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a b s t r a c t

The discharge of wastewater from sewage treatment plants is one of the most common forms of
pollution to river ecosystems, yet the effects on aquatic invertebrate assemblages have not been inves-
tigated in a controlled experimental setting. Here, we use a mesocosm approach to evaluate community
responses to exposure to different concentrations of treated wastewater effluents over a two week
period. Multivariate analysis using Principal Response Curves indicated a clear, dose-effect response to
the treatments, with significant changes in macroinvertebrate assemblages after one week when
exposed to 30% effluent, and after two weeks in the 15% and 30% effluent treatments. Treatments were
associated with an increase in nutrient concentrations (ammonium, sulfate, and phosphate) and
reduction of dissolved oxygen. These findings indicate that exposure to wastewater effluent cause
significant changes in abundance and composition of macroinvertebrate taxa and that effluent
concentration as low as 5% can have detectable ecological effects.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Wastewater treatment plants (WWTPs) have been critical in
reducing the impacts of raw sewage effluent on rivers and streams,
yet the growth and concentration of human populations have led to
a steady increase in effluent discharge volumes to the environment
(Carey and Migliaccio, 2009). Effluent from WWTPs are highly
enriched in nutrients and are estimated to account for over 50% of
nitrogen and phosphorus loads to freshwater ecosystems (Martí
et al., 2010). Furthermore, wastewater effluents often contain
toxic contaminants, including pharmaceuticals, detergents, and
flame retardants that are not effectively treated byWWTPs (Paxéus,
1996; Garric et al., 1996;Meyer and Bester, 2004; Kümmerer, 2009).
Elevated levels of nutrients and pollutants introduced by waste-
water discharges have been shown to promote eutrophication
(Smith et al., 1999), alter fish and invertebrate community
composition (Kosmala et al., 1999; Gafny et al., 2000; Brown et al.,
2011), modify nutrient-processing dynamics (Ruggiero et al., 2006;
Carey and Migliaccio, 2009), and alter primary production
(Masseret et al., 1998). The degradation of rivers from sewage
discharges also threatens key environmental services including
water supplies for drinking and irrigation and recreational oppor-
tunities (Postel and Carpenter, 1997). Thus, the environmental

impacts of wastewater effluent represent a critical and growing
challenge to the sustainable management of water resources and
conservation of freshwater biodiversity (Dudgeon et al., 2006;
Postel, 2007).

The adverse effects of WWTP discharges on freshwater
ecosystems and the services they provide are intensified under
water scarce conditions, which are common to arid and semiarid
climates such as the Mediterranean (Prat and Munné, 2000; Martí
et al., 2010). Mediterranean regions are characterized by predict-
able summer droughts in which water is limited and flows in
streams and rivers naturally become low or intermittent (Gasith
and Resh, 1999). During the dry season, the capacity of recipient
streams to dilute pollutants decreases, while waste water inputs
remain constant or increase. This reduced-dilution effect is often
exacerbated by water diversions for irrigation and consumptive
uses, which can further limit natural flows (Gasith and Resh, 1999;
Prat and Munné, 2000). Wastewater effluents have been reported
to account for over 50%, and as high as 100%, of the discharge in
Mediterranean streams during low-flow conditions (Martí et al.,
2004; Canobbio et al., 2009; Carey and Migliaccio, 2009). As
a consequence, WWTP discharges have an overwhelming influence
on the hydrologic and nutrient regimes of streams and rivers in the
Mediterranean region, especially during the summer (Kosmala
et al., 1999; Prat and Munné, 2000).

The alterations in water quality and flow conditions resulting
from wastewater discharges have been shown to have distinct
effects on aquatic invertebrate communities. In general, exposure
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to wastewater effluents reduces species richness (Dyer and Wang,
2002) and causes a shift in community composition towards
pollution-tolerant taxa such as Chironomidae and Oligochaeta (Cao
et al., 1996; Ortíz and Puig, 2007). Most studies on WWTP impacts
have involved sampling benthic macroinvertebrates over a distur-
bance gradient of wastewater discharge concentrations, such as
upstream and downstream of an effluent outfall (Kosmala et al.,
1999; Gücker et al., 2006; Ortíz and Puig, 2007; Pinto et al.,
2010). However, such biomonitoring approaches may not be well-
suited for detecting the effects of wastewater effluent when river
ecosystems are influenced by other environmental and anthropo-
genic factors. For example, when macroinvertebrate communities
are already impoverished by structural and chemical impacts, the
apparent response toWWTP impacts may be weak or undetectable
(Gücker et al., 2006). Strong seasonality, a distinctive characteristic
of Mediterranean rivers, also complicates impact detection because
seasonal variability in stream invertebrate assemblages can mask
the effects of factors that may concurrently be affecting the
community (Coimbra et al., 1996).

Stream mesocosms are artificial systems designed for controlled
experiments and present an alternative to in situ sampling
approaches for investigating the effects of potential stressors on
aquatic communities (Odum, 1984; Petersen and Englund, 2005).
Mesocosms have been extensively used in stream ecosystem research
to improve understanding of the factors and processes that regulate
benthic invertebrate communities (e.g., Lamberti and Steinman,1993;
Pearson and Connolly, 2000; Bond and Downes, 2003; Ledger et al.,
2006). Stream mesocosm approaches have also been routinely
employed to assess to the toxicity of potentially hazardous chemicals
on aquaticmacroinvertebrate taxa, such as pesticides (Richardson and
Perrin, 1994; van den Brink et al., 1996; Colville et al., 2008), surfac-
tants (Dorn et al., 1997; Belanger et al., 2004), metals (Richardson and
Kiffney, 2000; Hickey andGolding, 2002; Brooks et al., 2004), and acid
mine drainage (Perrin et al., 1992; Hruska and Dubé, 2004; Van
Damme et al., 2008). Despite the successful application of meso-
cosms in stream ecosystem research, and ecotoxicology studies in
particular, mesocosm experiments have not been used to evaluate the
effects of WWTP effluents on aquatic invertebrates. Furthermore,
previous research on the effects of treated wastewater on inverte-
brates has examined changes in taxa composition and abundance, but
has not considered responses at the community level.

Here, we present a mesocosm experiment to evaluate the impacts
of wastewater effluents on the benthicmacroinvertebrate community
of a Mediterranean-climate river in Catalonia, Spain. Effluent
discharges from WWTP to rivers in Catalonia have been identified as
a primary cause of aquatic ecosystem degradation and have put many
rivers and streams at risk of failing to achieve target environmental
quality conditions required by the European Water Framework
Directive (WFD) (Prat and Rieradevall, 2006; Prat et al., in review).
Therefore, quantifying how WWTP effluents affect invertebrate
assemblages has important implications for the way rivers are
managed in Spain and other Mediterranean-climate regions of
Europe. The specific objectives of the study were to: (i) quantify the
multivariate macroinvertebrate community response to varying
dilution levels ofWWTP effluent; (ii) measure taxa-specific responses
to effluent impacts; (iii) identify the physicalechemical parameters
that explain patterns in community responses to the experimental
treatments; and (iv) quantify impacts in relation to biotic indices used
for assessing the ecological status of rivers.

2. Methods

2.1. Study site

The stream mesocosm experiment was conducted at a wastewater treatment
plant near the town of Balsareny (41�5005400N, 1�5204900E), located approximately

60 km north of Barcelona, Spain (Fig. 1). The BalsarenyWWTP serves a population of
3410. Approximately 700 m3 of sewage are treated daily through a combined
process of primary treatment, in which heavy solids are settled and removed, and
secondary treatment, in which suspended organic matter is consumed by micro-
organisms in a biological reactor. TheWWTP is located on the banks of the Llobregat
River, which it uses as both a water source and discharge point for treated effluent.

The Llobregat River and the ecological effects of pollution on its invertebrate
communities have been studied for over 30 years (Prat et al., 1984; Prat and Ward,
1994). Long-term biomonitoring data for the Llobregat River indicate that the bio-
logical quality has remained in poor conditions for 25% of the 24 sampling sites (Prat
and Rieradevall, 2006). While most of the sites located in upstream of Balsareny
have good water quality conditions, the downstream sections of the river have been
impacted by effluents from WWTPs and pollutant discharges from salt mines and
other industrial activities (Prat and Rieradevall, 2006). A recent studywas conducted
in the spring of 2010 to evaluate the potential effects of the Balsareny WWTP on the
benthic macroinvertebrate community (Caus and Prat, 2010). Macroinvertebrates
were sampled in the Llobregat River approximately 1.3 km upstream (L1) and 300m
downstream (L2) of the WWTP outfall (Fig. 1). The L1 sampling point is located in
a relatively pristine reach of the Llobregat River. Approximately 600 m downstream,
there is a hydroelectric dam and diversion canal that conveys approximately 90
percent of the river flow for approximately 1 km until it is discharged back into the
river. Thus, the river reach at the L2 sampling point is affected both by WWTP
discharges and reductions in natural flows. Multi-habitat sampling of the benthic
invertebrate community indicated that total density was higher at L2 but was
dominated by pollution-tolerant taxa. However, most taxa had lower densities in the
downstream site and total richness declined from 23 to 16 taxa. Overall, water
quality and indices of ecological status were substantially lower downstream of the
WWTP (Table 1).

2.2. Experimental design

To further examine the potential impacts of the wastewater discharges on the
river macroinvertebrate community, a stream mesocosm was constructed at the

Fig. 1. Streammesocosm at the Balsereny waste water treatment plant (WWTP) on the
Llobregat River in Catalonia, Spain. River water was diverted from a diversion canal,
mixed with wastewater effluent in four concentrations [0% (control; C), 5% (low; L), 15%
(moderate; M), and 30% (high; H)] and continuously supplied to 12 artificial channels
for 2 weeks. The site is located between biomonitoring sampling sites (L1 and L2).
Municipal WWTPs in Catalonia are represented by gray dots on the inset map.
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WWTP site in fall of 2009. The stream mesocosm consists of 12 artificial channels
and is operated as a flow-through system, relying onwater pumped from a diversion
channel of the Llobregat River (Fig. 1). The pump provided a continuous supply of
water to a 4000-L tank, fitted with an overflow pipe to maintain a constant water
level and pressure head. Water was gravity-fed from the tank through polyethylene
pipes to a series of four 96-L mixing tanks. Outlet pipes fitted with taps maintained
flows from each mixing tank to the tops of three stream channels. Each channel
consisted of a 2-m long, 12-cm wide by 8-cm deep polyvinyl chloride (PVC) drain
trough. A second, 2000-L tank was filled with treated effluent from the WWTP and
was connected to each of the mixing tanks through a secondary plumbing system.
Taps on the inlet pipes regulated the proportions of river water and effluent entering
eachmixing tank, which created uniform concentrations in each tank before flowing
into three artificial stream channels. Flows in each of the streams was maintained at
a constant rate of 0.33 L/min, with corresponding hydraulic conditions similar to
those present in natural riffles from the river of origin.

The experiment was carried out in the spring of 2010. On April 13, river cobbles
(average surface area of 189 cm2) were collected from riffle habitat in the Llobregat
River and transported in individual mesh baskets to the streammesocosm site. Nine
cobbles were placed in each of the artificial stream channels and submerged by at
least 10 mm of flowing water. Baskets with 1-mm vinyl mesh were placed at the
outlet of each stream to capture invertebrate drift. The streams were fed by natural
river water for one week to allow for colonization and the stabilization of inverte-
brate communities. Individual organisms collected in the drift baskets were relo-
cated to the top of each channel every day during the settlement period. All twelve
streams were used for the experiment and individual treatments were allocated to
each of the four mixing tanks, yielding three replicates of each treatment. The
experiment involved three treatments of wastewater effluent at dilution levels of 5%,
15%, and 30% concentration by volume, in addition to a control (river water only)
group. The experimental waste water treatments were applied to the streams on
April 15, 2010 and maintained for a two week period.

2.2.1. Macroinvertebrate and water quality sampling
Benthic macroinvertebrates were sampled from five cobbles collected from the

river on April 13, 2010 and three cobbles in each of the mesocosm channels on April
22 and 30, representing approximately one and two weeks of treatment exposure,
respectively. Each cobble was transferred to a 500-mm mesh bag and washed by
hand for several minutes to remove themacroinvertebrates. The contents of the nets
were emptied into bottles and preserved in formaldehyde. In the laboratory, mac-
roinvertebrates were sorted and identified to the family or genus level. The raw taxa
abundance data was scaled by the surface area of each cobble, measured with tin
foil, to estimate the density of each taxa present (number of individuals per square
meter).

Water quality conditions in each stream channel were measured during each
macroinvertebrate sampling event. AYSImultimeter (63/10 FT) was used tomeasure
in situ water temperature, conductivity, pH, and dissolved oxygen (DO). Water
samples were also collected for each treatment group (from source water in the
mixing tanks) and sent to a laboratory for chemical analysis to measure concen-
trations of ammonium, nitrate, nitrite, chlorine, sulfate, and soluble reactive
phosphate.

2.2.2. Data analysis
The macroinvertebrate community data from the mesocosm experiment were

analyzed using the Principal Response Curve (PRC) method (van den Brink and
TerBraak, 1999), which is designed to evaluate the temporal responses of commu-
nities to controlled, experimental treatments. The PRC method is a form of redun-
dancy analysis and generates series of curves that represent the extent and direction
of differences between experimental treatments and controls. It is a useful method
for visualizing the trajectories of community responses to treatments over time, and
is commonly used in stream mesocosm studies (e.g., van den Brink et al., 1996;
Colville et al., 2008; Duarte et al., 2008). The PRC analysis was performed in
CANOCO version 4.5 (Ter Braak and �Smilauer, 2002) with log-transformed (x þ 1)
macroinvertebrate data, using average densities from the three cobbles sampled per
channel, per sampling date.

The resulting PRC diagram displays the first principal component of each
treatment effect over time, and can be interpreted as the deviation in the commu-
nity response from the controls. In addition, species weights are calculated for each
invertebrate taxa that indicate how closely the response of that taxa follows the
overall community response defined by the PRC. Taxa with a high weight are

inferred to exhibit changes in abundance that follow the pattern of the PRC, whereas
taxa with species scores near zero either show no response to the treatment or
a response that is unrelated to the PRC (van den Brink and TerBraak, 1999).

To determine the overall significance of the PRC in describing community
trends, Monte Carlo permutations were performed with macroinvertebrate density
data from each replicate channel. The significance of treatment effects at each
sampling date was also assessed by Monte Carlo permutation tests, restricting the
data to each sampling date. When the permutation tests indicated significant
treatment effects, additional statisical tests were performed to evaluate differences
between treatment groups and the control. Because of the limited number of
replicates, permutation tests could not be performed for between-group compari-
sons and univariate methods were used. The multivariate data were reduced to
a single variable by calculating the first component of the PCA for each sample.
A one-way analysis of variance of the PCA scores, followed by Dunnett’s post hoc
tests, was then conducted to determine which treatment groups were significantly
different from the controls.

The physicochemical data from water quality samples were also analyzed with
PRC to assess the correlation between the physicochemical parameters (explanatory
variables) and treatment effects. The data were square-root transformed and stan-
dardized for the PRC analysis. As with the macroinvertebrate data analysis, the PRC
diagram describes the multivariate response of the water quality parameters to each
treatment relative to the control. The species scores indicate which parameters had
the greatest response to the treatment and identify which chemicals may be most
important in controlling changes in the macroinvertebrate community.

In addition to the multivariate analysis, several univariate community metrics
were calculated, including taxa richness (S), Shannon Diversity (H0), and number of
Ephemeroptera, Plecotera, Trichoptera (EPT) taxa, using pooled samples from each
treatment group. The diversity metrics were then used to calculate several indices of
biological quality commonly used to assess the ecological status of rivers in Spain,
including IBMWP and IMMi-t (Munné and Prat, 2009). Finally, the biotic indices for
each treatment group were evaluated in relation to an ecological quality classifi-
cation system based on the European Water Framework Directive (Munné and Prat,
2009).

3. Results

3.1. Macroinvertebrate community response to effluent treatments

A total of 17 taxa were identified among all treatment groups
during themesocosm experiment (Table 2). The relative abundance
of taxa changed substantially in both treatment and control groups
over time, suggesting the combined influence of natural coloniza-
tion processes and experimental effects. Oligochaeta and Chiro-
nomidae were the most numerically-dominant taxa in all samples
and had distinct treatment responses. After one week of exposure,
the density of Oligochaeta increased to over 28,000 ind/m2 in the
30% treatment group, indicating a strong positive response to the
effluent treatment. However, by week two the abundance of Oli-
gochaeta both in the 15% and 30% treatment groups declined
dramatically, while the control and 5% treatment exhibited a slight
increase in abundance. Chironomidae had relative similar densities
in all groups after one week, but treatment effects became evident
by week two. Between week one and two, there was an increase in
Chironomidae densities that appeared to be mediated by effluent
concentrations. The greatest increase in densities was observed in
the control, followed by the 5% and 15% effluent treatment groups.
In contrast, Chironomidae densities in the 30% treatment group
slightly declined. Coleoptera and Ephemeroptera showed a strong
concentration-dependent decrease in density and by week 2 were
completely eradicated from the 30% treatment group. The density
of Diptera taxa also decreased in response to the treatments, with

Table 1
Descriptive metrics of macroinvertebrate community upstream (L1) and downstream (L2) of the Balsareny WWTP, and corresponding ecological status.

Sampling location
relative to WWTP

Discharge (l/s) Diversity (H0) Number taxa (S) EPT taxa IASPT Log
(Sel EPTCD þ 1)

IMMi-t IBMWP Ecological statusa

Upstream (L1) 3333 1.71 23 9 5.1 1.97 0.91 0.85 very good, good
Downstream (L2) 304 0.59 16 3 2.8 1.02 0.35 0.35 poor, poor

a Ecological status classification based on biotic index (IMMi-t, IBMWP) threshold values for Mediterranean rivers, developed by Munné and Prat (2009).
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the exception of the pollution-tolerant Diptera Psychodidae, which
colonized channels receiving 15% and 30% effluent by the end of the
experiment. Trichoptera taxa tended to decrease in density and the
treatment appeared to trigger reproduction in several taxa,
including Hydroptilidae and Rhyacophilidae, indicated by the pres-
ence of pupae in higher densities at higher effluent concentrations
(Table 2).

The diagram of the first PRC illustrates the multivariate inver-
tebrate response to the experimental treatment, and represents the
concentration-dependent deviations in community assemblages
from the control over time (Fig. 2). The response pattern in the first
PRC axis was significant (p ¼ 0.002) and captured 34.4% of the total
variance explained by the treatment regime. Differences between
the invertebrate community in the treatment and the control
groups increased with higher effluent concentrations and over
time. Differences among treatments accounted for 23.5% of all
variance in the invertebrate data, while differences in sampling
times accounted from 16% of all variance. The second PRC axis was
not significant and is not presented.

The invertebrate community at week 0 (April 14, 2009) repre-
sent common samples collected from the river and thus have an
identical score of 0 on the PRC axis (Fig. 2). There was evidence of
deviation of the treatment groups from the controls after one week
of exposure, based on Monte Carlo permutation tests (p ¼ 0.008).
Post hoc Dunnett’s tests indicated that the assemblages exposed to
the highest concentration treatment (30% effluent) were signifi-
cantly different than control (p¼ 0.006; Fig. 2). By the secondweek,
treatment groups deviated further from the control and exhibited
a clear dose-effect response, whereby differences between treat-
ment and control groups increased with increasing effluent
concentration. The treatment effects in the second sampling date
were significant (Monte Carlo permutation test; p ¼ 0.002) and

post hoc tests between treatment and control groups indicate that
the invertebrate communities exposed to 15% and 30% concentra-
tions of effluent were significantly different from the controls
(Dunnett’s test; p < 0.001 for both comparisons).

The species weight diagram (Fig. 2) describes how the response
of particular invertebrate taxa to the treatment relates to the overall
response pattern indicated by the PRC diagram. Taxa indicated with
positive species weights are thus expected to increase in abun-
dance with higher treatment concentrations, relative to the
controls, whereas taxa with negative species weights are expected
to decrease in abundance. For example, the Diptera Psychodidae had
the highest positive species weight (0.77) of all taxa, which reflects
the colonization of this pollution-tolerant taxa only in channels
receiving the highest level of effluent discharge (Table 2). In
contrast, most taxa had negative species weights, including most of
the Trichoptera, Ephemeroptera, and Diptera taxa, indicating
a decrease in abundance in response to the exposure to effluent.
However, the species weights for several taxa were close to 0 (e.g.,
Rhyacophilidae and Ceratopogonidae), indicating either a weak
effect of the effluent treatment or a unique treatment response that
did not closely follow the trajectory of the PRC curve.

3.2. Relationships of physicalechemical parameters to effluent
treatments

The PRC diagram of the physicalechemical parameters reflects
key differences in environmental conditions among the treatment
groups (Fig. 3). The first PRC explained 72.3% in the total variance of
the physicalechemical data, 66.5% of which was explained by the
treatment regime. Measured nutrient andwater quality parameters
were significantly related to the treatment effects captured by the
first PRC (p ¼ 0.002), with most nutrient levels increasing with

Table 2
Densities of invertebrate taxa (mean � SD individuals/m2) for each treatment group at 0, 1, and 2 weeks of exposure to wastewater effluent.

Week 0 Week 1 Week 2

River
control

Control 5%
Effluent

15%
Effluent

30%
Effluent

Control 5%
Effluent

15%
Effluent

30%
Effluent

Oligochaeta
Oligochaeta spp. 5468 � 2858 3664 � 1924 5012 � 1660 22,717 � 4461 28,030 � 7905 9967 � 2519 10,348 � 3895 11,703 � 3894 2156 � 1733
Mollusca
Ancylidae 0 � 0 0 � 0 4 � 7 5 � 9 0 � 0 27 � 47 0 � 0 0 � 0 0 � 0
Hydrobiidae 7 � 16 0 � 0 2 � 3 4 � 4 11 � 14 2 � 4 2 � 3 10 � 12 2 � 3
Ephemeroptera
Baetidae 266 � 200 34 � 48 21 � 9 37 � 12 14 � 12 146 � 54 56 � 11 17 � 11 0 � 0
Caenidae 7 � 15 4 � 4 7 � 8 4 � 7 0 � 0 8 � 4 2 � 3 4 � 7 0 � 0
Coleoptera
Elmidae 94 � 86 29 � 5 5 � 5 22 � 24 36 � 17 32 � 13 55 � 51 7 � 9 0 � 0
Heteroptera
Aphelocheiridae 7 � 16 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0
Trichoptera
Brachycentridae 9 � 20 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0 0 � 0
Hydropsychidaea 70 � 68

(0 � 0)
5 � 10
(0 � 0)

20 � 7
(0 � 0)

11 � 5
(0 � 0)

14 � 8
(2 � 3)

9 � 8
(0 � 0)

10 � 3
(0 � 0)

4 � 7
(0 � 0)

3 � 6
(0 � 0)

Hydroptilidaea 464 � 187
(0 � 0)

99 � 45
(2 � 3)

62 � 62
(2 � 4)

113 � 143
(0 � 0)

97 � 4
(2 � 3)

96 � 55
(8 � 9)

118 � 49
(6 � 7)

52 � 51
(41 � 40)

37 � 38
(21 � 23)

Philopotamidae 0 � 0 0 � 0 2 � 4 0 � 0 0 � 0 4 � 6 0 � 0 0 � 0 0 � 0
Polycentropodidae 50 � 93 2 � 4 0 � 0 5 � 9 2 � 3 2 � 3 2 � 3 0 � 0 0 � 0
Psychomyiidae 1114 � 688 605 � 290 633 � 147 400 � 121 40 � 52 470 � 244 157 � 29 6 � 10 0 � 0
Rhyacophilidaea 143 � 143

(0 � 0)
14 � 6
(4 � 3)

6 � 1
(13 � 12)

13 � 3
(17 � 18)

16 � 11
(33 � 52)

13 � 11
(0 � 0)

2 � 3
(10 � 9)

2 � 3
(4 � 6)

2 � 3
(2 � 3)

Diptera
Ceratopogonidae 0 � 0 3 � 5 7 � 8 0 � 0 6 � 10 17 � 29 10 � 4 4 � 3 4 � 3
Chironomidae 12,320 � 6101 6387 � 1974 8429 � 2791 6743 � 570 4263 � 1711 33,181 � 2339 24,041 � 2732 19,994 � 7213 3968 � 1823
Empididae 62 � 41 42 � 16 81 � 23 68 � 32 55 � 13 63 � 20 137 � 97 52 � 76 2 � 3
Limoniidae 1526 � 1805 394 � 271 435 � 313 332 � 126 239 � 129 392 � 187 341 � 87 84 � 75 16 � 15
Psychodidae 0 � 0 0 � 0 0 � 0 6 � 11 0 � 0 0 � 0 0 � 0 6 � 10 14 � 16
Simuliidae 0 � 0 15 � 17 6 � 5 2 � 3 0 � 0 141 � 197 51 � 50 2 � 4 2 � 3

a Density of pupae in parenthesis.
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higher effluent concentrations (Fig. 4). The second PRC was not
statistically significant. The parameters most sensitive to treatment
effects can be inferred from the species weights. The high species
weights of ammonium, chlorine, sulfate, and phosphate reflects
a strong correlation of these nutrients with effluent concentration,
which is also captured by the high positive species weight of
conductivity. In contrast, the negative species weights of dissolved
oxygen indicate that oxygen availability decreased with increasing
concentrations of effluent. The species weights of temperature,
nitrite, and nitrate, were close to 0, indicating that these parame-
ters were either insensitive to experimental treatments or showed
a response to the treatment that is not reflected in the PRC diagram.

3.3. Effects of effluent treatment on ecological quality status

A total of 15 taxa were observed on the cobbles collected from
the river at the beginning of the experiment, which is representa-
tive of the unimpaired reach of the Llobregat River upstream of the
WWTP (Prat and Rieradevall, 2006). Half of the taxa were
Ephemeroptera, Plecoptera, and Trichoptera (EPT), including many
pollution-sensitive taxa in high abundance. Both the qualitative

(IMWBP) and quantitative (IMMi-t) indices indicate that ecological
status of the site is high or very high, following the classification
thresholds defined by Munné and Prat (2009). The wastewater
treatments had negative effects on biological quality indices
(Table 3). After one weak of exposure to wastewater effluents,
indices of community diversity and biological quality remained
relatively stable in the control, low and moderate treatment groups
(Table 3). However, the high treatment group had a much lower
Shannon Diversity score, fewer total taxa, fewer EPT taxa, and lower
values of log (SelEPTCDþ 1). Based on the biotic quality indices, the
ecological status of the 30% effluent treatment group was
‘moderate’, while the other treatment groups were in ‘good’
condition. By week two of the experiment, the low (5% effluent)
treatment group had slightly lower values for most invertebrate
community metrics, including the number of taxa, EPT taxa, IASPT,
and log (SelEPTCD þ 1). However, the biotic quality index values
remained high enough to classify the invertebrate community in
‘good’ condition. The 15% treatment group had an intermediate
effect on biological condition relative to the 5% and 30% effluent
treatments after 2 weeks, indicated by the reduction in ecological
status to ‘moderate’ condition. The channels receiving the high

Fig. 2. Principal response curve (PRC) with species weights for the aquatic invertebrate community data, indicating the effects of exposure to 0% (control), 5% (low), 15% (moderate),
and 30% (high) concentrations of treated wastewater. Asterisk (*) indicates significant (p < 0.05) differences between treatment and control groups.

Fig. 3. Principal response curve (PRC) with species weights for the physicochemical parameter data, describing the relationship between physicochemical parameters and
wastewater effluent at 0% (control), 5% (low), 15% (moderate), and 30% (high) concentration.
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(30%) treatment of sewage water declined to ‘very poor’ conditions
by week two. Only 3 EPT taxa were present in the high-
concentration treatment group after 2 weeks and most pollution-
intolerant taxa were absent. The disappearance of sensitive
species was concomitant with the increase of ammonia and chlo-
ride concentrations, which are known to be key physicochemical
parameters that limit the presence of many aquatic invertebrate
taxa in polluted rivers.

4. Discussion

The findings indicate that exposure to treated wastewater
effluent has a significant impact on the composition and diversity
of the aquatic invertebrate community. The changes in invertebrate
assemblages appeared to follow a dose-dependent response,
whereby treatment effects on the invertebrate community
increased with elevated effluent concentrations (i.e., decreased
dilution) and extended periods of exposure. The stream mesocosm
channels receiving the highest concentration of effluent had the
most pronounced shifts in the invertebrate community, charac-
terized by a general decline in invertebrate densities and loss of
several pollution-sensitive taxa. However, there was also evidence

that exposure to 5% effluent discharges causedmoderate impacts to
the invertebrate community, including the loss of sensitive species
and decline in several diversity metrics, suggesting that even low
concentrations of effluent have a biologically important effect. The
WWTP effluents used in themesocosm contained elevated levels of
ammonium, chloride, soluble phosphate, and sulfate that increased
in response to the concentration of effluent in each treatment.
Excessive nutrient loading has been shown to be the dominant
cause of stream ecosystem impacts from WWTP discharges (e.g.,
Kosmala et al., 1999; Carey and Migliaccio, 2009; Martí et al., 2010)
and is probably responsible for the observed changes in inverte-
brate assemblages in this study.

The changes in the abundance and composition of invertebrates
led to a reduction in the ecological status of the stream mesocosm
community. All of the community metrics and biotic indices
showed a clear negative response to the wastewater treatments.
The response was both treatment and time dependent; the higher
the effluent concentration and the exposure time, the greater the
reduction in the ecological status. These results demonstrate the
utility of aquatic invertebrates for detecting wastewater pollution
impacts and highlight the value of sampling invertebrates for
assessing the biotic integrity of rivers (Metcalfe, 1989; Bonada et al.,

Fig. 4. Measured values (mean � SD) of physicochemical parameters at different concentrations of treated waste water effluent.

Table 3
Aquatic invertebrate community metrics and corresponding ecological status for Mediterranean rivers in Spain.

Treatment Week Diversity (H0) Number
taxa (S)

EPT
taxa

IASPT Log
(Sel EPTCD þ 1)

IMMi-t IBMWP Ecological statusa

River Control 0 1.26 15 8 5.3 3.08 0.96 0.59 very good, good
Control 1 1.08 14 7 4.7 2.8 0.83 0.48 good, moderate
Low 1 1.02 16 7 4.8 2.81 0.85 0.56 good, good
Moderate 1 0.72 16 7 4.7 2.63 0.83 0.55 good, good
High 1 0.49 13 6 4.6 1.88 0.72 0.44 moderate, moderate
Control 2 0.72 17 8 4.9 2.7 0.89 0.61 good, good
Low 2 0.77 15 7 4.6 2.33 0.79 0.51 good, good
Moderate 2 0.71 15 6 4.4 1.16 0.64 0.48 moderate, moderate
High 2 0.73 11 3 4.1 0 0.42 0.33 poor, poor

a Ecological status classification based on biotic index (IMMi-t, IBMWP) threshold values for Mediterranean rivers, developed by Munné and Prat (2009).
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2006; Furse et al., 2006). Nevertheless, additional studies are
needed to better understand how effluent discharges potentially
affect invertebrate communities. The present experiment focused
on the impacts of wastewater effluent at steady concentrations for
a two week period. Future studies should evaluate how inverte-
brates respond to pulse impacts of effluent discharge, which often
occur at WWTPs from overflows and spills during rain effects
(Rueda et al., 2002; Canobbio et al., 2009). Further examination of
the effects of wastewater effluent at different levels of biological
organization, including traits, taxa, assemblages, and food webs, is
also needed.

Observed community response patterns to the experimental
treatments indicate that stream mesocosms are an effective
method for investigating the effects of treated wastewater effluent
on aquatic invertebrates. Although the artificial stream channels
used in our mesocosm facility represent a simplified, less dynamic
physical environment than the natural river bed, several aspects of
the mesocosm design likely improved the ‘realism’ of the model
system. For example, the use of an open, flow-through system
facilitated passive invertebrate colonization and helped to avoid
water quality problems often associated with recycled-water
systems (Ledger et al., 2009). In addition, the close proximity of
the mesocosm to the river of origin and minimal relocation
disturbance of river cobbles were important for maintaining the
original composition of the stream invertebrate community. The
slightly higher taxa diversity and IASPT values (indicating a greater
proportion of sensitive species) of the initial sample of river cobbles
indicate that the mesocosm did have some effect on invertebrate
assemblages. Nevertheless, the stability of invertebrate community
metrics in the control treatments, evidenced by the high number of
total and EPT taxa and biotic quality index ratings of ‘good’ status,
indicates that mesocosm effects did not influence the observed
responses to the effluent treatments. The consistency of our find-
ings with field sampling from above and below the WWTP outfall
(Caus and Prat, 2010) provides further evidence that invertebrate
assemblages in the mesocosm responded in a similar manner as in
situ communities to wastewater effluent discharges.

In contrast to field sampling approaches, mesocosms make it
possible to isolate the effects of individual treatment factors and
test potential causal relationships between treatments and bio-
logical responses. This is critical for the study of freshwater
ecosystems, and Mediterranean rivers in particular, which are
subject to multiple physical and chemical stressors (Ormerod et al.,
2010; Ricart et al., 2010). Where rivers are impaired by multiple
stressors, biomonitoring approaches may not be effective for
detecting specific effects. For example, Gücker et al. (2006)
concluded that the failure to identify adverse effects of waste-
water effluents on aquatic macroinvertebrates was due to the fact
that the community was already impoverished by the deterioration
of water quality and habitat conditions. Similarly, Prat et al.
(in review) found that discharges of reclaimed water had no
effects on macroinvertebrate assemblages in a highly impacted
reach of the lower Llobregat River because the community was
already dominated by taxa tolerant to pollution. Therefore, meso-
cosms offer a useful and complementary approach to bio-
monitoring studies for quantifying the effects of pollution and
other stressors on freshwater ecosystems.

In conclusion, this study confirms that treated wastewater
effluent discharges have a significant impact on stream macro-
invertebrate assemblages. The findings are consistent with the
environmental assessment conducted by the Catalan Water
Agency, which reported that WTTP are a dominant pressure on
aquatic ecosystems and are preventing up to 40% of water bodies in
the region from achieving good ecological status (Prat et al., in
review). The preliminary results of this study suggest that WWTP

effluent releases should probably be maintained at a dilution rate
below 5% of the total discharge of the receiving waters to preserve
healthy biotic assemblages. Further research is needed to more
fully understand the short- and long-term impacts of WWTP
effluent discharges on aquatic organisms. Mesocosm experiments
can play an important role in supplementing the knowledge gained
from biomonitoring programs and ultimately improving the
management and conservation of freshwater ecosystems.
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