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Freshwater ecosystems are threatened by multiple anthropogenic stressors, which might be differentiated into two types: those that reduce biological activity at all concentrations (toxic contaminants), and
those that subsidize biological activity at low concentrations and reduce it at high concentrations
(assimilable contaminants). When occurring in mixtures, these contaminants can have either antagonistic, neutral or synergistic effects; but little is known on their joint effects. We assessed the interaction
effects of a mixture of assimilable and toxic contaminants on stream bioﬁlms in a manipulative experiment using artiﬁcial streams, and following a factorial design with three nutrient levels (low, medium or
high) and either presence or absence of a mixture of emerging contaminants (ciproﬂoxacin, erythromycin, diclofenac, methylparaben, and sulfamethoxazole). We measured bioﬁlm biomass, basal ﬂuorescence, gross primary production and community respiration. Our initial hypotheses were that bioﬁlm
biomass and activity would: increase with medium nutrient concentrations (subsidy effect), but decrease
with high nutrient concentrations (stress effect) (i); decrease with emerging contaminants, with the
minimum decrease at medium nutrient concentrations (antagonistic interaction between nutrients
subsidy and stress by emerging contaminants) and the maximum decrease at high nutrient concentrations (synergistic interaction between nutrients and emerging contaminants stress) (ii). All the measured
variables responded linearly to the available nutrients, with no toxic effect at high nutrient concentrations. Emerging contaminants only caused weak toxic effects in some of the measured variables, and only
after 3e4 weeks of exposure. Therefore, only antagonistic interactions were observed between nutrients
and emerging contaminants, as medium and high nutrient concentrations partly compensated the
harmful effects of emerging contaminants during the ﬁrst weeks of the experiment. Our results show
that contaminants with a subsidy effect can alleviate the effects of toxic contaminants, and that longterm experiments are required to detect stress effects of emerging contaminants at environmentally
relevant concentrations.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
River ecosystems are commonly threatened by multiple
stressors, such as chemical pollution, ﬂow regulation, geomorphological alterations, climate change and invasive species (Jackson
€ro
€ smarty et al., 2010). Chemical pollution is on its
et al., 2016; Vo
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own a complex stressor, as many contaminants can reach rivers
from both point and diffuse sources, and often appear in complex
mixtures whose joint effects can be contrasting and convey
ecological surprises (Culp et al., 2000; Dehedin et al., 2013; Jackson
et al., 2016; Paine et al., 1998; Roessink et al., 2008). Depending on
their effects on biota, contaminants can be grouped in two main
types: those that reduce biological activity (toxic contaminants,
such as pesticides), and those that subsidize biological activity at
low concentrations but reduce it at high concentrations (assimilable contaminants, such as nutrients) (Odum et al., 1979). In
addition, when occurring in mixtures contaminants can have either
additive (i.e. response to multiple contaminants is equal to the sum
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of their individual effects), or multiplicative effects (i.e. the
response exceeds the sum of their individual effects). Multiplicative
interactions can be further synergistic (having a positive feedback)
or antagonistic (having a negative feedback) (Brennan and Collins,
2015).
Nutrients are considered as assimilable chemical contaminants,
as they cause a typical hump-shape response on biological activity
(Bernot et al., 2010; Dunck et al., 2015; Niyogi et al., 2007;
Wagenhoff et al., 2011). Most studies on the subsidy-stress effects
of nutrients are experimental (Bernot et al., 2010; Cabrini et al.,
2013; Stelzer et al., 2003), but there are also correlational ﬁeld
studies (Dunck et al., 2015; Izagirre et al., 2008; Wagenhoff et al.,
2011; Woodward et al., 2012). Deﬁning the causes behind the
harmful effect of nutrients is not simple, and the prevalence of
either the subsidy or the stress effect does not only depend on the
concentration, but also on the exposure time. For example, in a
review on the effects of nitrogen pollution in aquatic ecosystems,
the threshold between subsidy and toxic effects for nitrogen
1
1
compounds were 0.1 mg NHþ
and 17 mg NO
in acute
4 L
3 L
toxicity tests (96 h), but of 0.05 and 1.1 mg L1 in chronic toxicity
tests (>30 d) (Camargo and Alonso, 2006). Overall, medium concentrations of nutrients subsidize primary production (Biggs, 2000)
and may change stoichiometry (Liess and Hillebrand, 2006) of
stream bioﬁlm; whereas at high concentrations of nutrients primary production becomes nutrient saturated, communities dominated by eutrophic (nutrient-tolerant) species, and anoxic
conditions tend to occur at night (Wagenhoff et al., 2013), thus
impacting biota.
Emerging contaminants are substances that have been detected
in the environment, but which are currently not included in routine
monitoring programmes and whose environmental fate and ecotoxicological effects are not well understood (Pal et al., 2010).
Because of that, research on their toxic effects on biological activity
lez et al., 2012;
has been blooming over the past decade (Gonza
Navarro-Ortega et al., 2015). However, most studies are based on
short-term (24e96 h) acute toxicity tests studying the survival of
algae, invertebrate or ﬁsh at very high concentrations (Brausch and
Rand, 2011; Cleuvers, 2004; Franz et al., 2008; Grung et al., 2008).
There are fewer long-term studies on the effects of emerging
contaminants at environmentally relevant concentrations, or on
the effects of mixtures of emerging contaminants and other
stressors such as nutrients or ﬂow intermittency (Brennan and
Collins, 2015; Corcoll et al., 2015). In the study by Corcoll and
others, deleterious effects on biological activity of stream bioﬁlms
were reported after 10 days of exposure to a mixture of 5 different
pharmaceuticals at environmentally relevant concentrations, and
the resulting interaction between ﬂow intermittency and emerging
contaminants was process-speciﬁc, as an antagonistic effect was
observed for bacteria but a synergistic effect was observed for
algae. In regards to mixtures of contaminants, some studies reported stress effects to overwhelm the subsidy effects caused by
assimilable contaminants (Wagenhoff et al., 2012, 2011); whereas
others reported the opposite (Koelmans et al., 2001; Morin et al.,
2010; Traas et al., 2004). Furthermore, the resulting effects have
been also reported to be process-speciﬁc (Aristi et al., 2015).
Given this background, our goal was to assess the interaction
effects of a mixture of assimilable and toxic contaminants on bioﬁlms in a manipulative experiment using artiﬁcial streams. The
experiment followed a factorial design with 3 levels of nutrients
(low, medium and high, expected to cause respectively no effects,
subsidy, and stress) and 2 levels of a mixture of emerging contaminants (absence/presence), which included three antibiotics
(ciproﬂoxacin, erythromycin, sulfamethoxazole), one antiinﬂammatory (diclofenac), and one preservative (methylparaben)
with bactericidal and fungicidal properties. The compounds
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included in the mixture were selected because of their widespread
occurrence in polluted urban rivers in the Mediterranean region
and high ecotoxicological relevance (Kuzmanovic et al., 2015).
Speciﬁcally, the concentrations of each compound in the mixture
mimicked the worst case scenario (the highest concentrations
observed during low ﬂow situation in the lower Llobregat river)
(Gonz
alez et al., 2012; Gorga et al., 2015), and were expected to
have low to no effects on the aquatic biota based on reported
ecotoxicological studies for these chemicals (Brausch and Rand,
2011; Grung et al., 2008). These studies are however based on
single-compound assays on target organisms, therefore neglecting
possible synergistic effects in contaminant mixtures. Our hypotheses were that stream bioﬁlm biomass and activity will: increase
with medium nutrient concentrations (subsidy effect), but decrease
with high nutrient concentrations (stress effect) (i); decrease with
emerging contaminants at all nutrient concentrations, with the
minimum decrease at moderate nutrient concentrations (antagonistic interaction between nutrients and emerging contaminants)
and the maximum decrease at high nutrient concentrations (synergistic interaction between nutrients and emerging contaminants)
(ii). The rationale behind this second hypothesis is the backbone of
this manuscript, as we believe that the minor stress effects expected from emerging contaminants at our environmentally relevant concentrations would be detectable at low nutrient
concentrations, while they would be partly compensated by the
subsidy effect at medium nutrient concentrations, and exacerbated
by the stress effect exerted by high nutrient concentrations.
2. Methods
2.1. Experimental design
The experiment was performed in the indoor Experimental
Streams Facility of the Catalan Institute for Water Research (Girona,
EU) between June 11th and July 18th, 2014. Each of the 18 artiﬁcial
streams was assigned to one of six treatments following a randomized complete block design (with 3 replicates per treatment;
and one replicate per block of 6 artiﬁcial streams). A factorial design
was followed, with three nutrient levels [low (L), medium (M) or
high (H)] and two levels for the mixture of emerging contaminants
[no emerging (NE) or emerging (E)]. Nutrient treatments consisted
of a mixture of phosphate, nitrate and ammonium at different
concentrations, whereas the treatment with emerging contaminants consisted in a mixture of the 5 previously described contaminants
(ciproﬂoxacin,
erythromycin,
sulfamethoxazole,
diclofenac, and methylparaben). The exposure to treatments lasted
for 28 days, therefore allowing the assessment of short-to longterm effects of both the separate effects of nutrients and emerging
contaminants and their interaction. For each type of contaminant
(emerging and nutrients), the experimental design only allowed
the assessment of their cumulative effects, not their individual
effects.
2.2. Experimental conditions
Each stream consisted of an independent methacrylate channel
(lew e d ¼ 200 cme10 cme10 cm), and a 70 L water tank from
which water can be recirculated. Each stream received a constant
ﬂow of 50 mL s1, and operated under a scheme of combined ﬂowrecirculation (118 min) and ﬂow-open (2 min) every 2 h. The water
exchange rate was 4.28% per hour, so water of each artiﬁcial stream
was completely renewed once a day. Mean water velocity was
0.88 ± 0.03 cm s1, and water depth over the plane bed ranged
between 2.2 and 2.5 cm. Each artiﬁcial stream was ﬁlled with 5 L of
mena River
sand extracted from an unpolluted segment of the Lle
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mena, Girona, EU) (d50 ¼ 0.74 mm). The sand was
(Sant Esteve de Lle
sterilized with a Presoclave-II 30L autoclave (120  C for 2 h) (JP
Selecta S.A., Barcelona, Spain), and evenly distributed in the artiﬁcial streams to create a plane bed that facilitated the growth of
bioﬁlm. At complete water saturation, the porosity of the sand
yielded a water content of 25% of the wet weight. Source water for
the artiﬁcial streams was rainwater, ﬁltered through activated
carbon ﬁlters. Daily cycles of photosynthetic active radiation (PAR)
were deﬁned as 12 h daylight þ 12 h darkness, and were simulated
by LED lights (Lightech, Girona, Spain). PAR was held constant at
173.99 ± 33 mE m2 s1 during the daytime, and was recorded every
10 min using 4 quantum sensors located across the whole array of
streams (sensor LI-192SA, LiCOR Inc, Lincoln, USA). Water temperature was held constant at 20  C by means of a cryo-compact
circulator (Julabo CF-31, Seelbach, Germany), and recorded every
10 min using VEMCO Minilog (TR model, AMIRIX Systems Inc,
Halifax, NS, Canada) temperature data loggers (5 to 35  C,
±0.2  C). Overall, physico-chemical conditions in the artiﬁcial
streams (water velocity, temperature, and light cycles) emulated
mena River during late spring and under low ﬂow
those of the Lle
conditions.
Bioﬁlm was inoculated twice per week during the colonization
period using combined inocula from epilithic (growing on surface
of rocks) and epipsammic (growing on the surface of sand) bioﬁlms
mena River. Speciffrom the same unpolluted segment of the Lle
ically, bioﬁlm inocula was obtained after scraping 10e12 cobbles
and washing around 10 L of ﬁne sediments. Bioﬁlm colonization
was allowed in the artiﬁcial streams for 20 days before the exposure to treatments. During the colonization period, nutrients were
held constant at 0.040, 1.7 and 0.040 mg L1 of phosphate

þ
(PePO3
4 ), nitrate (NeNO3 ) and ammonium (NeNH4 ) by means of
injection of concentrated solutions (KH2PO4, NaNO3, and NH4Cl,
respectively) and using a peristaltic pump (IPC pump, Ismatec,
Switzerland). During the experimental period, the artiﬁcial streams
under the L nutrients treatment remained even, but the M and H
nutrient treatments received higher rates of injection of the same
concentrated solutions. Target nutrient concentrations for the M
nutrients treatment were 0.2 mg L1 of phosphate (PePO3
4 ),
1
5 mg L1 of nitrate (NeNO
of ammonium
3 ) and 0.2 mg L
(NeNHþ
4 ), whereas for the H nutrient treatment were 1, 25 and

1 mg L1 of phosphate (PePO3
4 ), nitrate (NeNO3 ) and ammonium
þ
(NeNH4 ). As previously stated for emerging contaminants, the
concentrations of the H treatment mimicked the worst-case scenario, i.e. the highest concentrations observed during low ﬂow
situation in the lower Llobregat river (Aguilera et al., 2012).
In the treatments with emerging contaminants, a mixture of 5
compounds was continuously added to the artiﬁcial streams using a
peristaltic pump (IPC pump, Ismatec, Switzerland) to achieve
approximate constant concentrations: 0.1 mg L1 of methylparaben,
and 1 mg L1 of ciproﬂoxacin, diclofenac, erythromycin and sulfamethoxazole. The working standard mixture of emerging contaminants was prepared every 2e3 days at a concentration of
100 mg L1 in 10% methanol: water (v: v). The total concentration of
methanol reaching the artiﬁcial streams was 400 ng L1. The same
concentration of methanol was added in treatments without
emerging contaminants. High purity (>97%) standard solutions of
the target compounds and their deuterated counterparts (used as
surrogate standards) were obtained from SigmaeAldrich (St Louis,
U.S.A.), Aldrich (Milwaukee, U.S.A.), Dr. Ehrenstorfer (Wesel, Germany) Fluka (Buchs, Switzerland) and CDN Isotopes (Pointe-Claire,
Quebec, Canada).
2.3. Water chemistry
Dissolved oxygen, pH and speciﬁc conductivity were measured

weekly by noon in each artiﬁcial stream using WTW (Weilheim,
Germany) hand-held probes. Background concentrations of
nutrient and emerging contaminants were measured weekly from
water collected from the channel outlet to assess the possible differences between nominal and observed concentrations. Water
was ﬁltered immediately through 0.7 mm glass ﬁber ﬁlters (Whatman GF/F, Kent, UK) into pre-washed polyethylene containers for
nutrients; and through 0.45 mm (Whatman GD/X) into amber glass
bottles for emerging contaminants. The concentration of PePO3
4
was determined colorimetrically using a fully automated discrete
pillon,
analyzer Alliance Instruments Smartchem 140 (AMS, Fre
þ
France). The concentrations of NeNO
3 and NeNH4 were determined on a Dionex ICS-5000 ion chromatograph (Dionex Corporation, Sunnyvale, U.S.A.). The concentration of dissolved organic
carbon (DOC) was measured on a Shimadzu TOC-V CSH coupled to a
TNM module (Shimadzu Corporation, Kyoto, Japan).
Emerging contaminants were analyzed using a method based
on an online pre-concentration with EQuan MAXTM technology
coupled to a TSQ Vantage triple quadrupole mass spectrometer
, U.S.A.) (on-line SPE-LC/MS/MS)
(Thermo Fisher Scientiﬁc, San Jose
equipped with an electrospray ionization source (ESI). The system
consists of two quaternary pumps: a loading pump (Accela™ 600
pump) and an elution pump (Accela 1250 pump) both of Thermo
Fisher Scientiﬁc. A divert valve was programmed to control loading
and elution of the two LC columns. The ﬁrst column, also called
EQuan, was used for sample pre-concentration and the second for
chromatographic separation. Brieﬂy, 2 mL of water sample, containing a mixture of internal standards, were pre-concentrated
during the loading stage and the target compounds were
retained. Subsequently, the analytes were eluted from the EQquan
column (Hypersil GOLD aQ 20 mm  2.1 mm i.d., 12 mm particle
size) and separated on an analytical column (KINETEX C18
50 mm  2.1 mm i.d., 1.7 mm particle size). The masses were
monitored at two different transitions for each compound by SRM
(Selected Reaction Monitoring) (SRM1: quantiﬁer transition and
SRM2: qualiﬁer transition). Quantiﬁcation was performed using the
internal standard method based on the peak areas obtained for
each analyte and its corresponding internal standard analog. The
list of SRM monitored, as well as the quality parameters such as
calibration range, correlation coefﬁcients, recoveries and precision
data at two different levels are shown in Table 1. Note that the limits
of detection (LODs) and quantiﬁcation (LOQs) were estimated
experimentally from real samples as the concentration of analyte
that provides a signal-to-noise ratio of 3 and 10, respectively.
2.4. Bioﬁlm biomass and activity
The response of bioﬁlm to different treatments was assessed
weekly in terms of biomass [ash-free dry mass (AFDM)], basal
ﬂuorescence (F0), and metabolism [gross primary production (GPP),
and community respiration (CR)]. F0, GPP and CR were measured in
situ, one measurement per artiﬁcial stream at each time, whereas
AFDM measurements were carried out at the laboratory immediately after sample collection. The community composition of the
algal component of the bioﬁlm was estimated microscopically by
means of a Nikon light microscope, at 400x. The algae of all
different groups present in each channel were identiﬁed at the
genus or species level, and qualitatively ranged from 1 to 5 according to their relative abundance in the sample.
AFDM was used as an estimate of total biomass in the bioﬁlm.
For its determination, one bioﬁlm sample was taken per artiﬁcial
stream at each time with a sample corer of 1.2 cm diameter, from
which only the uppermost 1 cm was considered for analysis.
Samples were dried at 60  C to constant weight, combusted at
450  C for 4 h, and reweighted. F0 was measured with a portable
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Table 1
Quality parameters of SPE-LC/MS/MS analysis for the target emerging contaminants.
Compound

Erythromycin
Sulfamethoxazole
Diclofenac
Ciproﬂoxacin
Methylparaben

Internal standard

Erythromycin-N,N13C2
Sulfamethoxazole-d3
Diclofenac-d4
Ciproﬂoxacin-d8
Methylparaben-d4

Linear range ng L1

1e908
4e2012
1e375
4e1999
1e375

R2

0.9988
0.9984
0.9989
0.9998
0.9989

LOD ng L1

0.01
0.50
0.06
0.35
0.06

pulse amplitude modulate ﬂuorometer (Diving-PAM; WALZ, Effeltrich, Germany) to evaluate the structural and functional changes in
the algal component of the bioﬁlm. F0, used as a surrogate of algal
biomass (Schmitt-Jansen et al., 2008), is a variable commonly used
to evaluate the algal response to environmental stressors such as
toxicants, light stress or desiccation (Corcoll et al., 2012; Sabater
et al., 2007; Timoner et al., 2012). Nevertheless, F0 levels must be
interpreted with caution because a ﬂuorescence increase is not
always linked to a biomass increase, particularly when dealing with
PSII inhibitors (Corcoll et al., 2012).
GPP and CR were measured to evaluate bioﬁlm activity. These
metabolic rates are key processes for turnover of organic matter,
inorganic materials, and energy in a river. Thus, net ecosystem
metabolism (NEM) and CR were measured by means of oxygen
~ a et al., 2015,
variations in cylindrical recirculating chambers (Acun
2008), which enclosed trays containing 160 cm3 of streambed
sediments, one per artiﬁcial stream. These trays were located in the
artiﬁcial streams during the entire experiment and the conditions
within were equivalent to those experienced outside because of the
used mesh size (diameter of 1 mm), so that epipsammic bioﬁlms
developed within the trays under the same conditions. These trays
were moved into the chambers only during metabolism measurements, and later returned to the corresponding artiﬁcial stream.
The chambers were made of acrylic glass (volume 0.96 L), and
provided with a submersible water circulation pump to avoid the
existence of zones of low diffusion within the chamber. The incubations for each metabolism rate lasted for 60 min, and were
carried out inside an incubator chamber (Radiber AGP-700-ESP,
Barcelona, Spain) at the same temperature as in the artiﬁcial
streams. NEM was measured under a PAR of 168 ± 2 mE m2 s1,
similar to the irradiance received by artiﬁcial streams, and CR was
measured in darkness. DO concentration inside the chambers was
measured continuously and logged at 15 s intervals with oxygen
sensors (PreSens OXY-10mini, Regensburg, Germany). Metabolism
rates were calculated, with GPP estimated as the sum of NEM and
~ a et al., 2008).
CR (Acun

2.5. Data analysis
First of all, we used one-way analysis of variance (ANOVA) with
blocks (see section 2.1) as ﬁxed factor to test for differences among
experimental arrays for all variables before treatment onset. After
that, differences between time and treatments were tested with 3way repeated measurements ANOVA with time, nutrient treatment
and emerging pollutant treatment as ﬁxed factors, and arrays as
random factor (n ¼ 72). Interactions between the considered ﬁxed
factors were also tested, and Post hoc Tukey tests were done for
each sampling day to see whether general trends changed or not.
Results for the interaction of nutrients and emergent contaminants
allowed the identiﬁcation of those interactions that were additive
(i.e. non-signiﬁcant interaction) and those that deviate from additive (i.e. signiﬁcant interaction) (Piggott et al., 2015). Pearson
moment correlation analysis was used with the averaged values of

LOQ ng L1

0.91
4.02
0.94
4.00
0.94

Recovery (%)

Intra-day

1 mg L1

0.1 mg L1

1 mg L1

0.1 mg L1

Inter-day
1 mg L1

0.1 mg L1

99.5
100.2
88.7
98.6
88.7

91.6
104.0
106.4
100.0
106.4

4.0
3.5
1.4
1.1
1.4

6.4
4.0
5.3
4.9
5.3

3.2
3.9
3.0
5.7
3.0

6.1
4.6
5.2
11.7
5.2

each treatment to identify the direction and strength of the relationships between variables. The similarity between the algal
communities in the different treatments was estimated by means
of a Jaccard index, and used to describe the potential effects of the
treatment on the community composition. Normality of all variables was checked with the KolmogroveSmirnov test, and variables
were log-transformed when necessary. All analyses were considered signiﬁcant at P < 0.05, and were performed with the R software (version 3.1.1; R Development Core Team, Vienna, Austria).
3. Results
3.1. Experimental conditions
Temperature was held constant during the entire experiment
and between the different treatments. Thus, air temperature in the
Experimental Streams Facility room averaged 19.61 ± 0.73  C,
whereas water temperature in the artiﬁcial streams averaged
19.80 ± 0.42  C in all treatments. PAR cycles were also steady
throughout the experiment, as well as the hydraulics. Dissolved
oxygen was steady throughout the entire experiment and among
treatments, with values between 9.99 and 10.41 mg L1. Environmental conditions (dissolved oxygen, pH and speciﬁc conductivity)
showed no statistically signiﬁcant differences between arrays
before the onset of the treatments. The experimental phase
involved an increase in conductivity, as it increased in those
treatments with nutrients from 206 ± 19 mS cm1 (treatment L) to
233 ± 29 in treatment M and 350 ± 64 mS cm1 in treatment H.
Water chemistry was steady throughout the entire experiment.
The achieved concentrations of ammonium and phosphate were
lower (80e90% and 25e80% less, respectively) than the nominal
concentrations in all studied levels, whereas the achieved concentration of nitrate in L and M was similar to the nominal one, but
not in H, which was 10% lower (Table 2). On the other hand, the
achieved concentrations of emerging contaminants were in most
cases lower than the nominal concentrations (15e40%), but higher
in the case of ciproﬂoxacin (Table 2). These differences between the
nominal and achieved emerging contaminants concentrations
were most likely caused by natural attenuation within the artiﬁcial
streams, that is, a combined effect of sorption to sediments and to

Table 2
Average (±SD) of nutrient and emerging contaminant concentrations (if any) in each
treatment (n ¼ 18, resulting from 3 replicates per treatment and 6 surveys over the
experiment).
Low
1
Ammonium (mg NeNHþ
4 L )
1
Nitrate (mg NeNO
3 L )
1
Phosphate (mg PePO3þ
4 L )
Erythromycin (mg L1)
Sulfamethoxazole (mg L1)
Diclofenac (mg L1)
Ciproﬂoxacin (mg L1)
Methylparaben (mg L1)

0.008
1.720
0.014
0.625
0.805
0.812
1.234
0.037

Medium
±
±
±
±
±
±
±
±

0.003
0.230
0.006
0.104
0.141
0.115
0.133
0.032

0.050
5.099
0.113
0.635
0.849
0.834
1.336
0.039

±
±
±
±
±
±
±
±

0.018
1.143
0.046
0.087
0.125
0.111
0.144
0.034

High
0.194
22.89
0.779
0.636
0.756
0.754
1.171
0.032

±
±
±
±
±
±
±
±

0.015
0.608
0.133
0.131
0.193
0.166
0.216
0.034
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Table 3
Results for type III tests of ﬁxed-effect in ash free dry mass (AFDM), basal ﬂuorescence (F0), gross primary production (GPP) and community respiration (CR), indicating the F value and its signiﬁcance (in parenthesis). Note that N stands for
nutrients, E for emerging contaminants, D for day of experiment; and N*E, N*D, E*D
and N*E*D for their interactions.
AFDM
Intercept
N
E
D
N*E
N*D
E*D
N*E*D

9.176
5.66
3.18
2.04
0.57
1.29
1.15
0.05

F0
(0.000)
(0.001)
(0.049)
(0.159)
(0.685)
(0.285)
(0.287)
(0.952)

7.05
35.51
2.87
31.65
0.58
2.27
4.45
0.46

GPP
(0.000)
(0.000)
(0.066)
(0.000)
(0.676)
(0.113)
(0.039)
(0.636)

8.91
5.469
1.98
0.03
0.49
0.44
2.72
0.78

CR
(0.000)
(0.000)
(0.149)
(0.868)
(0.741)
(0.649)
(0.105)
(0.465)

8.09
10.84
7.75
1.62
1.44
0.14
1.30
1.26

(0.000)
(0.000)
(0.001)
(0.209)
(0.233)
(0.873)
(0.260)
(0.292)

the methacrylate, as well as to photo-transformation and biotransformation.
3.2. Bioﬁlm structure and function
Before treatment implementation, bioﬁlm biomass averaged
47 ± 10 g AFDM m2 and F0 averaged 499 ± 57. After treatment
implementation, AFDM was inﬂuenced by nutrients and emerging
contaminants (Table 3) (Fig. 1a). Similarly, F0 increased over the
experiment, and was inﬂuenced by nutrients (Table 3) (Fig. 1b). The
analysis of interaction between treatments indicated that the
interaction did not deviate signiﬁcantly from an additive for AFDM,
although the interaction component of the linear mixed model was
signiﬁcant for F0 between time and emerging contaminants
(Table 3). However, the interaction of the treatments nutrients and
emerging contaminants yielded different results over time for
AFDM and F0. For example, the values of F0 did not differ between

the treatment nutrients M and the interaction between nutrients
and emerging contaminants (E_M) at day 14, but this was not the
case for day 28 (Fig. 2). Speciﬁcally, at day 14 the interaction was
indicative of negative antagonistic (less negative than predicted
additively), whereas at day 28 was positive antagonistic (less positive than predicted additively). Post-hoc analysis between treatments for speciﬁc dates also revealed that F0 had lower values at
treatments receiving emerging contaminants than those that did
not at the end of the experiment (days 21 and 28) (Fig. 1). All of the
treatments had a number of 3e12 algal taxa. The differences between the algal communities in the different treatments, estimated
by means of the Jaccard index of similarity, were minor. There were
not differences in community composition related to the different
treatments.
Before treatment implementation, GPP averaged 16.0 ± 2.3 g
O2 m2 d1, CR 3.4 ± 0.3 g O2 m2 d1, and NEM 12.6 ± 1.9 g
O2 m2 d1 (Fig. 1c and d). After treatment implementation, GPP
was inﬂuenced by nutrients but neither by emerging contaminants
nor by the interaction between nutrients, emerging contaminants
and time (Table 3) (Fig. 1c). CR was inﬂuenced by both nutrients and
emerging contaminants, but not by any interaction (Table 3)
(Fig. 1d). The assessed metabolic rates (NEM, GPP, and CR) were
signiﬁcantly correlated among them (R2 > 0.54; P < 0.0001).
Similarly to what described for AFDM and F0, the interaction of the
treatments nutrients and emerging contaminants yielded different
results over time for GPP and CR. Post-hoc analysis between
treatments for speciﬁc dates also revealed that there were differences in the response to emerging contaminants at different levels
of nutrients by day 28, as emerging contaminants affected negatively GPP and CR in the L and M nutrient treatments, but not in the
H nutrient treatment. However, this was not the case in previous
sampling dates (7, 14, and 21).

Fig. 1. Changes in bioﬁlm variables, expressed as the means (±SD) of the values per treatment and per time of a) ash free dry mass (AFDM), b) basal ﬂuorescence (F0), c) gross
primary production (GPP), and d) community respiration (CR). Note that NE_L stands for treatment with no emerging contaminants and low nutrient concentrations, NE_M for
treatment with no emerging contaminants and medium nutrient concentrations, NE_H for treatment with no emerging contaminants and high nutrient concentrations, E_L for
treatment with emerging contaminants and low nutrient concentrations, E_M for treatment with emerging contaminants and medium nutrient concentrations, and E_H for
treatment with emerging contaminants and high nutrient concentrations. Post-hoc Tukey test results for each day of the experiment after treatment implantation are shown in
letters.
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lower than those commonly found in eutrophic watercourses
(150e200 g AFDM m2; (Izagirre et al., 2008)), suggesting that the
duration of the experiment fell short to exert an stress effect on the
bioﬁlms. An alternative explanation for the subsidy effects
observed at high nutrient concentrations is that primary producer's
sloughing did not occur under the low ﬂow velocities in our
experimental setting.
4.2. Stress effects by emerging contaminants

Fig. 2. Basal ﬂuorescence (mean ± SD) of treatments NE_L (as controleC), NE_M (as
nutrient treatmenteN), E_L (as emerging contaminants treatmenteE), and E_M (as
interaction between nutrients and emerging contaminants treatmenteN þ E Obs) at
days 14 and 28. Note that N þ E Ad stands for the estimated response to the nutrients
and emerging contaminants treatment if the interaction was additive, which was
estimated as the additive sum of individual effects for treatments N and E relative to C
(Piggott et al., 2015). Given that we had 3 replicates per treatment, there were 9 estimates of the individual effects of treatment nutrients (NeC), and 9 estimates of the
individual effects of treatment emerging contaminants (EeC), and this resulted in 243
estimates of the additive response, which were used to calculate the mean ± SD.

As expected from the low but environmentally realistic concentrations of emerging contaminants used in our experiment,
stress effects were weak, detected only in some of the measured
variables (AFDM, F0 and CR), and interestingly only after 3e4 weeks
of exposure. This means that used concentrations were not high
enough to cause short-term stress effects on the stream bioﬁlms,
but only long-term effects. In this direction, other studies also reported stress effects after some weeks of exposure to low concentrations of toxic contaminants such as pharmaceuticals, beta~ oz et al., 2009; Ricart et al., 2010;
blockers or pesticides (Mun
Rosi-Marshall et al., 2013). Regardless of the timing of the
response, it is important to note the different response of GPP and
CR to the presence of emerging contaminants at the end of the
experiment (day 28), as the reduction observed in GPP surpassed
that of CR (16 and 10%, respectively). Although this is a minor difference between autotrophic and heterotrophic processes, similar
results have been reported at both the mesocosms (Corcoll et al.,
2015) and the ecosystem scale (Aristi et al., 2015). Due to the
relatively short experimental time, we ignore if these differences
between autotrophic and heterotrophic processes would increase
over time, but if that was the case, this would imply that stream
bioﬁlms under stress by emerging contaminants might drift to the
heterotrophy with unbalanced metabolic rates (i.e. high respiration
rates).
4.3. Interaction between nutrients and emerging contaminants

4. Discussion
4.1. Subsidy-stress effects by nutrients
Because of the concentrations used, we expected the measured
stream bioﬁlm variables to increase with medium nutrient concentrations (subsidy effect), but decrease with high nutrient concentrations (stress effect), resulting in a hump-shape response
similar to that reported from ﬁeld and laboratory experiments at
similar concentration ranges (Camargo and Alonso, 2006;
Wagenhoff et al., 2013, 2012). However, all the measured variables responded linearly to nutrient concentrations, thus showing
no evidence of stress effect at high nutrient concentrations. The
subsidy effect resulted in similar increases in all variables, which
were signiﬁcantly inter-correlated (AFDM with CR, and F0 with
GPP). This coupling between variables indicative of biomass and
variables indicative of function has been also observed at the
~ a et al.,
ecosystem scale for both GPP (Hill et al., 2001) and CR (Acun
2004). The unexpected subsidy effect at high nutrient concentrations might be most likely related with the duration of the experiment, as harmful effects by nutrients are not direct effects but
indirect effects through the eutrophication of the ecosystem
(Dodds and Oakes, 2004). Even in conditions of high nutrient
concentration, eutrophication is a process that requires time to
^treau et al., 2006), and only then do
allow for bioﬁlm accrual (Boule
night-time anoxia, and bioﬁlm senescence (Izagirre et al., 2008)
become a problem. In fact, the attained bioﬁlm biomass in our
experimental streams seven weeks after the inoculation was still

The stress effects caused by emerging contaminants were not
even for the different assessed nutrient concentrations, as expected
negative effects were never observed when bioﬁlms received the
highest nutrient concentrations. This result did not conﬁrm our
initial hypothesis of decreases with emerging contaminants at all
nutrient concentrations, with the minimum decrease at moderate
nutrient concentrations (antagonistic interaction between nutrients and emerging contaminants), and the maximum decrease at
high nutrient concentrations (synergistic interaction between nutrients and emerging contaminants). Thus, only an antagonistic
interaction was observed, as medium and high nutrient concentrations compensated the stress effects of emerging contaminants.
Interestingly, this compensatory effect was not analogous for F0 and
GPP, and decreased over the course of the experiment. In the case of
F0, compensation occurred at all nutrient levels at day 14, at medium and high nutrient levels at day 21, and at none nutrient level
at day 28. In contrast, the effects of emerging contaminants on GPP
were compensated at all nutrient levels at days 14 and 21, but only
at high nutrient level at day 28. Our results therefore indicate that
used concentrations of emerging contaminants only had an effect
on the long-term, and that the time of appearance of these effects
was delayed by the compensatory effect of nutrients. Similarly,
other manipulative experiments have reported compensatory effects of nutrients on the toxic effects of pesticides (Barreiro Lozano
and Pratt, 1994; Guasch et al., 2004; Roessink et al., 2008; Traas
et al., 2004). In the same direction, a correlative ﬁeld study also
reported similar compensations in bioﬁlms affected by pesticides
(Morin et al., 2010). Interestingly, a recent review on multiple
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stressors effects on freshwater ecosystems stressed that most
studies reported antagonistic interactions, and suggested that a
possible explanation for more antagonistic responses by freshwater
biota to stressors is that the inherent greater environmental variability of smaller aquatic ecosystems fosters greater potential for
acclimation and co-adaptation to multiple stressors (Jackson et al.,
2016). Overall, several studies have reported antagonistic effects
between assimilable and toxic contaminants, but to our knowledge,
no one studied the temporal dynamics of this interaction, which
might be relevant to consider when predicting the long-term effects of multiple stressors.
5. Conclusions
Our results indicate that emerging contaminants can pose a
threat to non-target aquatic organisms at concentrations observed
in polluted rivers, that assimilable contaminants such as nutrients
can alleviate the stress effect of emerging contaminants, and that
long-term experiments are required to detect stress effects of
emerging
contaminants
at
environmentally
relevant
concentrations.
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