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HIGHLIGHTS

* Invertebrate density changes were related with emerging compounds and conductivity.
* Catalase enzymatic activity and feeding rates in invertebrates decreased downstream.
» Emerging compounds (EDCs, PhACs) were significant predictors of catalase activity.
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relationships between the presence and levels of prioritary and emerging pollutants (pesticides, pharmaceutical
active compounds—PhACs, Endocrine Disrupting Compounds EDCs and Perfluorinated Compounds—PFCs) and
the invertebrate community in four Mediterranean basins: the Ebro, the Llobregat, the Jtcar and the Guadalqui-

Available online 17 July 2014

Iégf:f;;ﬁcﬁvity vir. Structural (species composition and density) and functional (catalase activity of the tricopteran Hydropsyche
Feeding rate exocellata and the feeding activity of the cladoceran Daphnia magna) variables were analyzed to determine which
Biomarker of the pollutants would greatly influence invertebrate responses. EDCs and conductivity, followed by PhACs,
Endocrine disrupting compounds were the most important variables explaining the invertebrate density changes in the studied basins, showing
Pharmaceutical active compounds a gradient of urban and industrial pollutions. Despite this general pattern observed in the four studied basins -

impoverishment of species diversity and abundance change with pollution - some basins maintained certain
differences. In the case of the Llobregat River, analgesics and anti-inflammatories were the significant pollutants
explaining the invertebrate community distribution. In the Jicar River, fungicides were the main group of pollut-
ants that were determining the structure of the invertebrate community. Functional biomarkers tended to
decrease downstream in the four basins. Two groups of pollutants appeared to be significant predictors of the
catalase activity in the model: EDCs and PhACs. This study provides evidence that the information given by func-
tional biomarkers may complement the results found for the structural community descriptors, and allowed us to
detect two emerging contaminant groups that are mainly affecting the invertebrate community in these basins.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Freshwater ecosystems are affected by natural factors (e.g., climatic

variability) and anthropogenic activities, and are specially overstressed
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natural habitats and biological communities. One main threat to river
ecosystems is pollution. The accumulation of diffuse pollution (e.g., from
agricultural activities) and point-source pollution (e.g., from urban
areas) gives rise to a mixture of toxicants in fluvial systems that makes
it difficult to attribute effects to any particular toxicant. To complete this
scenario, a large number of previously unrecognized pollutants have
been identified over the past few decades. These pollutants, usually
called emerging contaminants (ECs), enter into rivers mainly through
wastewater treatment plant (WWTP) effluents (Oller et al., 2011).
Secondary treatment processes are insufficient to remove them
completely, because they were not specially designed for that purpose
(Tauxe-Wuersch et al., 2005; Gémez et al., 2007) and these pollutants
become ubiquitous in the environment (Martinez Bueno et al., 2012).
Endocrine disrupting compounds (EDCs), pharmaceutical active
compounds (PhACs), personal care products, flame retardants and
perfluorinated compounds (PFCs) are particularly relevant ECs in rivers.
It is presently unclear how the presence of mixtures of pollutants with a
different mode of action influences aquatic communities after long-
term exposure. To shed light on this issue would help to better assess
the environmental risk of such pollutants.

Mediterranean rivers are characterized by drought periods with low
discharges and low flows that reduce the dilution capacity of these
rivers, during which the concentrations of pollutants may significantly
increase (Osorio et al., 2014). In addition, the inputs of the WWTPs
can often be more important in terms of flow than the river by itself.
Hence, there is a close and evident relationship between water quantity
and chemical and biological measures of water quality in Mediterranean-
climate rivers (Loépez-Doval et al.,, 2013) which has to be taken into ac-
count to make appropriate water management decisions. In fact, the con-
tamination levels reported in basins of the Iberian Peninsula are often
higher than in other non-Mediterranean basins and have increased
in past decades as a result of human activities (Petrovic et al., 2011).
Therefore, there is a real chemical exposure risk not only for the fluvial
biota but also for human and environmental health (Rovira et al., 2013;
Carpenter et al,, 2011).

Quality indices that describe the structure of communities (e.g., tax-
onomic richness and diversity) have been widely used as biomonitoring
tools (Hering et al., 2006) to detect the effects of general pollution in the
community. However, before these structural changes occur, pollutants
first interact at a subcellular level and these interactions can lead to in-
dividual changes linked with important life functions (e.g., metabolism,
reproduction, mobility or feeding). These sublethal responses segregate
along gradients of both toxicological and ecological relevance and can
lead to future community changes (Adams, 2003). Thus, they can be
used as tools for the early detection of toxicity, especially for ECs
whose effects are not well known.

Species respond to water quality changes using different detoxi-
fication mechanisms, for example, by increasing biotransformation
enzymes and antioxidant defenses (Gillis et al., 2014). These bio-
chemical responses can be used as biomarkers to detect the biologi-
cal impacts of pollution in rivers. Hence, biomarker analyses may
provide evidence of effects that are not detected at a structural com-
munity level, and can complement the information given by conven-
tional studies of aquatic communities. Additionally, in situ bioassays
offer greater relevance with respect to natural conditions and allow
detecting effects in hours or days at the individual or population
level (Maltby et al., 2002). The measured responses can be different
across species and include mortality, feeding rates, growth rate and
reproduction. These responses are directly related with key ecologi-
cal processes that sustain ecosystem functioning and may represent
a fertile methodology for the investigation of exposure to a mixture
of pollutants.

This study aims to identify the relationships between the presence
and concentration of common, prioritary and emerging pollutants
(pesticides, PhACs, EDCs and PFCs) and the invertebrate community.
The study was developed in four Mediterranean basins: the Ebro, the

Llobregat, the Jicar and the Guadalquivir. Structural (species composi-
tion and density) and functional variables were analyzed to determine
which of the pollutants would greatly influence invertebrate responses.
The two functional biomarkers studied were the antioxidant enzymatic
activity (catalase) of the tricopteran Hydropsyche exocellata Durfour
1841 and the inhibition of feeding activity in the cladoceran Daphnia
magna Straus 1820.

2. Materials and methods
2.1. Study area and sampling

The study area involves four rivers of the Iberian Peninsula: the Ebro,
the Llobregat, the Jticar and the Guadalquivir (Fig. 1), from north to
south. These watersheds are highly populated and have important agri-
cultural areas and industrial clusters that depend on the surface and
groundwater resources and water transfers. Thus, they were selected
because of their economic and environmental importance. The climate
in these basins is Mediterranean, characterized by mild and moderately
moist winters, warm, dry summers and irregular rainfall concentrated
in the Spring and Autumn. Only the upper portion of the Ebro basin
has a more continental climate.

The Ebro drains an area of 85,534 km? from north central to northeast
Spain. It has a complex hydrologic regime because it receives water from
tributaries with different climates. Despite its large size, it has a relatively
small population, some 2.7 million inhabitants. The Ebro watershed is
one of the most heavily irrigated regions in Spain, although recently the
industrial sector has become increasingly important. Consequently, a
broad spectrum of emerging contaminants has been found recently in
the water and sediment (Navarro-Ortega et al., 2010).

The Llobregat River drains a 4957 km? catchment. It is subject to
heavy anthropogenic pressure (4.5 million inhabitants in the valleys), re-
ceiving extensive urban and industrial wastewater discharges as well as
surface runoff from agricultural areas that cannot be diluted by its natural
flow, especially in the dry seasons. Consequently, the water has a high
concentration of nutrients and priority and emerging pollutants.

The Jicar River drains a 21,632 km? catchment. Agriculture accounts
for most of the water demand, but industrial and urban demands are
increasing. The Jucar is highly regulated, and the management of the
system is very complex, which leads to considerable hydrologic fluctu-
ations (Paredes-Arquiola et al., 2010).

The Guadalquivir River basin is 57,527 km? and approximately
7000 km? of its basin is devoted to agriculture (rice, olives and fruits).
As a consequence of a high population (7 million inhabitants), the river
receives many inputs, from both natural and anthropogenic origins.

A total of 20 sites were selected in the main channel of the rivers:
5 in the Ebro (E1, E2, E3, E4 and E5), 5 in the Llobregat (L3, L4, L5, L6
and L7), 6 in the Jacar (J1,]2,J4, J5,)6 and ]7) and 4 in the Guadalquivir
(G1, G2, G3 and G4) (Fig. 1). Sites were selected along the rivers to
represent pollution gradients. The sampling was performed in two con-
secutive years at the end of the dry summer period (a. Autumn 2010
and b. Autumn 2011). At each site, composite samples from water
column and sediment (jointed sample of the uppermost 10 cm layer
from the two river banks) were taken for chemical analyses. Five sedi-
ment samples randomly distributed were taken to determine commu-
nity composition. H. exocellata individuals were collected in all sites
where this taxon was found to measure catalase activity. D. magna
enclosures to assess post-exposure feeding rates were deployed in the
Ebro, the Llobregat and the Jtcar rivers in 2011.

2.2. Chemical analyses

2.2.1. Physicochemical parameters

Dissolved oxygen, pH, temperature and conductivity of water were
measured with Hach DO meters and WTW conductivity meter in each
sampling site and campaign. Water samples for nutrient analyses
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Fig. 1. Study sites in the Ebro, Llobregat, Jicar and Guadalquivir basins (Iberian Peninsula).

were filtered in situ with glass fiber filters (Whatman GF/F) and frozen
at —20 °C until analysis. Ammonia, nitrate, and soluble reactive phos-
phorus were analyzed following the standard methodology (APHA,
1995). Dissolved organic carbon (DOC) of water was determined on
a Shimadzu TOC-V CSH (Shimadzu Corporation) instrument. Sediment
samples for grain size characterization (gravel, sand, silt and clay)
were taken in all sampling sites.

2.2.2. Pollutants

A total of 16 PFCs and 50 pesticides were identified by solid-phase
extraction (SPE) followed by liquid chromatography tandem mass spec-
trometry (LC-MS/MS) according to already reported procedures (Masia
etal, 2013).

The concentrations of the 73 PhACs were determined using a multi-
residue analytical method based on LC-MS/MS after SPE (Osorio et al.,
2014).

A total of 39 EDCs in water samples were analyzed by dual column
liquid chromatography switching system coupled to mass spectrometry
(LC-LC-MS/MS) using a method developed by Gorga et al. (2013)
(Table S1).

2.3. Invertebrate metrics

2.3.1. Community composition

Five sediment samples were randomly collected with a polyvinyl
sand corer (24 cm? area). Samples were sieved through a 500-um
mesh to isolate the invertebrates, which were fixed with 4% formalde-
hyde. The invertebrates were sorted, counted, measured and identified
in the laboratory under a dissecting microscope (Leica Stereomicro-
scope). The identification was at species level for almost all taxa -
including Oligochaeta - with the exception of the Chironomids, which

were identified at genus level, and the Phylum Nematoda. Abundances
were referred to the basis of sediment surface area.

2.3.2. Catalase activity in Hydropsyche exocellata

H. exocellata individuals were hand-collected in all sites were this
taxon was found (L3, L4, L6,]J2,]4,]7, E2, E4, G1, G4), immediately frozen
in liquid N5 and kept at —80 °C for further biochemical analyses. Indi-
viduals were separated into four size classes in order to test if catalase
activity differed between larval stages. Four-five individuals were ana-
lyzed for each size class. Catalase activity was measured by the decrease
in absorbance at 240 nm due to H,0, consumption (extinction coeffi-
cient 40 M~ ! - em™ ') according to Aebi (1974). The reaction volume
was 0.5 ml and contained 50 mM phosphate buffer, pH 7 and 50 mM
H,0, (Ni et al., 1990; Faria et al., 2010). Catalase activity was expressed
in terms of umol per milligram of protein, which was quantified using
the Bradford method (Bradford, 1976) with vy-globulin as standard.

2.3.3. Feeding inhibition in Daphnia magna

D. magna deployments were conducted in situ as indicated by Barata
et al. (2007) using the same test chambers and procedures of McWilliam
and Baird (2002). Chambers were constructed from clear polyvinyl chlo-
ride cylindrical piping (13 cm long, 5 cm external diameter). Each cham-
ber had two rectangular windows (7 x 3.5 cm) cut into either side of the
cage, covered with 150 um nylon mesh. Pipe ends were sealed with poly-
propylene caps. In each deployment, a lab control treatment with animals
maintained in the lab and never exposed to the field was also included
as a surrogate control. Deployments were conducted during Autumn
2011 in the Ebro (E2, E3, E4 and E5), the Llobregat (L3, L4, L5 and L7),
and the Jacar rivers (J2, J4, J5 and J6). Juveniles were transported to
field sites in groups of 10 in 175 glass jars filled with American Society
for Testing Materials (ASTM) hard water (APHA-AWWA-WEF, 1995;
McWilliam and Baird, 2002). At each site, 5 chambers, each containing
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10 individuals were placed inside a 13-mm? wire-mesh cylinder that was
positioned in the stream perpendicular to flow.

After 24 h, animals were retrieved from the chambers. Shortly after
exposure (within 1 h) five surviving juveniles were placed into 60 ml
screw-capped glass jars containing 50 ml of ASTM hard water, with
Chlorella vulgaris (Beijerink, strain CCAP C211/12) at a concentration
of 5 - 10° cells/ml, and allowed to feed for 4 h (McWilliam and Baird,
2002). Three jars containing no animals were used to establish initial
algal densities. Post-exposure feeding rates were also measured in ani-
mals maintained in the lab during the duration of the deployments
and transported to the field sites to include a surrogate lab control.
Post-feeding experiments were conducted in the darkness to avoid
algal growth and to remain under constant temperature conditions
(20 + 2 °C) provided by a thermostated chamber. Individual feeding
rates (cells animal~™' - h™') were determined as the change in cell
density for 4 h according to the method given by McWilliam and Baird
(2002). Cell density was estimated from absorbance measurements
at 650 nm in a dual-beam spectrophotometer (Uvikon 941) using
standard calibration curves based on at least 20 data points, with an r?
> 0.98.

24. Statistical analyses

Concentrations of chemicals that were lower than the method
detection limits were assigned with a value that was one-half of the
detection limit (Clarke, 1998). The normality and homoscedasticity of
the chemical and environmental data sets were tested with Kolmogo-
rov-Smirnov tests. Variables were log-transformed when necessary to
fulfill normality and homoscedasticity assumptions. Multivariate analy-
ses were performed using CANOCO™ v4.56 software (Microcomputer
Power, Ithaca, NY, USA). Rare invertebrate taxa (present in <5% of the
samples) were omitted. Compounds were grouped in different families
taking into account their mode of action. A detrended canonical corre-
spondence analysis (DCA) was initially performed on the invertebrate
data (the abundances of the four basins and of the two sampling
campaigns all together) to determine whether unimodal (Canonical
Correspondence Analysis, CCA) or linear ordination (Redundancy Anal-
yses, RDA) methods were most appropriate. The gradient length was
3.9, indicating that a unimodal response model (Lep3 and Smilauer,
2003) was appropriate. Thus, a CCA was used to explore the relationship
between chemical and environmental data (independent variables) and
invertebrate abundances (dependent variables). Afterwards, DCAs were
performed separately for the Llobregat and the Jtcar basins and indirect
gradient analyses (RDAs) were performed because of the different
origins of pollution detected in each river.

Spearman correlations were used to explore relationships among
chemical variables and functional responses of the community.

In addition to indirect gradient analyses and Spearman correlations,
a linear mixed-effect model was constructed using the Ime function in
the nlme package (Pinherio and Bates, 2000) in R v. 3.0.2 to test the
effects of the different groups of chemicals (PhACs, pesticides, PFCs,
and EDCs) and physicochemical variables, both as fixed effects, in func-
tional biomarkers (feeding and catalase activity). All models were fitted
including basin and site as random effects on the intercept. The signifi-
cance of the fixed effect terms was assessed by starting with the most
complex model and then simplifying by removing non-significant
terms identified using likelihood ratio tests. Models were compared
using maximum likelihood because the models had different fixed
effects. Because the model validation plots showed heteroscedasticity
between basins, a variance function of the form varldent was imple-
mented to estimate the within-group variance and account for unequal
variances among the four basins. The likelihood ratio test was used to
assess whether the implemented models significantly improved the fit
to the data. Finally, the model was refitted using restricted maximum
likelihood (REML) to determine the parameter estimates.

3. Results
3.1. Chemical and environmental characterization

Conductivity increased downstream and was higher in the Llobregat
and in the downstream Guadalquivir sites. Nutrient concentrations also
increased downstream in all the basins. DOC in the water ranged from 1
to 10 mg C/L and tended to increase downstream, especially in the Gua-
dalquivir and in the Llobregat rivers. Fine sediment (<0.03 mm) tended
to increase downstream in the Guadalquivir, but only in 2011. Guadal-
quivir is the basin with the highest percentage of fine sediment
(<0.03 mm). G2 and G4 in 2011, and G1 in 2010 showed percentages
higher than 10%. The sites with a high percentage of fine sand (0.03-
0.1 mm) were E2, E3, L3 and L4 in 2010, and E5, J7 in 2011 (Table 1).

The chemical groups with the highest detected concentrations in the
two periods of study were PhACs and EDCs (Table S1). The total levels of
PhACs ranged from 40 to 3000 ng/L, and of EDCs from 50 to 2300 ng/L,
with the exception of LLO7 in 2011, where EDC concentrations reached
11,000 ng/L. PFC levels ranged from non-detected to 800 ng/L. Finally,
the concentrations of pesticides ranged from 0 to 600 mg/L and their
highest levels were detected in the Jacar in 2010. Within the group
of PhACs, the family with highest concentrations in all basins was anal-
gesics and anti-inflammatories, with a range from 5 to 510 ng/L. The
Llobregat also had high levels of almost all PhACs' families (Table S1). Di-
uretics were found at high levels in the Ebro, Guadalquivir and Llobregat
rivers (100, 100 and 420 ng/L, respectively). Levels of anti-hypertensive
drugs were high in the Ebro and in the Llobregat rivers (maximum con-
centrations of 180 and 650 ng/L, respectively). Fungicides, herbicides
and insecticides were detected at high levels in the Jacar. Levels of her-
bicides and fungicides were also high in the Llobregat, and insecticides
were the family with the highest concentrations in the Ebro. Finally,
within the group of EDCs, high levels of industrial compounds, which
include alkylphenols, anticorrosive benzotriazoles, phosphate flame
retardants and bisphenol A, were detected in all basins.

3.2. Structural response of the community to environmental and chemical
variables

The Canonical Correspondence Analysis (CCA) between inverte-
brates' densities and chemical and environmental variables explained
the 45% of the total inertia. The first two axes explained 20.7% of the spe-
cies data variation.

The most important variables explaining the invertebrate variation
on the first axis were conductivity and EDCs, followed by PhACs. Thus,
in the CCA diagram sites were displayed in this axis following a gradient
of urban and industrial pollutions, increasing from right to left, while the
distribution of the samples along the second axis was mainly explained
by pH, dissolved O, and pesticides. The Llobregat and the Guadalquivir
sites showed more urban and industrial pollutions and were distributed
on the left part of the first axis, while the pollution in the Jicar was more
agricultural. The Jucar sites were distributed in the upper part of the
second axis, except J7 (Fig. 2A). Samples corresponding to upstream
sites (E1, E2, E3 and G1) had a different composition of species
than those situated downstream of the rivers, where the community
consisted of high densities of a few tolerant species of Chironomidae
(Orthocladius spp.) and Oligochaeta (Branchiura sowerbyi), and also
Ephemeroptera (Caenis luctuosa) (Fig. 2B, Table S2).

The variance partitioning technique allowed the determination of
the percentage of variance explained by environmental parameters
and that explained by chemical pollution, and also the identification of
the variables which were statistically significant in the model.

In the Llobregat River the total variation explained was 44.2%.
Environmental data alone accounted for 20.9%, while pollution data
alone explained 7%. The shared fraction of the total variation between
environmental and chemical pollution data was 16.9%.



146

Table 1
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Minimum and maximum levels for the different physicochemical variables measured during the study period in the four basins.

N-NH4 N-NO3 P-PO4 PH Conductivity DOC D.O. % fine sediment % fine sand
(mg L") (mgL™1) (mg L™ (uS cm™1) (mgCL™") (mgL™1) (<0.03 mm) (0.03—0.1 mm)
Ebro Min. 0.04 0.26 0.001 6.8 290 0.13 6.67 0.12 0.55
Max. 0.25 2.86 0.060 83 1300 4,60 10.62 245 32.97
Guadalquivir Min. 0.05 0.86 0.001 78 428 2.39 6.29 1.17 5.46
Max. 0.68 9.50 0.445 8.7 2460 7.55 10.87 13.91 5498
Jucar Min. 0.03 0.10 0.001 79 650 1.16 8.81 0.05 0.32
Max. 0.13 6.87 0.080 9.2 1016 3.82 11.22 2.23 1297
Llobregat Min. 0.06 0.88 0.040 7.5 1003 248 5.90 0.04 0.11
Max. 6.18 5.79 2270 83 1821 10.24 9.80 3.28 26.28

The significant variables explaining the invertebrate community
distribution were conductivity and the pharmaceutical group of analge-
sics and anti-inflammatories (Fig. 3A). Downstream sites (L5, L6, L7)
were characterized by high concentration of these compounds and
poor community diversity in sediments (Fig. 3B, Table S2).

In the Jacar River, the total variation explained was 48.1%. Environ-
mental data accounted for 24.4%, while pollution explained 18.7%. The
shared fraction of the total variation between environmental and chem-
ical pollution data was 5%. The significant variables were conductivity,
again as in the Llobregat River, and a group of pesticides: fungicides
(Fig. 3C). Invertebrate community at downstream sites in the Llobregat
River (L6, L7) was characterized by poor communities, and in the Jicar
River (J6,]7) by high densities of the Chironomidae species Polypedilum
sp. and Tanytarsus sp., and the Oligochaeta Branchiura sowerbyi. In the
other sites species richness was higher (Fig. 3D, Table S2).

3.3. Functional response

3.3.1. Catalase activity

The mean values of catalase activity ranged between 3 and 32 mmol -
min~! - mg prot—! and, in general, were lower in the year 2010 than in
2011 (F = 765.3, p < 0.001). The activity values differed between basins
(ANOVA, F = 68.7, p < 0.001), Llobregat River presenting the highest
ones. There were also significant differences between sites in the Jacar
River in 2010 (F = 4.7, p < 0.05,), in the Guadalquivir in 2011 (F =
27.4, p <0.001) and in the Llobregat, in both years (2010: F = 15.4,
p < 0.05; and 2011: F = 7.7, p < 0.001) with a general tendency to de-
crease downstream with pollution (Fig. 4).

Significant correlations between catalase activity and levels
of different pollutants were found. Correlations were negative for PFCs

(Spearman's p =—0.405, p < 0.001) and pesticides (Spearman's p =
—0.329, p <0.001), and positive for EDCs (Spearman's p = 0.175,
p <0.01).

The linear mixed-effect model shows that there is a relationship
between catalase activity and two groups of pollutants: PhACs and
EDCs (Table 2). A quadratic positive function was fitted for PhACs, and
a linear positive function was fitted for EDCs. DOC was also significant
in the final fitted model.

3.3.2. Feeding activity

D. magna feeding rates were lower with respect to laboratory control
in all the sampling sites. The rates decreased downstream in the Ebro
and the Llobregat rivers and fluctuated in the Jtcar sites (Dunnett's
test, p < 0.001). The sites with lower feeding rates (below 50%) were
E5, L7 and ]2, all of which were characterized by high pollution and
low species diversity (Fig. 4). Significant negative correlations
(Spearman's p =—0.27, p < 0.05) between feeding rates and levels of
pesticides were found. However, no significant variables could be
detected using linear mixed-effect model.

4. Discussion

The goal of this study was to identify relationships between the pres-
ence and concentration of pollutants and the invertebrate communities’
structure and functioning. The most important variables explaining the
invertebrate density changes in the studied basins showing a gradient of
urban and industrial pollution were EDCs and conductivity followed by
PhACs. EDCs include a wide variety of different compounds. Those with
the highest levels detected in the basins were alkylphenols and azoles.
This response for structural parameters of the community was found
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sites for the Jicar River; and (D) ordination of invertebrate species of the Jtcar River. Species codes are listed in Table S2.

for catalase activity but not for feeding rate. These results give consis-
tency to the short (functional response) and long (density change)
time responses of biological community to pollution for the four studied
basins.

Though there are still few studies available about the specific effects
of these compounds, it has been demonstrated that some alkylphenols
act as EDCs and can accumulate in organisms' tissues (David et al.,
2009; Soares et al., 2008) affecting the organisms at a sublethal level.
Gust et al. (2010) described changes in the reproduction performance
of another snail species (Potamopyrgus antipodarum) in a basin heavily
polluted by alkylphenols, among other pollutants, with levels lower
than or similar to those found in our study. In a previous study per-
formed in three of the studied basins (Ebro, Llobregat and Jtcar) chang-
es in reproduction endpoints and development of snails (Physella acuta)
were detected downstream and correlated with the concentration of
EDCs (De Castro-Catala et al., 2013).

In addition to the general patterns observed in the four studied ba-
sins - impoverishment of species diversity and abundance change
with pollution- each basin maintained certain differences related to
the dominant land uses which determine different contaminant con-
centrations. In the particular case of the Llobregat River, analgesics
and anti-inflammatory drugs from the family of PhACs significantly ex-
plained part of the variance of the invertebrate community. These

chemicals are inherently biologically active compounds, which tend to
accumulate in organism tissues (Huerta et al., 2012). In fact, previous
studies have already reported the influence of PhACs in the benthic
communities of this river. Mufioz et al. (2009) found potential causal re-
lationships between the levels of different pharmaceutical products and
the abundance and biomass of several key benthic invertebrates.
Ginebreda et al. (2010) also found inverse linear correlations between
macroinvertebrate diversity indexes and hazard quotients of PhACs. Lit-
tle is known about specific long-term effects of PhACs in aquatic organ-
isms but chronic lowest observed effect concentrations (LOECs) in
standard laboratory organisms are in the range of environmental con-
centrations (Fent et al., 2006).

In the case of the Jacar River, fungicides were the main group of pol-
lutants explaining the invertebrate community variance. In fact, the
Jacar River presented the highest concentrations of pesticides, especial-
ly, fungicides, both in 2010 and 2011. Belenguer et al. (2014) revealed
that there is a permanent or frequent supply of pesticides along the
JGcar River Basin, including some components forbidden in the EU. In
the same study, a wide spectrum of these pesticides has been detected
in fish tissues. Recent results have demonstrated that many common
azoles used in agriculture act as endocrine disrupters in vivo in both
mammals and fish (Janna et al., 2011). The non-target specificity of
some pesticides has been demonstrated in the previous studies (Flores
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Fig. 4. (A) Boxplot of H. exocellata catalase activity in the four basins in 2010 (a) and 2011

(b). Asterisks indicate p < 0.05 between sites. (B) Boxplot of D. magna feeding rates in the Ebro,

Llobregat and Jtcar rivers in 2011. CE: Ebro control, CL: Llobregat control and CJ: Jtcar Control. Asterisks indicate p < 0.05 with respect to control.

et al., 2014). More recently, Zubrod et al. (2014) has provided evidence
that single fungicides and fungicide mixtures result in sublethal and also
lethal effects in amphipods at environmentally relevant concentrations.
Moreover, they have suggested that when considering repeated expo-
sure together with the presence of multiple stressors in the field, syner-
gistic effects may appear (Holmstrup et al., 2010; Bereswill et al.,, 2013).
Some of these fungicides, such as imazalil and tebuconazole, have been
detected in the Jicar River. There are no previous studies analyzing the
specific effects of pesticides on invertebrate communities in the Jicar
River. This is the first work that shows a potential causal link between
the presence of fungicides and the structure of the invertebrate commu-
nities in this river.

Conductivity was another environmental variable that appears to be
significant in indirect gradient analyses. The upstream-downstream
range of conductivity found in the studied rivers was wide, especially
for the Llobregat, the Jicar and the Guadalquivir rivers. Previous studies
in these rivers have shown that increasing salt concentration may
affect negatively the diversity and abundance of the biota and have
also described sublethal responses in invertebrates (Munné, 2003; De
Castro-Catala et al., 2013). Recently, Cafiedo-Argiielles et al. (2013)

Table 2
Estimated parameters for fixed effects in the selected linear mixed-effect model fit by
REML. Basin and site were considered random effects.

Log cat-log PhACs + (log PhACs)? + log EDCs + log DOC

have described salinisation as an urgent ecological issue in rivers around
the world.

Aquatic organisms are highly susceptible to oxidative effects from
pollutants (Regoli et al., 2002). Different groups of compounds can
generate or enhance the production of reactive oxygen species (ROS)
(Vlahogianni et al., 2007). Catalase activity is a sensitive biomarker of
high-oxidative-stress conditions because it helps detoxify oxygen-free
radicals and limits or prevents damage to macromolecules (Orbea
et al, 1999). In this study, catalase activity of the filter-feeder
H. exocellata (Trichoptera) was analyzed. Filterers are prone to the accu-
mulation of pollutants, and so, they are sensitive biondicators of pollu-
tion associated with ROS generation and oxidative damage (Damasio
etal., 2011a). Catalase activity showed high variability between consec-
utive years and between basins. This high variability has already
been reported for catalase and also for other biochemical biomarkers
(Correia et al., 2003; Jemec et al., 2010). The temporal differences may
be related to the natural variability of the enzymatic activity attributed
to different populations. H. exocellata has more than one generation
per year in these rivers; although all the individuals were sampled in
the same period (early autumn), they corresponded to different cohorts.
However, we found that there were no significant differences in the
catalase activity between larval instars. Catalase activity in the studied
basins tended to decrease downstream, which may be a response to
the type and concentration of the chemicals interacting with the organ-
ism (Gust et al., 2013). Laboratory studies have reported increased
levels of catalase with respect to control conditions after exposure to
pollutant mixtures (e.g., Gust et al., 2013 for PhACs or StepiC et al.,
2013 for pesticides) but fewer studies have been performed in situ.
Jebali et al. (2007) found increased levels of catalase with respect to

control in a zone under intensive urban and industrial activities. Howev-

AIC BIC log-Lik

—248.023 —211.963 135.011
Fixed effects Estimate Std. error t-Value p-Value
Intercept 1.727 0.11 15.586 <0.001***
log Phacs —1.709 0.292 —5.845 <0.001***
(log Phacs)? —1.765 0.368 —4.796 <0.001%**
log EDCs 0.84 0.274 3.062 <0.01™*
log DOC —0.891 0.137 —6.519 <0.001***

er, Damasio et al. (2011a) observed an inhibition of catalase activity
in H. exocellata transplanted individuals between the same sites of the
Llobregat and, in agreement, Regoli et al. (2011) found significant inhi-
bition of the catalase activity at the highest polluted condition. Our
results suggest that organisms collected from the most polluted sites,

* p-value < 0.01;

#+*k p-value < 0.001.

mainly in the Llobregat, Jacar and Guadalquivir rivers, could be more
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susceptible to suffer oxidative stress. Modeling the enzymatic activity
revealed a tight relationship with two important groups of pollutants,
PhACs and EDCs. Both groups are ubiquitous in the environment and
have been detected at pg/L level in downstream sites. In particular, a
quadratic response to PhACs was found. The response to EDCs was lin-
ear and positive. Therefore, the response of the biochemical biomarker
to pollution by PhACs and EDCs appears to be positive and additive
until it reaches a threshold at 200 ng/L of PhACs above which concentra-
tion it decreased. The decreasing response of catalase was mainly found
in the Llobregat, where the highest levels of PhACs were detected. The
linear mixed-effects model also reflected the importance of organic pol-
lution in the enzymatic activity. DOC is a general (or non-specific) indi-
cator of organic loadings in rivers. In general, DOC was low in the
upstream sites in all the basins, and increased gradually downstream,
particularly in the Llobregat and the Guadalquivir rivers.

After exposure D. magna feeding rates also decreased in all the stud-
ied basins. This general trend was negatively correlated with pesticide
levels. The decline of cladoceran feeding rates after exposure to pesti-
cides has been found in lab experiments (Fernandezcasalderrey et al.,
1994; Agatz et al., 2013). The reported effects respond to an impairment
of metabolic functions, resulting in alterations in biochemical constitu-
ents (Sancho et al., 2009). The feeding functional response has already
been tested in the Llobregat River (Damasio et al., 2011b) with the
same result found in our study.

The similar results obtained using multivariate analyses and linear
mixed-effect models reinforce the relationships between structural
and functional responses of invertebrate community and pollution.
These results narrow the list of the prime candidates for toxicity risk
in rivers under complex and multiple pollution inputs. Management
and regulation in these Mediterranean rivers should focus mainly on
two emerging contaminant groups: endocrine disrupting compounds
and PhACs. Taking into account that the increase in PhAC discharge in
the environment has recently been identified as an important issue
(Sutherland et al., 2012) for the conservation of biological diversity in
the future, our findings add new knowledge and data to support these
general claims.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2014.06.110.
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