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Abstract
The stress-gradient hypothesis predicts that biotic interactions within food webs are context dependent, since environmental 
stressors can attenuate consumer–prey interactions. Yet, how heavy metal pollution influences the impacts of predatory fish 
on ecosystem structure is unknown. This study was conducted in the Osor stream (Spain), which features a metal (mainly Zn) 
pollution gradient. We aimed to determine how the responses of benthic communities to the presence and absence of preda-
tory fish interact with environmental stress and to test whether the top-down control of top predators is context dependent. 
To address these questions, periphyton biomass and macroinvertebrate densities were determined throughout an exclosure/
enclosure mesocosm experiment using the Mediterranean barbel (Barbus meridionalis) as a top predator. The monitoring 
study showed that metal accumulation in periphyton and macroinvertebrates reflected patterns observed in water. The meso-
cosm study showed that fish predation effects on larval chironomids were not context-dependent and that periphyton biomass 
was markedly lower in the presence of fish regardless of metal pollution levels. This strong top-down control on periphytic 
algae was attributed to the foraging behaviour of fish causing bioturbation. In contrast, the top predator removal revealed 
grazer-periphyton interactions, which were mediated by heavy metal pollution. That is, periphyton benefitted from a lower 
grazing pressure in the metal-polluted sites. Together, our results suggest that the top–down control by fishes depends more 
on functional traits (e.g. feeding behaviour) than on feeding guild, and demonstrate the capacity of top predators to modify 
anthropogenic stressor effects on stream food-web structure.

Keywords  Barbus meridionalis · Trophic cascades · Biotic interactions · Grazing pressure · Macroinvertebrates · 
Periphyton biomass

Introduction

Chemical pollution represents one of the major threats to 
ecosystem integrity and biodiversity in running waters 
(Allan and Flecker 1993). The occurrence of metals in 
fluvial ecosystems is commonly due to urban and mining 
activities (Geist 2011). Heavy metal pollution can produce 
adverse effects on algal periphyton biomass, taxa richness 
and photosynthetic efficiency (Hill et al. 2000; Morin et al. 
2008; Corcoll et al. 2012; Bonet et al. 2013), The diver-
sity, taxa richness and abundance of benthic invertebrates 
are also affected by metal pollution (Clements et al. 2000; 
Maret et  al. 2003; Smolders et  al. 2003; Iwasaki et  al. 
2009). Moreover, aquatic organisms can accumulate met-
als by direct absorption through water and/or by feeding, 
depending on metal species and their concentrations in the 
environment (Clements and Rees 1997; Farag et al. 1998). 
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Because periphyton readily bioaccumulates metals and is 
the primary food resource for invertebrates that scrape min-
eral and organic surfaces (Farag et al. 1998; Goodyear and 
McNeill 1999), it represents a potential link in the transfer 
of metals to higher trophic levels (Guasch et al. 2016; Bon-
nineau et al. 2020).

The co-occurrence of contaminants with other anthropo-
genic stressors, such as hydrological alterations that cause 
water stress, is common in freshwater ecosystems (Ormerod 
et al. 2010). It has been shown that water diversion exacer-
bates the ecological impacts of metal pollution (Guasch et al. 
2009, 2010; Arenas-Sánchez et al. 2016), as the capacity 
to dilute pollutants is compromised (Petrovic et al. 2011). 
Moreover, recent studies have yielded invaluable informa-
tion on the direct and combined effects of chemical pollution 
and water stress on target organisms, such as periphyton and 
invertebrates (Ponsatí et al. 2016; Sabater et al. 2016; Kalo-
gianni et al. 2017; Karaouzas et al. 2018). However, biotic 
interactions within food webs can modify stressor effects, 
transfer stressor effects to distant groups of organisms, 
and create new stressor interactions (Bruder et al. 2019). 
To date, several field and theoretical studies have demon-
strated contaminant-induced changes in either behaviour 
(Schmitz et al. 2004; Saaristo et al. 2018), competition or 
predation/grazing rate (Fleeger et al. 2003; Alexander et al. 
2013; Rodrigues et al. 2018) that altered species abundances 
or community composition. As illustrated in Fig. 1, con-
taminants can have both direct and indirect effects across 
trophic levels (previously described by Clements and Rohr 
2009). Therefore, accounting for biotic interactions within 
food webs can increase our mechanistic understanding of 
ecological responses to environmental stressors (Clements 
and Rohr 2009; Segner et al. 2014; Brooks and Crowe 2018; 
Bruder et al. 2019).

Community ecologists define trophic cascades as the 
effects of predators that propagate downward across trophic 
levels through indirect interactions (Wootton 1994; Polis 
et al. 2000; Ripple et al. 2016). Typically, the manipulation 
of the top trophic level (often extirpation) such as insectivo-
rous fish or smaller carnivores (mesopredators) can result in 
trophic cascades affecting primary producers through con-
sumptive- or density-mediated effects (e.g. Power 1990a; 
Flecker and Townsend 1994; Biggs et al. 2000; Rosenfeld 
2000; Ritchie and Johnson 2009) and non-consumptive- or 
trait-mediated effects (e.g. Konishi et al. 2001; Moulton 
et al. 2004). However, not all food webs have a linear shape 
(Rodríguez-Lozano et al. 2015) and consumer effects are 
often context dependent (Holomuzki et al. 2010). One driver 
that may regulate trophic cascade strength within systems is 
environmental stress, which is well known to mediate biotic 
interactions (Menge and Sutherland 1987). In 1987, Menge 
and Sutherland developed the environmental stress model, 
in which top-down community regulation is predicted to 

dominate in non-impacted habitats, whereas environmental 
stressors can attenuate consumer-prey interactions (e.g. due 
to predator emigration) and thereby alter trophic cascades. 
Since Menge and Sutherland’s work, a growing number of 
studies have focused on quantifying the strength of trophic 
cascades across environmental stress gradients, especially 
in salt marshes (e.g. Korpinen et al. 2007; Cheng and Gro-
sholz 2016; McAfee and Bishop 2019), but with a limited 
number of studies performed in streams (e.g. Layer et al. 
2010). Habitat complexity, resource subsidies, the type and 
intensity of environmental stress, predator behaviour and 
efficiency, and system productivity are known to influence 
interactions within food webs (Power 1992; Strong 1992; 
Brönmark et al. 1997; Borer et al. 2005; Leroux and Loreau 
2008; Klemmer and Richardson 2013).

Previous studies focusing on the effects of metal pollu-
tion found that the relative importance of stonefly preda-
tion (Plecoptera: Perlidae) can be altered due to changes in 
prey immigration (Clements 1999) or in background prey 
density (Kiffney 1996). Yet, how metal pollution influences 
top-down control by fish remains largely unknown.

This study was conducted in the Osor stream (Catalo-
nia, Spain). This stream features a metal pollution gradient 

Fig. 1   A simplified representation of biotic interactions in a stream 
food web (with three trophic levels: a fish, b primary consumers 
and c primary producers) based on periphyton (benthic algae) with 
the presence of stressors (e.g. Zn contamination). Solid lines are 
direct effects; dashed lines represent indirect effects. The presence or 
absence of predatory fishes can result in cascading effects because of 
grazer-periphyton interactions. Positive and negative effects are signi-
fied by (+) and (−), respectively. Modified from: Clements and Rohr 
(2009)
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as a result of metal inputs from mine drainage and runoffs, 
and water diversion (Tlili et al. 2011; Corcoll et al. 2012; 
Bonet et al. 2013, 2014). This pollution gradient provides 
a unique opportunity for understanding how trophic rela-
tionships interact with environmental stress, and to test 
whether the ecological role of top predators in streams is 
context dependent. Therefore, we aimed to evaluate the 
responses of periphyton biomass and density of benthic 
macroinvertebrates to the presence and absence of a preda-
tory fish along the metal pollution gradient. To address 
this, we used an insectivore benthic species (Mas-Martí 
et al. 2010; Rodríguez-Lozano et al. 2016b), the Medi-
terranean barbel (Barbus meridionalis), as a study case 
in a field exclosure/enclosure mesocosm experiment. We 
hypothesised that periphyton biomass and the density of 
macroinvertebrates would decline in the most polluted 
sites (Clements et al. 2000; Bonet et al. 2013). Moreover, 
macroinvertebrate communities are expected to be top-
down controlled by B. meridionalis, as previous research 
has shown (Rodríguez-Lozano et al. 2015, 2016a); how-
ever, metal pollution can decouple species interactions, 
thereby affecting the strength of the top–down control 
(Kiffney 1996; Clements 1999).

Methods

Study area

This study was carried out in Osor stream, a second-order 
stream in the northeast of the Iberian Peninsula, Spain 
(Fig. 2). This stream is 28.5 km long, with a drainage area 
of 88 km2 and runs primarily through Guilleries Mountains 
until drains into the Ter River. It features moderately hard 
waters (1 mM Ca2+) and well-preserved riparian vegetation. 
However, several human-driven stressors such as hydro-
logical alteration and metal pollution threaten the ecologi-
cal integrity of the stream. This catchment is subjected to 
seasonal rainstorms during the autumn and spring, causing 
spates that increase stream base-flow; however, during the 
summer drought, stream discharge is substantially reduced. 
The presence of a diversion channel causes further flow 
reductions downstream (Bonet et al. 2013) and eventually 
causes streambed drying (personal observation). This stream 
also receives effluents and runoff from an inactive former 
mine that extracted spharelite ((Zn, Fe) S) and galena (PbS). 
Dissolved concentrations of metals in water depend on sea-
son and stream discharge, with the highest concentrations 
coinciding with periods of summer drought (Bonet et al. 

Fig. 2   Map showing the 
locations of the five selected 
reaches along the Osor stream 
(NE Iberian Penisula, Ter river 
basin (shaded in dark grey); the 
watershed of the Osor stream is 
shaded in blue), and diagram of 
the experimental setup show-
ing the size of the mesocosms 
(cages) and the two treatments 
established. With the exception 
of Upstream 1 (UP-1), the rest 
of stream reaches were affected 
by hydrological alteration 
(water diversion) and/or heavy 
metal pollution: Upstream 2 
(UP-2), Mine (M), Downstream 
1 (DM-1) and Downstream 2 
(DM-2)
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2013). Zinc is one of the most abundant elements in the 
surroundings of the mine discharge (nearly 450 µg Zn L−1), 
and concentrations often exceed the water quality standards 
stipulated by European and American legislation (Bonet 
et al. 2014).

Five sampling reaches were selected along a 5-km seg-
ment of the stream with the purpose of obtaining a metal 
pollution gradient (Fig. 2). These reaches were as follows: 
Upstream 1 (UP-1; the reference site), located at about 
3.7 km distance away from the mine effluent and unaffected 
by water diversion; Upstream 2 (UP-2), located 100 m 
upstream of the most polluted reach and altered by the pres-
ence of a diversion channel for hydropower production; 
Mine (M), located just down the mine discharge and with 
the highest metal concentrations in water; Downstream 1 
(DM-1), located at about 0.6 km downstream from the mine 
discharge and altered by water abstraction and diversion; 
and finally Downstream 2 (DM-2), located at 1.4 km down-
stream from the mine and considered partially recovered 
from the diverted flow.

Preliminary electrofishing with multiple passes (three 
pass depletion) and block nets indicated that the fish assem-
blage was largely dominated by the native Mediterranean 
barbel (Barbus meridionalis) and the invasive minnow 
(Phoxinus sp.). The mean densities (individuals ha−1) of 
Barbus meridionalis and Phoxinus sp. along the selected 
reaches were, respectively, the following: 2164 and 2305 in 
UP-1; 1986 and 2416 in UP-2; 1362 and 3715 in M; 2419 
and 3523 in DM-1; and 4115 and 1652 in DM-2.

Description of water chemistry, periphyton 
and macroinvertebrates

In summer 2017, several samplings were conducted within 
each study reach to describe the direct effects of environ-
mental stress on biological communities (periphyton and 
benthic macroinvertebrates). A field mesocosm experiment 
was performed in parallel to test the influence of fish on 
the reported responses (described in “Exclosure/enclosure 
mesocosm experiment”).

Water chemistry

Physicochemical parameters were measured in-situ using 
a multi-parametric probe (WTW Meters, Weilheim, Ger-
many). Water samples were taken for nutrient and dissolved 
metal analysis. Phosphate and ammonium concentrations 
were measured colorimetrically (Murphy and Riley 1962; 
Reardon et al. 1966) using a spectrophotometer (Shimadzu 
UV-1800). Analytical methods for trace metal concentra-
tions are described in “Metal analysis”.

Periphyton sampling

Cobbles were randomly collected in the field and were thor-
oughly scraped with cell scrapers, rinsed with water and 
filtered onto GF/F Whatman filters (0.7 µm-pore size). In 
the laboratory, samples were stored frozen at − 20 °C and 
aliquots of these samples were used to estimate chlorophyll-
a concentration and total organic biomass or ash-free dry 
weight (AFDW). Chlorophyll-a was measured after extract-
ing in 10 mL of 90% acetone for 24 h in the dark at 4 °C 
and sonicating for 2 min at 40 kHz. Chlorophyll-a concen-
tration was determined spectrophotometrically (Jeffrey and 
Humphrey 1975). Ash-free dry weight (AFDW) biomass 
was determined following standard methods (Steinman et al. 
2007): GF/F Whatman filters (0.7 µm-pore size) were dried 
at 50 °C for 48 h, weighed to determine dry weigh, com-
busted at 450 °C for 4 h to determine mineral content, and 
reweighed to determine the ash-free dry weight (AFDW); 
estimated as the difference between weight measurements. 
Cobble dimensions were used to standardise periphyton 
biomass per surface area (µg chlorophyll-a cm−2 and mg 
AFDW cm−2). Samples of periphyton were also taken (one 
sample per reach) for analysis of metal bioaccumulation (see 
metal analysis section) and were stored frozen at − 20 °C. 
We calculated the bioconcentration factor (BCF) as the ratio 
of metal concentration in periphyton to that in water, consid-
ering that metal toxicity for organisms depend on bioavail-
ability in the abiotic medium and the capacity of organisms 
to accumulate metals.

Macroinvertebrates sampling

Benthic macroinvertebrates were collected from undisturbed 
shallow runs and riffles using a Surber sampler (20 × 20 cm 
and 250 µm mesh net) and stored in plastic bottles contain-
ing 70% ethanol. We used eight replicates for each sampling 
site because this amount of sampling effort is considered suf-
ficient to characterise macroinvertebrate communities (Gart-
zia De Bikuña et al. 2015). In the laboratory, benthic mac-
roinvertebrates were counted and identified to family under 
a dissecting microscope. Families of mayflies (Ephemerop-
tera), stoneflies (Plecoptera) and caddisflies (Trichoptera) 
were grouped as EPT taxa, whereas families of dragonflies 
(Odonata), beetles (Coleoptera) and true bugs (Hemiptera) 
were grouped as OCH taxa. Following Tachet et al. (2000), 
macroinvertebrate families were assigned to functional feed-
ing groups (FFG): grazers, shredders, collector-gatherers 
(also termed deposit-feeders), collector-filterers and preda-
tors. For taxa assigned to multiple FFGs, densities were 
divided evenly into each applicable FFG (estimated as a 
percentage). Parasites were omitted from the analysis. After 
identification, samples were dried at 60 °C until constant 
mass and weighed (± 0.1 mg) to obtain the total dry mass 
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(DM). For snails, shells were removed and the remaining 
body parts were dried and weighed. Density of macroin-
vertebrates and total dry mass (all individuals pooled) were 
standardised by surface area sampled (individuals m−2 and 
g DM m−2).

A sample of four representative macroinvertebrate fami-
lies (Leuctridae, Hydropsychidae, Gomphidae and Lymnai-
dae) was also used for analysis of metal bioaccumulation. 
In total, we collected a minimum of 50 individuals per fam-
ily from each reach. Samples included a mixture of taxa 
within each family to avoid interspecific variability in metal 
accumulation and to obtain sufficient biomass for metal 
analysis (Kotalik and Clements 2019). Macroinvertebrates 
were stored in plastic vials and frozen at − 80 °C until metal 
analysis (see metal analysis section). A bioaccumulation fac-
tor (BAF) was calculated as the ratio of metal concentration 
in macroinvertebrates to that in periphyton.

Exclosure/enclosure mesocosm experiment

Following previous work (Rubio-Gracia et al. 2017), we set 
up a mesocosm experiment that allowed us to control the 
presence or absence of fish and quantify treatment effects on 
trophic levels. The experiment was conducted for 4 weeks 
between June and July 2017. We established two treatments 
(exclosure and enclosure) with a duration of 2 weeks each 
one and replicated three times in each study reach (Fig. 2). 
Treatment effects were evaluated following a before-and-
after design: (1) first, cages without fish were used to simu-
late the lack of fish predation (exclosure experiment); and 
(2) afterwards, 6 Barbus meridionalis were placed into the 
same cages (enclosure experiment), simulating the high 
fish density (around 6 individuals per m2) that are typical of 
well-preserved rivers or in isolated pools when some Med-
iterranean-climate streams dry down (Rubio-Gracia et al. 
2017). The 90 barbels used in this experiment (range fork 
length, FL = 84–115 mm) were previously caught by electro-
fishing (LR-24 Smith-Root Ltd. 120 V DC-0.6 A) from the 
reference site (Upstream 1) and transferred to downstream 
reaches. Thus, we avoided the potential harmful effects 
of long-term metal bioaccumulation on fish. Mesocosms 
(150 × 100 × 70 cm) consisted of four-sided cages made of 
high-density polyethylene (HDPE), which were held up by 
a wooden structure, and covered by a mesh of HDPE on the 
top (Fig. 2), which prevented predation of fish by aquatic 
birds and other animals. Cages were separated a minimum of 
10 m to avoid interference. The mesh size of cages (4.5 mm-
pore size) retained or excluded fish but allowed macroin-
vertebrate movement and algal colonization, and also light 
penetration through the cover material (Argudo 2021), 
thereby minimising the impact of our experimental design 
on trophic interactions. To simulate natural conditions and 
promote rapid colonization by stream communities, cage 

bottoms were filled with cobbles taken from the same sam-
pling point. During the experiment, the cages were inspected 
every day to remove debris that accumulated outside of the 
cages due to stream current. The substrate used for sampling 
periphyton and macroinvertebrate was returned to the stream 
channel to avoid repetition of sample units.

Surveys were conducted after 1 and 2 weeks over the 
course of each treatment period. On each sampling date, 
three randomly selected cobbles were removed by hand 
and their surfaces carefully rubbed to dislodge any aquatic 
macroinvertebrates, while one random boulder was used to 
sample periphytic algae. We essentially followed the same 
methodology described above for the determination of mac-
roinvertebrate densities, chlorophyll-a concentration and 
AFDW biomass.

Metal analysis

Metal analyses included water, periphyton and macroinver-
tebrate samples. Water samples were filtered onto Whatman 
nylon filters (0.2 µm-pore size) and acidified with 1% HNO3 
(65% suprapure, Merck). Dissolved metals were determined 
by inductively coupled plasma mass spectroscopy (ICP-MS 
7500c Agilent Technologies). Periphyton and macroinverte-
brate samples were processed and analysed for Zn, Mn, Fe, 
Cr, Cd, Cu and Pb. All samples were lyophilized, weighted 
with an analytical balance (Menttler-Toledo AX205), and 
digested in nitric acid (4 mL HNO3, 65% suprapure, Merck) 
and hydrogen peroxide (1 mL H2O2, 30% suprapure, Merck) 
in a high-performance microwave digestion unit (Milestone, 
Ethos Sel). Digested samples were analysed by inductively 
coupled plasma mass spectroscopy (ICP-MS 7500c Agi-
lent Technologies) Zn concentrations in macroinvertebrates 
were analysed by inductively coupled plasma mass (ICP-
OES 5100 Agilent Technologies). Analytical accuracy was 
determined using certified reference material of the Joint 
Research Centre (European Commission), i.e., standard 
trace elements in fish muscle tissue (ERM-BB422).

Data analysis

Statistical analyses were performed in the R software envi-
ronment (R Development Core Team 2018). Residual plots 
of response variables were used to test for the homosce-
dasticity and normality of residuals. Generally, response 
variables of the biomonitoring study followed a normal 
distribution after applying the square root transformation. 
If parametric assumptions were met, analysis of variance 
(ANOVA) was used to test for differences in response vari-
ables among stream reaches. If not, non-parametric test 
(Kruskal–Wallis test) was then used as an alternative to 
the one-way ANOVA. Tukey and Dunn’s tests of multiple 
comparisons were subsequently used to elucidate significant 
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differences among stream reaches. Linear regressions were 
applied to predict the relationship between metal concen-
trations in periphyton and macroinvertebrate families, 
while intercepts of parallel regression lines were compared 
using analysis of covariance (ANCOVA). Further, we per-
formed pairwise comparisons of adjusted means (Bonfer-
roni method) using the ‘emmeans’ package in R to identify 
which macroinvertebrate families were different. Regarding 
the experimental study, macroinvertebrate and periphyton 
data were better transformed into normality and homogene-
ity using the Box–Cox power transformation (Box and Cox 
1964). The optimal exponent (lambda) for each dependent 
variable was estimated using maximum likelihood estima-
tion through regression models with ‘Reach’ and ‘Treatment’ 
as predictors. Since the Box–Cox Power transformation only 
works if all the values are greater than zero, a fixed value 
(α = 0.5) was added to dependent variables before apply-
ing the transformation. Due to the low densities of some 
macroinvertebrate orders in cages, we used the density of 
EPT and OCH metrics to increase the statistical power of 
subsequent linear models. The transformed responses were 
then fit using linear mixed models (the ‘lmer’ function of 
the ‘lme4’ package in R; Bates et al. 2015) to investigate 
the interaction effects between ‘Reach’ and ‘Treatment’ as 
fixed factors, while ‘Time’ and ‘Replicate’ were treated as 
random factors. We tested the random-effect terms in the 

model using the ‘ranova’ function of the ‘lmerTest’ pack-
age in R (Kuznetsova et al. 2017). Finally, we calculated P 
values and the marginal and conditional R2 with the ‘lmerT-
est’ and ‘MuMIn’ R-packages (Nakagawa and Schielzeth 
2013), respectively. The marginal R2 describes the vari-
ance explained by the fixed effects, while the conditional 
R2 describes the variance jointly explained by the fixed and 
the random effects.

Results

Characterization of water chemistry and stream 
communities

Physicochemical parameters of the sampling reaches are 
presented in Table 1. Water discharge was markedly lower 
in the reach located just downstream the diversion chan-
nel, (Upstream 2), and there was a progressive recovery of 
stream discharge in downstream reaches. We also found that 
nutrient concentrations (phosphate and nitrate) were slightly 
higher in upstream reaches than in the Mine and downstream 
reaches. Metals such as Zn, Mn and Fe largely showed the 
highest concentrations in water (Table 1) and in periphy-
ton (Table 2). There were no significant differences in total 
biomass (AFDW) and chlorophyll-a concentration among 

Table 1   Physical and chemical features of water, and community structure of periphyton and macroinvertebrates along the Osor stream

Stream reaches are: Upstream 1 (UP-1; the reference site), Upstream 2 (UP-2), Mine (M), Downstream 1 (DM-1) and Downstream 2 (DM-2). 
Nutrient concentrations were obtained from Argudo (2021). Data are shown as average ± standard deviation (N = 3). Significant differences in 
variables of periphyton and macroinvertebrate among the stream reaches are represented by different lowercase letters (Tukey’s test, P < 0.05)

UP-1 UP-2 M DM-1 DM-2

Water discharge (m3 s−1) 0.12 ± 0.02 0.05 ± 0.01 0.08 ± 0.03 0.06 ± 0.01 0.09 ± 0.01
Temperature (°C) 18.9 ± 1.5 20.14 ± 1.6 20.96 ± 1.7 20 ± 1.2 20.76 ± 1.0
Oxygen (mg L−1) 8.37 ± 0.46 7.75 ± 0.29 8.09 ± 0.24 8.18 ± 0.1 8.18 ± 0.28
pH 8.34 ± 0.08 8.14 ± 0.06 8.19 ± 0.07 8.24 ± 0.16 7.86 ± 0.13
Cond (µS cm−1) 373 ± 41 416 ± 82 517 ± 25 484 ± 18 463 ± 30
PO

3−

4
(mg L−1) 0.53 ± 0.11 0.42 ± 0.04 0.30 ± 0.03 0.36 ± 0.11 0.42 ± 0.09

NH
+

4
(µg L−1) 27.42 ± 17.01 33.54 ± 14.21 48.56 ± 44.15 25.52 ± 6.88 28.17 ± 3.91

NO
−

3
(mg L−1) 2.59 ± 0.74 1.22 ± 0.29 1.04 ± 0.36 1.44 ± 0.58 1.52 ± 0.46

Zn (µg L−1) 21.02 ± 20.05 25.41 ± 10.92 349.0 ± 121.69 224.98 ± 93.48 84.61 ± 36.78
Mn (µg L−1) 20.82 ± 7.79 25.25 ± 8.06 143.38 ± 34.78 48.36 ± 14.18 24.68 ± 10.80
Fe (µg L−1) 132.94 ± 60.89 128.20 ± 152.15 96.39 ± 23.45 91.72 ± 39.96 47.16 ± 36.07
Ni (µg L−1) 0.83 ± 0.70 0.43 ± 0.08 3.34 ± 1.09 2.22 ± 1.26 1.55 ± 0.99
Periphyton
 Chlorophyll-a (µg cm–2) 1.08 ± 0.81 3.36 ± 2.73 2.70 ± 2.26 7.21 ± 7.06 7.02 ± 8
 AFDW (mg cm–2) 0.84 ± 0.62 0.98 ± 0.26 0.58 ± 0.12 1.04 ± 0.58 0.97 ± 0.53

Macroinvertebrates
 Family richness 23.33 ± 3.09 21.00 ± 1.63 16.67 ± 1.70 20.00 ± 1.41 21.33 ± 3.09
 Total density (individuals m−2) 1000.08 ± 191.57a,b 1147 ± 267.22b 520.06 ± 63.05a 580.70 ± 99.15a 835.14 ± 188.34a,b

 Total dry mass (g DM m–2) 0.41 ± 0.08a,b 0.73 ± 0.10b 0.21 ± 0.08a 0.30 ± 0.10a 0.44 ± 0.09a,b
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reaches (Table 1; Kruskal–Wallis test, P > 0.05). Periphyton 
showed the highest concentrations of heavy metals in Mine 
reach, followed by Downstream 1 and 2, Upstream 2 and 
finally Upstream 1 (Table 2).

In total, 49 families of macroinvertebrates were identi-
fied in Osor stream. Family richness was similar among 
reaches (Table 1); however, we found significant differences 
in total macroinvertebrate density (ANOVA; F4, 10 = 5.43, 
P = 0.014) and total dry mass (F4, 10 = 8.50, P = 0.003) 
between Upstream 2 and both Mine and Downstream 1 
(Table 1; Fig. 3a). In the least polluted reaches, the mac-
roinvertebrate community was dominated by Plecop-
tera (mostly Leuctridae), followed by Coleoptera (mostly 
Elmidae), Trichoptera (mostly Hydropsychidae, Polycen-
tropodidae and Philopotamidae), and nematoceran Dip-
tera (mostly Chironomidae). In contrast, Ephemeroptera 
(mostly Caenidae, Ephemerillidae and Baetidae), Odonata 
(mostly Gomphidae) and snails (mostly Ancylidae and Lym-
naeidae) were generally less abundant downstream, espe-
cially in the most polluted reaches (Fig. 3a). There were 
also very few annelids (Oligochaeta) in the stream (< 15 Tr
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Fig. 3   Density of benthic macroinvertebrates (a) and proportion 
of the different feeding groups (b) along the Osor stream. Stream 
reaches are: Upstream 1 (UP-1), Upstream 2 (UP-2), Mine (M), 
Downstream 1 (DM-1) and Downstream 2 (DM-2). Dunn and Tuk-
ey’s tests showed significant differences in the density of Ephemerop-
tera and Coleoptera orders among the reaches, respectively (P < 0.05)
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individuals m−2). We found that densities of Coleoptera were 
significantly lower in Mine and Downstream 1 (ANOVA; 
F4, 10 = 16.43, P < 0.001), and densities of Ephemeroptera 
were significantly lower in Downstream 1 (Kruskal–Wallis 
test; chi-squared = 11.31, df = 4, P = 0.02). Overall density 
of grazers was significantly lower in Mine and Downstream 
1 (ANOVA; F4, 10 = 19.56, P < 0.001) so that the density of 
this functional feeding group accounted for a small propor-
tion of the total macroinvertebrate density in those reaches 
(Fig. 3b).

As with periphyton, macroinvertebrates mostly bioaccu-
mulated Zn, Mn and Fe, and it was also found that periphy-
ton showed much greater metal concentrations compared 
to macroinvertebrates (Table 2). An increase in concentra-
tion from periphyton to grazers of the family Lymnaeidae 
(BAF > 1) was only observed for Cu in all reaches where 
these snails were found (Table 2). The relationship of metal 
concentrations between periphyton and macroinvertebrates 
was significant for several metals (Zn, Pb, Cr and Cd) in two 
or more macroinvertebrate families (Table S1). Therefore, 
this shows that periphyton and macroinvertebrates, although 
having different metal loads, followed similar patterns of 
metal bioconcentration and bioaccumulation across the pol-
lution gradient. Moreover, we found differences in bioac-
cumulation of Zn (ANCOVA, F3, 13 = 6.15, P = 0.008), Pb 
(F3, 13 = 18.64, P < 0.001) and Cd (F2, 11 = 4.88, P = 0.03) 
among the macroinvertebrate families (i.e. regression mod-
els had significantly different intercepts). Concentrations 
of Zn and Pb in invertebrates increased along the gradient 
Leuctridae = Hydropsychidae > Gomphidae (Fig. 4a, b), at 
similar periphyton metal concentrations; however, concen-
trations of Cd in Leuctridae were higher than in Gomphi-
dae, at similar periphyton Cd concentrations (Fig. 4c). Lym-
naeidae family was not included in the ANCOVA models 
because of the absence of this taxon in the most-polluted 
sites.

Fish treatment effects

Although three barbels died at the end of the enclosure 
experiment in Upstream 2 and Mine (2 and 1 fish, respec-
tively), it is unlikely that this small change in fish density 
affected our results. In total, 34 different macroinvertebrate 
taxa were found during the exclosure/enclosure mesocosm 
experiment, including 12 caddisflies (Trichoptera); 6 dipter-
ans (Diptera); 5 mayflies (Ephemeroptera); 4 dragonflies or 
damselflies (Odonata); 3 snails; 2 beetles (Coleoptera), and 
1 stonefly (Plecoptera) and annelid (Oligochaete). Linear 
mixed models showed that variation in macroinvertebrate 
densities and periphyton biomass were mostly explained by 
‘Reach’ and ‘Treatment’ effects (i.e. absence/presence of 
fish) (Table 3) because the effects of ‘Time’ and ‘Replicate’ 
were not significant for any of the models tested (P > 0.05). 

Fish predation was not affected by metal pollution levels 
(Fig. 5a–d), i.e., the Reach × Treatment interaction term was 
not statistically significant (Table 3). Treatment effects on 
macroinvertebrates were statistically significant for Diptera 
(Fig. 5d). However, several macroinvertebrate responses 
approached statistical significance (P < 0.1), such as EPT 
taxa (Fig. 5a) and total macroinvertebrate density (Fig. 6). 
We also found that densities of snails and dipterans were 
much lower in Mine and Downstream 1 (Table 3; Fig. 5c, d), 
whereas total macroinvertebrate density was greatly reduced 
in Mine reach (Table 3; Fig. 6). EPT taxa also showed lower 
densities in Mine reach (Fig. 5a) although differences among 
reaches were marginally significant (Table 3). At the lower 

Fig. 4   Linear relationships of Zn (a), Pb (b) and Cd (c) concentra-
tions between periphyton and four families of macroinvertebrates 
along the Osor stream. Snails of the family Lymnaeidae were not 
found at Mine (M) and Downstream 1 (DM-1). Linear functions are 
shown in Table S1. Note axes are on a log scale
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trophic level, periphyton (chlorophyll-a concentration and 
AFDW) showed a significant decrease in biomass in the 
presence of fish, regardless of metal pollution levels in the 
stream (Fig. 5e, f). Moreover, chlorophyll-a concentration 
was significantly different among the reaches (Table 3), with 
Upstream 1 having a lower concentration of chlorophyll-a 
compared to downstream reaches (Fig. 5e).

Discussion

The Osor stream showed a clear environmental stress gra-
dient resulting from the interaction between metal pollu-
tion (direct metal inputs from the mine) and hydrological 
alteration (water diversion) (Bonet et al. 2013). We found Zn 
concentrations in water (maximum Zn value of 349 µg L−1) 
that largely exceed the chronic toxicity threshold (120 µg 
Zn L−1) for freshwater biota based on the criteria developed 
by the US Environmental Protection Agency (EPA 2006). 
According to the ‘biotic ligand model’, which estimates bio-
availability of metals based on hardness-based acute and/or 
chronic criteria (De Schamphelaere and Janssen 2004), the 
exposure to these Zn concentrations in slightly hard waters 
(15–50 mg Ca L−1) would likely have harmful effects on 
stream communities (Tlili et al. 2011; Corcoll et al. 2012; 
Bonet et al. 2013, 2014; Argudo et al. 2020). In addition to 
Zn, we found high Mn concentrations in the stream waters 
of the Mine reach (143 µg Mn L−1) and high Fe concen-
trations in all reaches (range = 47–132 µg Fe L−1), but no 
toxicity to biota is expected according to the EPA’s water 
quality criterion and previous research (Cadmus et al. 2018). 

Therefore, Zn was likely the primary chemical element driv-
ing the differences in toxicity observed among reaches (Atli 
et al. 2020).

Similar to other studies (e.g. Farag et al. 1998), we found 
that periphyton had the largest metal loads. Concentrations 
of Zn in periphyton increased gradually with dissolved con-
centrations in water, whereas this pattern was not observed 
for the other metals studied (Cr, Pb and Cd). These results 
suggest that, unlike other metals, Zn can be actively and 
rapidly adsorbed and/or taken up from water by periphyton 
(Kim et al. 2012). There were also significant relationships 
between the concentrations of various metals in periphyton 
and macroinvertebrates, reflecting the contaminant concen-
trations in water (e.g. see Santoro et al. 2009).

Metal loads (Zn, Pb and Cd) differed among macroin-
vertebrate families of different feeding guilds, with lowest 
metal concentrations in dragonfly nymphs (Gomphidae), 
consistent with previous studies (Kiffney and Clements 
1993; Goodyear and McNeill 1999). These studies also 
reported that shredders-scrapers that feed on periphytic 
algae tend to accumulate the largest metal concentrations, 
in agreement with the high metal concentrations found in 
detritivores stoneflies (Leuctridae). In our study, however, 
grazing snails (Radix sp.: Lymnaeidae) were extirpated from 
the most polluted reaches, possibly because this taxon is 
sensitive to high metal concentrations in the environment. 
Together, our results suggest that metals do not biomagnify 
between trophic levels of periphyton and macroinverte-
brates, but they are bioavailable and do biotransfer, as noted 
previously in freshwaters (Farag et al. 1998; Goodyear and 
McNeill 1999). However, we acknowledge that the sample 

Table 3   Results of linear 
mixed models: effects of reach 
and treatment on density of 
benthic macroinvertebrates, 
chlorophyll-a concentration and 
ash-free dry weight (AFDW) 
biomass

The degrees of freedom are 1 for Treatment, and 4 for Reach and the Reach × Treatment interaction term. 
Table shows variation explained by the fixed effects, i.e., ‘Reach’ and ‘Treatment’ (R2m); and by the sum of 
the fixed effects and the random effects, i.e., ‘Time’ and ‘Replicate’ (R2c). EPT = Ephemeroptera–Plecop-
tera–Trichoptera orders; OCH = Odonata–Coleoptera–Hemiptera orders. Note: No hemipterans were found 
during the experiment. Variables were transformed using Box–Cox transformation. Significant results 
(P < 0.05) are in boldface

Reach Treatment Treatment × Reach Explained 
variation

SS F value P SS F value P SS F value P R2m R2c

EPT 14.64 3.12 0.066 11.20 9.55 0.091 7.13 1.52 0.216 0.44 0.58
OCH 1.99 0.83 0.538 0.099 0.16 0.538 2.76 1.14 0.350 0.14 0.36
Diptera 6.06 4.86 0.019 5.78 18.52 < 0.001 0.88 0.71 0.592 0.41 0.43
Snails 1.46 10.93 0.001 0.03 0.95 0.431 0.20 1.51 0.219 0.51 0.62
Total mac-

roinver-
tebrate 
density

205.32 7.33 0.005 72.81 10.40 0.084 27.58 0.99 0.427 0.55 0.68

Chlorophyll-a 0.027 3.09 0.024 0.066 30.80 0.031 0.01 0.83 0.516 0.52 0.54
AFDW 0.24 1.73 0.221 3.55 103.61 < 0.001 0.06 0.44 0.776 0.64 0.67
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size used for each family was small (only one sample per 
site) which diminishes the predictive power of linear regres-
sions. Moreover, we were unable to exclude drifting lar-
vae coming from unpolluted areas from the samples, which 
might have affected the overall concentrations of metals in 
these taxa.

Contrary to our expectations, periphyton biomass did 
not decrease due to metal exposure, as previously reported 
by other studies (Hill et al. 2000; Morin et al. 2007; Bonet 
et al. 2013). The lack of a response in periphyton across 
the metal pollution gradient may be related to shifts in 
abundance of dominant diatom species as a result of dif-
ferential susceptibility to metals (Sabater et al. 2002). 
Moreover, the natural spatial and temporal variation on 

the responses of aquatic organisms to pollutants can com-
plicate interpretation of field biomonitoring studies (Med-
ley and Clements 1998; Clements et al. 2016). However, 
despite the invariant response of biomass, it is important 
to note that there was evidence of shifts in microbial com-
munity structure due to water stress and metal exposure 
(Argudo 2021), as reflected by the elevated toxic metal 
concentrations accumulated in periphyton.

Unlike periphyton biomass, density of grazing macroin-
vertebrates varied predictably across the metal pollution 
gradient, possibly because Zn concentrations in water and 
periphyton were sufficiently elevated to cause toxicity to this 
group of invertebrates (Clements and Rees 1997; Clements 
et al. 2000; Courtney and Clements 2002; Marqués et al. 

Fig. 5   Density of benthic macroinvertebrates, and both chlorophyll-a 
concentration and ash-free dry weight (AFDW) biomass in response 
to the lack of fish (‘No fish’ treatment) and fish predation (‘Fish’ 

treatment). The two treatments had a duration of 2 weeks and surveys 
were conducted at day 7 (wk1) and 14 (wk2) over the course of each 
treatment period. Bar plots show mean ± standard deviation
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2003; Solà et al. 2004; Mebane et al. 2017). In addition to 
grazers, Clements et al. (2000) found strong effects of heavy 
metals on predators and to a lesser degree on shredders and 
collectors. This variation in the degree of response of the 
functional feeding groups to metals might change among 
streams due to different sensitives among species. Ulti-
mately, we found that Leuctridae dominated macroinverte-
brate communities at metal-polluted sites. This macroinver-
tebrate family has been found to be tolerant to environmental 
stressors in streams affected by pollution and acidification 
(Ledger and Hildrew 2005; Layer et al. 2013).

Results of the enclosure experiment showed that the top-
down control of macroinvertebrates by fish was not context-
dependent, i.e., none of the ‘Treatment-Reach’ interactions 
were significant (Table 3), which contrasts with the weaker 
predation effects of stoneflies on lower trophic level organ-
isms in metal-polluted streams (Kiffney 1996; Clements 
1999). Irrespective of metal pollution levels, fish predation 
effectively reduced the density of Diptera in cages, which is 
consistent with previous studies showing that Chironomids 
were the most abundant taxa in the gut contents of Barbus 
meridionalis (Mas-Martí et al. 2010; Rodríguez-Lozano 
et al. 2016b). However, this top predator has a generalized 
diet that includes primary consumers (e.g. mayflies) and 
other invertebrates as frequent prey sources (Mas-Martí et al. 
2010; Rodríguez-Lozano et al. 2016b). As with Diptera, we 
found that total macroinvertebrate density and the density 
of EPT taxa tended to decrease in the presence of fish, but 
these responses were not significant because of relatively 
high variation. Nevertheless, there is compelling evidence 
that the top-down control of this predatory fish can change 
macroinvertebrate community composition and abundance 
(Rodríguez-Lozano et al. 2015, 2016a). Unfortunately, we 
cannot distinguish between consumption and prey turnover 
in cages. High immigration rates can overwhelm predation 

effects, while emigration can lower the risk of being eaten 
by the top predator (Clements 1999). A predator avoidance 
behavior has been observed, for instance, in mayflies during 
predator-inclusion experiments (e.g. Tikkanen et al. 1994).

Interestingly, periphyton was also predominantly con-
trolled by Barbus meridionalis (up to 79% decrease in bio-
mass at the end of the experiment), thus suppressing any 
potential cascading effects along the stream. Predatory 
fishes commonly affect periphyton through trophic cascades 
(Dahl 1998; Moulton et al. 2010; Winkelmann et al. 2014). 
Thus, the reduced periphyton in the presence of fish can 
be attributed to two ecological processes associated with 
benthic foraging movements (Moore 2006): (1) predatory 
fishes can accidentally ingest periphytic algae and detritus 
while foraging benthic invertebrates (Mas-Martí et al. 2010); 
and (2) bottom-feeding taxa can decrease standing stocks of 
periphyton through severe perturbation of substrates (Power 
1990b), the so-called ‘bioturbation effect’ (Fleeger et al. 
2006). Similarly, Rodriguez-Lozano et al. (2015) pointed 
out that the lower sediment deposition caused by bioturba-
tion of barbels, with a subsequent increase in light avail-
ability, led to increase periphyton net primary production. 
In addition, large predators are expected to generate greater 
impacts across multi-trophic levels than smaller predators 
like invertebrates (DeLong et al. 2015; Rodríguez-Lozano 
et al. 2015). Therefore, our findings could modify the gen-
eral view of trophic relationships in freshwater ecosystems, 
given that they conflicted with some predictions from classic 
food web theory (Carpenter et al. 1985), which holds that 
each trophic level is related to the level above and below in 
a direct and negative way (see Fig. 1). We suggest that body 
size or functional traits (e.g., foraging behaviour), rather 
than feeding guild, are key determinants of the extent and 
magnitude of the influences of fishes in modifying stream 
food-web structure.

While the inclusion of fish in cages resulted in ubiquitous 
top-down effects on lower trophic levels, the fish removal 
revealed shifts in the strength of grazer-periphyton inter-
actions because of heavy metal pollution. That is, chloro-
phyll-a concentration (as a proxy for autotrophic community 
biomass) was significantly lower in the upper non-impacted 
reach (UP-1) likely due to higher grazing pressure (Fem-
inella and Hawkins 1995), as reflected by the concomitant 
increase in density of snails and other aquatic taxa (e.g. 
mayflies). Conversely, these trophic interactions were not 
observed in downstream reaches with different levels of pol-
lution, i.e., both chlorophyll-a concentration and total peri-
phyton biomass increased in the absence of fish. Fleeger 
et al. (2003) reviewed indirect toxicant effects in aquatic eco-
systems across of 150 studies, and noted that the abundance 
of primary producers (i.e. benthic micro- and macroalgae) 
can be commonly altered in streams by contaminant-induced 
changes in grazing rates. This means that grazers can be 

Fig. 6   Total density of benthic macroinvertebrates in response to the 
lack of fish (‘No fish’ treatment) and fish predation (‘Fish’ treatment). 
The two treatments had a duration of 2 weeks and surveys were con-
ducted at day 7 (wk1) and 14 (wk2) over the course of each treatment 
period. Bar plots show mean ± standard deviation
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selectively eliminated through mortality or that the graz-
ing behavior can change by direct toxicant effects, thereby 
leading to indirect positive effects on periphytic algae. Our 
results are consistent with those findings, suggesting that 
periphytic algal biomass might benefit from lower grazing 
pressure in metal-polluted streams. In addition, the invariant 
response of ash-free dry mass to predator removal could be 
explained by the important fraction of debris, which graz-
ers may not feed on, so that variation in chlorophyll-a con-
centration is likely to be more closely linked to differences 
in grazing pressure (e.g. Ludlam and Magoulick 2010). 
Ultimately, it does not rule out the more developed riparian 
vegetation in the upper reach of the Osor stream decreased 
light availability for the primary producers, which can limit 
their growth (Bonet et al. 2013). Therefore, it is likely that 
periphyton biomass was controlled through both bottom-up 
(light availability) and top–down controls (grazing pressure) 
in the non-polluted sites.

Conclusions

The present study is the first to have assessed the responses 
of stream benthic communities to the presence or absence of 
a predatory fish (Barbus meridionalis) along a heavy-metal 
pollution gradient. We showed that different metal pollu-
tion levels did not influence the strength of the top–down 
control by fish on its most preferred prey (Chironomidae). 
Notably, it was also found that the bottom-dwelling fish can 
strongly reduce periphytic algae attached to cobbles primar-
ily through bioturbation, regardless of metal pollution lev-
els. On the other hand, indirect positive effects of toxicants 
on periphyton biomass were only observed in the absence 
of fish, showing that the strong top–down control by fish 
can overwhelm effects of heavy metal pollution on stream 
ecosystem structure. Finally, this study also showed that Zn 
exposure did not affect top-down processes, at least in the 
short-term (i.e. several weeks). Nonetheless, it may happen 
after chronic exposure if fish populations decrease. There-
fore, our results suggest that the local extinction of riverine 
fishes could result in increased biomass of contaminated 
fluvial producers.

Documenting the complexity of trophic relationships 
in varying environments provides a fundamental basis for 
the understanding of the effects of human impacts on flu-
vial ecosystems (Clements and Rohr 2009; Segner et al. 
2014). We concluded that trophic-level-based ecosystem 
approaches should be considered in future ecotoxicological 
studies to improve predictions of population or community 
changes at contaminated sites.
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