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h i g h l i g h t s
� Multiple stressor effects investigated on Mediterranean zooplankton communities.
� Temperature (T)> salinity (S) > chlorpyrifos (CPF) affected community structure.
� Community effects of S and CPF were influenced by T regime.
� S and CPF resulted in antagonistic effects on sensitive taxa (Cladocera).
� There was no significant interaction between the three stressors (T, S, CPF).
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a b s t r a c t

Temperature increase, salinity intrusion and pesticide pollution have been suggested to be among the
main stressors affecting the biodiversity of coastal wetland ecosystems. Here we assessed the single and
combined effects of these stressors on zooplankton communities collected from a Mediterranean coastal
lagoon. An indoor microcosm experiment was designed with temperature variation (20 �C and 30 �C),
salinity (no addition, 2.5 g/L NaCl) and the insecticide chlorpyrifos (no addition, 1 mg/L) as treatments. The
impact of these stressors was evaluated on water quality variables and on the zooplankton comunity
(structure, diversity, abundance and taxa responses) for 28 days. This study shows that temperature is
the main driver for zooplankton community change, followed by salinity and chlorpyrifos. The three
stressors contributed to a decrease on zooplankton diversity. The increase of temperature contributed to
an increase of zooplankton abundance. Salinity generally affected Cladocera, which resulted in a Cope-
poda increase at 20 �C, and a reduction in the abundance of all major zooplankton groups at 30 �C. The
insecticide chlorpyrifos affected primarily Cladocera, altough the magnitude and duration of the direct
and indirect effects caused by the insecticide substantially differed between the two temperature sce-
narios. Chlorpyrifos and salinity resulted in antagonistic effects on sensitive taxa (Cladocera) at 20 �C and
30 �C. This study shows that temperature can influence the direct and indirect effects of salinity and
pesticides on zooplankton communities in Mediterranean coastal wetlands, and highlights vulnerable
taxa and ecological responses that are expected to dominate under future global change scenarios.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Coastal wetland ecosystems support a large share of the global
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aquatic biodiversity and provide important ecological services,
such as nutrient cycling, food provision or erosion control
(P�erez�Ruzafa et al., 2010; Barbier, 2011). Several authors have
identified wetland ecosystems in the Mediterranean region as
particularly vulnerable to climate change and anthropogenic
pressures (Romo et al., 2005; 2016; P�erez�Ruzafa et al., 2011;
Osland et al., 2016; Gabler et al., 2017). Low precipitation and
increasing evaporation associated to climate change, and the
increasing subtraction of freshwater resources for agricultural
irrigation and urban expansion modify significantly their water
balance (Navarro�Ortega et al., 2012). The reduction of freshwater
inputs generally results in an increase of salinity, mainly due to
seawater intrusion (Mill�an et al., 2011; Ca~nedo�Argüelles et al.,
2016, 2019), which modifies physicochemical ecosystem variables
and changes the metabolism of aquatic organisms, interfering with
their life�history traits and fitness (Rokneddine and Chentoufi,
2004; Jeppesen et al., 2015). For instance, Nielsen et al. (2003)
described decreased diapausing eggs' emergence of zooplankton
and richness related to slight increases in water salinity. According
to Coldsnow et al. (2017), increasing salinity generally results in a
decrease of cladocerans and copepods, and an increase of rotifers,
which facilitates the increase of phytoplankton blooms and the
alteration of functional ecosystem parameters. Furthermore,
salinity can induce changes in species competition patterns and
alter predation regimes, which affect population dynamics and the
structure of freshwater communities (Hintz et al., 2018; Bracewell
et al., 2019).

Chemical emissions from agricultural, industrial and urban ac-
tivities are also important drivers of biodiversity loss in coastal
wetlands (Liu and Diamond, 2005; Navarro�Ortega et al., 2012;
Bassi et al., 2014). Pesticides, which are commonly used in rice,
vegetable and fruit production surrounding coastal wetlands, have
been identified as one of the chemical groups of highest environ-
mental concern (Pic�o et al., 2019). Particularly, organophosphorus
insecticides, and some carbamate and azole fungicides, have been
identified as a potential threat to freshwater biodiversity in Medi-
terranean river estuaries and wetlands (Ccanccapa�Cartagena
et al., 2019). Aquatic ecosystems in Mediterranean regions are
naturally influenced by seasonal temperature variations, reaching
water temperatures of nearly 30 �C during the summer period.
According to the 5th report from the Intergovernmental Panel for
Climate Change (IPCC, 2014), the prevalence of summer peak
temperatures, heatwaves, and periods dominated by high water
temperature is expected to increase markedly in theMediterranean
region in the coming years. Increasing temperatures may influence
the metabolic rate of aquatic organisms, leading to different
reproductive patterns and species interactions, which affect the
structure of communities (Gillody et al., 2001; Devreker et al.,
2009) and their vulnerability to additional stressors (Klausmeyer
and Shaw, 2009; Mantyka�Pringle et al., 2012; Rojo et al., 2017;
Arenas�S�anchez et al., 2019).

Despite the elevated number of studies describing the influence
of temperature, salinity and chemical pollution in freshwater eco-
systems, evidence on the interactive effects of these stressors re-
mains limited (Mantyka�Pringle et al., 2014; Jackson, 2018;
Arenas�S�anchez et al., 2019). Heugens et al. (2001) and Bracewell
et al. (2019) published literature reviews discussing the influence
of temperature, nutritional state and salinity on the sensitivity of
different groups of aquatic organisms to various classes of chem-
icals. Moreover, previous review papers have considered the
interaction between contaminants and temperature (Cairns et al.,
1975), contaminants and salinity (Hall and Anderson, 1995) and
the combination of these three factors (McLusky et al., 1986). These
studies show that temperature generally tends to increase meta-
bolic rates, leading to an increase inwater exchange that results in a
2

higher uptake and toxicity of chemicals to some aquatic organisms.
No clear trend was observed for the combined effects of organic
chemicals and salinity, except for organophosphate insecticides, for
which a synergistic effect has been described (Heugens et al., 2001).
This finding was based on laboratory experiments performed with
mosquito larvae (Aedes taeniorhynchus) and brine shrimps (Artemia
sp.) exposed to aldicarb and dimethoate under isosmotic and
hyperosmotic conditions (Song and Brown, 1998). Particularly, for
mosquito larvae, the short term LC50 for dimethoatewas an order of
magnitude lower under hyperosmotic conditions, suggesting that
further studies are needed to assess the interactive effects of
organophosphate insecticides and salinity in freshwater organisms.

The aim of the present study was to assess the effects of salinity,
insecticide pollution and temperature regimes on zooplankton
communities characteristic of a Mediterranean coastal wetland
ecosystem. The main hypotheses were that different temperatures
will influence community structure, and affect the single and
combined effects of both chemical stressors. Also, as previously
described, we expected that an increase in salinity enhances the
uptake and sensitivity of some freshwater taxa to insecticide
pollution. In our study, these hypotheses were tested by performing
an indoor microcosm experiment with planktonic organisms
collected from the Albufera lagoon (Valencia, Spain). The Albufera
lagoon is a shallow (mean depth 1.2m), oligohaline (salinity
1e2‰), polymictic and eutrophic�to�hypereutrophic lagoon sur-
rounded by intensive agriculture and urbanization (Romo et al.,
2005). In our study, zooplankton was selected as focal taxonomic
group due to their high sensitivity and rapid response to the
selected stressors, and due to their relevant contribution as a food
resource for fish, amphibians and birds in aquatic ecosystems. As
test compound, we selected the organophosphate insecticide
chlorpyrifos (CPF) [O, O�diethyl o�(3, 5, 6�trichloro�2�pyridyl)
phosphorothioate]. CPF is a broad�spectrum insecticide that is
widely used throughout the world in several agricultural crops
(Cortina�Puig et al., 2010). This compound has been detected in a
wide range of coastal wetland ecosystems and has been identified
as highly toxic to aquatic non�target invertebrates and fish in the
Mediterranean as well as in other regions (Moreno�Gonz�alez and
Le�on, 2017; Huang et al., 2020; Rico et al., 2020). Since January
2020, CPF has been banned in the European Union due to its
possible genotoxic and neurological effects in children (EC 2020).
However, it is considered a very good model compound given the
amount of published data regarding its environmental exposure
and effects (Huang et al., 2020). Moreover, it is expected to be
replaced by surrogate pesticides with the same toxicological mode
of action in European agriculture. The salinity and thermal regimes
included in this study were based on monitoring data from the
regional agricultural ministry (Valencian Agricultural Ministry,
2019) and represent realistic worst�case scenarios for the coastal
aquatic system fromwhich the zooplankton was collected. Overall,
this study contributes to improve our understanding on the resil-
ience of zooplankton communities to multiple stressors in Medi-
terranean coastal wetlands, and to identify vulnerable taxa and
ecological responses that are expected to dominate under future
global change scenarios.

2. Materials and methods

2.1. Experimental design

Thirty two microcosms (diameter 20.5 cm, total height 37 cm)
were set�up in the ecotoxicology laboratory of the IMDEA Water
Institute. The microcosms were filled with 12 L of water and
plankton collected from the Albufera lagoon (39�20 N, 0�21W).
Water was collected on the 1st of October of 2019 from the inner
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part of the lagoon and transported to the laboratory. Zooplankton
was collected on the same date and concentrated in�situ with a
plankton net (mesh size: 55 mm). Afterwards, it was distributed
homogeneously over the test microcosms.

The experiment followed a factorial design with three treat-
ments and two different levels each, and was run with four repli-
cates (n¼ 4). The treatments were: temperature (20 �C and 30 �C),
salinity (no salt addition, 2.5 g/L salt addition in form of NaCl) and
CPF exposure (i.e., control, 1 mg/L). The temperature of the 30 �C
microcosms was increased slowly during the first 7 days using a
temperature�controlled water bath. The salinity (NaCl) was added
at a rate of 0.5 g/L per day during 5 days (until reaching 2.5 g/L)
using a saline stock solution of 100 g/L and adding 60mL per day to
each exposed microcosm. CPF was added as a single dose 14 days
after the set�up of the experiment. The choice of the temperature
and salinity were done according to available monitoring data from
the Albufera lagoon (see Supporting Information, Figures S1 and
S2), and represent maximum temperature and salinity values of
late summer periods.

The microcosms were subjected to a light/dark regime of 16:8 h.
The light intensity was 3112 lux, which was considered powerful
enough to maintain the phytoplankton community in the micro-
cosms according to the OECD protocol for toxicity testing with algae
(OECD 2006). Aerationwas set inside of eachmicrocosmwith a low
air flow to prevent extreme anoxic conditions, and to simulate mild
water movement from air characteristic of natural ecosystems. The
whole experiment had a duration of 6 weeks, with an aclimatiza-
tion/adaptation period of 2 weeks and a post�insecticide exposure
period of 4 weeks. The microcosms were checked weekly and
refilled with demineralised water when excessive evaporation
occurred.

2.2. Chlorpyrifos dosing, sampling, and analysis

A concentrated CPF stock solution of 12mg/L in methanol was
prepared. Aliquots (1mL) of this stock solution were evenly
distributed over the water surface of the corresponding micro-
cosms and stirred with a glass pipette to reach a CPF concentration
of 1 mg/L. Methanol (1mL) was added to each chemical control
according to the requirements specified by the OECD (2000)
guidelines. Nominal concentrations were calculated on the basis
of concentrations in the stock solution.

Water samples (100mL) were taken from the microcosms by
means of a glass pipette and transferred into glass flasks tomeasure
CPF concentrations. Water samples were collected 2 h, and 1, 3, 7
and 10 days after the application in the microcosms that received
the CPF application. Samples in the microcoms that did not receive
CPF were also collected on days 1 and 10 relative to the CPF
application in order to assess any potential cross contamination. In
general, samples were analyzed within 48 h after collection. When
this was not possible, they were frozen and stored at �20 �C until
further analysis.

CPF concentrations in themicrocosmwater were analyzed using
a gas chromatograph (GC) system (Agilent 7890 A) coupled to a
mass spectrometer (MS) with a triple quadrupole analyzer (Agilent
7000 GC/MS Triple Quad). The GC column used was a HP-5ms
(Agilent) capillary column. Chlorpyrifos was extracted using the
Stir Bar Sorptive Extraction (or Twister) technique. The Twister was
placed in an Erlenmeyer flask with 100mL of water sample con-
taining the internal standard (chlorpyrifos-d10, 20 mL of a standard
solution of 250 ng/mL) and stirred at 850 rpm overnight. After
extraction, the stir bar was introduced in a glass thermal desorption
tube, placed in the thermal desorption unit of the GC-MS. The limit
of quantification (LOQ) and the limit of detection (LOD) of the
method were 30 ng/L and 3 ng/L, respectively. The mean recovery
3

of the method was: 98% (Relative Standard Deviation, RSD: 2%) at
30 ng/L, and 105% (RSD: 5%) at 100 ng/L (n¼ 3).

2.3. Water quality measurements

Water quality variables (i.e., temperature, electric conductivity,
pH, dissolved oxygen and total dissolved solids) were measured
with a multi�meter probe (model HI98194; HANNA Instruments)
at 10 cm depth on days �14, �7, �4, 7, 14 and 28 relative to the CPF
application. Water samples (1 L) were collected on days �3 and 14
relative to the CPF application for assessing ammonia, nitrate,
orthophosphate and total P (TP) concentrations. Nitrate and
ammonia concentrations were used to calculate the dissolved
inorganic nitrogen (DIN). Chlorophyll�a concentrations were
measured on days �3, 7, 14 and 28 relative to the CPF application.
Nutrient and chlorphyll�a samples were analyzed following the
methods described in APHA (2005). The results of the water
chlorophyll�a and nutrient concentrations were used to charac-
terize the systems and to evaluate the possible influence of the
tested stressors on ecosystem functional parameters.

2.4. Zooplankton sampling and determination

Zooplankton samples were taken on days �4, 7, 14 and 28
relative to the CPF application. The samples (1.5 L) were collected
using a suction pump and filtered through a zooplankton net (mesh
size: 55 mm). Subsequently, the filtered water was returned to the
original microcosm. The concentrated zooplankton samples
(maximum volume 100mL) were preserved with Lugol's iodine
solution (approximately 4% v/v) and let to sediment for 24 h. Af-
terwards, the supernatant was carefully removed to obtain a
concentrated sample. Macrozooplankton (Cladocera, Copepoda,
Ostracoda) were identified and counted in the entire zooplankton
sample using an Olympus SZx2�TR30 stereomicroscope (magnifi-
cation 20�). Microzooplankton (Rotifera) and Copepoda nauplii
were assessed in 1mL sub-samples, which were analyzed with a
binocular Olympus UCTR30�2 microscope (magnification 100�).
Macrozooplankton and microzooplankton taxa were identified to
the lowest practical taxonomic resolution level. Abundance of each
taxon was re-calculated to number of individuals per litre of the
microcosm water.

2.5. Data analyses

The half�life of CPF (DT50) in the different temperature and
salinity treatments was calculated by dividing Ln (2) by the dissi-
pation coefficient. The dissipation coefficients were calculated by
means of linear regression of the ln�transformed measured con-
centrations with the software Microsoft Excel version 2010
assuming first�order kinetics.

The influence of temperature, salinity and CPF on the
zooplankton community was first evaluated with a Permutation
Multivariate Analysis of Variance (PERMANOVA) test based on
Euclidean distances with 999 Monte Carlo permutations (for
further details see Anderson, 2001). A Principal Response Curve
(PRC) analysis was performed in order to evaluate the responses
associated to the different temperature scenarios, the responses
associated to salinity and CPF separately in each temperature sce-
nario, and the interaction between salinity and CPF in each of the
two temperature scenarios. In each PRC analysis, the overall sig-
nificance of the treatments on the dataset was tested by 999 Monte
Carlo permutations under the Redundancy Analysis (RDA) option
(for further details see Van den Brink and Ter Braak, 1999). The first
four PRCs were inspected since the different stressors may result in
different effects on the evaluated datasets, so it was expected that
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more than one PRC is needed to display the different community
responses. In addition, a variation partitioning analysis was per-
formed to assess the relative influence of each stressor on the
zooplankton community using the RDA option (for rationale, see
Peres�Neto et al., 2006). The PERMANOVA analyses were per-
formed using the SIMPER version 7 Software (Clarke and Gorley,
2015). The PRC and the variation partitioning analyses were per-
formed using the CANOCO Software, version 5 (Ter Braak and
�Smilauer, 2012). In all cases data were log (xþ1) transformed
prior to the statistical analyses, and a significance level of 0.05 was
used to distinguish significant responses associated to each treat-
ment and their interaction.

Population-level analyses were performed only with selected
taxa: Diaphanosoma sp., Moina sp., Anuraeopsis sp. and Lecane
lunari. These taxa were selected based on their relative large pos-
itive or negative response to the evaluated stressors as result of the
PRC analysis (i.e., high or low bk values). Population-level responses
were evaluated by performing a three�way ANOVA for each sam-
pling date, and including temperature, salinity and CPF as inde-
pendent variables. Prior to the analysis, abundance data were log
(xþ1), exponential, log10, and square root transformed, and the
best transformation was chosen for each sampling date based on
the results of the Levene's variance homogeneity test and the
Shapiro�Wilk normality test. When one of the two assumptions
were not met, homogeneity of variances was prevailing over
normality. The same analysis was performed for the calculated
diversity (Simpson's index, Simpson 1949) and total zooplankton
abundance, as well as for the total abundance of Cladocera, Cope-
poda and Rotifera, and for the water quality parameters (including
chlorophyll-a). In this case, a first assessment of homogeneity of
variances and normality was performed with non�transformed
data, and only when data was not complying with the assump-
tions, transformed data was used based on the same criteria as
described above for the population-level analyses. Ostracoda were
not further evaluated since their abundances were extremely low
during the course of the experiment in all treatments. The
three�way ANOVAs and the variance homogeneity and normality
tests were performed with the Software Jamovi 1.2.2.0 (Şahin and
Aybek, 2019). The significant influence of the single stressors or
their interactions on the response variables were established when
the calculated p-value was lower than 0.05, although marginally
significant values (0.05<p-value<0.1) are also indicated in the text.

3. Results

3.1. Chlorpyrifos concentrations

CPF dosing was properly done based on the concentrations
measured in the stock solution. After application, CPF dissipated
relatively fast from the water column. The calculated DT50 at 20 �C
was 3.10 d in the microcosms that did not receive salt addition, and
4.40 d in the microcosms that received salt addition. At 30 �C, the
DT50s were 1.61 and 1.85 d in the microcosms without salt and
with salt addition, respectively. Therefore, the dissipation of CPF at
30 �C was generally twice more rapid than at 20 �C, and salinization
resulted in a slight delay on the dissipation of CPF.

3.2. Water quality parameters

The mean and standard deviation of the water quality variables
measured in the microcosms are shown in Table 1. The measured
temperatures in the 20 �C treatment were slightly above 20 �C, but
in the 30 �C treatment they were very close to the intended tem-
perature. Electric conductivity was more than two times higher in
the microcosms that received salt addition, which is consistent
4

with the expected salinity increase (Table 1).
The three-way ANOVA indicates that all water quality variables

were affected by temperature conditions (Table S1). Water pH
ranged between 7.7 and 9.4. It was found to be significantly lower in
the 30 �C treatment, and decreased after the salt and CPF addition
(Table S1). As expected, dissolved oxygen concentrations were
significantly higher in the 20 �C microcosms (7.7e8.1mg/L) than in
the 30 �C ones (5.6e5.9mg/L). Oxygen levels significantly increased
after the CPF addition, and in the treatments affected by CPF and
salinity. TDS values were generally higher in the microcosms that
had higher temperatures and received salt addition. Ammonia
concentrations significantly increased in the 30 �Cmicrocosms, and
in the ones exposed to CPF and salinity (Table S1), up to 1.7mg/L in
the 30 �C microcosms that received salt on day �4. The interaction
between temperature and salinity, and temperature and CPF also
resulted in significantly higher values on day 14 (Table S1). DIN
levels were generally similar across the different treatments, with
slightly higher values in the 30 �C treatment and in the salinity
ones. Conversely, TP was significantly lower in the treatment at
30 �C, with no consistent differences in the microcosms that
received salinity or CPF. Mean chlorophyll-a concentrations ranged
between 58 and 125 mg/L, which are representative of eutrophic
freshwater ecosystems (Table 1). Chlorophyll-a concentrations
were significantly lower in the microcosms at 30 �C (Table S1) and
were notably reduced by the addition of salt in both temperature
scenarios (Table 1).

3.3. Zooplankton responses

Eigtheen zooplankton taxa were identified, most of them
belonging to the Rotifera phylum (12 taxa) followed by the Clado-
cera order (3 taxa: Diaphanosoma sp., Alona sp., Moina sp.). Cope-
poda were subdivided into Copepoda nauplii and Cyclopoida
(including adults and copepodites), and Ostracoda were not further
identified.

The variation partitioning analysis perfomed to asses the rela-
tive influence of each stressor on the zooplankton community
showed that temperature was the main stressor accounting for the
zooplankton community variation (45% of explained variation),
followed by salinity (32%) and CPF (24%; Table S2). The PERMA-
NOVA analysis indicated that the different temperature regime
significantly influenced the zooplankton community during the
whole experimental period (Table 2). At 30 �C, the zooplankton
diversity was signficantly reduced, while the total abundance was
higher, particularly at the beginning of the experiment (Table 3;
Fig. 1). The three�way ANOVA indicated a significant, or marginally
significant, increase of Cladocera, Copepoda and Rotifera at 30 �C
for the majority of sampling dates (Table 3; Fig. 1). The PRC analysis
performed with the temperature controls shows that temperature
had a significant influence on the community structure (Table 4).
The taxa that showed a marked increase in abundance at 30 �C
were Brachionus falcatus, Diaphanosoma sp. and Copepoda nauplii,
while Ascomorpha sp. and Moina sp. showed a slight decrease as
compared to the 20 �C treatment (Figs. 2 and 3).

The PERMANOVA analysis showed that salinity significantly
influenced the zooplankton community from day 7 relative to the
CPF application until the end of the experiment (Table 2). The
salinity treatment significantly reduced the zooplankton diversity
and Cladocera abundance (Table 3, Fig. 1). The interaction between
temperature and salinity was significant during day �4 to day 14,
indicating that the community effects of salinity were different at
the different temperature regimes (Table 2). The
temperature�salinity interaction was significant for total
zooplankton abundance at the beginning of the experimental
period (day �4 and 7), and for Cladocera (day 7 and 14), Copepoda



Table 1
Water quality parameters (mean ± standard deviation) measured in the different treatments during the experiment. The raw data are provided in Appendix I.

Parameters T20 T20�S T20�CPF T20�S�CPF T30 T30�S T30�CPF T30�S�CPF

Temperature (�C) 21.5± 0.3 21.5± 0.3 21.5± 0.3 21.9± 1.7 29.9± 1.5 29.4± 1.4 29.8± 1.5 29.5± 1 .4
EC (mS/cm) 1918± 206 5540± 1722 2053± 454 5315± 2097 2021± 222 5787± 1793 1943± 462 5720± 1768
pH 8.2± 0.21 8.3± 0.23 8.3± 0.11 8.3± 0.19 8.2± 0.22 8.1± 0.15 8.1± 0.33 8.1± 0.21
DO (%) 94.3± 19.1 103± 11.7 137± 187 133± 183.8 85.7± 8.9 87.0± 7.3 83.0± 9.3 87.0± 8.6
DO (mg/L) 7.8± 0.9 8.1± 0.8 8.1± 0.6 7.7± 1.3 5.9± 0.7 5.9± 0.5 5.6± 0.7 5.9± 0.6
TDS (mg/L) 964± 117 2770± 861 1053± 203 2658± 919 1014± 110 2713± 1018 1008± 356 2848± 883
Ammonia (mg/L) 0.01± 0.02 <0.01 0.01± 0.01 0.20± 0.3 0.19± 0.2 0.3± 0.4 0.39± 0.35 0.38± 0.33
NeNO3 (mg�/L) 1.23± 0.21 1.29± 0.13 1.22± 0.17 1.19± 0.16 1.13± 0.10 1.72± 0.53 1.28± 0.25 1.82± 0.57
DIN (mg/L) 0.29± 0.06 0.29± 0.03 0.28± 0.05 0.37± 0.26 0.35± 0.19 0.72± 0.46 0.67± 0.33 0.65± 0.34
Ortophosphate (mg/L) 19.8± 9.4 22.9± 7.4 23.7± 8.85 15.4± 21.2 11.7± 6.4 6.7± 4.6 7.4± 4.1 9.5± 3.7
TP (mg/L) 96.7± 31.9 94.9± 16.4 99.4± 17.2 67.6± 21.3 50.6± 11.9 52.2± 24.5 42.2± 14.9 59.7± 15.7
Chlorophyll�a (mg/l) 125± 167 81.9± 110 103± 138 69.1± 90.3 110± 146 70.3± 90.3 86.9± 116.1 57.7± 59.2

EC: electric conductivity; DO: dissolved oxygen; TDS: total dissolved solids; T20: temperature at 20 �C; T30: temperature at 30 �C.

Table 2
Results of the PERMANOVA analysis performed with the zooplankton dataset. Bold
values indicate significant effects (p-value<0.05) of the single stressors or their in-
teractions. T: temperature, CPF: chlorpyrifos, S: salinity, D: days relative to the
chlorpyrifos application.

Day T S CPF TxS TxCPF SxCPF TxSxCPF

D�4 <0.001 0.152 0.181 0.002 0.066 0.512 0.182
D7 <0.001 <0.001 <0.001 0.005 0.008 0.365 0.639
D14 <0.001 <0.001 <0.001 0.003 0.303 0.296 0.710
D28 <0.001 <0.001 0.005 0.121 0.002 0.04 0.118

Table 3
Results of the three-way ANOVA (p-value) performed with the diversity index
(Simpson), total abundance, and Cladocera, Copepoda and Rotifera abundances. Bold
values indicate significant effects (p-value<0.05). T: temperature, CPF: chlorpyrifos,
S: salinity, D: days relative to the chlorpyrifos application.

T S CPF TxS TxCPF SxCPF TxSxCPF

Diversity
D�4 <0.001 0.584 0.212 0.080 0.622 0.023 0.230
D7 0.008 0.024 0.073 0.761 0.891 0.651 0.237
D14 <0.001 0.004 0.008 0.450 0.599 0.077 0.511
D28 0.066 0.823 0.304 0.253 0.036 0.104 0.142
Total abundance
D�4 <0.001 0.565 0.766 0.022 0.023 0.866 0.448
D7 0.642 0.454 0.011 0.022 0.005 0.375 0.652
D14 0.059 0.899 0.183 0.294 0.266 0.681 0.842
D28 0.625 0.146 0.052 0.838 0.763 0.026 0.118
Cladocera
D�4 0.003 0.216 0.283 0.095 0.001 0.800 0.724
D7 0.009 0.002 0.006 0.014 0.578 0.012 0.056
D14 0.438 0.050 0.003 0.045 0.152 0.445 0.934
D28 0.068 0.486 0.117 0.451 0.154 0.787 0.937
Copepoda
D�4 <0.001 0.611 0.895 0.028 0.042 0.767 0.723
D7 0.037 0.532 0.240 0.360 0.001 0.901 0.286
D14 0.059 0.899 0.183 0.294 0.266 0.681 0.842
D28 0.081 0.213 0.955 0.673 0.250 0.106 0.269
Rotifera
D�4 0.038 0.449 0.471 0.105 0.139 0.048 0.006
D7 0.068 0.669 <0.001 0.005 0.713 0.905 0.676
D14 0.080 0.052 0.540 0.357 0.134 0.617 0.919
D28 0.008 0.462 0.002 0.431 0.020 0.901 0.126
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(day�4) and Rotifera (day�7; Table 3). At 20 �C, salinity resulted in
a decrease on Cladocera and Rotifera and an increase of Copepoda,
which resulted in an increase of total abundance. At 30 �C, salinity
resulted in a decrease of Cladocera, Rotifera and Copepoda, which
contributed to a significant abundance decline (Fig. 1). The PRC
analysis showed that, at 20 �C, salinity explained 21% of the varia-
tion (only the first PRC is significant), while at 30 �C it explained
34% (with the first and second PRCs being significant), suggesting
5

that the impacts of salinity on zooplankton community changes at
30 �C were slightly larger than at 20 �C (Table 4). This is also
observed in Fig. 4, which shows that salinity effects persisted dur-
ing the whole experimental period, but started earlier (some days
before the CPF application) andwere larger (particularly on days�4
and 7) at 30 �C than at 20 �C. At 20 �C, the PRC shows that Anu-
raeopsis sp. and Moina sp. decreased due to salt addition, while
there was an increase of Brachionis quadridentatus and Copepoda
nauplii. At 30 �C, the first PRC indicates a higher treatment-related
decrease of Anuraeopsis sp. (Fig. 3) and Brachionus falcatus, while
there were no apparent population increases (all bk values>�0.5).
The second PRC shows a slight decrease of Brachionus falcatus and
Moina sp. at the beginning and at the end of the experimental
period (data not shown). The different response of Moina sp. and
Anuraeopsis sp. to salinity in the different temperature treatments
is also indicated by the significance of the three�way ANOVA
interaction at the beginning and at the end of the experimental
period, respectively (Table S3), confirming that Moina sp. had a
larger population abundance decrease at 20 �C and Anuraeopsis sp.
at 30 �C (Fig. 3).

The PERMANOVA analysis showed that CPF affected the
zooplankton community significantly from day 7 until the end of
the experiment (Table 2), producing a (marginally) significant
decrease of diversity and Cladocera abundance on day 7 and 14
(Table 3, Fig. 1). The interaction between temperature and CPF was
significant after the application (day 7) and at the end of the
experiment (day 28; Table 2). The PRC analysis showed that CPF
explained 15% of variability at 20 �C, and 21% at 30 �C (Table 4). At
20 �C, the maximum CPF effects were reached at end of the
experimental period, while at 30 �C the maximum effects were
already reached on day 7 and shows smaller differences towards
the end of the experiment, indicating partial community recovery.
At 20 �C, the CPF application resulted in a decline of Lecane lunaris
and Diaphanosoma sp., and a slight increase of Copepoda nauplii
and Anuraeopsis sp. However, at 30 �C, there was a decline of
Diaphanosoma sp. and Anuraeopsis sp., and no clear treatment-
related increases (Fig. 4). The different responses to the CPF treat-
ment of Diaphanosoma sp., Anuraeopsis sp. and Lecane lunaris are
also displayed in Fig. 2, and the significant interactions are provided
in Table S3.

The PERMANOVA analysis showed that the interaction between
salinity and CPF was generally not significant, except for the last
sampling date, and the interaction between the three stressors was
not significant at any sampling date (Table 2). However, the inter-
action between salinity and CPF was significant for Cladocera
(Table 3) on day 7 after the CPF application (Table 3). The abun-
dance of that taxonomic group, which was clearly dominated by
Diaphanosoma sp., was somewhere in between the effects caused



Fig. 1. Average diversity, total abundance, and Cladocera, Copepoda and Rotifera abundance in the different treatments. T: temperature, CPF: chlorpyrifos, S: salinity, D: days relative
to the chlorpyrifos application.
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Table 4
Percentages of total variance attributed to time, differences between replicates and treatment regime in all PRC analyses performed in this study. The table also shows the
fraction of treatment variance captured by the significant PRCs and the results of the Monte Carlo permutations (p�value). NS: not significant. T: temperature, CPF: chlor-
pyrifos, S: salinity.

Dataset % of variance accounted for % of variance explained by treatment regime captured by the
different PRCs (p�value)

Time Differences between replicates Treatment First PRC Second PRC Third PRC

T 46.0 52.4 1.6 60.6 (p¼ 0.02)a NS NS
S at T20 21.2 57.4 21.4 64.8 (p¼ 0.02)b NS NS
S at T30 19.7 46.5 33.8 63.5 (p¼ 0.02)b 17.9 (p¼ 0.04)d NS
CPF at T20 33.5 51.6 14.9 59.8 (p¼ 0.05)b NS NS
CPF at T30 29.6 48.9 21.5 66.9 (p¼ 0.02)b NS NS
CPF and S at T20 43.5 49.9 6.7 36.5 (p< 0.01)c 23.9 (p¼ 0.03)c NS
CPF and S at T30 45.7 45.3 9.0 45.7 (p< 0.01)c 39.3 (p < 0.01)c 12.9 (p¼ 0.02)d

a Fig. 2.
b Fig. 4.
c Figure S3.
d Not shown.

Fig. 2. PRC calculated with the 20 �C and 30 �C replicates not receiving any chlorpyrifos or salinization treatment. The percentages of explained variance by time, differences
between replicates and treatment regime are shown in Table 4. The raw data on taxa counts is provided in Appendix I.
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by salinity and CPF alone (Fig. 1), so that it can be classified as
antagonistic. Diaphanosoma sp. also showed significant interactive
effects on that sampling date (Table S3), however the abundances
were so low (Fig. 3) that it was impossible to evaluate the response
type.

The PRC analysis including the salinity and the CPF treatments at
20 �C and 30 �C showed that more than one PRC was significant
(Table 4). As expected, by inspecting the first and second PRC it can
be concluded that themajority of species responded similarly to the
combination of both stressors at 20 �C and 30 �C, except for Moina
sp. (Figure S3), which showed a clear decline at 20 �C and a notable
increase at 30 �C when both stressors (i.e., salinity and CPF) were
present (Fig. 3). This is also supported by the marginally significant
p-value calculated by the three-way ANOVA for the salinity and CPF
interaction, although the triple interaction was not significant
(Table S3). Overall, the variation partitioning analysis indicated that
the influence of salinity was larger than the influence of CPF on the
zooplankton community at 20 �C, while the contribution of each
stressors was similar at 30 �C (Table S2). Moreover, the first PRC of
the combination of both stressors suggests that the community
effects of salinity and CPF aremore strongly correlated at 30 �C than
at 20 �C (Figure S3).
7

4. Discussion

4.1. CPF dissipation and water quality variables

In this study, temperature notably enhanced CPF dissipation,
while salinity contributed to a slightly reduced dissipation rate.
Microbial activity associated to temperature variation has been
discussed to be one the main factors that affects the dissipation of
CPF from the water column (Racke, 1993), although other factors
such as turbidity, organic matter (including algae) and sediment
characteristics can also play an important role (Daam and Van den
Brink, 2009). In an outdoor mesocosm performed under Mediter-
ranean conditions, L�opez-Mancisidor et al. (2008) calculated an
average DT50 of 2.2 days (average water temperature was 20 �C),
which is similar to the results of our study. The slight differences
related to salinity may be explained by decreased hydrolysis rates
(Wang and Hoffman 1991), and by the lower algae density in the
water column observed in the salinity treatment (Table 1).

The assessment of the water quality variables indicated a
decrease of chlorophyll-a at 30 �C and dissolved oxygen. The in-
crease of temperatures resulted in an increase of zooplankton
density, which could have contributed to an increasing grazing
pressure on the phytoplankton community. Furthermore, salinity
seemed to contribute to a reduction of phytoplankton. In our study,



Fig. 3. Abundance of Diaphanosoma sp., Moina sp., Anuraeopsis sp. and Lecane lunaris in the different treatments. T: temperature, CPF: chlorpyrifos, S: salinity, D: days relative to the
chlorpyrifos application.
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the levels of ammonia were increased by temperature and salinity,
probably due to accelerated organic matter decomposition of
decaying planktonic organisms. In fact, we observed a flocculation
and sedimentation of algae in these microcosms, which has been
described as a response to biotic and abiotic stress (Sukenik and
Shelef, 1984; Brady et al., 2014). The levels of unionized ammonia
reached in the 30 �C microcosms, and particularly in those also
treated with salt and CPF, are expected to result in toxic effects on
sensitive aquatic organisms (Arthur et al., 1987) and may thus have
contributed to the changes observed in the zooplankton commu-
nity. It should also be noted that the water sampled for nutrient
analysis was relatively high as compared to the total water volume
of the microcosms (8%), so that there could be a slight impact
created by this on later sampling days (e.g. day 28) which may have
affected the natural dynamics of the planktonic communities in all
8

microcosms.

4.2. Zooplankton responses to varying temperatures

Our experiment indicated that temperature was the most
important factor influencing the zooplankton community, followed
by salinity and CPF. Changes in water temperature, related to sea-
sonality or climate change, have been reported as an important
factor modifying the composition, structure and dynamics of
zooplankton communities in wetland ecosystems, and hence, on
ecosystem processes and services (Thompson et al., 2012; Gabler
et al., 2017). In the present study, we show that at 30 �C there
was an abundance increase of all zooplankton groups (Cladocera,
Copepoda and Rotifera). Formany zooplankton taxa, temperature is
considered an important factor that affects their metabolic rate and



Fig. 4. PRCs calculated with the chemical controls and the microcosms exposed to salinity (S) or chlorpyrifos (CPF) at 20 �C and 30 �C. The percentages of explained variance are
shown in Table 4. The raw data on taxa counts is provided in Appendix I.
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the amount of energy allocated for egg production, hence, changing
their life�history traits and population growth (Gillooly et al.,
2001; Devreker et al., 2009). The taxa Brachionus falcatus, Diaph-
anosoma sp. and copepoda nauplii had an increased abundance at
the beginning of the experiment at 30 �C, indicating a preference
for high water temperatures. On the other hand, Ascomorpha sp.
and Moina sp. abundance slightly decreased as response to the
temperature increase. We also observed that community structure
differences between the 20 �C and 30 �C controls were larger at the
beginning of the experiment than at the end (Fig. 2), indicating a
potential adaptation of some taxa to the new thermal scenario.
According to the existing literature (Beaugrand et al., 2002;
Arenas�S�anchez et al., 2019), higher temperatures favor the
dominance of smaller organisms, but may also result in a favorable
condition for competition and predation among smaller
zooplankton groups.

4.3. Zooplankton responses to salinity at different temperatures

At 20 �C, salinity increase induced a decrease in zooplankton
diversity and total abundance. Salinity also resulted in a significant
decrease of Cladocera individuals and produced an increase of
Copepoda (at Nauplius stages). This is in good agreement with the
mesocosm study peformed by Thompson and Shurin (2012), who
observed a significant increase of cyclopoid copepods after a slight
salinity increase (0.3 ppt). Some authors have argued that such
structural changes in the zooplankton community are character-
istic of brackish lagoons during high osmotic pressure periods, and
are a consequence of reduced fitness of Cladocera and competitive
exclusion by well adapted copepods (Brucet et al., 2009; Jensen
et al., 2010). Other studies have demonstrated that short rises of
salinity can result in the dominance of few Rotifera taxa
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(Schallenberg et al., 2003; Anton�Pardo and Armengol, 2012;
Coldsnow et al., 2017). Our experiment shows that at 20 �C, salinity
resulted in a notable increase of Brachionus quadridentatus and a
decrease of Anuraeopsis sp. (Fig. 4). This can be explained by the low
tolerance of Anuraeopsis taxa to osmotic pressure as compared to
Brachionus, as demonstrated by the growth curves calculated by
Sarma et al. (2006) for these two genera under laboratory condi-
tions. In addition, Anton�Pardo and Armengol (2012) found a high
prevalence of Brachionus species in brackish coastal Mediterranean
ponds, while Anuraeopsis fissawas one of the few Rotifera taxa that
were distributed among ponds irrespective of salinity levels.

Our experiment shows a significant interaction between tem-
perature and salinity on the zooplankton community. In fact, under
warmer conditions (30 �C), salinity had a higher impact on the
zooplankton community, reducing the abundance of all the taxo-
nomic groups. It should be noted, however, that zooplankton
abundances were in the majority of the cases still above the ones in
the salinity treatments at 20 �C because, as described above, tem-
perature resulted in high zooplankton densities. For some partic-
ular taxa (e.g., Moina sp., Anuraeopsis sp.) salinity-related declines
showed considerable differences between the two tested temper-
ature conditions, which may be related to different metabolic rates
and tolerances to osmotic pressure (Miracle and Serra, 1989), as
well as the availability of phytoplankton resources and the pre-
sumable toxicity caused by unionized ammonia. Therefore, this
study confirms that temperature influences the direct and indirect
effects of salinity to the zooplankton community, so that seasonal
temperature variation and climate change may significantly
interact with the ecological effects caused by salinity. In addition,
some studies have reported that the shift in the structure of
zooplankton communities caused by salinity intrusion in coastal
lagoons, leading towards a lower zooplankton abundance or the
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dominance of smaller and less efficient zooplanktonic grazers, may
result in a functional diversity loss and increasing eutrophication
risks (Jeppesen et al., 2015; Gutierrez et al., 2018).

4.4. Zooplankton responses to CPF at different temperatures

In the present study, CPF reduced zooplankton diversity, mainly
affecting Cladocera. Similar results were observed in other model
ecosystem experiments performed under Mediterranean-like
conditions (Van Wijngaarden et al., 2005; L�opez�Mancisidor
et al., 2008; Pereira et al., 2017). At 30 �C, we found larger com-
munity effects in the first week after the insecticide application, but
also partial recovery as compared to the 20 �C treatment. This is in
line with previous studies, which demonstrated a large influence of
temperature in the response of aquatic organisms to pesticide
stress (Patra et al., 2015; Rocha et al., 2016; Pawar et al., 2020),
which affects community structure dynamics. For example, Arenas-
S�anchez et al. (2019) found that the time to onset of effects caused
by the insecticide lufenuron and the post-exposure recovery of
zooplankton populations and communities was considerably faster
at 28 �C as compared to 20 �C.

Our study also shows that the indirect effects caused by CPF
were influenced by temperature. At 20 �C, the reduction of Clado-
cera (mainly Diaphanosoma sp.) resulted in an increase of some
Rotifera and Copepoda taxa. This caused a temporary increase of
total abundance after the insecticide application at 20 �C and in-
direct negative effects on chlorophyll-a. At 30 �C, such indirect in-
creases in abundance were not observed, potentially due to the
algae flocculation described above. In our study, the observed in-
direct effects were relatively mild, however they should not be
neglected as these can result in long-term changes on the structure
of aquatic communities and potentially affect predator-prey re-
lationships at higher trophic levels (e.g., macroinvertebrates, fish;
Thompson et al., 2015).

4.5. Zooplankton responses to salinity and CPF under different
temperatures

Contrary to previous studies indicating synergistic effects of
salinity and CPF on freshwater invertebrates (Song and Brown,
1998), our study shows that the interaction between these two
stressors was generally not significant during the period of
maximum toxicant effects (first week). Neither it was the triple
interaction including temperature. The joint effects of salinity and
CPF on the most sensitive taxonomic group (Cladocera) were found
to be antagonistic, possibly due to the complex bound formation of
CPF with salts and the resulting slightly reduced bioavailability
(Maryoung et al., 2014). In line with this, Pawar et al. (2020)
observed a reduction in the toxicity of CPF to the euryhaline
white leg shrimp under higher salinity, and other studies report
similar findings testing these stressor combinations on fish survival
(Lavado et al., 2009; Maryoung et al., 2014) or assessing biochem-
ical responses (Durieux et al., 2011).

Overall, our study shows that, at the tested stressor levels,
salinity is a more severe stressor at 20 �C than CPF; while at 30 �C,
both had similar impacts and more correlated responses. This has
implications for ecosystem management and suggests that under
future climate change scenarios the influence of salinity on
zooplankton communities can be confounded with that caused by
temperature increase. Moreover, this study shows that the inter-
action between increasing temperatures, salinity and insecticide
stress could contribute to a biodiversity decline in an additive
manner. Further research should be dedicated to assess the inter-
action between other stressor combinations related to global
change on Mediterranean wetlands and to explore their
10
consequences for ecosystem service provision and management.
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