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Abstract: For the treatment of wastewater containing organic pollutants and metals in 

constructed wetlands (CWs), phytoindicators may help in guiding management practices for 

plants and optimizing phytoremediation processes. Hairy willow-herb (Epilobium hirsutum L.) 

is a fast growing species commonly found in European CWs that could constitute a suitable 

phytoindicator of metal toxicity. E. hirsutum was exposed for 113 days in microcosm CWs, 

to a metal and metalloid mixture (MPM, containing Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Sn, 

Zn), an organic pollutant mixture (OPM, containing hydrocarbonsC10-C40, phenanthrene, 

pyrene, anionic detergent LAS) and an organic pollutant and metal and metalloid mixture 

(OMPM), separately and at concentration levels mimicking levels of industrial effluents. 

Analyses of metal and As concentrations in biomass, and different biometric and 

physiological measurements were performed. Results showed that metal uptake patterns 

were affected by the type of pollutant mixture, resulting in variation of toxicity symptoms in 
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E. hirsutum plants. Some of them appeared to be similar under MPM and OMPM conditions 

(leaf chlorosis and tip-burning, decrease of green leaf proportion), while others were 

characteristic of each pollutant mixture (MPM: Decrease of water content, increase of phenol 

content; OMPM: reduction of limb length, inhibition of vegetative reproduction, increase of 

chlorophyll content and Nitrogen balance index). Results emphasize the potential of  

E. hirsutum as a bioindicator species to be used in European CWs treating water with metal, 

metalloid and organic pollutants. 

Keywords: trace elements; organic pollutants; biomonitoring; hairy willow herb; 

phytoremediation; constructed wetland; wastewater 

 

1. Introduction 

Metals and organic pollutants are often found together in contaminated waters released by 

anthropogenic activities [1,2]; and constructed wetlands (CWs), that have been used for decades for 

treating organic matter in municipal wastewater, are increasingly used for their treatment [3–5]. In these 

systems, the presence of organic pollutants may influence metal uptake and accumulation by plants [6,7]; 

and metals may affect organic pollutant biodegradation through impacting the physiology and ecology 

of both plants and microorganisms that degrade organic pollutants [8–11]. The concentrations and 

bioavailability of contaminants—which determine the level of toxicity for organisms—may change in 

CWs, as they depend on wastewater characteristics, design of the CW basins, and environmental 

conditions [12,13]. 

In this context, three aspects need to be assessed: (i) the tolerance of plants to mixed contamination 

with metals and organic pollutants; (ii) the effects of co-contamination on plant phytoremediation 

abilities; and (iii) the variation of pollutant ecotoxicity along the longitudinal axis of the CW and during 

time. Assessment of the first two attributes should be done before the design stage of the CW and may 

be useful for selecting suitable plant species for phytoremediation of mixed contaminants [7,14]. The 

assessment of the third attribute may help in managing the spatial organization of the plant species in 

CWs for maintaining plant good health status, which is one of the key factors for optimizing the 

phytoremediation process [14–16]. This is the focus of the present study. 

A first possibility could be to estimate the level of water toxicity in CWs by assessing contaminant 

accumulation and distribution in the organs of plants such as Phragmites australis, Phalaris 

arundinaceae, or Typha latifolia, in which metal concentrations were found to be proportional to the 

concentrations in the environment [17–19]. Such an assessment requires the use of laboratory equipment 

(e.g., forced-air oven, blender, etc.) and measurement involving complex and expensive technology 

(e.g., GC-MS, ICP-AES, etc.) may not be appropriate in the context of mixed-contamination as 

interactions between contaminants may modify accumulation patterns. In multi-contaminated 

environments, especially those with low levels of contamination, other types of plant monitoring based 

on morphological observations or physiological measurements may be used to indicate harmful effects of 

exposure to contaminants, in complement with conventional physico-chemical analyses [14,20,21]. 

Biomonitoring is based on the assumption that water quality affects the organisms that live in it, and therefore, 
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reciprocally, the organisms’ health status reflects water quality [22]. For instance, Shelef et al. [22] found 

that Canna lily could serve as a bioindicator of water quality in hyper arid conditions, as photochemical 

efficiency, cell membrane stability, and photosynthetic rate in this plant species appeared to be correlated 

with the improvement of water quality within the CW. Using biomonitoring of plant health status as a 

bioindication tool in CWs requires further research [14], especially in the context of mixed 

contamination which has received too little attention given the huge challenges it raises [9]. 

A good bioindicator plant species for CWs should be sensitive to contaminant toxicity changes,  

have the ability to tolerate variations of water table level and be widely distributed geographically.  

Epilobium hirsutum L. (Hairy willow herb, Onagraceae) is a fast growing plant species [23] commonly 

found in European CWs as a weed [24,25], and is already known to be sensitive to Fe and Mn 

contamination [26,27]. This species seems to be a good potential phytoindicator to use in CWs for 

informing on spatial and temporal ecotoxicity variations, with a potential for economic viability if the 

plant is regularly harvested [28–30]. 

For the treatment of organic and metallic pollutants in CWs, the use of phytoindicators may help in 

distinguishing zones in which the main pollutant toxicity is linked with (i) bioavailable metals;  

(ii) bioavailable organic pollutants; or (iii) both organic pollutants and metals in bioavailable forms. 

Such information may help in organizing plant species with respect to their pollutant tolerance, with a 

view to maintaining good plant health status. The delimitation of zones may also guide plant harvesting 

practices for metal removal in plant biomass. It is preferable to harvest plants in zones where the 

bioavailable fraction of metals is high, as the expected concentration in biomass would be higher [31,32]; 

and to maintain plant root systems in zones where the bioavailable fraction of organic pollutants is high, 

in order to favor biodegradation [33]. 

The aim of this study is to confirm the potential of E. hirsutum as a bioindicator species, with a view 

to providing eco-friendly tools [21] for optimizing plant species spatial arrangement and phytoremediation 

performance in European CWs treating waters containing metals and organic pollutants. 

2. Materials and Methods 

2.1. Aims of the Experimental Design 

E. hirsutum was exposed during 113 days in microcosm CWs, to three different types of contaminant 

mixtures mimicking industrial effluents. The purpose was to distinguish metals and As or/and organic 

pollutant effects on this species. Different biometric and physiological measurements were used in order 

to cover a wide range of toxicity symptoms. 

2.2. Planted Microcosms Set-up 

Plantlets of Epilobium hirsutum L. were collected from the wetland Les Paluns, south of  

the Berre lagoon, south-east France (43°35'90'' N; 06°42'65'' E) as previously described in  

Guittonny-Philippe et al. [34]. Following a four months period of vegetative reproduction of the plants 

in a greenhouse and initial plant biometric measurements, 24 plant individuals were planted in four 

rectangular plastic (polypropylene) microcosms (413 × 345 × 294 mm; 6 plants per microcosm) filled 

with 22 kg of pozzolan (Ø = 7–12 mm). After another acclimation period of 42 days, three microcosms 
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were exposed separately to a metallic pollutant mixture (MPM), an organic pollutant mixture  

(OPM) or an organic and metallic pollutant mixture (OMPM). A fourth microcosm used as control was 

left uncontaminated. 

2.3. Chemicals and Pollutant Exposure 

Two main criteria were considered for the selection of contaminants used in this study: ubiquity of 

chemicals in industrial context [35–37] and their potential ecotoxicity in mixtures [7,38–41]. Three types 

of pollutant mixtures mimicking industrial effluents were added in the microcosms. The MPM consisted 

of an aqueous mixture of 11 metal and metalloids salts: AlCl3.2H2O; AsO3; CdSO4.8H2O; K2Cr2O7; 

CuSO4; Fe2O12S3; MnSO4.4H2O; NiSO4.7H2O; Pb(NO3)2; SnCl2; ZnCl2 (Table 1). Stock metallic 

solutions were prepared individually by dissolving metallic salts in deionized water, and then the MPM 

was prepared in a container by dissolving appropriate amounts of the different stock solutions in water 

from each microcosm. The OPM consisted of Blend Arabian Light petroleum topped at 250 °C  

(BAL 250) (THC), as well as phenanthrene (PHE) and pyrene (PYR) obtained in reagent quality from 

Merck (Darmstadt, Germany) and an anionic detergent Linear Alkylbenzene Sulfonate (LAS) named 

CARPHEM® (from Chiminvest, Villepinte, France). Stock solutions of THC, PHE and PYR were 

prepared by dissolving individually each contaminant in dichloromethane. The spiking mixtures were 

then prepared in a container by diluting the appropriate amount of stock solutions in acetone (20 mL in 

13 L of solution) and then in water from each microcosm. The anionic detergent LAS was directly added 

to the aqueous spiking solutions. The OMPMs were prepared following a similar methodology, by 

adding both types of stock solutions in water from each microcosm. Before addition, the spiking 

solutions were homogenized by gently hand-shaking the containers over ten seconds. The plants were 

exposed to the pollutants during 113 days, through three steps of contamination (Table 1): A first phase 

(for 35 days), with concentrations corresponding to the European environmental quality standards [42], 

followed by two phases with concentrations ten times higher (except for the detergent that was kept at 

an equal concentration during the three phases), during 35 days and then 43 other days (second and third 

test-phases). The spiking solutions were added to the microcosms in one batch of 13 L, on the day of the 

beginning of the corresponding test-phase. Over the experimental period, the microcosms were watered 

with tap water at least three times a week, in order to keep a constant level of solution in the tanks, 

corresponding to the surface of the pozzolan. Before each test-phase, the liquid content of each 

microcosm was totally siphoned-off. This water was used to dilute the corresponding stock solution used 

for the next phase. In this way, no solution was removed from the microcosms at any time during the 

experiment, and the potential residual pollution contained in the water of a microcosm at the end of one 

test-phase was reintroduced into the same microcosm for the following test-phase. 
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Table 1. Targeted metal and organic pollutant concentrations (mg/L) in the pollutant mixtures. 

Chemicals 
Targeted Concentrations (mg/L) 

Phase 1 Phases 2–3 

Al 2.5 25 
As  0.05 0.5 
Cd 0.2 2 
Cr 0.5 5 
Cu 0.5 5 
Fe 2.5 25 
Mn 1 10 
Ni 0.5 5 
Pb 0.5 5 
Sn 2 20 
Zn 2 20 

PHE 0.05 0.5 
PYR 0.05 0.5 
THC 10 100 
LAS 10 10 

2.4. Chemical Analysis in Water, Substrate, and Plants 

Before enriching the microcosms with the artificial effluents, three samples were taken in order to 

determine the concentrations of pollutants. In every tank, one PVC pipe was placed upright about  

150 mm from the center of the tank for collecting water samples and immersing measuring probes. At 

the end of the first and second test-phases, in the contaminated microcosms, water samples were 

collected to determine the concentrations of pollutants. For THC, PHE and PYR analyses, 250 mL 

samples were taken. For the anionic detergent LAS and the metal analyses, two samples of 50 mL  

were taken. 

Rhizospheric pozzolan (pozzolan in contact with plant roots) and water samples were also taken at 

the end of the third test-phase in each microcosm in order to analyze metals, As, and organic pollutants. 

At this time, five plant individuals per microcosm were harvested for metal analysis in plant biomass. 

Plant aboveground (AG) and belowground (BG) parts were washed separately with tap water to remove 

particle deposition. The AG parts were not desorbed (no EDTA nor hard scrubbing) to preserve the 

fraction of metal adsorbed to cell walls, to enable comparison with what would happen after harvesting 

in CW [43]. Plant and pozzolan samples were dried at 80 °C over one week. Plant samples (AG and BG 

parts separately) were pooled by microcosm (n = 5) as well as rhizospheric pozzolan samples (n = 6), 

before being ground to 0.2 mm (RETSCH zm 1000 blender, Haan, Germany). Three replicates from 

each pooled sample were then mineralized with aqua regia in a microwave oven before ICP-AES 

analysis [44]. Organic pollutant concentrations were not determined in plant biomass. Absorption of 

organic contaminants in plant biomass is unlikely to have occurred given their physico-chemical 

characteristics (log Kow > 3.5 for THC, PHE and PYR and log Kow < 0.5 for the anionic detergent  

LAS) [13,45–47]. 

The water samples were analyzed for Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn using an Inductively 

Coupled Plasma-Atomic Emission Spectrometer (ICP-AES Jobin Yvon Horiba, Spectra 2000, Edison, 
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NJ, USA) according to the norm DIN EN ISO 11885 (2009) [48]. Sn was not quantified because of 

analytical constraints. The concentration of anionic surfactants was monitored by MBAS analysis 

according to EPA 425.1 method [49]. 

For the analysis of PHE, PYR and THC, water samples were extracted by liquid-liquid extraction 

with n-hexane following Guittonny-Philippe et al. [34]. Pressurized liquid extraction with a mixture of 

n-hexane/dichloromethane (1/1) was used for solid samples (i.e., pozzolan or plants). Extracts were 

reduced to 1 mL and analyzed using a gas chromatograph (7890A GC System, Agilent Technologies, 

Santa Clara, CA, USA) coupled to a 7000 Triple Quad mass spectrometer (Agilent, Santa Clara, CA, 

USA), equipped with an HP-5MS silica fused capillary column (30 m × 0.25 mm inner diameter × 0.25 μm 

film thickness). The quantification of PHE and PYR was performed by using chrysene D12 as surrogate 

and phenanthrene D10 as internal standard. The amount of THC was determined as the sum of resolved 

and unresolved components eluted from the GC capillary column between the retention times of  

n-decane and n-tetracontane. 

2.5. Microcosm and Plant Parameter Monitoring 

The light exposure was monitored throughout the day, over each microcosm, throughout the 

experiment, to ensure they had received a similar quantity of light (ca. 350 μmol/m2/s). During the 

experiment, in each microcosm, pH was monitored in the water column with a portable pH meter (Hanna 

Instruments®, Tanneries, France), and electrical conductivity, dissolved oxygen, and temperature were 

monitored with a WTW® (Weilheilm, Germany) device. Several growth and development parameters of 

the plant aerial parts (number of leaves: Green, senescent, with chlorosis or dead; aerial height; length 

of the longest limb) were monitored at least every two weeks during the experiment (yielding a total of 

13 times of measurements during the 113 days of pollutant exposure). A leaf was considered senescent 

when at least one third of its surface was yellow or brown. The proportion of green leaves was calculated 

as follows: Number of green leaves/total number of leaves [50]. In a similar way, the proportion of leaves 

with chlorosis was calculated. Fitness biomarkers were also monitored using non-destructive Multiplex® 

(Force-A, Orsay, France) equipment that uses fluorescence technology with multiple excitations to 

measure chlorophylls and phenolic compounds indices (SFR_R: Simple Fluorescence Ratio under Red 

excitation; NBI_R: Nitrogen Balance Index under Red excitation; BRR_FRF: Blue to Red Fluorescence 

Ratio under UV excitation) [51]. 

At the end of the experiment, five plant individuals per microcosm were harvested. Each plant part 

was measured separately and fresh biomass weighed (FW). Dry weights (DW) were obtained after oven 

drying at 80 °C for five days. Water content (WC) was calculated as: WC = (FW − DW)/DW [52]. 

2.6. Statistical Analysis 

Prior to analyses, analytical steps were performed (testing homoscedasticity and normality of data 

and transforming data if necessary) and did not enable the use of parametric tests. Biometric and 

physiological data monitored during the experiment were thus compared at each time of measurement, 

with Dunn’s multiple comparison test, p ≤ 0.05. Statistical analyses were carried out using the GraphPad 

PRISM 6.00 for Windows, GraphPad Software. 
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3. Results and Discussion 

3.1. Metal and As Accumulation in Biomass 

Organic pollutants as well as metal and As concentrations in water at the end of the experiment were 

below the regulatory limits [42] in all microcosms (Table 2). E. hirsutum plants accumulated rather high 

concentrations of metals and As in biomass, whatever the condition (Table 3), in comparison with the 

commonly expected composition for control plants [53] and with the harmful concentrations for MPM 

and OMPM plants [54]. Overall, larger amounts of metals were retained in belowground (BG) parts than 

in aboveground (AG) parts of plants, as previously reported in other plant species exposed to  

metals [55–57]. This suggests that regular harvesting of plant aerial parts would not be of particular 

interest for the purpose of exporting metals from the CW. Under control condition, where the only source 

of metals came from the natural content of pozzolan (Table 2), plants accumulated rather high 

concentrations of metals in their biomass, which suggests that root exudates and microorganisms may 

be capable of dissolving metals from pozzolan. Metal concentrations in BG parts were generally higher 

in plants exposed to the pollutant mixtures than in control plants, and differences were statistically 

significant (Dunn’s multiple comparison test, p ≤ 0.05) between MPM plants and control plants for Al, 

Cd, Cu, Ni, and Zn; and between OMPM and control plants for As, Cr, Fe, Mn, and Pb (Table 3). 

Inversely, in AG parts, concentrations were generally higher in control plants than in plants exposed to 

the pollutant mixtures (Table 3), except for Mn. Statistically significant differences (Dunn’s multiple 

comparison test, p ≤ 0.05) were observed for Al, Cr, and Fe between control plants and MPM plants, as 

well as for Ni between control plants and OMPM plants. These results are consistent with Wheeler et al. 

[27], who reported that iron concentrations in the roots of E. hirsutum increased considerably at high 

iron concentrations (probably due to precipitated iron) in the medium but increased slightly in shoots. It 

is worth noting that our results did not confirm that E. hirsutum was hyperaccumulator of Cu, as has 

been previously reported [58]. 

Under control conditions, the lowest values of the “possible toxicity range” (Prasad et al., 2006 in [54]) 

was only exceeded for Cr and Ni concentrations in whole plant biomass (Table 4); but for all metals, 

concentrations were higher than the commonly expected composition (Markert, 1994 in [53]). Under 

MPM and OMPM conditions, the highest values of the possible toxicity range were exceeded for Cr and Ni 

concentrations, as well as for Cd under MPM conditions, and for Mn under OMPM conditions (Table 4). 

Thus, the addition of artificial effluents containing dissolved forms of metals and As modified 

element uptake patterns of E. hirsutum, both in AG and BG parts; and the main drivers of metal toxicity 

were also affected by the presence of organic pollutants. 
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Table 2. Metal and organic pollutant concentrations analyzed in pozzolan (mg/kg) and water (mg/L) of E. hirsutum microcosms at the end of 

the experiment. 

Environ. Cond. Al As Cd Cr Cu Fe Mn Ni Pb Zn THC PHE PYR LAS 

Pozzolan (mg/kg) 

Control 23.103 ± 1.103 n.m. 7.3 ± 0.3 272 ± 7 25 ± 1 33.103 ± 1.103 541±27 227±9 5.4 ± 0.3 42 ± 1 45.65 0.0231 0.028 n.m. 

MPM 23.103 ± 1.103 n.m. 5.1 ± 0.1 268 ± 10 22 ± 1 33.103 ± 1.103 522±18 225±4 5.2 ± 0.2 49 ± 1 n.m. n.m. n.m. n.m. 

OPM n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 47.16 0.0253 0.0298 n.m. 

OMPM 22.103 ± 1.103 n.m. 4.9 ± 0.3 241 ± 7 21 ± 1 32.103 ± 2.103 499 ± 17 209 ± 4 5.1 ± 0.6 46 ± 0 50.95 0.0232 0.0298 n.m. 

Water (mg/L) 

Control <0.1 <0.03 <0.01 0.02 0.02 0.02 0.01 0.01 < 0.04 0.03 0.198 0.00025 0.0001 n.m. 

MPM 1.23 < 0.03 0.09 0.04 0.08 0.69 0.07 0.43 0.05 0.83 n.m. n.m. n.m. n.m. 

OPM n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 0.0003 0.16 0.0004 0.31 

OMPM 0.13 <0.03 <0.01 <0.02 0.01 0.13 0.24 0.18 <0.04 0.06 0.0007 1.06 0.0006 0.19 

Notes: n.m. = not measured; Environ. = environment; Cond. = condition; n.m. = not measured. 

Table 3. Metal concentrations analyzed in E. hirsutum dry biomass (mg/kg DW) at the end of the experiment. For a considered biomass type, 

means followed by a same letter are not significantly different at p ≤ 0.5 (Dunn’s multiple comparison test). 

Type of 
Biomass 

Treatment
Metal Concentration in Dry Biomass (mg/kg DW) 

Al As Cd Cr Cu Fe Mn Ni Pb Zn 

BG 
Control 2372 ± 53a 1.6 ± 0.1a 1.6 ± 0.1a 23 ± 1a 19 ± 5a 5425 ± 102a 734 ± 13a 30 ± 1a 4.5 ± 0.5a 126 ± 3a 
MPM 3801 ± 561b 21 ± 3ab 187 ± 14b 160 ± 14ab 199 ± 19b 6984 ± 863ab 1370 ± 121ab 653 ± 35b 74 ± 7ab 1317 ± 82b 

OMPM 3107 ± 161ab 77 ± 2b 85 ± 2ab 194 ± 8b 122 ± 4ab 11867 ± 565b 2960 ± 68b 348 ± 13ab 144 ± 4b 643 ± 26ab 

AG 
Control 714 ± 21b <2.5 <0.5 38 ± 1b 15 ± 7 791 ± 31b 115 ± 2a 36 ± 3b 1.9 ± 0.2 64 ± 22 
MPM 140 ± 7a <2.5 5.2 ± 0.1 3.5 ± 0.5a 12 ± 1 239 ± 5a 253 ± 2ab 26 ± 1ab 2.0 ± 0.2 138 ± 3 

OMPM 284 ± 7ab <2.5 2.1 ± 0.1 19 ± 1ab 14 ± 1 532 ± 33ab 452 ± 8b 21 ± 1a 3.3 ± 0.1 95 ± 15 

Notes: n.m. = not measured; DW = Dry Weight. 
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Table 4. Metal concentrations in the whole plant dry biomass (mg/kg DW) of E. hirsutum, at the end of the experiment compared to normal 

composition of plants1 and possibly harmful concentrations2. 

 
Metal Concentration in Plant Dry Biomass (mg/kg DW) 

Al As Cd Cr Cu Fe Mn Ni Pb Zn 

Normal Composition 1 80 n.g. 0.05 1.5 10 150 200 1.5 1.0 50 

Possibly Harmful Concentration 2 n.g. 5–20 5–30 5–30 20–100 n.g. 300–500 10–100 30–300 100–400 

E. hirsutum 
Control 1171 ± 30 n.c. n.c. 34 ± 1 16 ± 7 2070 ± 51 286 ± 5 34 ± 2 2.6 ± 0.3 81 ± 17 
MPM 845 ± 113 n.c. 40 ± 3 34 ± 3 48 ± 4 1538 ± 170 468 ± 25 147 ± 7 16 ± 1 365 ± 18 

OMPM 1240 ± 59 n.c.  30 ± 0 77 ± 3 50 ± 2 4369 ± 213 1301 ± 28 131 ± 5 51 ± 1 281 ± 19 

Notes: n.g. = not given; n.c. = non-calculable; DW = Dry Weight. 1 Markert (1994) in [53]; 2 Prasad et al. (2006) in [54]. 
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3.2. Toxicity Symptoms due to Mixtures of Pollutants 

E. hirsutum plants exhibited different toxicity symptoms in the presence of the pollutant mixtures. 

Some of them appeared to be similar under MPM and OMPM conditions, while others were 

characteristic of a specific type of pollutant mixture. Under MPM and to a lesser extent OMPM 

conditions, middle-aged leaves exhibited chlorosis symptoms (Figures 1A and 2A) and then tip burning 

(Figure 2B), ending in senescence. This resulted in a statistically significant (Dunn’s multiple 

comparison test, p ≤ 0.05) drastic diminution of the proportion of green leaves under both conditions 

(Figure 3A). It is worth noting that leaf chlorosis and leaf-tip burning are rather common symptoms 

observed in plants exposed to metals [59–62]. These symptoms were not observed in control or OPM 

plants and could thus reveal metal toxicity for E. hirsutum. 

(A) (B) 

(C) (D) 

Figure 1. Effects of the pollutant mixtures on E. hirsutum plants (means ± 95% C.I.) at the 

end of the experiment on (A) number of leaves with chlorosis; (B) number of rhizomes;  

(C) limb length; (D) water content. For each parameter separately, a same letter on the top 

of plots means that the means are not statistically significantly different at p ≤ 0.05 (Dunn’s 

multiple comparison test). n.m. = not measured; C.I. = Confidence Interval. 
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Figure 2. Photographs of E. hirsutum middle-age leaves in the MPM microcosm presenting 

(A) chlorosis during the second test-phase; and (B) chlorosis and tip-burning during the third 

test-phase. 

 
(A) 

 
(B) 

Figure 3. Effects of the treatments on E. hirsutum (A) proportion of green leaves  

(mean ± 95% C.I.); (B) aerial height (mean ± 95% C.I.), during the experiment. Asterisks 

associated with values at a given time indicate a statistically significant difference  
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between the control and the contaminated plant groups (Dunn’s multiple comparison test).  

C.I. = Confidence Interval. 

The MPM plants exhibited an ecologically significant decrease in water content (Figure 1D) not 

noticed on OMPM plants, which is usually a common reaction encountered in plants exposed to metallic 

stress [63]. A statistically significant increase of the phenol index was also detected occasionally during 

the monitoring of phytometabolites (Figure 4C). 

 
(A) 

 
(B) 

 
(C) 

Figure 4. Effects of the treatments on E. hirsutum plants (mean ± 95% C.I.) on  

(A) chlorophyll index (SFR_R); (B) nitrogen balance index (NBI_R); (C) phenol index 

(ln(BRR_FRF)), during the experiment. Asterisks associated with values at a given time 
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indicate a significant difference between the control and the contaminated plant groups 

(Dunn’s multiple comparison test). C.I. = Confidence Interval. 

In addition to leaf chlorosis, tip-burning and water content increase, the OMPM caused an inhibition of 

vegetative reproduction and a reduction of the limb length (Figure 1B,C), statistically significant at the end 

of the experiment (Dunn’s multiple comparison test, p ≤ 0.05). A statistically significant slowdown of 

aerial elongation was also detected during the third test-phase (Figure 3B), but was not statistically 

significant at the end of the experiment. At the physiological level, non-destructive measurements 

performed with the Multiplex® (Force-A, Orsay, France) equipment highlighted a statistically significant 

increase (Dunn’s multiple comparison test, p ≤ 0.05) of both chlorophyll and nitrogen balance indices 

(Figures 4A,B and 5A,B). These symptoms seem to be the result of combined metal and organic pollutant 

interactions since they were not detected under the MPM or OPM conditions, and the underlying causes 

are difficult to explain, as there is a lack of knowledge in this scientific domain [7]. The substitution of 

Mg2+ in the chlorophyll molecule by heavy metal ions may have led to the formation of heavy metal 

substituted chlorophylls and the modification of its spectral properties [64–66]. Because the SFR_R 

index is a method based on the fluorescence emission ratio between the far red and red, it is possible that 

the apparent increase of chlorophyll detected was in reality caused by a decrease of red fluorescence or 

an increase of far red fluorescence [67]. The fact that this effect was detected only with OMPM could 

be related to the mobilization of metals by surfactants. More research is necessary before using the 

appearance of these different symptoms in E. hirsutum plants as specific indicators of the toxicity linked 

with metals and organic pollutants co-occurrence. 

(A) (B) 

Figure 5. Effects of the pollutant mixtures on E. hirsutum plants (means ± 95% C.I.) at the 

end of the experiment on (A) chlorophyll index (SFR_R); (B) nitrogen balance index 

(NBI_R). For each parameter separately, the same letter on the top of plots means that  

the means are not statistically significantly different (Dunn’s multiple comparison test).  

C.I. = Confidence Interval. 

Thus, as expected, E. hirsutum plants exhibited a high number of toxicity symptoms when exposed 

to the pollutant mixtures containing metals and As in microcosm CWs. Nevertheless, at the end of the 

experiment, plants exhibited visually healthy root systems (no apparent blackening or necrosis); and 

biomass production was not affected, as no significant differences of AG or BG dry weights were 
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encountered (Table 5). This is a remarkable point because a good phytoindicator in CWs should be able 

to survive when exposed to rather high contaminant concentrations. Therefore, as we hypothesized,  

E. hirsutum could be a good candidate to use in CWs for providing information about the changes of 

pollutant toxicity within the CW, when treating metal and organic pollutant mixtures.  

Table 5. Fresh weight (FW) and dry weight (DW) of the aboveground (AG) and 

belowground (BG) biomass of E. hirsutum plants for the four experimental conditions. 

Treatment BG FW (g) BG DW (g) AG FW (g) AG DW (g) 
Control 26 ± 3 3.0 ± 0.6 29 ± 4 7.7 ± 0.9 
MPM 21 ± 12 2.4 ± 1.2 35 ± 20 10.1 ± 5.9 
OPM 35 ± 13 3.2 ± 1.2 29 ± 10 6.9 ± 2.6 

OMPM 20 ± 12 1.9 ± 1.1 14 ± 6 3.8 ± 1.7 

4. Conclusions 

A high diversity of metals and organic pollutants is often found in contaminated waters released by 

industrial activities in Europe, and constructed wetlands are more and more widely used for their 

treatment. In this context, as there are potential interaction and cumulative effects between contaminants, 

physico-chemical measurements may not be sufficient to inform on the toxicity of water for plants. Thus, 

the use of phytoindicators may provide information complementary to chemical analyses that could for 

example aid in distinguishing main zones of metal and/or organic pollutants toxicity within the CW, and 

their progression in time. This may help in managing the other plant species used for phytoremediation 

in the CW. In this study it was shown that Epilobium hirsutum L. was a good potential phytoindicator, 

and that simple non-destructive monitoring could be used to detect metal and As toxicity and possibly 

trace elements and organic pollutants co-toxicity. Further studies are now being performed in on-site 

constructed wetlands, treating mixtures of organic contaminants and metals in the field in order to 

confirm our results; and the bioindication potential of other species should also be studied. 
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