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A B S T R A C T

Industrial effluents discharged into the environment may have ecotoxic effects even if they come up to
regulatory standards. Chemical evaluation of treatment performance by end-of-pipe treatment systems
is thus not sufficient, especially when mixtures of metallic and organic contaminants are concerned.
Given that contamination may alter biological characteristics of the environment, biomonitoring studies
may provide information on integrated ecotoxical effects. However, there is a need for bioassays purpose-
designed for direct use at industrial sites. Many biomonitoring tools already exist and have been proved
to be efficient for evaluating the ecotoxicity of contaminated waters, but most of them require laboratory
equipment. In this study, an experiment in microcosms under controlled conditions of pollution was
carried out to assess the morphological responses of five helophytes exposed to mixtures of organic and/
or metallic pollutants. The criteria of plant growth and development, i.e. aerial elongation and leaf
senescence, that were the most relevant for reflecting the ecotoxicity of contaminant mixtures and that
could be monitored on-site with a user-friendly method, were then selected. Focusing on these selected
criteria, a new bioindicator tool, named the Helophyte Development Index (HDI), was created. Our results
suggest that the HDI is a promising tool to use on-site for assessing the ecological state of waters released
in aquatic environment by industrial factories, following the recommendations of the European Water
Agency.
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1. Introduction

Member states of the European Union have to achieve good
chemical and ecological status of water bodies by 2015 (European
Council, 2000). To this purpose, chemical regulation levels are
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defined for industrial wastewaters released in the environment
(European Union, 1976). Nevertheless, industrial wastewaters are
characterized as complex mixtures with varying concentrations of
pollutants (Soupilas et al., 2008) and given that interactions
between contaminants frequently occur (Chen et al., 2004;
Millward et al., 2004), the ecotoxicity of purified industrial
wastewaters may not always be equal to the sum of the ecotoxicity
of each contaminant. Effluents discharged into the environment
may thus have ecotoxical effects even if each chemical is present at
a level below regulatory standards (Charles et al., 2011). This
stresses the importance of complementing the chemical approach
with the ecotoxical one to better assess the quality of industrial
wastewaters (Hoshina and Marin-Morales, 2009; Mendonça et al.,
2009; Zhou et al., 2008) before their release in aquatic bodies.
While effective off-site tools do exist to assess the chronic and
acute toxicity of wastewaters (e.g. whole effluent toxicity test
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Table 1
Metal and organic pollutant concentrations that industrials are authorised to
release in aquatic bodies (European Union, 1976).

Chemicals European environmental quality standard
(authorized concentrations in released effluents)
(mg/L)

Al 2.5
As 0.05
Cd 0.2
Cr 0.5
Cu 0.5
Fe 2.5
Mn 1
Ni 0.5
Pb 0.5
Sn 2
Zn 2
PHE 0.05
PYR 0.05
THC 10
Anionic detergent LAS 10
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methods, US EPA, 2000), user-friendly bioassays that could be used
directly on-site are still needed (Guittonny-Philippe et al., 2014;
Jones et al., 2010; Libralato et al., 2010) for a more widespread use.

To this end, several organisms could be used (Sims et al., 2013),
e.g. macroinvertebrates (Mondy et al., 2012), bryophytes (Bleuel
et al., 2005), mussels (Monirith et al., 2003), daphnia (Martins
et al., 2007), lichens (Monnet et al., 2005), microalgae (Araújo and
Souza-Santos, 2013), fishes (Yeom et al., 2007), bacteria (Soupilas
et al., 2008) or aquatic plants (Bonanno, 2012; Lewis, 1995; Haury
et al., 2006; Trémolières et al., 2007). Among these organisms,
macrophytes integrate temporal, spatial, chemical, physical, and
biological qualities of their ecosystem (Lacoul and Freedman,
2006; Rambaud et al., 2009) and simple measurements based on
morphological observations may indicate harmful effects of
exposure to contaminants (Zhou et al., 2008). Aquatic plant
species exhibit multifaceted responses to industrial pollutant
mixtures, that are dependent on the species exposed (Deng et al.,
2006; Kearney and Zhu, 2012; Zhang et al., 2010) and on the
characteristics of pollutants, including their concentrations, their
chemical types and the potential interaction between them (Babu
et al., 2001; Lin et al., 2008; Zhang et al., 2011). For these reasons,
macrophytes could be appropriate bioindicators in industrial
context, for an in situ use.

The aim of our study was to assess five helophytes’ morpho-
logical responses towards mixtures of pollutants mimetic of
industrial effluents (in a full factorial design) and to create a user-
friendly index based on these responses. In this article, we report a
new methodology – named the Helophyte Development Index
(HDI) – which could have potential further applications for
ecotoxicity assessment in European industrialised catchments.

2. Material and methods

2.1. Planted microcosm set up

Plantlets from five helophyte species commonly found in
European water bodies and exhibiting different biological traits, i.e.
Alisma lanceolatum With. (Alismataceae), Carex cuprina (Sandor ex
Heuff.) Nendtv. ex A. Kern. (Cyperaceae), Epilobium hirsutum L.
(Onagraceae), Iris pseudacorus L. (Iridaceae) and Juncus inflexus L.
(Juncaceae), were collected from a polluted wetland (South of the
Berre lagoon, South-East France; WGS 84 GPS coordinates:
longitude: E 6,426519; latitude: N 43,359009, Guittonny-Philippe
et al., 2015a) and maintained in the greenhouse for 4 months of
vegetative reproduction before experiment. The experiment has
been designed in order to distinguish metallic and organic
pollutant effects on plants and the possible interactions between
both types of contaminants in a full factorial design, as
recommended by Lewis et al., 1999. Twenty microcosms consisting
of rectangular plastic tanks (413 � 345 � 294 mm, length � width
� depth) filled up with pozzolan were implemented, as previously
described (Guittonny-Philippe et al., 2015a). The microcosms were
planted with six plant individuals per species X condition. For each
species, one microcosm was kept without contamination and
served as control and three other microcosms were independently
exposed to three different pollutant mixtures.

2.2. Chemicals and exposure phases

Three types of pollutant mixtures mimetic to industrial
effluents were added in the microcosms, as previously described
(Guittonny-Philippe et al., 2015a):

- A metallic pollutant mixture (MPM) consisting of an aqueous
mixture of eleven metallic salts, i.e. AlCl3�2H2O; AsO3;
CdSO4�8H2O; K2Cr2O7; CuSO4; Fe2O12S3; MnSO4�4H2O;
NiSO4�7H2O; Pb(NO3)2; SnCl2; ZnCl2.

- An organic pollutant mixture (OPM) composed of total hydro-
carbons (THC) (i.e. Blend Arabian Light petroleum topped at
250 �C (BAL 250)), as well as phenanthrene (PHE) and pyrene
(PYR) obtained in reagent quality from Merck (Germany) and an
anionic detergent linear alkylbenzene sulfonate (LAS) named
CARPHEM1.

- An organic and metallic pollutant mixture (OMPM) containing
both types of contaminants at concentration levels identical to
the ones used for the MPM and the OPM.

Two main criteria were considered for the choice of contam-
inants: ubiquity of selected chemicals in industrial context
(Haritash and Kaushik, 2009; Megharaj et al., 2011; Wasi et al.,
2013) and their potential ecotoxicity in mixtures (Banat et al.,1974;
Hernández-Soriano et al., 2011; Thavamani et al., 2012; Radi�c et al.,
2010; Zhang et al., 2011).

After 40 days of plant acclimatisation in microcosms (Guit-
tonny-Philippe et al., 2015a), exposure to the artificial effluents
was conducted in the microcosms for 113 days in three successive
pollution events. In the first phase, pollutant concentration levels
in the artificial effluents were set at the European environmental
quality standards (Table 1, European Union, 1976). In the second
and third phases (that began on days 35 and 70, respectively),
pollutant concentrations in the artificial effluents were ten times
higher than the European environmental quality standards, except
for the anionic detergent LAS whose concentration was equal for
the three pollution phases. In all the microcosms, 25 mL of an
organo-mineral fertilizer (NutriActiv1, NF U 42-001 produced by
FLORENDI JARDIN SAS) containing 3% of total nitrogen, 3% of total
P2O5 and 3% of water-soluble K2O was also added at the beginning
of the first test-phase.

2.3. Physico-chemical and plant parameter monitoring

In each microcosm, pH was monitored with a portable pH meter
(Hanna Instruments1). Electrical conductivity (EC, mS/cm), dis-
solved oxygen level (DO, percentage of saturation % 02/L), and
temperature (T, �C) were monitored with a WTW1 device. These
measurements were repeated at least once per month. Aerial
height (height of the longest leaf or shoot) and number of leaves
(green, senescent or dead) of each plant individual were monitored
at least every two weeks during the experiment. A leaf was
considered senescent when at least one third of its surface was
yellow or brown (Holopainen et al., 2010). Heights were measured



Table 2
Contaminant concentrations in water of control microcosms at the end of the
experiment (mean of microcosms, n = 5). n.m.: not measured.

Chemicals Concentrations in control microcosms (mg/L)

Al 0.24 � 0.20
As <0.03
Cd <0.01
Cr 0.025 � 0.001
Cu 0.02 � 0.01
Fe 0.19 � 0.29
Mn 0.15 � 0.29
Ni 0.03 � 0.03
Pb <0.04
Sn n.m.
Zn 0.04 � 0.03
PHE 0.27 � 10�3� 0.03 � 10�3

PYR 0.10 � 10�3� 0.003 � 10�3

THC 0.23 � 0.03
Anionic detergent LAS n.m.
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from the level of the pozzolan surface. The biomonitoring data
were recorded in 13 times of measurements along the experiment.

2.4. Chemical analysis

Before enriching microcosms with the artificial effluents, three
water aliquots were taken in the pollutant mixtures in order to
determine the real value of initial concentrations of pollutants
added in the microcosms (Guittonny-Philippe et al., 2015a). At the
end of each test-phase, water samples were collected in the
contaminated microcosms to determine the residual concentra-
tions of pollutants. Rhizospheric pozzolan (pozzolan in contact
with plant roots) samples were taken at the end of the third test-
phase in each microcosm in order to analyse metals (in all
microcosms) and organic pollutants (Guittonny-Philippe et al.,
2015a). At this time, five plant individuals per microcosm were
harvested for metal analysis in plant biomass (Guittonny-Philippe
et al., 2015b).

Samples were analysed for Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn
content by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES; Sn was not quantified because of analytical
constraints linked to the presence of spectroscopic interferences
with other elements and to the low sensitivity obtained with the
available apparatus), as previously described (Guittonny-Philippe
et al., 2015a).

The concentration of anionic detergent LAS was monitored by
MBAS analysis according to EPA 425.1 method (Clesceri et al., 1998).

Briefly, for the analysis of phenanthrene (PHE), pyrene (PYR)
and total hydrocarbons (THC), water samples were extracted by
liquid–liquid extraction with n-hexane. Sample extracts were
reduced to 1 mL and analysed using a gas chromatograph (7890A
GC System, Agilent Technologies, USA) coupled to a 7000 Triple
Quad mass spectrometer, equipped with an HP-5MS silica fused
capillary column (30 m � 0.25 mm inner diameter � 0.25 mm film
thickness). The quantification of PHE and PYR was performed by
using chrysene-D12 as surrogate and phenanthrene-D10 as inter-
nal 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. The specific conditions used for extractions together
with the chromatographic and mass spectrometry parameters
have been previously detailed (Guittonny-Philippe et al., 2015a).

2.5. Statistical analysis

For each species in control and OPM, MPM or OMPM conditions,
growth traits (aerial height and proportion of green leaves) were
Table 3
Contaminant concentrations in water of OMPM microcosms at the end of the test-pha

Chemicals Organic pollutant and metal concentratio

Phase 1 

Al 0.33 � 0.34 

As <0.03 

Cd <0.01 

Cr 0.013 � 0.03 

Cu 0.01 � 0.01 

Fe 0.28 � 0.22 

Mn 0.59 � 0.23 

Ni 0.02 � 0.01 

Pb <0.04 

Sn n.m. 

Zn 0.06 � 0.04 

PHE 0.28 � 10�3� 0.06 � 10�3

PYR 1.66 � 10�3� 0.15 �10�3

THC 3.42 � 2.76 

Anionic detergent LAS 0.44 � 0.14 
analysed using an univariate analysis of repeated measures
(rmANOVAs) since models were set up of independent orthogonal
components (Von Ende, 2001). Two-tailed Student’s t-tests (for
comparison of two means with equal variances assessed by F-test)
were performed to test significant differences between control and
MPM, OPM or OMPM plants in growth traits, at each date of plant
measurement. In case of unequal variances, two-tailed t-test with
Welch’s correction was carried out.

Data were analysed statistically using GraphPad Prism version
6.00 for Windows, GraphPad Software.

3. Results and discussion

3.1. Fate of pollutants in microcosms during the test-phases

In every microcosm and for all the contaminants, mean aqueous
concentrations in water at the end of each test-phase (Tables 2–5)
were below the water regulatory limits that industrial factories are
authorized to release in natural environments (Table 1, European
Union, 1976), except for Mn in OMPM microcosms that was slightly
over 1 mg/L at the end of phases 2 and 3 (Table 3). In MPM
microcosms, mean removals of metals varied from 52% for Mn to
98% for Cu in the first test-phase, while mean removals of metals
were all over 88% in the second and third test-phases. In OPM
microcosms, mean removals of organic pollutants were comprised
between 64% for THC to 99% for PHE in the first test-phase, and
were all over 87% in the second and third test-phases. In OMPM
ses (mean of microcosms, n = 5). n.m.: not measured.

ns (mg/L) in water of OMPM microcosms

Phase 2 Phase 3

0.34 � 0.21 0.25 � 0.27
<0.03 <0.03
0.017 � 0.017 0.005 � 0.02
0.021 � 0.007 0.018 � 0.004
0.02 � 0.01 0.01 � 0.01
0.54 � 0.32 0.17 � 0.07
1.70 � 0.38 1.21 � 1.11
0.08 � 0.05 0.28 � 0.20
<0.04 <0.04
n.m. n.m.
0.23 � 0.08 0.17 � 0.11
3.53 � 10�3� 1.61 �10�3 0.85 �10�3� 0.24 �10�3

2.55 �10�3� 0.45 �10�3 0.76 � 10�3� 0.11 �10�3

0.28 � 0.07 0.79 � 0.30
0.61 � 0.14 0.22 � 0.06



Table 4
Organic pollutant concentrations in water of OPM microcosms at the end of the test-phases (mean of microcosms, n = 5).

Chemicals Organic pollutant concentrations (mg/L) in water of OPM microcosms

Phase 1 Phase 2 Phase 3

PHE 0.29 � 10�3� 0.03 �10�3 3.53 � 10�3� 2.12 � 10�3 0.68 � 10�3� 0.23 �10�3

PYR 1.64 �10�3� 0.09 � 10�3 3.62 � 10�3� 1.05 �10�3 1.18 � 10�3� 0.58 � 10�3

THC 2.53 � 1.83 0.73 � 0.45 0.55 � 0.29
Anionic detergent LAS 0.44 � 0.11 0.59 � 0.19 0.24 � 0.05
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microcosms, mean removals of metals were comprised between
53% for Mn to 98% for Cu, and mean removals of organic pollutants
were between 52% for THC and 96% for PYR in the first test-phase.
In the second and third test-phases, mean removals of metals were
all over 85%, and mean removals of organic pollutants were all over
87%.

The strong decrease of aqueous metal concentrations is
attributable to a set of geochemical reactions (e.g. metal
precipitation as oxides, sulfides or carbonates, co-precipitation,
complexation) depending on physico-chemical conditions, even if
for some metals like Al, Fe or Mn, sorption in plants also
significantly contributed in metal removal (Guittonny-Philippe
et al., 2015b). The strong decrease of aqueous organic pollutant
concentrations may have been caused by adsorption in plants
(Simonich and Hites, 1995), biodegradation by plants and/or
rhizospheric microorganisms (Atlas, 1981; Cerniglia, 1993; Gramss
et al., 1999; Imfeld et al., 2009; Thoumelin, 1995), or adsorption in
plastic tank sides or pozzolan (Dordio and Carvalho, 2013;
Temmink and Klapwijk, 2004).

3.2. Morphological responses of helophytes exposed to the pollutant
mixtures during the test-phases

The OMPM and the OPM limited the aerial elongation of two out
of the five species, i.e. I. pseudacorus, J. inflexus (Figs. 1A and 2A )
from the second test-phase. The OMPM and the MPM provoked an
acceleration of the leaf senescence in three out of the five
helophytes, i.e. A. lanceolatum, E. hirsutum, J. inflexus (Figs. 1B and
2B), from the second test-phase. These results are consistent with
previous studies concerning impacts of organic pollutants (Adieze
et al., 2012; Alkio et al., 2005; Chaîneau et al., 1997; Liu et al., 2004;
Ma et al., 2010; Yu et al., 2006) and metals (Briat and Lebrun, 1999;
Kabata-Pendias, 2011; Rascio and Navarri-Izzo, 2011) on plant
growth and development. Consequently, for revealing the global
health status of plants exposed simultaneously to metals and
organic pollutants, we created the species development values
Table 5
Metal concentrations in water of MPM microcosms at the end of the test-phases
(mean of microcosms, n = 5). n.m.: not measured.

Chemicals Metal concentrations (mg/L) in water of MPM microcosms

Phase 1 Phase 2 Phase 3

Al 0.55 � 0.49 1.71 � 2.66 2 � 0.71
As <0.03 <0.03 <0.03
Cd <0.01 0.018 � 0.02 0.10 � 0.03
Cr <0.02 0.024 � 0.018 0.07 � 0.05
Cu 0.01 � 0.01 0.04 � 0.04 0.11 � 0.03
Fe 0.46 � 0.26 0.66 � 0.36 0.57 � 0.12
Mn 0.61 � 0.04 0.39 � 0.29 0.09 � 0.07
Ni 0.03 � 0.00 0.27 � 0.16 0.43 � 0.16
Pb <0.04 0.05 � 0.02 0.05 � 0.01
Sn n.m. n.m. n.m.
Zn 0.09 � 0.03 0.43 � 0.35 0.93 � 0.25
“sdv” calculated on the basis of two morphological criteria: green
leaves’ proportion and relative size of plants.

3.3. Development of the ecotoxical index on the basis of plant
morphological responses

3.3.1. Calculation of the species development values “sdv”
Green leaves proportion of the plant individuals (Glpi) is

calculated as the number of green leaves of the plant individual
(gli) divided by the total number of leaves (including senescing and
dead leaves still attached to the stem) of the same plant individual
(tli): Glpi = gli/tli. On the basis of the results previously described,
the Glpi should traduce the alteration of plant development linked
with the ecotoxicity of metals.

Relative size of the plant individuals (Rsi) is calculated as the
height of the plant individual (hi; corresponding to the height of
the longest shoot for E. hirsutum and of the longest leaf for the four
other species) divided by the height of the plant individual of
reference at the corresponding time of measurement (hri;
corresponding to the height of the highest individual among
control individuals at the time of measurement): Rsi = hi/hri. On the
basis of the results previously described, the Rsi should traduce the
alteration of plant growth linked with the ecotoxicity of organic
pollutants.

The species development values of each individual (sdvi) are
then calculated at each time of measurement, as follow: sdvi= (
Glpi + Rsi) � 10.

The multiplication by a factor 10 enables obtaining scores of
sdvi on a scale of 20.

Then, the mean of sdvi for each “species � condition” is
calculated, to obtain the species development values (sdv) at
each time of measurement which is expected to reflect the
ecotoxicity of both metals and organic pollutants on the
considered species.

3.3.2. Calculation of the HDI
In order to reveal ecotoxicity of pollutant mixtures, we created

an index based on global responsive aerial traits and called it
“Helophyte Development Index (HDI)”. The HDI is calculated at
each time of biometric measurement, by summing, for the n
species considered (n = 5 in this study), the differences of sdv
between control and contaminated conditions, when significant
(non-parametric Mann–Whitney U-tests; P-value < 0.05):

HDI ¼ P
n species sdv controlð Þ � sdv contaminatedÞð ��:�

The theoretical maximum ecotoxical value of the HDI calculated
with five species is +100 and is reached when all the plants in
contaminated environment are dead while all the plants in control
environment both reached the maximum height and do not have
any dry or senescent leaves. In order to reveal the ecotoxicity of the
OMPM, we calculated the HDI on the basis of the five species used
in this study (Table 6).



Fig. 1. (A) Impact of the OPM on aerial elongation of I. pseudacorus and J. inflexus (means � SEM); (B) impact of the MPM on leaf senescence of A. lanceolatum,C. cuprina, and E.
hirsutum (means � SEM); and (C) results of the repeated measures ANOVA performed on the proportion of green leaves of E. hirsutum, A. lanceolatum and J. inflexus and on the
plant aerial height of I. pseudacorus and J. inflexus. Asterisks associated with values at a given time indicate a significant difference (***p 	 0.001; **p 	 0.01; *p 	 0.05) between
the control and the contaminated plants (two-tailed Student’s t-tests).
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3.4. Use of the sdv and HDI for revealing the ecotoxicity of the OMPM

3.4.1. sdv of the five helophytes in control and OMPM microcosms
The sdv of A. lanceolatum in control and OMPM conditions

became significantly different (Mann–Whitney U-tests, P-value
	 0.05) immediately after the second addition of the pollutant
mixture (Fig. 3A). For this species, significant differences of sdv
were observed on 6 out of 9 measurement times performed during
the two last test-phases (Table 4).

No significant difference of sdv could be observed between
control and OMPM conditions for C. cuprina on the 13 measure-
ment times performed throughout the experiment, and sdv stayed
quite constant, at a level over 15/20 (Fig. 3B).

The sdv of E. hirsutum in OMPM condition became significantly
lower compared to the sdv in control condition, from the middle of
the second test-phase, until the end of the experiment (Fig. 3C).

In control and OMPM conditions, I. pseudacorus had similar sdv
from the beginning of the first test phase until the end of the
second test-phase (Fig. 3D). Then sdv in control condition became
significantly higher than that in OMPM condition (Table 4).

For J. inflexus, during the end of the first test-phase and the
beginning of the second, sdv in the OMPM condition was
significantly higher than that in the control condition (Fig. 3E).
After the third addition of artificial industrial effluent, J. inflexus in
the OMPM condition had a significantly lower sdv than in the
control condition, until the end of the experiment.

Significant sdv differences between the control and the OMPM
conditions were always positive for E. hirsutum, A. lanceolatum, I.
pseudacorus and J. inflexus after the 30th April, during the second
and third test-phases. This means that the OMPM altered the
development of these helophytes compared to tap water.

3.4.2. Use of HDI as ecotoxical index of OMPM water
The HDI, calculated on the basis of the significant sdv

differences of the five plant species used in this study, reached a
positive value from the moment pollutant concentrations in the
OMPM went over regulation levels (after the beginning of the
second test-phase, day 35), and it rose remarkably following a
linear trend between the second phase and the beginning of the
third phase (Fig. 4). Consequently, the HDI variation range revealed
the harmful effects on the helophytes exposed to the OMPM, with
pollution over the regulation levels. At the end of experiment, the
HDI reached a plateau ca. +20 points. On one hand, the plateau may
be due to the fact that we did not renew the feeding of the



Fig. 2. (A) Impact of the MPMO on aerial elongation of I. pseudacorus and J. inflexus (means � SEM); (B) impact of the MPMO on leaf senescence of A. lanceolatum, C. cuprina,
and E. hirsutum (means � SEM); and (C) results of the repeated measures ANOVA performed on the proportion of green leaves of E. hirsutum, A. lanceolatum and J. inflexus and
on the plant aerial height of I. pseudacorus and J. inflexus. Asterisks associated with values at a given time indicate a significant difference (***p 	 0.001; **p 	 0.01; *p 	 0.05)
between the control and the contaminated plants (two-tailed Student’s t-tests or Mann–Whitney U-test).

Table 6
Differences of sdv between control and OMPM conditions for the 5 helophyte species and HDI. Values in bold correspond to significant difference between the sdv (p 	 0.05).
n.r.: not relevant.

Date of measurement Phase Differences of sdv (sdv control � sdv OMPM) HDI

A. lanceolatum C. cuprina E. hirsutum I. pseudacorus J. inflexus 5 Species

19/03/2012 1 �5.2 0 �0.1 �0.6 �0.3 n.r.
30/03/2012 �4.0 0.3 1.4 �0.9 �1.9 n.r.
13/04/2012 �1.7 0.3 2.3 0.3 �3.2 �3.2
20/04/2012 �0.3 0.9 2.4 �0.3 �2.8 �2.8

30/04/2012 2 4.5 1.1 0.9 �0.6 �2.5 2
07/05/2012 3.2 1.0 1.7 0.8 �1.6 3.2
14/05/2012 2.2 1.2 4.7 0.5 �0.4 6.9
21/05/2012 1.1 1.1 5.0 2.8 0.5 7.8
25/05/2012 3.5 1.0 5.5 3.0 0.4 12

04/06/2012 3 5.1 1.1 6.7 3.0 2.2 17
11/06/2012 4.8 1.2 9.4 2.8 2.9 15.1
21/06/2012 3.5 0.9 7.4 5.6 3.9 20.4
09/07/2012 1.5 0.7 5.8 8.4 4.8 19
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microcosms with artificial effluent. On the other hand, summer
high temperatures may have induced the senescence of control
plants, thereby, hiding the differences between control and OMPM
conditions. All these results demonstrated that the HDI, as
described here, provided a means of revealing the ecotoxicity of
the artificial industrial effluent containing both organic and
metallic contaminants. For a more polluted effluent, we could
expect a supplementary increase of the HDI, given that some of the



Fig. 3. sdv of control and OMPM conditions for (A) A. lanceolatum, (B) C. cuprina,(C) E. hirsutum, (D) I. pseudacorus and (E) J. inflexus. Control sdv are represented with empty
symbols and dotted lines, OMPM sdv are represented with full symbols and continuous lines. Asterisks associated with values at a given time indicate a significant difference
(**p 	 0.01; *p 	 0.05) between the sdv of control and OMPM conditions (Mann–Whitney U-tests).
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used helophytes did not exhibit any change in their health status
(no sdv differences between OMPM and control conditions) and
none of the plants died in OMPM condition during the experiment.

3.4.3. Perspectives for using the HDI
Each species exhibits its own responses to a given contaminant,

with various levels of sensitivity and reaction time. This highlights
the benefit of using multiple species for assessing the ecological
state of water (Bae and Park, 2014). The present study shows that
the use of A. lanceolatum, I. pseudacorus and E. hirsutum species
seems to be well suited for providing information on the
ecotoxicity of industrial pollutant mixtures in ranges of concen-
trations up to 10 times higher than those authorised for industrial
releases in aquatic environment. J. inflexus and C. cuprina species,
that appeared to be more tolerant to pollutant mixtures, can also
be used in the case of conditions of higher contamination.

Given that ecotoxicity of an industrial effluent may vary in time
depending on the entrant effluent, performance of the treatment
station or rainfall, it is appropriate to have at least five species in
the HDI calculation to cover the various ranges of ecotoxicity. This



Fig. 4. Evolution of the HDI calculated on the basis of the 5 helophytes, during the
three test-phases.
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is one other benefit provided by this multi-specific bioindication
tool in comparison with the majority of existing ecotoxical tests
that are based on a single species (De Laender et al., 2009).

The HDI has been tested in microcosms with artificial effluents
containing metals and organic pollutants and should now be tested
on-site to estimate the ecotoxicity of several types of effluents (e.g.
leachates from ultimate waste storage plants or effluents from
recycling plants of used cars) in view of confirming its relevance
and reliability.

4. Conclusion

We assessed the morphological responses of five helophytes of
different biological types in order to create a new bioindicator tool,
the Helophyte Development Index (HDI), which may provide
relevant information on the ecotoxical potential of industrial
wastewaters, following the recommendations of the European
Water Agency. The HDI tool has the potential to be routinely used
to check the ecotoxicity of industrial discharges, but it is first
necessary to accumulate in situ data in order to validate this
method under various real environmental and contamination
conditions.

For the purposes of Water Framework Directive implementa-
tion, direct ecotoxicity assessment of wastewater treatment plant
discharges is a way of attaining or maintaining ecological quality
objectives in water masses. Calculation of the HDI is a promising
tool to be used on-site for assessing the ecological state of waters
released in aquatic environment by industrial factories and this
new tool addresses strong expectations of engineering consulting
firms for their environmental diagnoses. The HDI could be also
well-suited to assess the ecotoxicity of other types of waters (e.g.
containing biotoxins, pesticides). We advocate testing the HDI
suitability in other contexts, taking care to adapt the choice and the
number of species to the objectives.

Acknowledgements

This research was supported by a CIFRE grant (no. 2010/0696)
for Anna Philippe PhD, from the Association Nationale de la
Recherche et de la Technologie and the company ECO-MED. The
work presented here is part of the program ECO-PHYT funded by
the Rhone-Mediterranean and Corsica Water Agency. Many thanks
to the botanist Daniel Pavon for his help in plant determination, to
Arnaud Alary (Recycl’eau company) for his advice on wetland
plantlets and providing pozzolan media, and to Carine Demelas,
Laurent Vassalo and Fehmi Kanzari for their help in chemical
analyses. We would like to thank Michael Paul for revising the
English of this text.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.
ecoleng.2015.01.022.

References

Adieze, I.E., Orji, J.C., Nwabueze, R.N., Onyeze, G.O.C., 2012. Hydrocarbon stress
response of four tropical plants in weathered crude oil contaminated soil in
microcosms. Int. J. Environ. Stud. 69, 490–500.

Alkio, M., Tabuchi, T.M., Wang, X., Colón-Carmona, A., 2005. Stress responses to
polycyclic aromatic hydrocarbons in Arabidopsis include growth inhibition and
hypersensitive response-like symptoms. J. Exp. Bot. 56, 2983–2994.

Araújo, C.F.C., Souza-Santos, L.P., 2013. Use of the microalgae Thalassiosira weissflogii
to assess water toxicity in the Suape industrial-port complex of Pernambuco,
Brazil. Ecotoxicol. Environ. Saf. 89, 212–221.

Atlas, R.M., 1981. Microbial degradation of petroleum hydrocarbons: an
environmental perspective. Microbiol. Rev. 45, 180–209.

Babu, T.S., Marder, J.B., Tripuranthakam, S., George, D.G., Greenber, B.M., 2001.
Synergistic effects of a photooxidized polycyclic aromatic hydrocarbon and
copper on photosynthesis and plant growth: evidence that in vivo formation of
reactive oxygen species is a mechanism of copper toxicity. Environ. Toxicol.
Chem. 20, 1351–1358.

Bae, M.J., Park, Y.S., 2014. Biological early warning system based on the responses of
aquatic organisms to disturbances: a review. Sci. Total Environ. 466–467,
635–649.

Banat, K., Forstner, U., Muller, G., 1974. Experimental mobilization of metals from
aquatic sediments by nitrilotriacetic acid. Chem. Geol. 14, 199–207.

Bleuel, C., Wesenberg, D., Sutter, K., Miersch, J., Braha, B., Bärlocher, F., Krauss, G.J.,
2005. The use of the aquatic moss Fontinalis antipyretica L. ex Hedw. as a
bioindicator for heavy metals. Sci. Total Environ. 345, 13–21.

Bonanno, G., 2012. Arundo donax as a potential biomonitor of trace element
contamination in water and sediment. Ecotoxicol. Environ. Saf. 80, 20–27.

Briat, J.F., Lebrun, M.,1999. Plant responses to metal toxicity. C. R. Acad. Sci. Paris/Life
Sci. 322, 43–54.

Cerniglia, C.E., 1993. Biodegradation of polycyclic aromatic hydrocarbons. Curr.
Opin. Biotechnol. 4, 331–338.

Chen, Y.X., Lin, Q., He, Y.F., Tian, G.M., 2004. Behavior of Cu and Zn under combined
pollution of 2,4-dichlorophenol in the planted soil. Plant Soil 261, 127–134.

Chaîneau, C.H., Morel, J.L., Oudot, J., 1997. Phytotoxicity and plant uptake of fuel oil
hydrocarbons. J. Environ. Qual. 26, 1478–1483.

Charles, J., Sancey, B., Morin-Crini, N., Badot, P.M., Degiorgi, F., Trunfio, G., Crini, G.,
2011. Evaluation of the phytotoxicity of polycontaminated industrial effluents
using the lettuce plant (Lactuca sativa) as a bioindicator. Ecotoxicol. Environ.
Saf. 74, 2057–2064.

Clesceri, L.S., Greenberg, A.E., Eaton, A.D., 1998. Methylene Blue Active Substances
Method # 5540 C, twentieth ed. American Public Health Association, Standards
Methods for the Examination of Water and Wastewater, Washington, D.C, pp. 5–
47.

De Laender, F., De Schamphelaere, K.A.C., Vanrolleghem, P.A., Janssen, C.R., 2009.
Comparing ecotoxicological effect concentrations of chemicals established in
multi-species vs. single–species toxicity test systems. Ecotoxicol. Environ. Saf.
72, 310–315.

Deng, H., Ye, Z.H., Wong, M.H., 2006. Lead and zinc accumulation and tolerance in
populations of six wetland plants. Environ. Pollut. 141, 69–80.

Dordio, A.V., Carvalho, A.J.P., 2013. Organic xenobiotics removal in constructed
wetlands, with emphasis on the importance of the support matrix. J. Hazard.
Mater. 252–253, 272–292.

European Council, 2000. Directive 2000/60/EC of the European Parliament and of
the Council of 23 October 2000 establishing a framework for community action
in the field of water policy. Off. J. Eur. Union 327, 1–72.

European Union, 1976. Council Directive of 4 May 1976 on pollution caused by
certain dangerous substances discharged into the aquatic environment of the
community (76/464/EEC). Off. J. Eur. Communities 7.

Gramss, G., Kirsche, B., Voigt, K., Gunther, T., Fritsche, W., 1999. Conversion rates of
five polycyclic aromatic hydrocarbons in liquid cultures of fifty-eight fungi and
the concomitant production of oxidative enzymes. Mycol. Res. 103, 1009–1018.

Guittonny-Philippe, A., Masotti, V., Höhener, P., Boudenne, J.L., Viglione, J., Laffont-
Schwob, I., 2014. Constructed wetlands to reduce metal pollution from
industrial catchments in aquatic Mediterranean ecosystems: a review to
overcome obstacles and suggest potential solutions. Environ. Int. 64, 1–16.

Guittonny-Philippe, A., Petit, M.E., Masotti, V., Monnier, Y., Malleret, L., Coulomb, B.,
Combroux, I., Baumberger, T., Viglione, J., Laffont-Schwob, I., 2015a. Selection of
wild macrophytes for use in constructed wetlands for phytoremediation of
contaminant mixtures. J. Environ. Manag. 147, 108–123.

Guittonny-Philippe, A., Masotti, V., Claeys-Bruno, M., Malleret, L., Coulomb, B.,
Prudent, P., Höhener, P., Petit, M.E., Sergent, M., Laffont-Schwob, I., 2015b.
Impact of organic pollutants on metal and As uptake by helophyte species and

http://dx.doi.org/10.1016/j.ecoleng.2015.01.022
http://dx.doi.org/10.1016/j.ecoleng.2015.01.022
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0005
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0005
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0005
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0010
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0010
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0010
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0015
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0015
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0015
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0020
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0020
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0025
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0025
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0025
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0025
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0025
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0030
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0030
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0030
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0035
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0035
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0040
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0040
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0040
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0045
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0045
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0050
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0050
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0055
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0055
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0060
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0060
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0065
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0065
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0070
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0070
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0070
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0070
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0075
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0075
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0075
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0075
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0080
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0080
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0080
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0080
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0085
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0085
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0090
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0090
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0090
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0095
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0095
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0095
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0100
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0100
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0100
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0105
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0105
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0105
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0110
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0110
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0110
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0110
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0115
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0115
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0115
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0115
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0120
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0120
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0120


188 A. Guittonny-Philippe et al. / Ecological Engineering 77 (2015) 180–188
consequences for constructed wetlands design and management. Water Res. 68,
328–341.

Haritash, A.K., Kaushik, C.P., 2009. Biodegradation aspects of polycyclic aromatic
hydrocarbons (PAHs): a review. J. Hazard. Mater. 169, 1–15.

Haury, J., Peltre, M.C., Trémolières, M., Barbe, J., Thiébaut, G., Bernez, I., Daniel, H.,
Chatenet, P., Haan-Archipoff, G., Muller, S., Dutartre, A., Laplace-Treyture, C.,
Cazaubon, A., Lambert-Servien, E., 2006. A new method to assess water trophy
and organic pollution: the Helophyte Biological Index for rivers (IBMR) –

application to different types of rivers and pollutions. In: Caffrey, J.M., Dutartre,
A., Haury, J., Murphy, K.J., Wade, P.M. (Eds.), Developments in Hydrobiology:
Helophytes in Aquatic Ecosystems: From Biology to Management. Springer, pp.
153–158.

Hernández-Soriano, M.D.C., Degryse, F., Smolders, E., 2011. Mechanisms of
enhanced mobilisation of trace metals by anionic surfactants in soil. Environ.
Pollut. 159, 809–816.

Holopainen, J.K., Heijari, J., Oksanen, E., Alessio, G.A., 2010. Leaf volatile emissions of
Betula pendula during autumn coloration and leaf fall. J. Chem. Ecol. 36,
1068–1075.

Hoshina, M.M., Marin-Morales, M.A., 2009. Micronucleus and chromosome
aberrations induced in onion (Allium cepa) by a petroleum refinery effluent and
by river water that receives this effluent. Ecotoxicol. Environ. Saf. 72,
2090–2095.

Imfeld, G., Braeckevelt, M., Kuschk, P., Richnow, H., 2009. Monitoring and assessing
processes of organic chemicals removal in constructed wetlands. Chemosphere
74, 349–362.

Jones, J.I., Davy-Bowker, J., Murphy, J.F., Pretty, J.L., 2010. Ecological monitoring and
assessment of pollution in rivers, In: Batty, L.C., Hallberg, K.B. (Eds.), Ecology of
Industrial Pollution. first ed. Cambridge University Press, British Ecological
Society, pp. 126–146.

Kabata-Pendias, A., 2011. Trace Elements in Soils and Plants, fourth ed. Taylor and
Francis group, CRC Press, Boca Raton, FL, USA, pp. 505.

Kearney, M.A., Zhu, W., 2012. Growth of three wetland plant species under single
and multi-pollutant wastewater conditions. Ecol. Eng. 47, 214–220.

Lacoul, P., Freedman, B., 2006. Environmental influences on aquatic plants in
freshwater ecosystems. Environ. Rev. 14, 89–136.

Lewis, M.A., 1995. Use of freshwater plants for phytotoxicity testing: a review.
Environ. Pollut. 87, 319–336.

Lewis, G.A., Mathieu, D., Phan-Tan-Luu, R.,1999. In: Dekker, M. (Ed.), Pharmaceutical
Experimental Design. Basel, Hong Kong, New York, pp. 498.

Libralato, G., Ghirardini Annamaria, V., Francesco, A., 2010. How toxic is toxic? A
proposal for wastewater toxicity hazard assessment. Ecotoxicol. Environ. Saf.
73, 1602–1611.

Lin, Q., Shen, K.L., Zhao, H.M., Li, W.H., 2008. Growth response of Zea mays L. in
pyrene–copper co-contaminated soil and the fate of pollutants. J. Hazard. Mater.
150, 515–521.

Liu, H.Y., Liao, B.H., Zhou, P.H., Yu, P.Z., 2004. Toxicity of linear alkylbenzene
sulfonate and alkylethoxylate to aquatic plants. Environ. Contam. Toxicol. 72,
866–872.

Ma, B., He, Y., Chen, H.H., Xu, J.M., Rengel, Z., 2010. Dissipation of polycyclic aromatic
hydrocarbons (PAHs) in the rhizosphere: synthesis through meta-analysis.
Environ. Pollut. 158, 855–861.

Martins, J., Soares, M.L., Saker, M.L., Olivateles, L., Vasconcelos, V.M., 2007.
Phototactic behavior in Daphnia magna Straus as an indicator of toxicants in the
aquatic environment. Ecotoxicol. Environ. Saf. 67, 417–422.

Megharaj, M., Ramakrishnan, B., Venkateswarlu, K., Sethunathan, N., Naidu, R., 2011.
Bioremediation approaches for organic pollutants: a critical perspective.
Environ. Int. 37, 1362–1375.

Mendonça, E.,Picado,A., Paixão,S.M., Silva, L.,Cunha,M.A., Leitão, S., Mourab, I.,Cortez,
C., Brito, F., 2009. Ecotoxicity tests in the environmental analysis of wastewater
treatment plants: case study in Portugal. J. Hazard. Mater. 163, 665–670.

Millward, R.N., Carman, K.R., Fleeger, J.W., Gambrell, R.P., Portier, R., 2004. Mixtures
of metals and hydrocarbons elicit complex responses by a benthic invertebrate
community. J. Exp. Mar. Biol. Ecol. 310, 115–130.
Mondy, C.P., Villeneuve, B., Archaimbault, V., Usseglio-Polatera, P., 2012. A new
macroinvertebrate-based multimetric index (I2M2) to evaluate ecological
quality of French wadeable streams fulfilling the WFD demands: a taxonomical
and trait approach. Ecol. Indic. 18, 452–467.

Monirith, I., Ueno, D., Takahashi, S., Nakata, H., Sudaryanto, A., Subramanian, A.,
Karuppiah, S., Ismail, A., Muchtar, M., Zheng, J., Richardson, B.J., Prudente, M.,
Hue, N.D., Tana, T.S., Tkalin, A.V., Tanabe, S., 2003. Asia-Pacific mussel watch:
monitoring contamination of persistent organochlorine compounds in coastal
waters of Asian countries. Mar. Pollut. Bull. 46, 281–300.

Monnet, F., Bordas, F., Deluchat, V., Chatenet, P., Botineau, M., Baudu, M., 2005. Use of
the aquatic lichen as bioindicator of copper pollution: accumulation and
cellular distribution tests. Environ. Pollut. 138, 456–462.

Radi�c, S., Stipani9cev, D., Vuj9ci�c, V., Raj9ci�c, M.M., Širac, S., Pevalek-Kozlina, B., 2010.
The evaluation of surface and wastewater genotoxicity using the Allium cepa
test. Sci. Total Environ. 408, 1228–1233.

Rambaud, M., Combroux, I., Haury, J., Moret, J., Machon, M., Zavodna, M., Pavoine, S.,
2009. Relationships between channelization structures, environmental
characteristics, and plant communities in four French streams in the Seine–
Normandy catchment. J. N. Am. Benthol. Soc. 28, 596–610.

Rascio, N., Navarri-Izzo, F., 2011. Heavy metal hyperaccumulating plants: how and
why do they do it? And what makes them so interesting?. Plant Sci. 180,
169–181.

Simonich, S.L., Hites, R.A., 1995. Organic pollutant accumulation in vegetation.
Environ. Sci. Technol. 29, 2905–2914.

Sims, A., Zhang, Y., Gajaraj, S., Brown, P.B., Hu, Z., 2013. Toward the development of
microbial indicators for wetland assessment. Water Res. 47, 1711–1725.

Soupilas, A., Papadimitriou, C.A., Samaras, P., Gudulas, K., Petridis, D., 2008.
Monitoring of industrial effluent ecotoxicity in the greater Thessaloniki area.
Desalination 224, 261–270.

Temmink, H., Klapwijk, B., 2004. Fate of linear alkylbenzene sulfonate (LAS) in
activated sludge plants. Water Res. 38, 903–912.

Thavamani, P., Malik, S., Beer, M., Megharaj, M., Naidu, R., 2012. Microbial activity
and diversity in long-term mixed contaminated soils with respect to
polyaromatic hydrocarbons and heavy metals. J. Environ. Manag. 99, 10–17.

Thoumelin, G., 1995. Les tensioactifs dans les eaux douces et marines analyse,
comportement, écotoxicologie. Repèr. Océan 9, 1–112.

Trémolières, M., Hermann, A., Combroux, I., Nobelis, P., 2007. Conservation status
assessment of aquatic habitats within the Rhine floodplain using an index based
on helophytes. Ann. Limnol. – Int. J. Limnol. 43, 233–244.

US EPA (United States Environmental Protection Agency), 2000. Method Guidance
and Recommendations for Whole Effluent Toxicity (WET) Testing (40CFR Part
136), 74p.

Von Ende, C.N., 2001. Repeated-measures analysis growth and other time-
dependent measures. In: Scheiner, S.M., Gurevitch, J. (Eds.), Design and Analysis
of Ecological Experiments. Oxford University Press, Inc., New York, pp. 134–157.

Wasi, S., Tabrez, S., Ahmad, M., 2013. Toxicological effects of major environmental
pollutants: an overview. Environ. Monit. Assess. 185, 2585–2593.

Yeom, D.H., Lee, S.A., Kang, G.S., Seo, J., Lee, S.K., 2007. Stressor identification and
health assessment of fish exposed to wastewater effluents in Miho Stream,
South Korea. Chemosphere 67, 2282–2292.

Yu, X., Trapp, S., Zhou, P., Peng, X., Cao, X., 2006. Response of weeping willows to
linear alkylbenzene sulfonate. Chemosphere 64, 43–48.

Zhang, Z., Rengel, Z., Meney, K., 2010. Polynuclear aromatic hydrocarbons (PAHs)
differentially influence growth of various emergent wetland species. J. Hazard.
Mater. 182, 689–695.

Zhang, Z., Rengel, Z., Meney, K., Pantelic, L., Tomanovic, R., 2011. Polynuclear
aromatic hydrocarbons (PAHs) mediate cadmium toxicity to an emergent
wetland species. J. Hazard. Mater. 189, 119–126.

Zhou, Q., Zhang, J., Fu, J., Shi, J., Jiang, G., 2008. Biomonitoring: an appealing tool for
assessment of metal pollution in the aquatic ecosystem. Anal. Chim. Acta 606,
135–150.

http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0120
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0120
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0125
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0125
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0130
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0130
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0130
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0130
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0130
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0130
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0130
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0130
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0135
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0135
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0135
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0140
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0140
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0140
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0145
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0145
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0145
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0145
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0150
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0150
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0150
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0155
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0155
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0155
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0155
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0160
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0160
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0165
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0165
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0170
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0170
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0175
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0175
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0180
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0180
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0185
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0185
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0185
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0190
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0190
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0190
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0195
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0195
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0195
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0200
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0200
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0200
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0205
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0205
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0205
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0210
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0210
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0210
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0215
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0215
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0215
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0220
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0220
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0220
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0225
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0225
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0225
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0225
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0230
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0230
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0230
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0230
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0230
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0235
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0235
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0235
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0240
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0240
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0240
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0245
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0245
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0245
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0245
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0250
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0250
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0250
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0255
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0255
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0260
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0260
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0265
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0265
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0265
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0270
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0270
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0275
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0275
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0275
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0280
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0280
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0285
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0285
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0285
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0295
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0295
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0295
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0300
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0300
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0305
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0305
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0305
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0310
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0310
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0315
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0315
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0315
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0320
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0320
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0320
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0325
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0325
http://refhub.elsevier.com/S0925-8574(15)00035-X/sbref0325

	Proposal of a new ecotoxicity evaluation tool based on morphological responses of five helophytes to mixtures of pollutant...
	1 Introduction
	2 Material and methods
	2.1 Planted microcosm set up
	2.2 Chemicals and exposure phases
	2.3 Physico-chemical and plant parameter monitoring
	2.4 Chemical analysis
	2.5 Statistical analysis

	3 Results and discussion
	3.1 Fate of pollutants in microcosms during the test-phases
	3.2 Morphological responses of helophytes exposed to the pollutant mixtures during the test-phases
	3.3 Development of the ecotoxical index on the basis of plant morphological responses
	3.3.1 Calculation of the species development values “sdv”
	3.3.2 Calculation of the HDI

	3.4 Use of the sdv and HDI for revealing the ecotoxicity of the OMPM
	3.4.1 sdv of the five helophytes in control and OMPM microcosms
	3.4.2 Use of HDI as ecotoxical index of OMPM water
	3.4.3 Perspectives for using the HDI


	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


