mass of planted and unplanted CW mesocosm at the end of the 

experiment for the same CW design. 

Substrate total organic carbon (SOC) content by LOI method was calculated using the 

Equation (2):  

LOI550 = ((DW105 - DW550) / DW105)*100                                                             (2) 

Where LOI550 represents LOI at 550 °C (as a percentage), DW105 represents the dry weight of the 

sample before combustion and DW550 is the dry weight of the sample after heating to 550 °C (both 

in g). 

The evapotranspiration of each CW mesocosm was calculated as Equation (3):  

∆V (%) = (Q * t - Vout) / Q * t                                                                        (3) 

Where ∆V is the water loss by evapotranspiration, Q is the influent flow in L d-1, t is time in d, Vout is 

the effluent volume in L.  

Tebuconazole removal efficiencies were corrected for water loss due to 

evapotranspiration and calculated as follows Equation (4):  

Removal (%) = (Cin – (1 - ∆V) x Cout) / Cin x 100                                                    (4) 

Where Cin and Cout are the influent and effluent concentrations in µg L-1.  
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The removal of tebuconazole was expected to follow a first order kinetics model. The 

area-based (Equation 5) and volume-based (Equation 6) first order reaction rate constants 

(k and kv) were calculated as: 

k = - q * ln (Co / Ci)                                                                         (5) 

kv = - ln (Co / Ci) / t                                                                         (6) 

Where t is the real HRT calculated in d for saturated CWs, q is the HLR in cm d-1 for unsaturated 

and satururated CWs, Ci and Co are influent and effluent concentration in µg L-1.  

2.5 Statistical analysis 

Statistical analyses were carried out using the XLStat Pro® statistical software (XLStat, 

Paris, France). Analysis of variance (ANOVA) followed by Tukey’s HSD test was used to 

identify significant differences in water quality (pH, EC, SAT, and DO), influencing factors 

(plant species, HLR, influent concentration and system designs) on tebuconazole removal, 

reaction rate constants difference, tebuconazole concentration by substrate sorption and 

plant uptake, and nutrient (TOC, TN, NH4
+-N and TP) removal difference at the 0.05 

significance level (p<0.05). The plant height and leaf chlorophyll growth at the beginning 

and end of the experiment were compare by student-T test. Composite values of water 

quality (pH, EC, SAT, and DO) and nutrient (TOC, TN, NH4
+-N and TP) removal for each 

mesocosms through the whole study were visualized using beanplots by program of 

BoxPlotR. Network analysis based on the Pearson correlation analysis (significant level of 

0.01) between water quality (tebuconazole influent concentration, HLR, water 

temperature, pH, EC, DO and evapotranspiration) and pollutants removal (the removal of 

TOC, TN, TP, NH4-N, NO3-N and tebuconazole) for different CWs design were determined 

using the Gephi platform (Bastian et al., 2009). 

3. Results  
3.1 Plant vitality and water quality 
The height and leaf chlorophyll of each wetland plant species at end of the experiment 

were not significantly different when compared that at the beginning of the experiment 

(Fig. 2). The influent and effluent DO, pH and EC under each HLR and influent 

concentration levels for different unsaturated and saturated CWs are shown in Fig. 3. The 

DO were significantly higher in CWs effluent (4 - 8 mg/L) than influent (2 mg/L), and 

significantly higher in planted than unplanted mesocosms for both unsaturated and 

saturated CWs. Moreover, DO in unsaturated CWs were significantly higher in unplanted 

mesocosms than in saturated CWs, and slightly higher (not significantly) for planted 

mesocosms. The values of pH for unplanted mesocosms were significantly higher than for 

planted mesocosms in saturated CWs and no differences between CW designs were 

observed. The EC values of influent and effluent for all mesocosms were similar and varied 
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between 620 to 650 µS cm-1. Fig. S1 shows that the nutrients (TP TN and NH4
+-N) removal 

in unsaturated CWs were higher, but not significantly, than the corresponding mesocosms 

in saturated CWs under all the operation conditions through the study. TOC removal for 

all mesocosms were not significantly different and range approximately from 26% to 94%. 

The removal of TP, TN and NH4
+-N in unplanted mesocosms (40%-60%) were significantly 

lower than that in planted mesocosms (80%-100%) for both unsaturated and saturated 

CWs. 

3.2 Tebuconazole removal 

The influencing factors of tebuconazole removal in each CWs design, unsaturated and 

saturated CWs, were analysed by three-way ANOVA (Table 1). The statistical test shows 

that tebuconazole removal efficiency was significantly affected by HLR and mesocosm 

type (plant species) for both unsaturated and saturated CWs. Influent concentration only 

significantly affected tebuconazole removal in unsaturated CWs. Additionally, significant 

effect of system design on the tebuconazole removal efficiency were observed through 

four-way ANOVA after mixing up data of both system designs. The Tukey’s HSD test results 

followed by each multi-way ANOVA were then taken out to further investigate detailed 

comparison of mesocosm types (plant species) (Fig. 4) and influent concentration (Fig. 

S2b) effect on tebuconazole removal in both system designs, as well as system designs 

effect (Fig. S2a) under different operation conditions. 

Tebuconazole removal efficiencies had a similar pattern for both influent concentrations 

which increased from 21% to 99.8% with the HLR decrease from 13.8 cm d-1 to 1.8 cm d-1 

(Fig. 4). Statistical analyses showed that all planted mesocosms achieved significant higher 

tebuconazole removal (33% to 99.8%) compared with unplanted controls (21% to 66.1%). 

Moreover, mesocosms planted with Berula showed statistically higher removal efficiency 

than other plants in both unsaturated and saturated CWs. Tebuconazole removal 

efficiencies were generally significantly higher in unsaturated CWs than saturated CWs 

under all the operation conditions. The significantly higher tebuconazole removal 

efficiencies with 10 µg L-1 influent concentration than 100 µg L-1 concentration level were 

mostly found in unsaturated CWs under high HLRs (3.4, 6.9 and 13.8 cm d-1) with relatively 

lower tebuconazole removal efficiencies (56% for unplanted and 89% for planted 

mesocosms). However, in saturated CWs, tebuconazole removal was generally similar 

with different influent concentration levels and significantly different only showed in very 

few conditions. 

3.2.4 Substrate sorption and plant uptake 
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The average values of substrate based tebuconazole concentrations and substrate total 

organic carbon (SOC) contents in the end of the experiment were higher in unsaturated 

CWs than corresponding mesocosms of saturated design (Fig. 5a and b). However, 

tebuconazole concentrations normalized for the SOC content in unsaturated CWs were 

significantly lower than corresponding mesocosms of saturated design (Fig. 5c), expect 

Berula mesocosms. Moreover, tebuconazole normalized concentrations for unplanted 

mesocosms were generally significantly higher than planted mesocosms in both 

unsaturated and saturated CWs. Based on the mass balance of total tebuconazole spiked 

into the each mesocosms, it can be estimated that the substrate sorption contributed 

1.6%-2.1% and 0.7%-1.5% tebuconazole removal in unsaturated and saturated CWs, 

respectively. 

Regarding phytoaccumulation, at the end of the experiment, tebuconazole concentrations 

in plant aboveground tissue ranged from 0.7 to 3.8 mg kg-1 DW for unsaturated and 

saturated CWs (Fig. 5d). Assuming tebuconazole translocation factors (range of 0.27 to 3.9) 

and biomass aboveground/roots ratio (range of 0.3 to 0.7) based on the previous research 

by Lv et al. (2016c), it can be estimated that the phytoaccumulation represented 3.6%-

12.1% and 2.5%-11.7% of total tebuconazole input for unsaturated and saturated CWs, 

respectively. 

3.3 Kinetics of tebuconazole removal 

The area-based first order kinetics model was adequately applied to determine 

tebuconazole removal rate constants in both unsaturated and saturated CWs (Table 2). All 

the concentrations for kinetic calculation were corrected by the corresponding 

evapotranspiration. The area-based removal rate constants (k) were not influenced by 

influent concentration levels (10 and 100 µg L-1). For unsaturated CWs, k value was 

significant lower in unplanted mesocosms (2.6 ± 0.8 cm d-1) than in planted mescosoms 

(ranging from 5.3 to 10.9 cm d-1). Moreover, k value of Berula (10.9 ± 2.6 cm d-1) 

mesocosms was significantly higher than for the other planted mesocosms. For saturated 

CWs, k values 3.8 ± 1.1, 4.1 ± 1.1, 7.9 ± 1.2, 5.2 ± 1.2, and 3.1 ± 1.0 cm d-1 for Juncus, Typha, 

Berula Phragmites, and Iris mesocosms, respectively, were significantly higher than that in 

unplanted mesocosms (1.7 ± 0.5 cm d-1). The area-based removal rate constants for 

unsaturated CWs were significantly higher than corresponding mesocosms for saturated 

CWs, expect Typha and Phragmites mesocosms. 

The volume-based first order kinetics model was additionally applied to describe 

tebuconazole removal in saturated CWs. The volume-based removal rate constants (kv), 

half-life and R2 are presented in Table 2. The kv values were not differentiated by influent 
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concentration levels (10 and 100 µg L-1). Berula planted mesocosms had significantly 

higher kv value (3.7 ± 0.8 d-1) than other mesocosms, which were 1.4 ± 0.7, 1.3 ± 0.5, 1.6 ± 

0.6, 1.5 ± 0.7 and 0.8 ± 0.3 d-1 for Juncus, Typha, Phragmites and Iris planted and 

unplanted mesocosms, respectively. 

3.4 Co-occurrence patterns among pollutants removal and water quality parameters 

The Pearson correlation-based network was utilized to explore the pollutants 

(tebuconazole, TOC, TN, TP, NH4
+-N and NO3

--N) removal and water quality (tebuconazole 

influent concentration, HLR, water temperature, pH, EC, DO and evapotranspiration) co-

occurrence patterns, which helped to reflect the influencing factors of tebuconazole 

removal in unsaturated CWs (n=48), saturated CWs (n=48) and combination of both CWs 

(n=96). The significant (P-value < 0.01) and strong (│Pearson’s r│ ≥ 0.4 for unsaturated or 

saturated CWs, │Pearson’s r│ ≥ 0.3 for combination of both CWs) correlations are shown 

in Fig. 6, Fig S3 and Table S2.  Tebuconazole removal was significantly and strongly positive 

correlated with DO, evapotranspiration and removal of TOC, TP, TN, NH4
+-N, and NO3

--N, 

and negative correlated with HLR (detailed correlation plots are shown in Fig. S4). All the 

pollutants removal negatively correlated with HLR, except TN removal. Moreover, the 

similar pollutants removal and water quality correlations were found for either 

unsaturated or saturated CWs, when looking at each network plot (Fig. S3) and Pearson 

correlation matrix (Table s2a and b) to better understand the correlation patterns. 

4. Discussion 

Similar plant height and leaf chlorophyll between CW designs and through the experiment 

for each plant species was observed in the present study, which can be expected the 

absence of toxic effect in the present unsaturated CWs. Previous studies have reported no 

toxic effects on plant growth (Lv et al., 2016d) and microbial community (Lv et al., 2016b) 

in saturated CWs mesocosms operating in similar conditions to the present study. Due to 

better oxygen transmission in unsaturated media conditions when the system is drain 

(Dan et al., 2011) and oxygen release function of macrophytes rhizosphere (Brix, 1997), 

the generally higher effluent DO values were observed for unsaturated CWs than 

saturated CWs and for planted CWs than unplanted CWs in the present study. Moreover, 

the significantly higher DO in unsaturated CWs were only observed in unplanted 

mesocosms, possibly due to the significant wetland plants oxygen release in planted 

mesocosms in the saturated conditions. Moreover, the CWs with higher oxygen level 

conditions presented also the higher TOC, TN and NH4
+-N removal efficiencies (Headley et 

al., 2013), and plant appearance may also improve nutrient, such as TN, NH4
+-N and TP 

removal by plant uptake in all planted CWs. 
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Passeport et al. (2013) and Tournebize et al. (2013) investigated field-scale constructed 

wetlands (surface area of 1280 m2) treating tebuconazole contaminated wastewater from 

agricultural drainage in different years (2008 and 2009) and presented that common HLR 

was in a range of 5.6 – 5.9 cm d-1. In this regime, both CWs designs showed clearly 

tebuconazole removal and unsaturated CWs showed higher (only significant for unplanted 

mesocosms) removal ability compare with corresponding mesocosms from saturated CWs. 

It was observed more than 40% tebuconazole removal in in unsaturated CWs respectively. 

However, in saturated CWs, more than 30% tebuconazole removal were observed, 

respectively. It should be noted that the conservative values were found under HLR of 6.9 

cm d-1 in the present study, which means the tebuconazole removal were expected to be 

higher. Previous studies also reported that saturated surface and subsurface CWs could 

achieve 45%-98% tebuconazole removal with 0.1-100 µg L-1 inflow concentration in 

mesocosms and experimental field-scale CWs (Elsaesser et al., 2011; Elsaesser et al., 2013; 

Lv et al., 2016d). Therefore, unsaturated CWs, vertical flow CWs, was demonstrated in the 

present study to have the high potential to treat tebuconazole contaminated wastewater. 

The area and volume-based first order kinetics models are commonly used to determine 

pollutants removal in various constructed wetlands (Zidan et al., 2014). Nevertheless, the 

present study is the first one, to the best of our knowledge, to describe the pesticide 

tebuconazole removal in unsaturated CWs conditions. The significantly higher areal 

reaction rate constants for unsaturated CWs (range of 2.6-10.9 cm d-1) than that for 

saturated CWs (range of 1.7-7.9 cm d-1) observed may be due to better oxygen condition 

and different water hydrology in unsaturated CWs. Significantly higher areal removal rate 

constants were also observed in planted CWs than unplanted CWs for both CWs designs 

which shows that the plants presence play an important positive role on tebuconazole 

removal. Moreover, volume-based first order kinetics model can also adequate describe 

tebuconazole degradation in saturated CWs. The volumetric removal rate constants (0.8-

3.3 d-1) were similar to the previous experiment results (0.6-2.9 d-1) by Lv et al. (2016d) 

under the same system setup and operation conditions, revealing a stable capacity for 

tebuconazole removal in a two years period. Both areal and volumetric degradation rates 

can be used as reference data for future application of CWs for tebuconazole 

contaminated water treatment. 

The major pathway of pesticide removal in CWs were compound hydrolysis, photolytic 

degradation, substrate adsorption, wetland plant uptake, and microbial degradation 

(Vymazal & Březinová, 2015). However, tebuconazole hydrolysis is expected to be 

negligible (table s1) and photodegradation is excluded once the current systems were 

under subsurface flow conditions. The general higher SOC in the unsaturated mesocosms 
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than in the saturated may be caused by higher microbial biomass growth under better 

oxygen condition compare with saturated CWs (Tietz et al., 2007). Tebuconazole 

concentration normalized by SOC was general lower in unsaturated CWs than in saturated 

CWs may due to the water flush and higher biodegradation of tebuconazole in 

unsaturated CWs. Moreover, in present study, substrate sorption (0.7-2.1%) and plant 

phytoaccumulation (2.5-12.1%) show a limited contribution for tebuconazole removal 

from both CWs. In previous study, substrate sorption and plant phytoaccumulation were 

also found to contribute 0.3-7% and 5-13%, respectively, of tebuconazole removal in 

saturated CWs (Lv et al., 2016d). The significant metabolism of tebuconazole inside plant 

during phytoremediation after plant uptake was also investigated (Lv et al., 2016a). Thus, 

tebuconazole degradation inside plant after plant uptake as well as microbial degradation 

may play the crucial role on tebuconazole degradation in CWs. 

In the present study, influent concentration between 10 and 100 µg L-1 did not affect 

tebuconazole removal in unsaturated CWs may due to the absent toxic effect of such low 

tebuconazole concentration level to wetland plant and microbial community in CWs in the 

present study. The influent concentration negative effect was detected for the 

unsaturated CWs may indicated the microorganisms’ characteristics and toxic tolerant 

level are different between system designs. However, the direct microbial community 

observation and comparison test need to be further investigation. 

When considering system design effect, tebuconazole removal efficiencies for unsaturated 

CWs were significantly higher than saturated CWs, indicated that changing CW design 

from saturated to unsaturated can be an alternative to improve tebuconazole removal. 

DO was positive correlated with tebuconazole removal in CWs, which indicate 

tebuconazole degradation may be favoured by aerobic conditions (Fig. 6). The reduced 

tebuconazole removal differences between CWs designs are possibly due to the similar 

DO levels in both designs, which is not expected for typical real saturated systems 

conditions. The significant differences between CWs designs were mostly observed under 

highest HLR (13.8 cm d-1) which indicate that other factors, such as retention/contact time 

will also influence tebuconazole removal beside oxygen. 

The higher application HLR results in more organic matter and ammonia oxidation occurs 

to enhance oxygen consumption in CWs (Cui et al., 2010), which may cause the negative 

correlation between HLR and tebuconazole biodegradation in the present study (Fig. 6). 

The limitation of oxygen level influenced by HLR improvement, however, the influence 

may weakened by wetland plant oxygen release function (Brix, 1997) and then resulting 

the similar tebuconazole removal in planted CWs for both system desgins. Moreover, 
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significantly higher tebuconazole removal ability for Berula planted CWs than other plant 

CWs was observed in both unsaturated and saturated CWs strongly supported that plant 

species with different rhizosphere structure, root exudate release and compound uptake 

ability may influence tebuconazole removal.  

Nutrients (TOC, TP, TN, NH4
+-N, and NO3

--N) removal was positively correlated with 

tebuconazole removal in both CWs designs (Fig. 6). It can be explained in terms of DO and 

plant presence effect, which can promote the nutrients removal and also benefit for 

tebuconazole removal through biodegradation or metabolization inside plant after plant 

uptake. Another possibility is that tebuconazole removal may also couple with nitrification 

process in CWs, which was reported that nitrogen bearing organic contaminant 

(tebuconazole is one nitrogenous organic compound) can be co-metabolized along 

nitrification process in biodegradation process (Wijekoon et al., 2013; Yi & Harper, 2007). 

 5. Conclusions 

 Tebuconazole removal was significantly higher in unsaturated CWs than saturated 

CWs, which supported the highly potential apply to unsaturated CWs for tebuconazole 

contaminated wastewater treatment. 

 Tebuconazole removal fit the area-based first order kinetics model in both 

unsaturated and saturated CWs. The removal rate constants were higher in 

unsaturated CWs (range of 2.6-10.9 cm d-1) than saturated CWs (range of 1.7-7.9 cm d-

1) and higher in planted CWs than unplanted CWs for both CWs designs.  

 Tebuconazole sorption by substrate (0.7-2.1%) and wetland plant phytoaccumulation 

(2.5-12.1%) contribute less to tebuconazole removal, suggest that biodegradation and 

metabolization inside plant were the main removal pathway. 

 The influencing factors of tebuconazole removal in CWs can be concluded as system 

design, DO, plant presence and species, HLR, in which DO and plant paly a positive 

effect and HLR show a negative effect. Influent concentration of 10 and 100 µg L-1 

affect tebuconazole removal only in unsaturated CWs. Moreover, tebuconazole 

removal also showed positive correlation with all nutrients removal. 
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Fig.1. Schematic diagram of unsaturated (a) and saturated (b) constructed wetland mesocosms. 

Environment and operate conditions based on the measured levels of the experiment (c). RH 

indicates relative humility, TP indicates the total phosphorus, TN indicates the total nitrogen and 

TOC indicates the total organic carbon. 

 

 

 

 

(c)   Experiment conditions 
(a) Unsaturated CWs (b) Saturated CWs  
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Fig.2. Plant height and leaf chlorophyll content of each plant from both unsaturated and saturated 

constructed wetland mesocosms (CWs) at the beginning and end of the experiment. 
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Fig.3. Beanplots of dissolved oxygen (DO), pH and electrical conductivity (EC) for the input tank 

and effluent of the planted and unplanted mesocosms in unsaturated (Un) and saturated (Sa) CWs 

along the experiment. Different letters in each beanplots indicate statistically different (p<0.05).  
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Fig.4. Removal efficiency of tebuconazole in unsaturated and saturated constructed wetland 
mesocosms planted with five wetland plant species and unplanted controls for 10 and 100 µg L-1 
influent concentrations over different hydraulic loading rates (HLR) of 1.8, 3.4, 6.9 and 13.8 cm d-1. 
Error bars indicate standard deviation (n=3). Different letters for statistic test indicate significantly 
differences within mesocosm types (plant species). 
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Fig.5. (a) Tebuconazole concentration, (b) substrate total organic carbon content (SOC), (c) 
tebuconazole normalized concentrations for SOC and (d) tebuconazole concentration in plant 
aerial part at the end of experiment. Different letters above the bars for the same CW design 
indicate statistically different between mesocosms with different plant species. *indicate 
significantly different between unsaturated and saturated CWs for the same mesocosms. 
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Fig. 6. Network analysis showing the co-occurrence of pollutants removal and water quality 

parameters in combination of unsaturated and saturated CWs, based on Pearson correlation 

analysis. The nodes represent each parameter, and a connection (edge) represent a significantly 

(p<0.01) positive correlation (pink, Pearson’s r ≥ 0.3) and negative correlation (green, Pearson’s r ≤ 

-0.3). The node size is proportional to the number of connections and edge thickness is 

proportional to Perason’s r (0.3-1). Abbreviations stand for: TOC, TN, TP, NH4
+-N, NO3

--N and 

Tebuconazole represent the removal efficiencies of corresponding pollutants; HLR, EC and DO 

represent hydraulic loading rate, electronic conductivity and dissolve oxygen. 
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Table 1 

Results (F-ratios) of multi-way analysis of variance (ANOVA) of HLR (H: 0.7, 1.7, 3.4 and 6.9 cm d-1), 
tebuconazole influent concentration (C: 10 and 100 µg L-1), mesocosms types (T: unplanted and 
planted with Juncus effusus, Typha latifolia, Berula erecta, Phragmites australis and Iris 
pseudacorus) and system design (D: unsaturated and saturated CWs) and their interactions on 
tebuconazole removal efficiency. 

 Objectives Unsaturated CWs Saturated CWs Unsaturated and saturated 
CWs Methods three-way 

ANOVA 
three-way 

ANOVA 
four-way ANOVA 

Factors 

H 228 287 513 
C 46 10 58 

T 98 104 201 

D / / 80 

Interactions 

H × C 4 8 12 
H × T 6 5 10 

H × D / / 2 

C × T 1 0.4 0.3 

C × D / / 0.1 

T × D / / 0.5 

H × C × T 0.5 1 1 

H × C × D / / 0.3 

H × T × D / / 0.6 

C × T × D / / 1 

H × C × T × 
D 

/ / 0.5 

Numbers in bold indicate significant difference (p<0.05) 
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Table 2 

Observed first-order (aera-based and volume-based) removal rate constants (k and kv), R2 and half-

lives of tebuconazole in all constructed wetland mesocosms. k values are presented as the means 

(standard deviation).   

Different letters in the k/kv-value column indicate significantly different between the different 
mesocosm types for the same system design. *indicate significantly different between  
unsaturated and saturated CWs for the same mesocosms. 

 

 

 

 

 

 

System design Plants 
Area-based  Volume-based 

k  
(cm d-1) 

R2  
kv  
(d-1) 

R2 Half-life (d) 

Unsaturated 
CWs 

Unplanted 
control 

2.6c* 
(0.8) 

0.8 
 

- - - 
 

Juncus 
5.3b* 
(2.0) 

0.9 
 

- - - 
 

Typha 
4.7b 
(1.5) 

0.9 
 

- - - 
 

Berula 
10.9a* 
(2.6) 

0.7 
 

- - - 
 

Phragmites 
5.9b 
(2.1) 

0.9 
 

- - - 
 

Iris 
5.5b* 
(2.2) 

0.8 
 

- - - 
 

Saturated  
CWs 

Unplanted 
control 

1.7d 
(0.5) 

0.8 
 0.8b 

(0.3) 
0.8 0.9 

 

Juncus 
3.8c 
(1.1) 

0.9 
 1.4b 

(0.7) 
0.8 0.5 

 

Typha 
4.1bc 
(1.1) 

0.8 
 1.3b 

(0.5) 
0.8 0.5 

 

Berula 
7.9a 
(1.2) 

0.8 
 3.3a 

(0.8) 
0.9 0.2 

 

Phragmites 
5.2b 
(1.2) 

0.9 
 1.6b 

(0.6) 
0.9 0.4 

 

Iris 
3.1c 
(1.0) 

0.7 
 1.5b 

(0.7) 
0.9 0.5 
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Supplementary materials 

Table S1 

Type, physico-chemical properties of the studied compounds 

Compound Structure 

Organic carbon 
adsorption 
coefficient 

(KOC) 

Octanol-
Water 

Partition 
Coefficient 
(Log Kow) 

Henry’s law 
constant  
(atm-m3 
mole-1) 

Aqueous 
hydrolysis 

DT50 at  
(20oC, pH = 7) 

Tebuconazole 

 
 

2579 L kg-1 

 

 

 

3.89 

 

 

 
 

1.4 . 10-10  stable 

Data obtained from U.S. Environmental Protection Agency 
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Fig.S1. Beanplots of TOC, TP, TN, NH4
+-N and NO3

--N removal efficiencies in all mesocosms in 
unsaturated and saturated CWs along the experiment. Different letters above the beanplots for 
each parameter in each CWs design indicate statistically different. 
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Fig.S2. The comparison of tebuconazole removal efficiency between unsaturated and saturated 
constructed wetland mesocosms (a), and between 10 and 100 µg L-1 influent concentration levels 
(b) based on the Tukey’s HSD test are visualized in a heatmap. Dotted area indicates significantly 
difference between the systems design in (a) and influent concentration levels in (b).  
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Fig. S3. Network analysis showing the co-occurrence of pollutants removal and water quality parameters in (a) unsaturated and (b) 

saturated CWs, based on Pearson correlation analysis. The nodes represent each parameter, and a connection (edge) represent a 

significantly (p<0.01) positive correlation (pink, Pearson’s r ≥ 0.4) and negative correlation (green, Pearson’s r ≤ -0.4). The node size is 

proportional to the number of connections and edge thickness is proportional to Perason’s r (0.4-1). Abbreviations stand for: TOC, TN, TP, 

NH4
+-N, NO3

--N and Tebuconazole represent the removal efficiencies of corresponding pollutants; HLR, EC and DO represent hydraulic 

loading rate, electronic conductivity and dissolve oxygen. 

 

 

 

 

Unsaturated CWs Saturated CWs 
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Table S2 

Pearson correlation analysis of pollutants removal and water quality in unsaturated CWs (a, n=48), saturated CWs (b, n=48) and 
combination of both CWs designs (c, n=96). Bold letters in the table indicate significant (P-value < 0.01) and strong (│Pearson’s r│ ≥ 0.4 for 
a and b; │Pearson’s r│ ≥ 0.3 for c) correlations. Con., HLR, Temp, EC, SAT, DO and EVA. represent tebuconazole influent concentration, 
hydraulic loading rate,  water temperature, electronic conductivity, dissolve oxygen and system evapotranspiration. TOC, TN, TP, NH4

+-N, 
NO3

--N and Tebuconazole represent the removal efficiencies of corresponding pollutants. 

(a) Unsaturated CWs 

Variables  Con. HLR Temp pH EC DO EVA. TOC TN TP NH4
+-N NO3

--N Tebuconazole 

Con.  1.00             

HLR  0.00 1.00            

Temp  0.66 0.22 1.00           

pH  -0.09 0.18 -0.03 1.00          

EC  -0.18 0.06 -0.01 0.18 1.00         

DO  -0.19 -0.24 -0.35 -0.18 -0.07 1.00        

EVA.  -0.14 -0.32 -0.28 -0.26 -0.06 0.21 1.00       

TOC  -0.22 -0.82 -0.34 -0.20 0.00 0.51 0.33 1.00      

TN  -0.22 -0.24 -0.14 -0.25 -0.04 0.65 0.39 0.56 1.00     

TP  -0.26 -0.45 -0.27 -0.22 -0.06 0.71 0.35 0.75 0.87 1.00    

NH4  -0.16 -0.31 -0.20 -0.20 -0.02 0.75 0.42 0.57 0.95 0.88 1.00   

NO3  -0.24 -0.61 -0.35 -0.13 -0.05 0.42 0.31 0.58 0.32 0.51 0.40 1.00 
 Tebuconazole  -0.21 -0.69 -0.39 -0.21 -0.02 0.60 0.33 0.88 0.64 0.86 0.68 0.53 1.00 
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(b) Saturated CWs 

Variables Con. HLR Temp pH EC DO EVA. TOC TN TP NH4 NO3 Tebuconazole 

Con. 1.00             

HLR 0.00 1.00            

Temp 0.46 0.02 1.00           

pH 0.01 0.37 -0.05 1.00          

EC 0.01 0.17 0.00 0.54 1.00         

DO -0.32 -0.37 -0.37 -0.17 0.04 1.00        

EVA. -0.45 -0.43 -0.29 0.06 0.06 0.49 1.00       

TOC -0.31 -0.80 -0.29 -0.31 -0.22 0.64 0.62 1.00      

TN -0.18 -0.33 -0.06 -0.26 -0.14 0.66 0.59 0.59 1.00     

TP -0.21 -0.37 -0.20 -0.30 -0.17 0.64 0.54 0.66 0.83 1.00    

NH4 -0.25 -0.33 -0.19 -0.24 -0.10 0.78 0.57 0.60 0.90 0.80 1.00   

NO3 -0.19 -0.60 -0.18 -0.28 -0.15 0.42 0.63 0.67 0.65 0.68 0.64 1.00  

Tebuconazole -0.20 -0.73 -0.16 -0.27 -0.11 0.63 0.68 0.87 0.72 0.74 0.67 0.79 1.00 
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(c) Combination of unsaturated and saturated CWs 

Variables Con. HLR Temp pH EC DO EVA. TOC TN TP NH4 NO3 Tebuconazole 

Con. 1.00             

HLR 0.00 1.00            

Temp 0.47 0.07 1.00           

pH -0.05 0.26 -0.05 1.00          

EC -0.07 0.12 0.01 0.35 1.00         

DO -0.23 -0.28 -0.27 -0.20 0.04 1.00        

EVA. -0.32 -0.37 -0.26 -0.09 0.04 0.43 1.00       

TOC -0.26 -0.81 -0.26 -0.26 -0.11 0.57 0.49 1.00      

TN -0.20 -0.28 -0.07 -0.26 -0.09 0.63 0.52 0.58 1.00     

TP -0.23 -0.40 -0.20 -0.26 -0.12 0.64 0.48 0.70 0.84 1.00    

NH4 -0.21 -0.31 -0.17 -0.23 -0.06 0.76 0.55 0.57 0.90 0.82 1.00   

NO3 -0.21 -0.57 -0.23 -0.15 -0.12 0.23 0.38 0.54 0.42 0.52 0.42 1.00  

Tebuconazole -0.20 -0.70 -0.19 -0.25 -0.06 0.63 0.57 0.87 0.69 0.79 0.68 0.56 1.00 
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Fig.S4. Significant (p<0.01) positive (DO, Evapotranspiration, and removal of TN, NH4

+-N, NO3
--N, TOC and TP) and negative (HLR) influent 

factors on tebuconazole removal in both unsaturated and saturated CWs. 
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Abstract 

The objective of this study was to compare the microbial community metabolic function 

from both unsaturated and saturated constructed wetland mesocosms (CWs) when 

treating the pesticide tebuconazole. The comparison was performed for both interstitial 

water and substrate biofilm by community level physiological profiling (CLPP) via 

BIOLOGTM ECO plates. For each CW design (saturated or unsaturated), six mesocosms 

were established including one unplanted and five planted individually with either Juncus 

effusus, Typha latifolia, Berula erecta, Phragmites australis or Iris pseudacorus. Microbial 

activity and metabolic richness of interstitial water from unsaturated CWs were 

significantly lower than that from saturated CWs. However, in general, the opposite result 

was observed for biofilm samples. Wetland plants promoted significantly higher biofilm 

microbial activity and metabolic richness than unplanted CWs in both CW designs. 

Differences in the microbial community functional profiles between plant species were 

only found for saturated CWs. Biofilm microbial metabolic richness was generally 

statistically higher than that of interstitial water in both unsaturated (1.4-24 times higher) 

and saturated (1.2-1.7 times higher) CWs. Carbon source (guild) utilization patterns were 

generally different between interstitial water and biofilm samples. Functionality of the 

biofilm microbial community was positively correlated to the removal of all pollutants (TN, 

NH4
+-N, TP, TOC and tebuconazole) for both unsaturated and saturated CWs, suggesting 

the biofilm plays a more important role in pollutant removal than the interstitial water 

microbial community. Interestingly, the ability for a microbial community to utilize amino 

acids and amines/amides was positively correlated with tebuconazole removal in all 

system types. 

Keywords: Community level physiological profiling (CLPP), Constructed wetland, Emerging 

organic contaminants, Pesticides, Phytoremediation 
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1. Introduction 

Constructed wetlands (CWs), as a cost-effective, robust and sustainable technology, have 

become one of the most commonly employed decentralized wastewater treatments for 

various inorganic and organic pollutants (Brix, 1999; Vymazal & Březinová, 2015). 

Microorganisms have been demonstrated to play a key role on pollutant removal in CWs, 

such as organic matter (Zhang et al., 2015), nitrogen (Kaseva, 2004), industrial organic 

pollutants (Lin et al., 2012) and emerging organic contaminants (Fernandes et al., 2015). 

Recently, there has been increased interest in the study of microorganism in CWs for 

wastewater treatment to fully understand the pollutant removal mechanisms.  

Microbial community structure was shown to be altered after exposure to a cocktail of the 

pesticides diuron, 3, 4-dichloroaniline and glyphosate in a natural saturated surface flow 

CW application (stormwater basin) (Bois et al., 2011). However, to our knowledge, there is 

no study that compares microbial communities in different CW designs with different 

wetland plant species treating pesticides. The presence of different plants (Phragmites 

australis and Phalaris arundinacea) can alter microbial community metabolic function in 

saturated horizontal subsurface flow CWs (Button et al., 2016). A previous study 

performed by the authors (Lv et al., 2016a) indicated that plant species and not pesticide 

(imazalil or tebuconazole) presence significantly drive the microbial community activity 

and richness in saturated CWs. Moreover, the microbial community metabolic function 

was demonstrated to be significantly different between different CW designs (unsaturated 

vertical flow and saturated horizontal flow CWs) when treating domestic wastewater 

(Button et al., 2015). However, the microbial community dynamics in different CW designs 

when treating pesticides are still unknown. Additionally, the plant effect on microbial 

community metabolic function has been mainly studied in saturated CWs (Button et al., 

2016; Lv et al., 2016a). There is a large knowledge gap regarding whether the plant effects 

still occur in unsaturated CWs, such as vertical flow CWs. To the best of our knowledge, 

the present study is the first to address this point. 

Microbial communities can exist as free-floating microorganisms in interstitial water or 

attached to the substrate and plant roots in CWs (Weber & Gagnon, 2014). Previous 

studies have analysed independently water samples (Ibekwe et al., 2016; Lloyd et al., 2004) 

or substrate samples (Chen et al., 2015; Coban et al., 2015) to understand the 

microorganism characteristic in CWs. To the best of our knowledge, there are only two 

studies in the literature focused on saturated CWs (Gagnon et al., 2007; Weber & Legge, 

2013), in which quantitative observations of microbial activity supported the idea that the 

interstitial water microbial community, although present, played a relatively small role in 

contaminant removal when compared to substrate or rhizospheric bound microbial 
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communities. However, in different CW designs, comparison of microorganisms in water 

and substrate biofilm samples has not been studied. Different CW designs, namely 

traditional saturated (horizontal subsurface and free water-surface systems) and 

unsaturated (vertical systems) with different oxygen levels and water contact time are 

expected to differently shape the microbial community. Thus, study of microbial 

communities in both water and substrate biofilm in different CW designs would contribute 

to better understand pollutant removal dynamics/mechanisms.  

We used community level physiological profiling (CLPP), using BIOLOGTM microplates with 

multiple sole-carbon sources to evaluate microbial community metabolic function. CLPP, 

as an easy, accurate and rapid determination technology, has already been used to 

determine microbial community stabilization time of CWs (Weber & Legge, 2011) to 

understand the plant and seasonal effect on microbial community in CWs (Bissegger et al., 

2014; Chazarenc et al., 2010), to investigate microbial community metabolic function 

spatial dynamics in CWs (Button et al., 2015; Weber & Legge, 2013) and to evaluate the 

influent wastewater quality effects on microbial community in CWs (Zhao et al., 2010).  

The objective of this study was to compare the microbial community metabolic function in 

unsaturated and saturated constructed wetland mesocosms treating the pesticide 

tebuconazole. The comparison was assessed on both interstitial water and substrate 

biofilm samples. Moreover, a correlational study was performed to determine the 

relationship between microbial community metabolic function and water quality/ 

pesticide remediation.  

2. Materials and Methods 

2.1 Mesocosm setup 

Unsaturated and saturated constructed wetland mesocosms (CWs) were set up at the 

greenhouse facility of Aarhus University, Denmark, to study the removal of tebuconazole 

in these setups.. Each CW design (saturated and unsaturated) consisted of a dedicated 

influent tank and 6 triplicated mesocosm types: unplanted and planted with Juncus 

effusus (Juncus), Typha latifolia (Typha), Berula erecta (Berula), Phragmites australis 

(Phragmites) and Iris pseudacorus (Iris). A detailed description of the experimental setup 

can be found in Lv et al. (2016c). Briefly, each mesocosm was set up in a 6 L plastic 

container (surface area of 300 cm2) filled with a 4 cm bottom layer of gravel (8-12 mm 

particle size), main 10 cm layer of sand (0.5-1 mm particle size) and finally a 4 cm top layer 

of gravel, reaching a total depth of 18 cm. Synthetic wastewater was fed onto the 

mesocosm surface. For the present work, mesocosms outlet height was set at 15 and 3 cm 

for saturated and unsaturated CWs, respectively. The systems were initially setup in July 
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2014 and used for previous experiments throughout summer 2014 and winter 2015. 

Present work was conducted in summer 2015, after the plants natural growing season. 

The set of CWs was rain protected, but exposed to natural daily air temperature 

(minimum 11°C and maximum 37°C) and environmental light exposure variations. The 

systems were fed with “Pioner Grøn” (Brøste Group, Denmark) N:P:K full strength nutrient 

solution prepared with tap water having the following composition (mg L-1): Total-N 19.3; 

NH4
+-N 7.4; NO3

--N 11.9; P 2.3; Mg 3.0 ; K 15.4; S 3.9. A carbon feed using acetic acid was 

used to simulate a 12.6 mg L-1 TOC influent concentration. Additionally, two different 

influent concentrations of tebuconazole (10 and 100 μg L-1) and four different hydraulic 

loading rates (HLR: 1.8, 3.4, 6.9 and 13.8 cm d-1) were tested along a two-month period 

from July to August 2015 for pollutant dynamics studies. For the present microbial studies, 

samples were collected on September 2015 after two weeks stabilization at a HLR of 3.4 

cm d-1 and 100 μg L-1 tebuconazole influent concentration level. 

2.2 Sample collection 

Influent and effluent samples were collected prior to the sampling for microbial studies. 

The pH, dissolved oxygen (DO), water temperature and electrical conductivity (EC) were 

measured in-situ using a Multi-Parameter HQ40d and a sensION+ EC5 meters (HACH, 

Düsseldorf, Germany). Fifty milliliters for each water sample was transferred into PE 

bottles and preserved at −18 °C until analysis. Total nitrogen (TN) and total organic carbon 

(TOC) were measured by a TOC-V analyser equipped also with a TNM-1 unit (Shimadzu, 

Japan). NH4
+-N, NO3

--N and PO4
3+-P were analysed by QuikChem Methods® (10-107-06-3-

D, 10-107-04-1-C, 10-115-01-1-A, respectively) on an automated flow injection analyzer 

(QuikChem FIA+ 8000 Series, Lachat instruments, Milwaukee, USA). For tebuconazole 

analysis, water samples (0.5 L) were stored at 4 °C until being processed within 48 h while 

substrate samples (200 g) were kept at -20 °C until being lyophilized and further processed. 

Tebuconazole was analysed by an HPLC system (Thermo Scientific Ultimate 3000) 

equipped with a diode array detector (DAD) according to Lv et al. (2016c). Plant height 

and leaf chlorophyll (measured using a calibrated hand-held chlorophyll content meter, 

CCM-200, Opti-Science, USA) were monitored at the beginning and end of the experiment.  

Before the interstitial water sample collection, each mesocosm was shaken for one 

minute. For unsaturated CWs, mesocosms were shaken after plugging the bottom output 

and filling up with tap water. Then a mesocosm bottom output was unplugged, the first 

pulse (20 - 30 mL) discarded and the remaining effluent collected in a 1 L sterilized amber 

bottle. Tap water use was seen as a compromise to ensure a representative sample at a 

single time point, as opposed to what would be a composite collection over a period of 
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sampling. For biofilm sampling, 300 g of substrate was taken at the middle depth (9 cm) of 

each mesocosm and stored in two 50 mL sterilized falcon tubes. The substrate samples 

could therefore be said to be of a mix of media associated biofilm and rhizosphere biofilm, 

further here named “biofilm”. Water samples from the input tank were collected directly 

to amber flasks. All the amber bottles and falcon tubes were labelled and transported to 

the lab for CLPP analysis within a 5-hour period.  

2.3 Community level physiological profiling 

Interstitial water, biofilm and influent tank microbial community samples were analysed 

via CLPP using BIOLOGTM EcoPlates (Biolog Inc., Hayward CA, USA). BIOLOG EcoPlates are 

96-well plates that contain 31 different carbon sources and a blank, in triplicate. Water 

samples were directly used for CLPP inoculation. Substrate associated biofilm needed to 

be detached from substrate, prior to EcoPlate inoculation. The detachment protocol 

described by Weber and Legge (2010b) was followed. Briefly, a 25 g substrate sample was 

mixed with 100 mL of sterile 10 mM pH 7 phosphate buffer solution (PBS) in a 500 mL 

amber flask, at 100 rpm for 3 h at 30 °C and the obtained suspension further diluted 10x 

with PBS. EcoPlate inoculation and incubation was performed using a previously described 

method (Weber & Legge, 2010a). Briefly, microplate wells were inoculated with 100 µL of 

mesocosm interstitial water or diluted substrate suspension and incubated in the dark at 

20 °C and 100 rpm on an orbital shaker. Plates were read using the Biolog MicroStation 

absorbance reader (Biolog Inc., Hayward CA, USA) at 590 nm every 6 h for 66 h. Each 

BIOLOG EcoPlate was inoculated as a sample type, meaning that true replicates were 

performed using the triplicated carbon source wells on each plate (i.e. for one mesocosm 

type each of the triplicates were inoculated onto a single plate).  

2.4 Data analysis 

Analysis of the CLPP data was performed as previously described (Weber et al., 2007; 

Weber & Legge, 2009). Time points were selected to provide greatest variance between 

well responses and the least number of absorbance values above 2.0 (values above 2.0 are 

above the linear absorbance range) (Bissegger et al., 2014). Absorbance readings at 54 h, 

42 h and 48 h were selected as the metric for further CLPP data analysis of interstitial 

water samples, biofilm samples and sample types comparison (interstitial water vs. 

biofilm), respectively. CLPP data was used to calculate the average well colour 

development (AWCD) and the number of carbon sources utilized (richness) (Button et al., 

2015). In order to reduce the complexity of the data, the 31 carbon sources in the micro-

plates were organized into five groups (guilds) consisting of polymers, carbohydrates, 

carboxylic & acetic acids, amino acids and amines/amides, as described by Weber and 

Legge (2009). Nine carbon sources (D-xylose, D-mannitol, N-acetyl-D-glucosamine, 
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Glucose-1-phosphate, D-malic acid, Putrescine, L-phenylalanine, L-serine, L-threonine) 

contained on the EcoPlate, commonly found in plant root exudates (Campbell et al., 1997; 

Dell'mour, 2010), were specifically targeted when investigating CLPP differentiation due to 

plants presence (Button et al., 2016). Carbon source utilization pattern (CSUP) data was 

subjected to Taylor transformation after the assessment of normality, homoscedasticity 

and linear correlations (Weber et al., 2007). Principal component analyses (PCA) based on 

CSUP data were performed to further assess the differences between CW design, 

mesocosm type (unplanted and different plant species) and sample type (interstitial water 

and biofilm). Differences between observed groupings in PCA plots were assessed using 

one-way permutational analysis of variance (PERMANOVA) with both Bray-Curtis and 

Euclidean distance. Pearson correlation based network analysis between water and 

pollutants parameters (DO, EC, pH, temperature, removal efficiencies of TOC, TN, NH4
+-N, 

TP and tebuconazole, and substrate tebuconazole concentration) and microbial 

community metrics (AWCD, richness and guilds utilization) for the different sample types 

(interstitial water and biofilm) and both unsaturated and saturated CWs were determined 

using the Gephi platform (Bastian et al., 2009). One-way ANOVA and post hoc Tukey’s HSD 

test were used to assess the plant species comparison and student’s T test was used to 

assess the system design comparison at the 95% confidence level (p<0.05). PCA, one-way 

ANOVA and student’s T test were carried out using XLStat Pro® statistical software (XLStat, 

Paris, France). PERMANOVA analysis was completed using the free paleontological 

statistic software package (PAST) (Hammer et al., 2001). 

3. Results 

3.1 Water quality and pollutant parameters 

The measured water quality and pollutant parameters for unsaturated and saturated CWs 

are shown in Table 1. All planted mesocosms showed significantly (p<0.05) higher 

tebuconazole removal efficiencies compared with the unplanted mesocosms in both CW 

designs. In addition, planted mesocosms also showed significantly higher DO values than 

the unplanted mesocosms, as well as higher TN, NH4
+-N and TOC removal. Comparing 

saturated and unsaturated CWs, nutrients (TN, NH4
+-N, TP and TOC) and tebuconazole 

removal was lower, although not statistically significant, in saturated CWs. The pH values, 

electrical conductivity (EC) and water temperature were similar in all mesocosms. 

Tebuconazole substrate concentrations were generally higher in unsaturated CWs than 

saturated CWs, the difference being significant for Typha, Berula and Phragmites 

mesocosms. Additionally, each plant species had similar plant heights (variance < 11%) 

and leaf chlorophyll content (variance < 13%) in both unsaturated and saturated CWs. 
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3.2 Interstitial water microbial community metabolic function 

Fig. 1 presents the microbial activity, measured by average well colour development 

(AWCD) and the metabolic richness for the interstitial water samples. Interstitial water 

microbial activity and metabolic richness in unsaturated CWs were significantly lower than 

in all corresponding saturated mesocosms. In the unsaturated CWs, it can be observed 

that microbial activity and metabolic richness for all mesocosms were statistically lower 

than in the influent tank, except for the Iris planted mesocosm. Moreover, microbial 

activity and metabolic richness for Typha mesocosms were significantly lower than in the 

other mesocosms. In the saturated CWs, Berula and Juncus mesocosms showed 

significantly lower microbial activity while Iris mesocosms showed significantly higher 

activity than in the other mesocosms and the influent tank. Microbial metabolic richness 

differences were not so marked, but the same trend was observed, Berula showed 

significantly lower values while Iris higher values.  

Different carbon source utilization patterns (CSUPs) of the interstitial water microbial 

communities are represented in a PCA ordination (Fig. 2a). CSUPs of unsaturated and 

saturated CWs were generally separated into two distinct groups, with the exception of 

Berula in saturated CWs that grouped with unsaturated CWs and Iris in unsaturated CWs 

that grouped with saturated CWs. The unsaturated CW mesocosm planted with Typha 

was independent. In Fig. 2b, it can be observed that amino acids seem to explain the 

saturated CWs grouping, but no other guild or root exudates seem to justify the groupings. 

To better understand CSUPs, mesocosms carbon source (guilds) utilization was plotted 

(Fig. S1), however, no significant differences or clear trends were found between the 

different CW designs and plant species.  

To better understand the influence of the plant species in the systems, unsaturated and 

saturated CWs were analysed separately (Fig. S2). Two aspects were identified: 1) in 

unsaturated CWs Iris grouped with the influent tank, unplanted grouped with other 

planted mesocosms, and Typha was independent; while 2) in saturated CWs, plant species 

differences were more clearly observed, the Berula mesocosm was independent, Iris and 

Juncus mesocosms grouped with the influent tank, and Typha and Phragmites grouped 

with the unplanted mesocosm. 

3.3 Biofilm microbial community metabolic function  

Biofilm microbial activity (AWCD) and metabolic richness of all planted mesocosms were 

significantly higher than in influent tanks and unplanted mesocosms for both CW designs 

(Fig. 3). Influent tanks were not significantly different from unplanted mesocosms for 

either CW design. Juncus, Typha and Berula unsaturated mesocosms had significantly 
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higher microbial activity and metabolic richness than the corresponding saturated 

mesocosms. Microbial metabolic richness in the Iris planted unsaturated mesocosms was 

significantly higher than in the corresponding saturated CWs. 

Significantly different CSUPs between CW designs were generally found in planted 

mesocosms (Fig. 4a), where three distinct groups (p<0.05, PERMANOVA) are observed. 

They can be summarized as (1) influent tanks from both CW design, (2) Berula planted 

saturated mesocosms with unplanted mesocosms from both CW design, (3) all other 

planted mesocosms from both CW design. In Fig. 4b, it can be observed that identified 

root exudates, carboxylic & acetic acids and amino acids contributed to planted 

mesocosms. Additional carbon source (guilds) utilization (Fig. S3) analysis showed no 

significant differences or clear trends between the different CW designs and plant species.  

When looking at the PCA ordination for unsaturated CWs only (Fig. S4a), the influent tank 

and unplanted mesocosms were both grouped independent with all planted mesocosms 

grouped together. Additional group differences driven by plant species were found in 

saturated CWs (Fig. S4b): Juncus, Typha and Iris mesocosms were grouped; Berula and 

Phragmites mesocosms grouped with unplanted mesocosms and the influent tank was 

independent. 

3.4 Comparison of interstitial water and biofilm microbial communities 

The interstitial water and biofilm for both unsaturated and saturated CWs were 

additionally compared for microbial community metabolic richness (Fig. 5). Only microbial 

metabolic richness was compared because the different sample types (interstitial water 

and biofilm) are difficult to compare and  normalize for AWCD (Weber & Legge, 2013). For 

the unsaturated CWs, biofilm microbial metabolic richness was significantly higher (1.4 to 

24 times higher) than that in interstitial water for all the mesocosms. In addition, all 

saturated CWs mesocosms showed significantly higher (1.2 to 1.7 times higher) biofilm 

microbial metabolic richness than the interstitial water from the corresponding 

mesocosms, except unplanted and Iris mesocosms. 

Fig. 6 displays CSUP PCA ordinations of interstitial water and biofilm microbial 

communities from both unsaturated (a) and saturated (b) CWs. Statistically different 

groups were observed for interstitial water and biofilm for both CW designs. It is noted 

that the difference (Euclidean distance) between sample types in the unsaturated CWs is 

larger than for the saturated CWs (Fig. S5). For saturated CWs, there is one exception, 

interstitial water microbial community from the Iris planted mesocosm grouped together 

with the biofilm. Root exudates generally contribute to the biofilm grouping in 

unsaturated CWs, but not for the saturated CWs. Moreover, carbohydrates seem to 
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contribute to the interstitial water groupings of both unsaturated and saturated CWs (Fig 

6 a.1 and b.1). All guild utilizations were generally higher for biofilm than interstitial water 

for the unsaturated CWs (Fig. S6). While in saturated CWs only polymers, carbohydrates 

and amino acids utilization for biofilm were generally higher than interstitial water 

samples (Fig. S7). 

3.5 Correlation between microbial community metrics and water/pollutant parameters  

Fig. 7 shows that microbial activity, measured by average well colour development 

(AWCD), is significantly positive correlated with TOC removal only for biofilm but not for 

interstitial water in both unsaturated and saturated CWs. For interstitial water in 

saturated CWs, unplanted and Iris mesocosms were outliers and showed positive 

correlations with TOC removal. The remaining saturated systems seem to be positively 

correlated as well. However, no correlation was found for interstitial water in unsaturated 

CWs. 

A correlation based network (Fig. 8) was further used to explore microbial community 

metrics (AWCD, richness and guilds utilization) with water/pollutants parameters (DO, EC, 

pH, temperature, removal efficiency of TOC, TN, NH4
+-N, TP and tebuconazole, and 

substrate tebuconazole concentration) co-occurrence patterns for both interstitial water 

(8a for unsaturated and 8c for saturated CWs) and biofilm (8b for unsaturated and 8d for 

saturated CWs) CLPP metrics. The significant (P-value < 0.05) and strong (Pearson’s r ≥ 0.7) 

positive (+) and negative (-) correlations parameters based on Pearson correlation analysis 

(n=6) are shown in Fig. 8 and Table S1.  

For interstitial water samples in unsaturated CWs (Fig. 8a), seven pairs (i.e. edges) of 

significant and strong correlations between water quality and substrate parameters with 

microbial community metrics were identified. Water temperature showed negative 

correlations with microbial activity and metabolic richness. Tebuconazole removal 

presented positive correlation with carboxylic & acetic acids consumption (C&AA). 

Substrate tebuconazole concentration negatively correlated with amino acids 

consumption. 

For interstitial water samples in saturated CWs (Fig. 8c), four pairs of significant and strong 

correlations were identified. Substrate tebuconazole concentration positively correlated 

with amino acid consumption. For the pollutants removal, no general correlation with 

microbial metrics was found.  

For biofilm samples in unsaturated CWs (Fig. 8b), 24 pairs of relative correlations were 

found. Microbial activity (AWCD) and metabolic richness was generally positively 

correlated with DO and all pollutants removal, including removal of TOC, TN, NH4
+-N, TP 
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and tebuconazole. Amino acids and amine/amides were also positively correlated with DO 

and all the pollutants removal, however, polymer consumption was negatively correlated 

with TOC and TP removal.  

For biofilm samples in saturated CWs (Fig. 8d), 20 pairs of relative correlations were found. 

Microbial activity (AWCD) and metabolic richness was generally positively correlated with 

DO and the removal of pollutants, including TOC, TN, NH4
+-N, TP and tebuconazole 

removal. Amino acid consumption was positively correlated with TOC and TP removal and 

substrate tebuconazole concentration. Amine/amides consumption positively correlated 

with TN, NH4
+-N and tebuconazole removal. However, polymers consumption negatively 

correlated with TOC, TP removal. 

4. Discussion 

Both unsaturated and saturated CWs achieved high removal rates (> 62%) of tebuconazole 

and nutrients. Slightly higher (not significantly) removal was observed for the unsaturated 

CWs. Moreover, plant vitality between CW designs was similar. The absence of toxic 

effects on plant growth and microbial community activity and metabolic richness in 

saturated CWs mesocosms operated in similar conditions to the present study was 

previously reported (Lv et al., 2016a). Thus, it is presently expected that no toxic effects 

affected any of the CW mesocosm. 

4.1 Difference between CW designs 

The interstitial water samples indicated that unsaturated CWs had lower microbial activity 

(AWCD) and metabolic richness than the corresponding saturated CWs, however, the 

opposite result was found for the biofilm samples. Button et al. (2015) also found lower 

interstitial water microbial activity and metabolic richness in pilot-scale unsaturated 

vertical flow CWs than for saturated horizontal subsurface flow CWs treating domestic 

wastewater. In unsaturated CWs, free-floating microorganisms may be flushed away by 

the continually flowing water, resulting in a lower interstitial water microbial activity and 

metabolic richness. The interstitial water sampling method for the unsaturated CWs may 

also have caused some dilution effect of microbial community function. However, in 

saturated CWs, the relatively stable water/substrate environment may be beneficial to 

biofilm natural detachment mechanisms and cause a higher microbial activity and 

metabolic richness in the interstitial water. The present findings show that biofilm 

microbial metabolic richness was significantly higher than that from interstitial water, the 

differences being more marked for unsaturated CWs (1.4-24 times higher) than for 

saturated CWs (1.2-1.7 times higher). The clearly higher biofilm microbial metabolic 

richness in unsaturated compared to saturated CWs may be due to the systems design, in 
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that unsaturated CWs are generally considered to be an aerobic system, which may favour 

a higher microbial metabolic richness. In the present study, even though DO levels in the 

saturated CWs were lower than in the unsaturated CWs, the saturated mesocosms were 

not oxygen limited (>2.4 mg L-1) as in typical real system conditions. Therefore, other 

factors, such as retention time and flow path may also have influenced the microbial 

community.  

4.2 Difference between interstitial water and biofilm 

Weber and Legge (2013) reported that in saturated CW mesocosms, the interstitial water 

microbial metabolic richness was clearly lower and the community functional profile was 

different when compared with substrate and rizhospheric associated biofilm. The present 

study also demonstrated that the biofilm microbial activity and metabolic richness were 

significantly higher than in interstitial water samples in both unsaturated and saturated 

CWs. Moreover, the microbial metabolic function profiles were also significantly different 

between interstitial water and biofilm samples for both CW designs (Fig. 6a and b). The 

correlation between microbial metabolic function profile and pollutants (TN, NH4
+-N, TP, 

TOC and tebuconazole) removal was clearly different for interstitial water and biofilm in 

each of the CW designs (Fig. 7). Biofilm microbial activity correlated well with TOC removal 

efficiency for all systems, however interstitial water microbial activity could only be 

related to TOC removal efficiency in saturated systems. The relationship between 

interstitial water microbial activity and TOC removal efficiency in saturated systems was 

also different depending on plant species. These observations suggest that functional taxa 

do perfectly migrate between the biofilm and interstitial water through attachment and 

detachment mechanisms. To fully understand microbial community dynamics within 

different CWs design and influent water quality, it is necessary to look at both fixed-

biofilm and interstitial water microbial samples. 

EC, pH and temperature were the main variables connected with interstitial water 

microbial metrics in unsaturated CWs, suggesting that they are the main parameters 

influencing the water microbial community. However, in saturated CWs the main driving 

factors were DO and pH. Interestingly, for both designs, the microbial communities seem 

to be shaped by water parameters without any significant influence on pollutant removal. 

For the biofilm microbial communities the main driving water parameters were DO for 

unsaturated CWs and pH for saturated CWs. In addition, amino acids and amines/amides 

was the carbon source guild most commonly positively correlated with tebuconazole 

removal in both CW designs. Moreover, the microbial AWCD and metabolic richness were 

also positively correlated with all pollutant removal efficiencies. These findings 

demonstrate that the driving factors for pollutant removal were different between CW 
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designs. DO and pH were signalled as main water factors shaping the microbial 

communities. In examining pollutant removal results, microbial AWCD, metabolic richness 

and utilization of amino acids and amines/amides were identified as important factors for 

tebuconazole removal in CWs.  

The observed positive correlation connections between biofilm microbial metabolic 

function and nutrients and tebuconazole removal for both CWs design, support the idea 

that biofilm may play a more important role in pollutant removal through microbial 

degradation than the interstitial water microbial function. Previously, Kurzbaum et al. 

(2016), separated the different CW components to understand the relative contribution 

for phenol microbial degradation. It was then found that total cultivable bacteria and 

specific phenol-degrading bacteria populations (counted as colony forming units) were 

higher in gravel attached biofilm than in the free water or root attached biofilm 

(Kurzbaum et al., 2016). In the present study, an important part of the pesticide 

tebuconazole and nutrient removal may be attributed to microbial degradation (Lv et al., 

2016b; Lv et al., 2016c). Thus, it is suggested that the microbial degradation of pollutants 

in CWs are mainly occurring in the biofilm surrounding the substrate and plant 

rhizosphere rather than in the interstitial water.  

4.3 Plant species effect 

Although the main factor influencing microbial communities was CW design, there are 

also clear indications that the presence of different plant species can shape the microbial 

communities. Significantly higher biofilm microbial activity and metabolic richness in 

planted versus unplanted CWs was observed in both designs (Fig. 3). In addition, plant 

root exudates also helped shape the biofilm microbial carbon source utilization patterns 

differently between planted and unplanted mesocosms in both unsaturated and saturated 

CWs. The root exudates may be utilized by microorganisms for both growth and the 

development of substrate biofilm, where the majority of pollutants biodegradation takes 

place. Button et al. (2016) found that utilization of specific root exudate carbon sources on 

the EcoPlate can cause significantly different microbial community metabolic functions 

between CWs planted with Phragmites and Phalaris. Moreover, the presence of plants is 

also expected to promote microbial community growth by releasing oxygen and low-

molecular weight root exudates, providing surface area for attachment and a variety of 

root exudates (Brix, 1997; Zhai et al., 2013; Zhang et al., 2016), supported by the 

observation of significantly higher amounts of microbial attachment in the rhizosphere 

(Gagnon et al., 2007; Weber & Legge, 2013). Previous studies demonstrated also that 

interstitial water microbial community activity and metabolic richness can be altered by 

the presence and species of plants in pilot-scale saturated constructed wetlands (Zhao et 
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al., 2010) or saturated mesocosms treating tebuconazole (Lv et al., 2016a). The influence 

of plant oxygen release will be important for saturated CWs, but considered negligible for 

unsaturated vertical flow CWs, which have high amounts of oxygen due to the drained 

conditions (Wu et al., 2014). Improved oxygen transfer caused by changes in CW design, 

instead of the plant effect, will be one of the main driving factors to determine the 

microbial community. These trends indicate that plants will have a higher influence on 

microbial dynamics in saturated than in unsaturated systems. The difference in microbial 

community function profiles between the CW design, aerobic constructed wetlands 

(unsaturated vertical flow and aerated saturated CWs) and oxygen limited CWs (saturated 

horizontal subsurface flow CWs) was also found by (Button et al. (2015)). Moreover, 

unsaturated and saturated CWs interstitial water microbes were generally different and 

groupings within its own CW type was based on carbon source utilization.  

5. Conclusions 

Significantly lower interstitial water microbial activity and metabolic richness were 

observed in unsaturated CWs compared to saturated CWs. However, the opposite result 

was found for biofilm. Plant presence promoted a different microbial community function 

profile resulting in significantly higher biofilm microbial activity and metabolic richness 

than the unplanted CWs, both saturated and unsaturated. Microbial metabolic function 

profile differences between plant species were only found in saturated CWs. However, 

this difference was not seen and merged when considering both systems for CW design 

comparison. Moreover, microbial metabolic function profile groupings significantly 

differed between interstitial water and biofilm samples for each CW design. Biofilm 

microbial community function was shown to be better associated with pollutant removal 

(TN, NH4
+-N, TP, TOC and tebuconazole) than interstitial water microbial community 

function. Based on these findings it is recommended that sampling strategies be carefully 

considered to best represent the functionality of microbial communities as interstitial 

water alone may underestimate the role of the microbial community in CW performance.  
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Table 1 

Water quality and pollutant parameters for unsaturated and saturated constructed wetland mesocosms (CWs) treating tebuconazole at a 
HLR of 3.4 cm d-1 and an influent tebuconazole concentration of 100 μg L-1. 

Groups Type 
Water 

temperature(oC) 
pH EC 

 (μS cm-1) 
DO  

(mg L-1) 
TOC 

Removal 
(%) 

TN 
Removal 

(%) 

NH4
+-N 

Removal (%) 
TP 

Removal 
(%) 

Tebuconazole 
removal (%) 

mg tebuconazole kg 
-1 substrate 

Unsaturated 
CWs 

Tank 18.3(0.1)c 8.9(0.2) 661(1)b 2.8(0.1)d - - - - - - 
Up 18.5(0.1)c 8.5(0.3) 624(4)c 5.6(0.4)c 57(7)b* 56(7)c* 60(9)b* 38(21)c 54(4)c 0.18(0.08) 
J 18.9(0.3)b 8.1(0.1) 741(14)a* 7.5(0.1)a* 85(6)a 88(5)b 90(1)a* 98(1)a 76(4)b 0.13(0.07) 
T 19.7(0.1)a* 8.4(0.2) 629(36)bc* 6.7(0.1)b 89(3)a 89(6)ab 95(2)a* 95(24)ab 70(7)b 0.18(0.05)* 
B 19.0(0.2)b 8.4(0.2) 671(24)b* 6.5(0.2)b 65(7)ab 98(1)a 98(1)a 88(15)ab 93(6)a 0.26(0.11)* 
P 18.3(0.1)c* 8.7(0.2)* 651(17)b* 6.8(0.2)b* 79(18)ab 95(3)ab* 96(4)a 73(7)b 81(5)a 0.15(0.05)* 
I 18.1(0.1)c* 8.6(0.3) 833(21)a* 6.3(1.7)b 69(17)ab 93(7)ab 93(10)a 80(1)b* 77(9)ab 0.12(0.04) 

Saturated 
CWs 

Tank 18.3(0.1)b 9.1(0.3)a 651(10)c 2.4(0.1)c - - - - - - 
Up 18.3(0.2)b 8.9(0.1)a 614(13)c 4.7(0.4)b 30(6)b 35(8)c 45(5)c 35(7)d 46(5)c 0.11(0.03)a 
J 18.6(0.2)b 8.3(0.4)ab 906(17)a 6.3(0.6)a 73(12)a 79(8)b 78(3)b 98(1)a 68(4)b 0.07(0.02)bc 
T 19.1(0.1)a 8.4(0.4)ab 925(31)a 5.4(1.1)ab 82(13)a 80(1)b 82(6)b 96(1)b 62(3)b 0.01(0.01)d 
B 19.0(0.1)a 8.8(0.2)a 568(38)c 6.3(0.3)a 66(9)a 96(9)a 97(5)ab 82(18)abc 91(14)a 0.05(0.01)c 
P 18.6(0.1)b 8.1(0.1)b 582(12)c 5.0(0.3)b 59(8)a 79(7)b 86(7)a 77(13)c 73(6)b 0.08(0.01)b 
I 18.5(0.1)b 8.0(0.2)b 703(16)b 5.7(0.1)b 52(10)a 86(6)ab 89(4)a 61(13)c 69(6)a 0.11(0.02)a 

Up, J, T, B, P and I represent unplanted, Juncus, Typha, Berula, Phragmites and Iris constructed wetland mesocosms, respectively. All values 
represent an average of three replicates, one standard deviation is presented within brackets. Superscript letters indicate significant 
differences between mesocosms within each group (p<0.05). *indicate significant differences for a mesocosm between unsaturated and 
saturated CWs (p<0.05).  
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Fig.1. Microbial activity based on average well colour development (AWCD) and metabolic 
richness for interstitial water samples in unsaturated and saturated constructed wetland 
mesocosms (CWs). Different letters above the bars indicate significant differences between 
mesocosms within each CW design (p<0.05). *above the bars indicate significant differences 
between CW designs for each mesocosm type (p<0.05).  
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 Fig.2. Interstitial water PCA ordination and biplot showing (a) the microbial community carbon 
source utilization patterns (CSUPs) and (b) the contribution of each variable (31 carbon sources on 
the Ecoplate) to the ordination. Indicated groupings are significantly different (p<0.05, 
PERMANOVA). First letters (U and S) represent unsaturated and saturated CWs, respectively. The 
second letter (W) represents interstitial water samples. The last letters (in, up, J, T, B, P and I) 
represent influent tank, unplanted, Juncus, Typha, Berula, Phragmites and Iris mesocosms, 
respectively. Carbon sources were coloured according to guild and * identifies root exudates. 
Objects represent an average of three real replicates analysis. 
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Fig.3. Microbial activity based on average well colour development (AWCD) and metabolic 
richness for biofilm in unsaturated and saturated constructed wetland mesocosms (CWs). 
Different letters above the bars indicate significantly different mesocosms within each CWs design 
(p<0.05). *above the bars indicate significant differences between CWs designs for each 
mesocosm type (p<0.05).  
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 Fig.4. Biofilm PCA ordination and biplot shows (a) the microbial community carbon 

source utilization patterns (CSUPs) and (b) the contribution of each variable (31 carbon 

sources on the Ecoplate) to the ordination of observation. Indicated groupings are 

significantly different (p<0.05, PERMANOVA). First letters (U and S) represent 

unsaturated and saturated CWs, respectively. The second letter (B) represents biofilm. The 

last letters (in, up, J, T, B, P and I) represent influent tank, unplanted, Juncus, Typha, 

Berula, Phragmites and Iris mesocosms, respectively. Carbon sources were coloured 

according to guild and * identifies root exudates. Objects represent an average of three real 

replicates analysis. 
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Fig.5. Microbial metabolic richness for interstitial water and biofilm in unsaturated and saturated 
constructed wetland mesocosms (CWs). *above the bars indicate significantly different interstitial 
water and biofilm for each mesocosm type (p<0.05).  
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Fig. 6. PCA ordinations and biplots of the microbial community carbon source utilization patterns 
(CSUPs) for both interstitial water and biofilm samples in (a) unsaturated and (b) saturated CWs 
and the contribution of each variable (31 carbon sources on the Ecoplate) to the ordination for 
unsaturated (a.1) and  saturated (b.1) CWs. Objects represent an average of three real replicates 
analysis. Indicated groupings are significantly different (p<0.05, PERMANOVA). For the mesocosms 
markers, the first letters (U and S) represent unsaturated and saturated CWs, respectively. The 
second letters (W and B) represent interstitial water and biofilm samples. The last letters (in, up, J, 
T, B, P and I) represent influent tank, unplanted, Juncus, Typha, Berula, Phragmites and Iris 
mesocosms, respectively. Carbon sources were coloured according to guild and * identifies root 

exudates. 
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Fig. 7. Relationships between the microbial activity, measured by average well colour 

development (AWCD), and TOC removal in unsaturated and saturated CWs.  
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Fig. 8. Network analysis showing the correlation of water quality and substrate parameters and 
microbial community metrics for unsaturated ((a) interstitial water and (b) biofilm samples) and 
saturated ((c) interstitial water and (d) biofilm samples) constructed wetland mesocosms. Nodes 
stand for water/pollutant parameters (yellow), and microbial community metrics (red). 
Connections (i.e. edge) stands for a significant (p<0.05) and strong (Pearson’s r ≥ 0.7) positive 
(green) and negative (blue) correlation. The bigger the size of each node, the greater the number 
of connections.  
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Fig.S1. Interstitial water microbial utilization of various groups of carbon sources (guilds) for 
unsaturated and saturated constructed wetland mesocosms (CWs). Rate of microbial utilization is 
based on absorbance units recorded from the microplate reader. Different letters above the bars 
indicate significantly different mesocosms within each CWs design (p<0.05). *above the bars 
indicate significant differences between CWs designs for each mesocosm type (p<0.05). 
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Fig.S2. PCA biplots of the interstitial water microbial community carbon source utilization patterns 
((a) for unsaturated and (b) for saturated CWs) and the contribution of each variable (31 carbon 
sources on the Ecoplate) to the ordination of observation ((a.1) for unsaturated and (b.1) for 
saturated CWs). Indicated groupings are significantly different (p<0.05, PERMANOVA). For the 
mesocosms marked names, the first letters (U and S) represent unsaturated and saturated CWs, 
respectively. The second letter (W) represents interstitial water samples. The last letters (in, up, J, 
T, B, P and I) represent influent tank and unplanted, Juncus, Typha, Berula, Phragmites and Iris 
mesocosms, respectively. Carbon sources were coloured according to guild and * identifies root 
exudates. Objects represent an average of three real replicates analysis. 
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Fig.S3. Biofilm microbial utilization of various groups of carbon sources (guilds) for unsaturated 
and saturated constructed wetland mesocosms (CWs). Rate of microbial utilization is based on 
absorbance units recorded from the microplate reader. Different letters above the bars indicate 
significantly different mesocosms within each CWs design (p<0.05). *above the bars indicate 
significant differences between CWs designs for each mesocosm type (p<0.05). 
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Fig.S4. PCA plots of the biofilm microbial community carbon source utilization patterns ((a) for 
unsaturated and (b) for saturated CWs) and the contribution of each variable (31 carbon sources 
on the Ecoplate) to the ordination of observation ((a.1) for unsaturated and (b.1) for saturated 
CWs). Indicated groupings are significantly different (p<0.05, PERMANOVA). For the mesocosms 
marked names, the first letters (U and S) represent unsaturated and saturated CWs, respectively. 
The second letter (B) represents biofilm samples. The last letters (in, up, J, T, B, P and I) represent 
influent tank, unplanted, Juncus, Typha, Berula, Phragmites and Iris mesocosms, respectively. 
Carbon sources were coloured according to guild and * identifies root exudates. Objects represent 
an average of three real replicates analysis. 
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Fig. S5. PCA biplots of the microbial community carbon source utilization patterns for both 

interstitial water and biofilm in both unsaturated and saturated Constructed wetland mesocosms 

(CWs). For the mesocosms marked names, the first letters (U and S) represent unsaturated and 

saturated CWs, respectively. The second letters (W and B) represent interstitial water and biofilm 

samples. The last letters (in, up, J, T, B, P and I) represent influent tank, unplanted, Juncus, Typha, 

Berula, Phragmites and Iris mesocosms, respectively. 
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Fig.S6. Utilization of various groups of carbon sources (guilds) of interstitial and biofilm microbial 
in unsaturated constructed wetland mesocosms (CWs). Rate of microbial utilization is based on 
absorbance units recorded from the microplate reader. *above the bars indicate significantly 
different sample type (interstitial water or biofilm) for each mesocosm type (p<0.05).  
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Fig.S7. Utilization of various groups of carbon sources (guilds) of interstitial and biofilm microbial 

in saturated constructed wetland mesocosms (CWs). Rate of microbial utilization is based on 

absorbance units recorded from the microplate reader. *above the bars indicate significantly 

different sample type (interstitial water or biofilm) for each mesocosm type (p<0.05). 
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Table S1 

Significant (P-value < 0.05) and strong (Pearson’s r ≥ 0.7) positive (+) and negative (-) correlations 
by Pearson correlation (n=6) analysis between microbial community metrics (AWCD, richness and 
guilds utilization) and water/pollutants parameters (DO, EC, pH, temperature, removal efficiency 
of TOC, TN, NH4

+-N, TP and tebuconazole, substrate tebuconazole concertation). 

  Water quality and substrate 
parameters 

Microbial 
community 
metrics 

Pearson’s 
r 

Positive/negative 
correlation 
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 c
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Temperature AWCD 0.79 - 

EC  0.78 + 

Temperature Richness 0.93 - 

pH Polymers 0.78 + 

pH Carbohydrates 0.82 - 

Tebuconazole removal Carboxylic & 
acetic acids 

0.82 + 

Substrate tebuconazole 
concentration 

Amino acids 0.80 - 

U
n
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d
 c
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e
tl

an
d
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fi
lm

 –
 

w
at

er
 a

n
d

 p
o

llu
ta
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DO AWCD 0.71 + 

TOC removal  0.74 + 

TN removal  0.97 + 

NH4
+-N removal  0.98 + 

TP removal  0.96 + 

Tebuconazole removal  0.86 + 

TN removal Richness 0.94 + 

NH4
+-N removal  0.90 + 

TP removal  0.78 + 

Tebuconazole removal  0.88 + 

TOC removal Polymers 0.81 - 

TP removal  0.85 - 

Tebuconazole removal Carbohydrates 0.80 - 

Temperature Carboxylic & 
acetic acids 

0.79 + 

DO Amino acids 0.80 + 

TN removal  0.86 + 

NH4
+-N removal  0.86 + 

TP removal  0.74 + 

Tebuconazole removal  0.84 + 

DO Amine/amides 0.71 + 

TN removal  0.90 + 

NH4
+-N removal  0.91 + 

TP removal  0.94 + 
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Tebuconazole removal  0.87 + 
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pH Carbohydrates 0.85 + 

Temperature Amino acids 0.78 - 

Substrate tebuconazole 
concentration 

 0.91 + 

DO Amine/amides 0.74 + 
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pH AWCD 0.85 - 

TOC removal  0.73 + 

TN removal  0.70 + 

NH4
+-N removal  0.70 + 

TP removal  0.70 + 

pH Richness 0.73 - 

TOC removal  0.88 + 

TN removal  0.75 + 

NH4
+-N removal  0.72 + 

TP removal  0.86 + 

TOC removal Polymers 0.71 - 

TP removal  0.74 - 

EC Carboxylic & 
acetic acids 

0.93 - 

Temperature Amino acids 0.73 + 

TOC removal  0.77 + 

TP removal  0.80 + 

Substrate tebuconazole 
concentration 

 0.71 - 

TN removal Amine/amides 0.83 + 

NH4
+-N removal  0.89 + 

Tebuconazole removal  0.88 + 
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