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Abstract

Pesticide contamination in freshwater habitats is a major global issue, affecting
water quality, biodiversity, and ecosystem services. Uncontaminated habitats
embedded in agricultural landscapes might act as keystone communities, with
the ability to restore diversity and ecological processes in contaminated sites
through dispersal. Despite their potential relevance, the role of keystone com-
munities in mitigating agrochemical contamination remains untested. We
asked if pristine habitats embedded in agricultural landscapes can act as key-
stone communities and drive the recovery of contaminated habitats. To answer
this question, we conducted a mesocosm experiment to simulate zooplankton
metacommunity dynamics under three treatments: uncontaminated, fully con-
taminated, and partially contaminated metacommunities. We examined com-
munities over time following dispersal and pesticide contamination to analyze
their trajectories, diversity, and recovery capacity. Analyses were conducted
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for all species, as well as for Cladocera and Copepoda separately, at both local
(individual communities) and regional scales (three communities linked by
dispersal—i.e., metacommunities). Taxon-specific population trajectories indi-
cated that cladoceran densities increased across treatments irrespective of con-
tamination, whereas copepods exhibited species-level declines or increases
under local pesticide exposure. These taxon-specific population responses to
contamination altered community trajectories, resulting in a greater loss of
species in completely contaminated metacommunities. Metacommunities with
uncontaminated habitats partially recovered from contamination and showed
compositional and gamma diversity patterns comparable to uncontaminated
metacommunities. Recovery patterns differed across Cladocera and Copepoda,
with recovery being more evident at the regional scales. Keystone communi-
ties had a greater influence on the recovery of Cladocera community composi-
tion and on Copepoda gamma diversity. Our results supported the prediction
that keystone communities play a fundamental role in local and regional
dynamics of aquatic metacommunities inserted in landscapes with a heteroge-
neous structure of contamination. Positioning preserved habitats well
connected to impacted sites could allow a quick colonization after pesticide
contamination, recovering the system until the next crop management cycle.
However, taxon-specific trajectories underscore the need to consider func-
tional and dispersal traits when designing mitigation strategies. We thus sug-
gest a metacommunity perspective for better predictions of risks associated
with pesticide use in nature and ways of mitigating them.

KEYWORDS
agrochemicals, dispersal, fipronil, mesocosms, metaecosystems, zooplankton

INTRODUCTION

A fundamental characteristic of biological communities is
that they are continuously reorganizing in face of natural
and human-induced perturbations (Rumschlag
et al,, 2023; Spaak et al., 2023). While we still cannot
entirely predict how biological communities will respond
to future perturbations, there is now sufficient evidence
indicating that they have been and will be severely
affected, especially through changes in species composi-
tion (Jaureguiberry et al., 2022). Despite its high, dispro-
portionate biodiversity (Balian et al., 2008), freshwater
ecosystems are under severe threat from human activities
(Reid et al., 2019). One of the major threats to freshwater
biodiversity is land use change associated with agricultural
expansion (Schiesari & Corréa, 2016). The interconnected
hierarchical structure of freshwater ecosystems allows
them to both receive and transmit impacts from events
occurring on the surrounding landscape. Consequently,
localized events within the catchment can influence differ-
ent parts of the riverine network (Patrick et al., 2021).

Intensive agricultural practices increase the runoff of
agrochemicals such as pesticides into aquatic ecosystems,
leading to contamination and degradation of water and
habitat quality (Allan, 2004). Research on the impact of
pesticides on freshwater biota has historically empha-
sized ecotoxicological assessments, focusing on organis-
mal responses in isolated, monospecific populations
under controlled laboratory conditions (Relyea &
Hoverman, 2006; Rohr et al., 2006). However, a growing
body of work has expanded to community-level investiga-
tions, including mesocosm experiments and field surveys
that demonstrate pesticide effects on multispecies assem-
blages (e.g., Bell et al., 2019; Bendis & Relyea, 2016;
Fugére et al., 2020; Hua & Relyea, 2014). For instance,
Relyea and Diecks (2008) revealed that repeated low-dose
applications of malathion triggered trophic cascades in
aquatic communities, indirectly causing amphibian mor-
tality through zooplankton declines and phytoplankton
blooms. Similarly, Almeida et al. (2023) showed that
chlorpyrifos exposure reshaped zooplankton dominance
hierarchies by differentially affecting species sensitivities,
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favoring pesticide-tolerant taxa like Daphnia magna over
more vulnerable competitors. Despite these advances,
understanding of pesticide impacts at broader organiza-
tional levels, such as metacommunities embedded in het-
erogeneous  landscapes  with  varying  spatial
configurations, remains limited (Hanson et al., 2007;
Hayasaka, 2014; Schiesari et al., 2018).

This knowledge gap about the effects of agrochemi-
cals on freshwater ecosystems across spatial scales under-
scores the urgent need to expand our understanding of
biodiversity responses to environmental change under
more realistic scenarios (Schiesari et al., 2023). We sug-
gest that in metacommunities (i.e., sets of local commu-
nities interconnected via dispersal), the reorganization of
biodiversity following contamination should be
influenced by both the spatial structure of the
metacommunity and the spatial extent of contamination.
For example, the impacts of contamination may vary
from being localized within specific localities to affecting
entire regions, depending on the differences between
local communities and their connectivity (Siqueira
et al., 2014). Thus, sufficient dispersal between communi-
ties would be essential for the reorganization of local
communities and, consequently, of entire
metacommunities, bringing back locally extinct but
regionally present species (Gianuca et al, 2017
Thompson & Gonzalez, 2017).

In a realistic context, where metacommunities are
scattered within agricultural landscapes and are unlikely
to uniformly experience agrochemical contamination
across all local communities, uncontaminated patches
should play a major role in the reorganization of contam-
inated ones. These disproportionately influential patches
have been termed keystone communities (Mouquet
et al., 2013; Ruhi et al., 2017). Like a keystone species, a
keystone community must therefore be disproportion-
ately important for the stability, functioning, and mainte-
nance of other communities in a metacommunity
(Mouquet et al., 2013; Ruhi et al, 2017; Yang
et al., 2020), maintaining regional diversity and promot-
ing the recolonization of impacted communities and a
possible return to a previous state. Despite their crucial
ecological importance, the potential role of keystone
communities in mitigating agrochemical contamination
remains experimentally untested.

Chemical pesticides with insecticide function often
lead to increased mortality among primary consumers,
particularly sensitive arthropods such as some zooplank-
tonic microcrustaceans (Hayasaka, 2014; Miller
et al., 2020). In these communities, the effects of pesti-
cides can be markedly different between Cladocera and
Copepoda (Suzuki et al., 2024). On one hand, some stud-
ies indicate that Cladocera exhibit higher tolerance to

pesticides than Copepoda (Brendonck & De
Meester, 2003; Hanazato, 2001; Suzuki et al.,, 2024),
suggesting that one group may locally dominate biomass
and species richness after contamination due to higher
population resistance. On the other hand, copepods
might be better at recovering from contamination by
metals or pesticides, despite documented vulnerabilities
such as elevated egg abortion rates in Calanoida
(e.g., Rocha et al., 2024) and adverse responses of
Cyclopoida to herbicides and ammonia (Di Marzio
et al., 2018). These patterns contrast with the low resil-
ience of large limnetic cladoceran species (Palmer
et al., 2012; Yan et al., 2004). An emerging question is
therefore how the potential differences in resistance and
resilience of Cladocera and Copepoda determine their
response to pesticides in a metacommunity context,
where local extinctions can be balanced by recolonization
from keystone communities.

This study delves into the reorganization of commu-
nities and metacommunities in response to pesticide
contamination, particularly in the presence of potential
keystone communities. To do that, we carried out an
outdoor experiment using mesocosm zooplankton com-
munities. We hypothesized that pristine habitats in agri-
cultural landscapes act as keystone communities and
drive the temporal reorganization of both local commu-
nities and metacommunities impacted by contamina-
tion. We compared the effects of pesticide
contamination on the spatial and temporal dynamics
across uncontaminated, partially contaminated, and
fully contaminated metacommunities. Specifically, we
tested four predictions. First, more sensitive species
would exhibit population declines in contaminated hab-
itats, with (1) steeper declines in fully contaminated
metacommunities compared to uncontaminated con-
trols and (2) mitigated declines in contaminated habitats
of partially contaminated metacommunities due to dis-
persal from uncontaminated habitats (P1). Second, these
population declines would drive a strong directional
change in both local and regional species composition,
mirroring patterns observed in long-term studies of
copepod succession in polluted reservoirs (Matsumura-
Tundisi & Tundisi, 2003). This would result in commu-
nities and metacommunities with similar temporal tra-
jectories (P2). Third, the unique and directional
temporal trajectories of local communities within fully
contaminated metacommunities (P2) would arise from
population declines in sensitive species, leading to
reduced local species richness and evenness (P3). These
demographic shifts would drive systematic changes in
community composition over time. Fourth, over time,
metacommunities with keystone communities would
recover from contamination and exhibit compositional
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and diversity patterns similar to those of uncontaminated
metacommunities (P4). Our findings partially support these
predictions, offering novel insights into how the spatial
structure of metacommunities can mitigate contamination
effects on local communities, with a particular emphasis on
the role of keystone communities.

METHODS

Experimental design and sampling
procedures

We carried out the experiment on the campus of the
Universidade Federal de Sdo Carlos, Brazil, between
August and November 2019. Twenty-seven polypropylene
water tanks were filled with 400 L of filtered water. We
spatially arranged the tanks into metacommunities so
that a tank represented a local community (n = 27) and a
set of three tanks represented a metacommunity (n = 9;
Appendix S1: Figure S1).

Spatial connectivity among tanks within each
metacommunity was simulated by actively manipulating
dispersal. We removed 4 L of water from each tank (1%
of the total volume) within each metacommunity, placing
it together in a 12-L container, which was then gently
homogenized, and finally proportionally returned to the
tanks (Gianuca et al., 2017). This procedure was repeated
for all metacommunities. We covered the tanks with
0.75-mm mesh nets to prevent dispersal from other
potential sources.

Colonizing the tanks with planktonic
species

Samples of phytoplankton were taken from the Lobo-
Broa reservoir (—22.18282, —47.89561) and zooplankton
from the Fazzari reservoir (—21.970890, —47.887457), in
the Sdo Carlos region. We chose these reservoirs because
they have a high density and diversity of phytoplankton
and zooplankton. We sampled phytoplankton using
20-pm mesh nets, making eight vertical trawls starting at
a depth of 5m, and filtering approximately 706 L of
water for each tank. We sampled zooplankton with
10 vertical drags, starting at a depth of 5 m, using 68-pm
mesh nets, filtering approximately 883 L of water for
each tank.

We added phytoplankton samples into experimental
tanks on the same day they were sampled from the reser-
voir. After inoculating phytoplankton, we added nutri-
ents needed to allow population growth (2.5 mL of

agricultural fertilizer N:P:K; nitrogen, phosphorus, and
potassium) at a 10:10:10 ratio to each tank.

To ensure that the experimental tanks had similar
phytoplankton taxonomic composition before the addi-
tion of zooplankton, we homogenized the tanks on three
occasions: on the 2nd, 8th, and 13th days after phyto-
plankton was initially added. The homogenization was
done by filtering 30 L from each of the 27 tanks with
20-pm nets, mixing all those samples together in a single
20-L container, and redistributing them equally back to
the tanks.

Zooplankton were added into water tanks on the
same day samples were taken from the reservoir, but
15 days after phytoplankton. We carried out two more
homogenization events among tanks after inoculating
the zooplankton, before starting the experiment. These
procedures aimed at starting the experiment with a simi-
lar planktonic community composition in all tanks.

Fipronil contamination

Pesticide contamination was accomplished by applying
the insecticide Regent 800 WG (BASF; active ingredient
fipronil, 800 g of active ingredient kg~'). Fipronil is a
broad-spectrum insecticide, being one of the most con-
sumed active ingredients registered for use on several
crops in Brazil (Moutinho et al., 2020). In addition to the
high volume and frequency of use in sugar cane fields
and other agricultural crops, another advantage of
selecting fipronil as a model compound is the availability
of official European Union prospective risk assessment
reports. Fipronil is also approved for use in the
United States, Australia, and certain Member States of
the European Union (PPDB, 2024).

Each of the nine metacommunities received one of
three treatments (hereafter collectively referred to as “spa-
tial structure of the contamination”): (1) fipronil in the
entire metacommunity (fully contaminated), (2) fipronil in
two tanks and one uncontaminated tank (partially contami-
nated, i.e., with a potential keystone community) and (3) a
metacommunity free of contamination (uncontaminated).
Each treatment was replicated three times (3 tanks X 3
replicates X 3 treatments = 27 tanks).

We defined that the nominal concentration to be
applied to the contaminated tanks would be 2 pg/L of
fipronil. This concentration falls within the range of mea-
sured and predicted field concentrations (Gan
et al., 2012; Schiesari et al., 2023). Importantly, we ran a
pilot experiment that confirmed that 2 pg/L of fipronil
induces detectable changes in zooplankton abundances
(e.g., shifts in dominance, reduced richness) without
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causing widespread extinctions, a critical balance for
studying metacommunity recovery dynamics. More infor-
mation on the rationale for the use of 2 pg/L in this study
can be found in Appendix S1.

Sampling events

Three days after the last homogenization event, we
started the experiment and carried out the first sampling
event (T1; first day of the experiment; Appendix S1:
Figure S1). Zooplankton samples were taken by filtering
30 L of water in each tank with a 20-pm mesh. We con-
centrated the filtered water into 5-mL samples. This sam-
pling event was used as a baseline for comparisons and
analyses of the temporal trajectories of communities
under different treatments.

On the second day of the experiment, we carried out
a first fipronil contamination event (C1) according to the
treatments. We prepared a solution of fipronil at a con-
centration of 2 mg L™ by diluting the commercial pow-
der product Regent(c) in water with a stirrer, of which
200 mL was diluted in each tank. Posterior analyses fol-
lowing Goulart et al. (2020) confirmed that, on average,
the fipronil concentration in each tank was 2 pg/L. Quan-
tification of the target compound was performed by lig-
uid chromatography coupled to tandem mass
spectrometry (LC-MS/MS). An Agilent model 1200 chro-
matograph was used.

One day after the contamination event, we carried
out a second sampling event (T2) to capture the acute,
short-term response of the zooplankton communities to
fipronil contamination. Four days later, we carried out
the first dispersal event (D1) among the three communi-
ties within each metacommunity. Four days after that,
we carried out a third sampling event (T3). Four days
after the third sampling event, we carried out another
dispersal event (D2), which was followed by a fourth
sampling event (T4) 3 days later. We carried out a second
contamination event (C2) 2 days after the fourth sam-
pling, and 3 days later, we carried out the fifth sampling
event (T5). Two days after the fifth sampling, we carried
out another dispersal event (D3). We then carried out the
sixth and final sampling event of zooplankton (T6) 2 days
after D3. The manipulative phase of the experiment
began 30 days after the inoculation and stabilization of
the planktonic communities and lasted 25 days
(Appendix S1: Figure S1). This duration allows for a few
zooplankton reproductive cycles: approximately 2-3 gen-
erations for calanoid and cyclopoid copepods (develop-
ment to maturity ~8-12days at 22-28°C; Rietzler
et al., 2002; Santos-Wisniewski & Rocha, 2007) and 3-6
generations for cladocerans (8-10days to maturity;

Bomfim et al., 2022; first reproduction in Bosmina spp. in
~3.7 days at 20°C; Biswas et al., 2014).

Zooplankton identification and
quantification

Zooplankton taxa were identified using specialized refer-
ences (Elmoor-Loureiro, 1997; Perbiche-Neves
et al., 2015; Sendacz & Kubo, 1982) in a stereomicroscope
and microscope. Copepodids (juveniles) and adult cope-
pods and cladocerans were counted using acrylic cham-
bers on the stereomicroscope, and nauplii were counted
in Sedgewick-Rafter chambers in the microscope. We
took a subsample of 1 mL at a time from each sample,
which was diluted in water, to identify and quantify
copepods and cladocerans, until we obtained a minimum
sample of 50 individuals from each group. At the end of
the quantification, we recorded the entire quantified vol-
ume, measured the unquantified volume, and combined
both volumes in the same container. Based on the quanti-
fied and unquantified volumes of the sample, we calcu-
lated density as the number of individuals per liter.

DATA ANALYSIS
Temporal trajectories

To test P1 that sensitive species would decline more in
contaminated habitats, especially in fully contaminated
metacommunities, we analyzed how pesticide exposure
at local and regional scales affected individual species
densities over time (see details on modeling below).

To test P2 that contaminated communities would
have a more directional change in composition, we
applied a community trajectory analysis (CTA) frame-
work centered on the geometric assessment and juxtapo-
sition of community trajectories (temporal variation in
species composition). The CTA framework comprises a
formal delineation of a community trajectory within
a multivariate space, serving as a structured approxima-
tion of the dynamics within and among communities
(De Caceres et al., 2019). CTA allows us to explore the
geometric attributes inherent in a community trajectory.
As such, we calculated two metrics of CTA for three
levels of our data: local communities, metacommunities,
and treatments.

First, we calculated trajectory length as the sum of
segments uniting a trajectory for a given community.
This metric indicates the amount of variation in species
composition, regardless of direction. Second, we calcu-
lated trajectory directionality as a measure of trajectory



60f 16 |

VIEIRA ET AL.

consistency. This metric takes into account both the
length and the angles of a community trajectory. A direc-
tional trajectory would have both longer lengths and a
smaller sum of angles, which are calculated using circu-
lar statistics. We tested for differences in lengths and
directionality between treatments (with sites or
metacommunities as replicates) by fitting generalized lin-
ear models coupled with posterior pairwise comparisons
(see details below). For the treatment level, we only
explored patterns visually. Differences in trajectory
lengths would be interpreted as higher accumulated com-
positional variation in time for a given treatment, while
differences in trajectory directionality would indicate that
a given treatment has a more unidirectional change in
species composition in time (e.g., a consistent decrease
in abundance for a number of species). Changes in com-
munity composition were calculated with the Bray-
Curtis dissimilarity index. Temporal trajectory analyses
were carried out in R with the package ecotraj
(De Caceres et al., 2019).

Temporal changes in rank abundance
curves

To detail how communities and metacommunities
changed over time as a response to the spatial structure
of the contamination, we investigated their rank abun-
dance curves (RACs). More specifically, to test P3 that
population declines in sensitive species would lead to sys-
tematic changes in community composition over time,
we analyzed if changes in the shape of RACs were due to
changes in species richness, in evenness, or a combina-
tion of both (Avolio et al., 2019). To do that, we calcu-
lated the changes in richness and evenness of
communities and metacommunities, between the first
(baseline) and last sampling event of the experiment.
Changes in species richness were estimated as

AS=(St+1 —St)/Stot> (1)

where S is the richness of a replicate, ¢ is time, and S is
the total number of unique species in both time periods.
Since AS is expressed as a proportion, it ranges from —1
to 1. Larger values indicate greater changes in species
richness. A value of —1 or 1 would occur if one of the rep-
licates being compared had no species.

Change in evenness was estimated as

AE=(E 41— E,), (2)

where E is the evenness of a replicate, and ¢ is time. AE
also ranges from —1 to 1, with larger negative values

indicating greater decreases in evenness. These analyses
were carried out using the codyn package (Hallett
et al., 2016) in the R program, separately for all groups
together, Cladocera and Copepoda, at the local and
regional scales.

Gamma diversity and compositional
recovery

To test P4 that, over time, metacommunities with poten-
tial keystone communities would recover from contami-
nation and exhibit diversity and compositional patterns
similar to uncontaminated metacommunities, we ana-
lyzed how regional (gamma) diversity and composition
were affected by the spatial structure of the contamina-
tion. We first estimated gamma diversity as the number
of species per metacommunity using the Hill series of
order g = 2, for a coverage level of 99% of the sample,
with no CI defined. We did that for all groups together
and for Cladocera and Copepoda separately. The
g parameter controls the sensitivity of the measure to
species abundance (Hsieh et al.,, 2016). We used the
parameter g = 2, which is equivalent to Simpson’s diver-
sity index, to consider the effects of the abundance of
dominant species on the change in species diversity in
metacommunities. Gamma diversity was estimated using
the iNEXT package (Hsieh et al., 2016) in the R program
(v4.2.1, R Core Team, 2022).

Second, we compared the species composition at the
end of the experiment (T6) among treatments using per-
mutational multivariate ANOVA (PERMANOVA;
Anderson, 2001). When the global model was associated
with a p value <0.05, we conducted pairwise comparisons
among all treatments. PERMANOVA is a nonparametric
method and was conducted using the vegan package
(Oksanen et al., 2007) in the R program (v4.2.1, R Core
Team, 2022). Because PERMANOVA was used to com-
plement gamma diversity analyses, it was only applied to
the local scale (communities) for simplicity.

Generalized linear models

We used generalized linear models (GLM) and mixed-
effects models (GLMMs) with a Gaussian distribution to
test the relationship between our response (population
density; temporal trajectory metrics; metrics of composi-
tional change; gamma diversity) and explanatory vari-
ables (spatial structure of contamination; time). For the
species-level GLMM, we included density as the response
variable and species identity, time, and their interactions
with contamination levels (local contamination and
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regional contamination) as fixed effects, with random
effects accounting for mesocosm and metacommunity
identity. For the models in which trajectory and RAC
change metrics were the response variables, time was not
included as a predictor, as the response variable already
represented temporal variation. For gamma diversity, we
built the models for each response variable, testing the
main effects of time and spatial structure of contamina-
tion (both treated as categorical) in an interactive and
additive way. When an interaction model was not associ-
ated with a p value <0.05, we readjusted it to an
additive fit.

When we found a relationship between a response
and explanatory variables, we ran specific pairwise com-
parisons (contamination treatments against each other).
For the analysis of trajectory metrics, when one of these
pairwise differences included the partially contaminated
treatment, we ran an additional GLM and pairwise com-
parison with local contamination treatment nested
within metacommunity treatments. This was done to
identify differences between contaminated and keystone
communities within the partially contaminated treat-
ment only. When an interaction between time and spatial
structure of contamination was associated with a p value
<0.05, we compared contamination treatments with each
other, but only at the initial (T1) and final (T6) sampling
events. But when there was only a relationship with the
spatial structure of contamination, we compared the con-
tamination treatments with each other. When there was
a relationship with time only, we did not perform
pairwise comparisons. GLM(M)s were fit using the R
packages lme4 (Bates et al., 2014) and glmmTMB (Brooks
et al., 2017). Pairwise comparisons were made with the
package emmeans (Lenth & Lenth, 2018).

RESULTS

We found 22 microcrustacean taxa, 11 of which were
Cladocera and 11 Copepoda. Cladocera were represented
mainly by the species Bosmina freyi, Moina minuta,
Ilyocryptus spinifer, and Macrothrix cf. squamosa. Cope-
pods were predominantly represented by Cyclopoida
nauplii, Calanoida nauplii, and copepodites.

Temporal trajectories

We found that many copepod taxa declined under local
contamination while a few were not affected, highlight-
ing context-dependent sensitivity (Figure 1a). In contrast,
cladocerans showed no clear response to contamination,
with densities generally increasing over time across

treatments (Figure 1b). Indeed, a graphical exploration of
aggregated densities of Cladocera and Copepoda indi-
cated that these groups had very different responses to
contamination (Appendix S1: Figure S2). To address high
variation between taxonomic groups, we initially
attempted a combined model for Cladocera and
Copepoda while accounting for group and species iden-
tity, but it failed to converge due to overparameterization.
Subsequent separate models for each group confirmed
divergent responses: both groups exhibited species X time
interactions while only copepods exhibited a
species X local contamination interaction (Table 1). Dif-
ferent from what we expected (P1), we found no
evidence that the spatial structure of contamination
(uncontaminated, partially contaminated, or fully con-
taminated metacommunities) influenced species-level
densities (Table 1), indicating that local contamination
drives taxon-specific responses in copepods, but regional
connectivity did not buffer populations as hypothesized.

Trajectory metrics (length and directionality) depicted
similar patterns at the local and regional scales, but differ-
ent patterns when we analyzed the entire zooplanktonic
community or Cladocera and Copepoda separately. For
the whole set of taxa at the local scale, the temporal
trajectory of communities within uncontaminated
metacommunities tended to differ from those within fully
contaminated ones (Figure 2a). The temporal trajectory
of communities within  partially contaminated
metacommunities (with potential keystone communities)
tended to vary more among each other (Figure 2a,d).
The trajectories of communities in uncontaminated habi-
tats within partially contaminated metacommunities
(i.e., potential keystone communities) were more similar
to communities within uncontaminated metacommunities
(Appendix S1: Figure S3).

For the whole set of taxa (Cladocera and Copepoda
together), we found that trajectory lengths differed
among treatments. Supporting our P2, communities
within fully contaminated metacommunities had longer
trajectories (accumulated temporal beta diversity) in
comparison to those within partially contaminated

(Estimate = —0.47, SE=0.15, df=24, t=-3.00,
p=0016) and uncontaminated metacommunities
(Estimate = —0.93, SE =0.15, df=24, = —5.86,

p < 0.001; Figure 2a). However, communities within par-
tially contaminated metacommunities also had longer
trajectories than those within uncontaminated
metacommunities (Estimate = 0.45, SE = 0.15, df = 24,
t = 2.85, p = 0.022). For that case, we ran a second GLM
with local contamination nested within metacommunity
contamination. This model indicated that locally
contaminated communities had longer trajectories
than uncontaminated ones, independently of the
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Temporal trajectories of population densities for (a) Copepoda and (b) Cladocera across different contamination treatments

in individual mesocosms. Each panel represents a combination of local contamination status (uncontaminated or contaminated) and

regional contamination level (uncontaminated, partially contaminated, or fully contaminated). Lines represent individual replicates, and

species are color-coded.

metacommunity treatment (Appendix S1: Table S1). This
result indicates that our hypothesized keystone commu-
nities did not alter the amount of compositional variation
in locally contaminated communities, in contrast to
our P2.

Also in contrast with P2, trajectory directionality dif-
fered among treatments, with less directional trajectories
in communities within fully contaminated than in
uncontaminated (Estimate = 0.07, SE = 0.02, df = 24,
t=294, p=0.018) and partially contaminated
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TABLE 1 Changes in population densities.
Term x df p value
Copepoda
Regional contamination 3.062 2 0.216
(RO
Species identity 1426.990 10 <22x107'6
Time 202.613 5 <22x107'°
Local contamination (LC) 32277 1 1.337x107%
Species identity x RC 8.834 20 0.985
Species identity x Time 1282911 50 <22x107'6
Species identity X LC 85.605 10 3.966 x 107
Cladocera
Regional contamination 0.087 2 0.957
(RO)
Species identity 1292345 10 <2x107'¢
Time 113.705 5 <2x107"°
Local contamination (LC) 0.006 1 0.941
Species identity X RC 4.198 20 0.999
Species identity X Time 733.619 50 <2x107'6
Species identity x LC 5.559 10 0.851

Note: Summary statistics of generalized linear mixed-effects models (GLMM)
with Gaussian distributions for the differences between treatments at local
and regional (metacommunity) scales.

Abbreviation: y?, chi-square statistic.

metacommunities (Estimate = 0.06, SE = 0.02, df = 24,
t = 2.50, p = 0.049). This result indicates that fully con-
taminated communities had a less consistent pattern of
change over time, likely due to the contamination events
altering assembly dynamics (Figure 2a). The second GLM
for that case indicated differences between fully and
uncontaminated treatments. Directionality was not dif-
ferent between contaminated and uncontaminated com-
munities within partially contaminated
metacommunities (Appendix S1: Table S2), confirming
that uncontaminated communities acted as keystone
communities by altering the temporal dynamics of locally
contaminated communities (as we expected; P2).

At the metacommunity scale (temporal trajectory of
whole metacommunities), we observed the same tenden-
cies as at the local scale, but with a clearer gradual sepa-
ration in the visual trajectories between treatments
(Figure 2d-f). Partially contaminated metacommunities
were in between the two other treatments (Figure 2d).
Despite these visual tendencies, we did not observe statis-
tical differences among treatments in their trajectory
lengths or directionalities, probably due to low statistical
power (n per treatment = 3).

Trajectory patterns were visually different for
Cladocera and Copepoda. Cladocera showed a stronger

signature of temporal changes, with much weaker differ-
ences among treatments (Figure 2b,e,h). In contrast,
Copepoda had trajectories indicating more variation in
fully contaminated metacommunities (Figure 2c,f,i).
However, we did not observe statistical differences
among treatments in the models for either Cladocera or
Copepoda.

Metrics of compositional change

In partial agreement with P3, temporal variation in rank-
abundance curves between the initial and final sampling
events was due to changes in species richness only. Tem-
poral changes in evenness were not related to the spatial
structure of the contamination for any of the models
we ran.

For Copepoda, the magnitude of the difference in spe-
cies richness was affected by the spatial structure of the
contamination, both locally and regionally (Figure 3,
Table 2). Pairwise comparisons indicated that local com-
munities within fully contaminated metacommunities
lost more species than those within uncontaminated
metacommunities (Appendix S1: Table S3). Different
from expected, changes in local species richness did not
differ between partially and fully contaminated
metacommunities (Figure 3b; Appendix S1: Table S3). As
a stronger support for P3, the role of keystone communi-
ties manifested at the regional scale (Figure 3a). As
expected, changes in regional species richness were simi-
lar in uncontaminated and partially contaminated
metacommunities, but different in fully
contaminated ones (Appendix S1: Table S3). Fully con-
taminated metacommunities lost more species than those
in uncontaminated and partially contaminated
metacommunities (Figure 3a). Changes in the species
richness of all groups or Cladocera were not influenced
by the spatial structure of the contamination at any spa-
tial scale (Figure 3, Table 2).

Gamma diversity and compositional
recovery

We found that variation in the gamma diversity of all
groups (Cladocera and Copepoda together) depended on
an interaction between the spatial structure of the contam-
ination and time (LR Time X Contamination;ozs = 29.26;
p = 0.0011; R* = 0.82; Table 3). In the last sampling event
(T6), the gamma diversity of zooplankton was higher in
uncontaminated metacommunities than in those that
were partially (with potential keystone communities) and
fully contaminated (Figure 4a; Appendix S1: Table S4).
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Principal coordinate analysis (PcoA) plots depicting the trajectories of communities (a—c), metacommunities (d-f) and

whole treatments (g-i) in experimental mesocosms using Bray—Curtis dissimilarity for the whole set of taxa (a, d, g), Cladocera only (b, e, h),
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dispersal. Metacommunities and whole treatment trajectories were presented using the summed abundance in local communities. Arrows
represent the direction of community change following six sampling events along the experiment.

Different from what we expected (P4), the gamma diver-
sity of zooplankton was similar in the partially and totally
contaminated metacommunities at the end of the experi-
ment (Figure 4a; Appendix S1: Table S4). These results
were mainly determined by the response of cladocerans to
the spatial structure of the contamination. The global
PERMANOVA for the whole community indicated that
community composition between treatments differed at
the last sampling event (pseudo-F = 5.392, df=2,
p = 0.001, R* = 0.31) and among all pairs of treatments
(pseudo-F > 2.16, df = 1, p < 0.037, R* > 0.11).

The gamma diversity of Cladocera also depended on
an interaction between the spatial structure of the contam-
ination and time (LR Time X Contamination;q ;s = 29.34;

p = 0.0011; R? = 0.63; Table 3; Figure 4b). In the last sam-
pling event (T6), the gamma diversity of Cladocera was
higher in metacommunities without contamination than
in those that were partially contaminated, but similar in
the partially and totally contaminated metacommunities
(Figure 4b; Appendix S1: Table S4). The general
PERMANOVA for Cladocera indicated a lack of composi-
tional difference among treatments (pseudo-F = 0.967;
df =2, p = 0.539; R* = 0.074).

The gamma diversity of Copepoda was related to the
spatial structure of the contamination and to time, but
independently (LR Times 4 = 21.62; p = 0.0006; LR
Contamination, 46 = 9.91; p = 0.007; R? =0.41;
Figure 4c). As expected (P4), pairwise comparisons
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TABLE 2 Changes in species richness.
Test P
Group Scale statistic ~Estimate value R?
All Local Chisq 1.18 0.55 0.043
Regional LR Chisq 5.93 0.051 0.497
Copepoda Local Chisq 7.28 0.026 0.219
Regional LR Chisq 9.76 0.0076 0.619
Cladocera Local Chisq 0.87 0.647  0.032
Regional LR Chisq 0.21 0.903  0.033

TABLE 3 Changes in gamma diversity.
LR df pvalue R?
All
Time 17.7202 5 0.0033 0.823
Contamination 0.6094 2 0.7373
Contamination X Time  29.2591 10 0.0011
Cladocera
Time 28.9064 5 0.0001 0.628
Contamination 1.7841 2 0.4098
Contamination X Time  29.3411 10 0.0011
Copepoda
Time 21.6182 5 0.0006 0.407
Contamination 9.9071 2 0.0071

Note: Summary statistics of generalized linear models (GLM) with Gaussian

distributions for the effects of treatments and time.
Abbreviation: LR, likelihood ratio.
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indicated that the gamma diversity of Copepoda was sim-
ilar in the uncontaminated and partially contaminated
ones, and lower in the totally contaminated
metacommunities (Appendix S1: Table S4). This result
indicates that uncontaminated communities acted as key-
stone communities by maintaining the gamma diversity
of Copepoda similar to that of the uncontaminated
metacommunities (Figure 4c). In contrast to that, the
general PERMANOVA for Copepoda indicated a statisti-
cal difference in species composition among treatments
(pseudo-F = 4.605, df = 2, p = 0.001, R? = 0.27) and also
among all pairwise comparisons (pseudo-F > 2.3794,
df =1, p < 0.036, R* > 0.12946).

FIGURE 4 Gamma diversity (Simpson) of all taxa together
(a), Cladocera (b), and Copepoda (c) over time in uncontaminated
(green), partially contaminated (yellow), and fully contaminated
(red) metacommunities. Bars indicate 95% CIs and dots indicate
the mean.

DISCUSSION

Our experimental study reveals how aquatic
metacommunities that differ in their spatial structure
reorganize locally and regionally in response to pesticide
contamination. We found that population density trajec-
tories diverged between taxonomic groups. Cladocerans
showed no directional response to contamination, while
copepods exhibited species-specific declines under local
pesticide exposure. Population-level responses to pesti-
cide contamination modified community temporal trajec-
tories, resulting in communities and metacommunities



12 of 16 |

VIEIRA ET AL.

with less directional temporal trajectories when contami-
nated by pesticides, thus deviating from the systematic
turnover observed for uncontaminated communities.
These non-directional temporal trajectories of communi-
ties within fully contaminated metacommunities were
mostly due to the loss of species over time, likely as a
consequence of contamination events. We confirmed the
role of uncontaminated patches as keystone communi-
ties. Metacommunities with keystone communities partly
recovered from contamination events and exhibited com-
positional and diversity patterns similar to those of
uncontaminated metacommunities, but that differed
among Cladocera and Copepoda. The absence of regional
contamination effects on population-level densities sug-
gests that emergent patterns in alpha, beta, and gamma
diversity, as well as temporal trajectories (e.g., recovery
mediated by dispersal from uncontaminated patches),
were not reducible to individual species trends. Together,
our results provide novel evidence supporting the expec-
tation that keystone communities can play a fundamental
role in the local and regional dynamics of aquatic
metacommunities in landscapes with a heterogeneous
structure of contamination, while underscoring the
importance of taxonomic identity in shaping resilience to
anthropogenic stressors.

Temporal trajectories

Although mesocosm and field studies have long shown
that pesticides can trigger community-level shifts, from
zooplankton-mediated trophic cascades (Relyea &
Diecks, 2008) to altered dominance hierarchies favoring
tolerant taxa (Almeida et al., 2023), our models show that
such patterns emerge via species-specific responses to
local pesticide exposure. Copepods ranged from steep
declines to unexpected increases under contamination,
while cladocerans exhibited neutral or positive trends
across treatments. These divergent trajectories were
driven by local responses and remained unaffected by the
broader spatial arrangement of contaminated and
uncontaminated patches. Still, species-specific responses
capture only part of the picture. Emergent compositional
dynamics could not be inferred from species-level trends
alone, underscoring the value of integrating species-
specific and community-level perspectives.

The presence of keystone communities in partly con-
taminated metacommunities influenced both regional
and local dynamics of zooplankton, sometimes making
them indistinguishable from uncontaminated (meta)com-
munities. At the regional scale, keystone communities
caused partially contaminated metacommunities to fol-
low similar temporal trajectories in species composition

to those of uncontaminated metacommunities. While
such similarities in regional dynamics could have
emerged as a consequence of a large-scale averaging
effect (Tilman, 1999), we also found that, at the local
scale, trajectory directionality within partly contaminated
metacommunities was similar for contaminated and key-
stone communities. We suggest that dispersal from
keystone uncontaminated communities mitigated pesti-
cide impacts in the contaminated local communities.
These results indicate a potential key role of preserved
water bodies inserted in agricultural landscapes by dis-
persing species and avoiding the general loss of species
observed in contaminated metacommunities, a spatial
dynamic that can stabilize ecosystem functioning and
structure (Schiesari et al., 2023). Keystone communities
are thought to have disproportionate effects on the
dynamics and structure of metacommunities (Mouquet
et al., 2013) and our results indicate that this can be a
useful concept for management and conservation strate-
gies. Within a metacommunity approach (Schiesari
et al., 2019), positioning a preserved community well
connected to impacted sites, would allow a quick coloni-
zation after pesticide contamination, at least partially
recovering the system until the next agricultural manage-
ment cycle. One of the main challenges ahead is figuring
out how to translate our results to real-world landscapes.
That includes identifying the position of and amount of
keystone communities in a way that promotes their con-
nectivity to impacted ones without jeopardizing them to
direct impacts.

Differences between Cladocera and
Copepoda

Previous studies emphasized how cladocerans can be
more resistant to pesticides while copepods can recover
quicker after local extinctions (Palmer et al., 2012; Suzuki
et al., 2024; Yan et al., 2004). In our study, the main dif-
ferences in temporal dynamics among treatments were
driven by copepod population declines under local pesti-
cide exposure. While cladocerans consistently changed
over time in all treatments, as expected by deterministic
community assembly models (De Caceres et al., 2019),
Copepoda varied more in contaminated communities in
comparison to uncontaminated ones. These results rein-
force the idea of a lower resistance of copepods.

However, although Cladocera was less influenced in
general by pesticide contamination, their final gamma
diversity was lower in the partially and fully contami-
nated metacommunities, in contrast to Copepoda, which
had the same gamma diversity for partly and
uncontaminated treatments and distinct community
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composition, as a result of dispersal recolonizations from
keystone communities. These findings indicate that
Copepoda indeed had lower resistance, but also higher
resilience to pesticides in terms of their diversity when
dispersal is sufficient. Cladocera was mainly composed of
the resistant B. freyi, M. minuta, and L. spinifer with some
other rare species, which made their composition (partic-
ularly the three core species) stable among treatments,
while losing the rare species with pesticides. Copepoda in
contrast was mainly composed of one species in the adult
stage (Notodiaptomus spinuliferus) and multiple rarer
species in the adult stage; there was also a high abun-
dance of immature individuals. Over time, less abundant
adults disappeared across all treatments while the abun-
dance of immature individuals declined with pesticide
contamination, leading to a major shift in community
composition. Such detailed differences in the diversity
and composition of Copepoda and Cladocera emphasize
the need to use multiple dimensions of biodiversity to
better understand anthropogenic impacts. For example,
had we used diversity or composition only, we would
have reached opposite conclusions about the impacts of
pesticides and the role of keystone communities for these
two groups. Species diversity and composition are two
connected properties of biological communities and both
can be associated with ecosystem functioning (Schiesari
et al., 2023; Tilman et al., 2014) and services (Isbell
et al., 2011; Pritsch et al., 2023). Given that the Cladocera
and Copepoda are two major groups of plankton, their
distinct response adds mounting evidence for the com-
plex impact of pesticides in aquatic communities that
may have consequences for entire ecosystems.

Our study shows a positive effect of keystone commu-
nities on the diversity and structure of contaminated
metacommunities. While this can be viewed as a way to
recover and mitigate impacts in freshwater ecosystems,
there are a few limitations in our study that need to be
considered. = Our  experimental simulation  of
metacommunity dynamics is a simplification of multiple
ways freshwater communities can be connected. For
example, in heterogeneous landscapes, freshwater ecosys-
tems can exchange water and organisms in a directional
way (upstream to downstream) and not in the multidir-
ectional way we did. Also, dispersal can happen via ani-
mal vectors (e.g., birds) and resistance eggs, making
colonization more complex and not necessarily density
dependent (Havel & Shurin, 2004). We simulated
metacommunities with simplified spatial structure—that
is, one uncontaminated site connected to two contami-
nated ones. In real-world landscapes, anthropogenic
impacts are manifested in more complex ways, usually as
nonlinear gradients, with pristine ecosystems being rare.
Given that we simulated a moderate level of

contamination (2 pg/L of Fipronil), it can actually be con-
sidered an optimistic scenario in mechanized agriculture
regions (Miller et al., 2020); the dynamics happening in
real-world agricultural landscapes could be much worse.
Therefore, both the contamination setting and dispersal
dynamics can modify the role of keystone communities
and deserve attention in future studies.

Our experimental study shows that the presence of
pesticides in freshwater ecosystems, even at concentra-
tions accepted by some environmental agencies, changes
the local and regional composition of biological commu-
nities. Pesticide contamination caused changes in the
persistence of some species, which consequently altered
the temporal trajectory of communities and ultimately
led to changes in the regional pool of metacommunities.
However, our results indicate that the spatial structure of
contamination matters. One of the implications that
emerges from our findings is that uncontaminated com-
munities in regions where contamination is widespread
may function as keystone communities, at least partially
compensating for the negative effects caused by contami-
nation. We suggest that an explicit consideration of both
local and regional dynamics is essential for more robust
predictions of the risks associated with pesticide use in
nature.

ACKNOWLEDGMENTS

We thank the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior — Brasil (CAPES)—Funding
Code 001 for supporting our students during this study.
Financial support was also provided by Fundacdo de
Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP),
grants no. 19/06291-3, no. 21/00619-7 and no. 15/18790-
3; Rufford Foundation 26823-1, and Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq),
grants no. 409215/2018-0, no. 309496/2021-7 and
no. 303906/2021-9. Jorge Portinho was funded by PNPD/
CAPES (no. 88887.473604/2020-00) addressed to the Post-
graduate Program in Ecology and Biodiversity, Sdo Paulo
State University (UNESP). Tadeu Siqueira is supported
by funding from the Centre for Research on Biodiversity
Dynamics and Climate Change, FAPESP no. 2021/10639-
5. The Article Processing Charge for the publication of
this research was funded by the Coordenacdo de
Aperfeicoamento de Pessoal de Nivel Superior - Brasil
(CAPES) (ROR identifier: 00xOma614). The Article
Processing Charge for the publication of this research
was funded by the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior - Brasil (CAPES) (ROR identi-
fier: 00x0Oma614).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.



14 of 16 |

VIEIRA ET AL.

DATA AVAILABILITY STATEMENT
Data and code (Batista Vieira et al., 2025) are available in
Zenodo at https://doi.org/10.5281/zenodo.17202011.

ORCID
Gedimar Pereira Barbosa
2181-2369
Hugo Sarmento
Luis Schiesari
Victor S. Saito
Tadeu Siqueira

https://orcid.org/0000-0003-

https://orcid.org/0000-0001-5220-7992
https://orcid.org/0000-0003-0814-591X
https://orcid.org/0000-0001-6112-7249

https://orcid.org/0000-0001-5069-2904

REFERENCES

Allan, J. D. 2004. “Landscapes and Riverscapes: The Influence of
Land Use on Stream Ecosystems.” Annual Review of Ecology,
Evolution, and Systematics 35: 257-284.

Almeida, R. A., M. Fajgenblat, P. Lemmens, and L. De Meester.
2023. “Pesticide Exposure Enhances Dominance Patterns in a
Zooplankton Community.” Ecological Applications 33: €2900.

Anderson, M. J. 2001. “A New Method for Non-Parametric Multi-
variate Analysis of Variance.” Austral Ecology 26: 32-46.

Avolio, M. L., I. T. Carroll, S. L. Collins, G. R. Houseman, L. M.
Hallett, F. Isbell, S. E. Koerner, K. J. Komatsu, M. D. Smith,
and K. R. Wilcox. 2019. “A Comprehensive Approach to Ana-
lyzing Community Dynamics Using Rank Abundance
Curves.” Ecosphere 10: e02881.

Balian, E. V., H. Segers, K. Martens, and C. Lévéque. 2008. “The
Freshwater Animal Diversity Assessment: An Overview of the
Results.” In Freshwater Animal Diversity Assessment, edited by
E. V. Balian, C. Lévéque, H. Segers, and K. Martens, 627-637.
Dordrecht: Springer Netherlands.

Bates, D., M. Machler, B. Bolker, and S. C. Walker. 2014. “Fitting
Linear Mixed-Effects Models Using lme4.” Journal of Statisti-
cal Software 67: 1-48.

Batista Vieira, C., V. Saito, and T. Siqueira. 2025. “Data and Code:
Keystone Communities Can Rescue Aquatic Metacommunities
Influenced by Pesticide Contamination.” Dataset. Zenodo.
https://doi.org/10.5281/zenodo.17202011.

Bell, G., V. Fugere, R. Barrett, B. Beisner, M. Cristescu, G.
Fussmann, J. Shapiro, and A. Gonzalez. 2019. “Trophic Struc-
ture Modulates Community Rescue Following Acidification.”
Proceedings of the Royal Society B: Biological Sciences 286:
20190856.

Bendis, R. J., and R. A. Relyea. 2016. “Wetland Defense: Naturally
Occurring Pesticide Resistance in Zooplankton Populations
Protects the Stability of Aquatic Communities.” Oecologia 181:
487-498.

Biswas, A., R. K. Saha, A. Sengupta, and H. Saha. 2014. “Life Cycle
of a New Bosminid Cladocera: Bosmina (Bosmina) Tripurae
(Korinek, Saha, and Bhattacharya, 1999).” Proceedings of the
National Academy of Sciences, India Section B: Biological Sci-
ences 84: 953-960.

Bomfim, F. F., M. G. G. Meldo, R. C. Gebara, and F. A. Lansac-
Toha. 2022. “Warming Alters the Metabolic Rates and Life-
History Parameters of Ceriodaphnia silvestrii (Cladocera).”
Anais da Academia Brasileira de Ciéncias 94: €20200604.

Brendonck, L., and L. De Meester. 2003. “Egg Banks in Freshwater
Zooplankton: Evolutionary and Ecological Archives in the
Sediment.” Hydrobiologia 491: 65-84.

Brooks, M. E., K. Kristensen, K. J. van Benthem, A. Magnusson,
C. W. Berg, A. Nielsen, H. J. Skaug, M. Michler, and B. M.
Bolker. 2017. “glmmTMB Balances Speed and Flexibility
among Packages for Zero-Inflated Generalized Linear Mixed
Modeling.” The R Journal 9: 378-400.

De Céceres, M., L. Coll, P. Legendre, R. B. Allen, S. K. Wiser, M.-J.
Fortin, R. Condit, and S. Hubbell. 2019. “Trajectory Analysis
in Community Ecology.” Ecological Monographs 89: €01350.

Di Marzio, W. D., M. Cifoni, M. E. Sdenz, D. M. P. Galassi, and T.
Di Lorenzo. 2018. “The Ecotoxicity of Binary Mixtures of
Imazamox and Ionized Ammonia on Freshwater Copepods:
Implications for Environmental Risk Assessment in Ground-
water Bodies.” Ecotoxicology and Environmental Safety 149:
72-79.

Elmoor-Loureiro, L. M. A. 1997. Manual de identificacdo de
cladoceros limnicos do Brasil. Brasilia: Editora Universa
Universidade Catolica de Brasilia.

Fugére, V., M.-P. Hébert, N. B. da Costa, C. C. Y. Xu, R. D. H.
Barrett, B. E. Beisner, G. Bell, et al. 2020. “Community Rescue
in Experimental Phytoplankton Communities Facing Severe
Herbicide Pollution.” Nature Ecology & Evolution 4: 578-588.

Gan, J., S. Bondarenko, L. Oki, D. Haver, and J. X. Li. 2012. “Occur-
rence of Fipronil and its Biologically Active Derivatives in
Urban Residential Runoff.” Environmental Science & Technol-
ogy 46: 1489-95.

Gianuca, A. T., S. A. J. Declerck, P. Lemmens, and L. De Meester.
2017. “Effects of Dispersal and Environmental Heterogeneity
on the Replacement and Nestedness Components of p-Diver-
sity.” Ecology 98: 525-533.

Goulart, B. V., B. D. C. Vizioli, E. L. G. Espindola, and C. C.
Montagner. 2020. “Matrix Effect Challenges to Quantify 2,4-D
and Fipronil in Aquatic Systems.” Environmental Monitoring
and Assessment 192: 797.

Hallett, L. M., S. K. Jones, A. A. M. MacDonald, M. B. Jones,
D. F. B. Flynn, J. Ripplinger, P. Slaughter, C. Gries, and S. L.
Collins. 2016. “codyn: Anrpackage of Community Dynamics
Metrics.” Methods in Ecology and Evolution 7: 1146-51.

Hanazato, T. 2001. “Pesticide Effects on Freshwater Zooplankton:
An Ecological Perspective.” Environmental Pollution 112: 1-10.

Hanson, M. L., D. W. Graham, E. Babin, D. Azam, M.-A. Coutellec,
C. W. Knapp, L. Lagadic, and T. Caquet. 2007. “Influence of
Isolation on the Recovery of Pond Mesocosms from the Appli-
cation of an Insecticide. I. Study Design and Planktonic Com-
munity Responses.” Environmental Toxicology and Chemistry
26:1265-79.

Havel, J. E., and J. B. Shurin. 2004. “Mechanisms, Effects, and
Scales of Dispersal in Freshwater Zooplankton.” Limnology
and Oceanography 49: 1229-38.

Hayasaka, D. 2014. “Study of the Impacts of Systemic Insecticides
and their Environmental Fate in Aquatic Communities of
Paddy Mesocosms.” Journal of Pesticide Science 39: 172-73.

Hsieh, T. C.,, K. H. Ma, and A. Chao. 2016. “INEXT: An R Package
for Rarefaction and Extrapolation of Species Diversity (Hill
Numbers).” Methods in Ecology and Evolution 7: 1451-56.

Hua, J., and R. Relyea. 2014. “Chemical Cocktails in Aquatic Sys-
tems: Pesticide Effects on the Response and Recovery of >20
Animal Taxa.” Environmental Pollution 189: 18-26.

Isbell, F., V. Calcagno, A. Hector, J. Connolly, W. S. Harpole, P. B.
Reich, M. Scherer-Lorenzen, et al. 2011. “High Plant Diversity
Is Needed to Maintain Ecosystem Services.” Nature 477:
199-202.


https://doi.org/10.5281/zenodo.17202011
https://orcid.org/0000-0003-2181-2369
https://orcid.org/0000-0003-2181-2369
https://orcid.org/0000-0003-2181-2369
https://orcid.org/0000-0001-5220-7992
https://orcid.org/0000-0001-5220-7992
https://orcid.org/0000-0003-0814-591X
https://orcid.org/0000-0003-0814-591X
https://orcid.org/0000-0001-6112-7249
https://orcid.org/0000-0001-6112-7249
https://orcid.org/0000-0001-5069-2904
https://orcid.org/0000-0001-5069-2904
https://doi.org/10.5281/zenodo.17202011

ECOLOGICAL APPLICATIONS

15 of 16

Jaureguiberry, P., N. Titeux, M. Wiemers, and D. E. Bowler. 2022.
“The Direct Drivers of Recent Global Anthropogenic Biodiver-
sity Loss.” Science Advances 8: 45.

Lenth, R., and M. R. Lenth. 2018. “Package ‘Ismeans’.” The Ameri-
can Statistician 34: 216-221.

Matsumura-Tundisi, T., and J. G. Tundisi. 2003. “Calanoida
(Copepoda) Species Composition Changes in the Reservoirs of
Sao Paulo State (Brazil) in the Last Twenty Years.”
Hydrobiologia 504: 215-222.

Miller, J. L., T. S. Schmidt, P. C. Van Metre, B. J. Mahler, M. W.
Sandstrom, L. H. Nowell, D. M. Carlisle, and P. W. Moran.
2020. “Common Insecticide Disrupts Aquatic Communities: A
Mesocosm-to-Field Ecological Risk Assessment of Fipronil
and its Degradates in U.S. Streams.” Science Advances 6:
eabc1299.

Mouquet, N., D. Gravel, F. Massol, and V. Calcagno. 2013.
“Extending the Concept of Keystone Species to Communities
and Ecosystems.” Ecology Letters 16: 1-8.

Moutinho, M. F., E. A. de Almeida, E. L. G. Espindola, M. A. Daam,
and L. Schiesari. 2020. “Herbicides Employed in Sugarcane
Plantations Have Lethal and Sublethal Effects to Larval Boana
pardalis (Amphibia, Hylidae).” Ecotoxicology 29: 1043-51.

Oksanen, J., R. Kindt, P. Legendre, B. O’Hara, M. H. H. Stevens,
M. J. Oksanen, and M. Suggests. 2007. “The Vegan Package.”
Community Ecology Package 10:719.

Palmer, M. E., W. B. Keller, and N. D. Yan. 2012. “Reassessing the
Recovery of Crustacean Zooplankton Communities in Histori-
cally Acidified and Metal Contaminated Lakes: A Comparative
Analysis of the Aquatic Responses to Multiple Environmental
Stressors.” https://collectionscanada.gc.ca/.

Patrick, C. J., K. E. Anderson, B. L. Brown, C. P. Hawkins, A.
Metcalfe, P. Saffarinia, T. Siqueira, C. M. Swan, J. D. Tonkin,
and L. L. Yuan. 2021. “The Application of Metacommunity
Theory to the Management of Riverine Ecosystems.” WIREs
Water 8: 1-21.

Perbiche-Neves, G., G. A. Boxshall, D. Previattelli, M. G. Nogueira,
and C. E. F. da Rocha. 2015. “Identification Guide to some
Diaptomid Species (Crustacea, Copepoda, Calanoida,
Diaptomidae) of “de la Plata” River Basin (South America).”
ZooKeys 497: 1-111.

PPDB. 2024. “PPDB: Pesticide Properties DataBase: Fipronil.”
https://sitem.herts.ac.uk/aeru/ppdb/en/Reports/316.htm.
Pritsch, H., U. Schirpke, C. D. Jersabek, and R. Kurmayer. 2023.
“Plankton Community Composition in Mountain Lakes and
Consequences for Ecosystem Services.” Ecological Indicators

154:110532.

R Core Team. 2022. R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.

Reid, A. J., A. K. Carlson, I. F. Creed, E. J. Eliason, P. A. Gell,
P. T. J. Johnson, K. A. Kidd, et al. 2019. “Emerging Threats
and Persistent Conservation Challenges for Freshwater Biodi-
versity.” Biological Reviews 94: 849-873.

Relyea, R., and J. Hoverman. 2006. “Assessing the Ecology in Eco-
toxicology: A Review and Synthesis in Freshwater Systems.”
Ecology Letters 9: 1157-71.

Relyea, R. A., and N. Diecks. 2008. “An Unforeseen Chain of
Events: Lethal Effects of Pesticides on Frogs at Sublethal Con-
centrations.” Ecological Applications 18: 1728-42.

Rietzler, A. C., T. Matsumura-Tundisi, and J. G. Tundisi. 2002. “Life
Cycle, Feeding and Adaptive Strategy Implications on the co-
Occurrence of Argyrodiaptomus furcatus and Notodiaptomus
iheringi in Lobo-Broa Reservoir (SP, Brazil).” Brazilian Journal
of Biology 62: 93-105.

Rocha, G. S, L. F. de Palma Lopes, and E. L. G. Espindola. 2024.
“Copper and Cadmium, Isolated and in the Mixture, Impact
the Neotropical Freshwater Calanoida Copepod
Notodiaptomus iheringi: A Short-Term Approach with Envi-
ronmental Concentrations.” Environmental Toxicology and
Pharmacology 105: 104326.

Rohr, J. R., J. L. Kerby, and A. Sih. 2006. “Community Ecology as a
Framework for Predicting Contaminant Effects.” Trends in
Ecology & Evolution 21: 606-613.

Ruhi, A, T. Datry, and J. L. Sabo. 2017. “Interpreting Beta-Diversity
Components over Time to Conserve Metacommunities in
Highly Dynamic Ecosystems.” Conservation Biology 31:
1459-68.

Rumschlag, S. L., M. B. Mahon, D. K. Jones, W. Battaglin, J.
Behrens, E. S. Bernhardt, P. Bradley, et al. 2023. “Density
Declines, Richness Increases, and Composition Shifts
in Stream Macroinvertebrates.” Science Advances 9:
eadf4896.

Santos-Wisniewski, M. J., and O. Rocha. 2007. “Spatial Distribution
and Secondary Production of Copepoda in a Tropical Reser-
voir: Barra Bonita, SP, Brazil.” Brazilian Journal of Biology 67:
223-233.

Schiesari, L., and D. T. Corréa. 2016. “Consequences of
Agroindustrial Sugarcane Production to Freshwater Biodiver-
sity.” Global Change Biology. Bioenergy 8: 644-657.

Schiesari, L., M. A. Leibold, and G. A. Burton, Jr. 2018.
“Metacommunities, Metaecosystems and the Environmental
Fate of Chemical Contaminants.” The Journal of Applied Ecol-
ogy 55: 1553-63.

Schiesari, L., M. G. Matias, P. I. Prado, M. A. Leibold, C. H. Albert,
J. G. Howeth, S. J. Leroux, et al. 2019. “Towards an Applied
Metaecology.” Perspectives in Ecology and Conservation 17:
172-181.

Schiesari, L., V. Saito, J. Ferreira, F. Ls, G. Aj, L. Jp, J. C. Oliveira,
et al. 2023. “Community Reorganization Stabilizes Freshwater
Ecosystems in Intensively Managed Agricultural Fields.” The
Journal of Applied Ecology 60: 1327-39.

Sendacz, S., and E. Kubo. 1982. “Copepoda (Calanoida and
Cyclopoida) from Reservoirs of Sao Paulo State [Zooplankton,
Brazil].” Boletim do Instituto de Pesca 9: 51-89.

Siqueira, T., L. D. Durdes, and F. de Oliveira Roque. 2014. “Predic-
tive Modelling of Insect Metacommunities in Biomonitoring of
Aquatic Networks.” In Ecological Modelling Applied to Ento-
mology. Entomology in Focus, edited by C. Ferreira and W.
Godoy, 109-126. Cham: Springer. https://doi.org/10.1007/978-
3-319-06877-0_5.

Spaak, J. W., P. B. Adler, and S. P. Ellner. 2023. “Continuous
Assembly Required: Perpetual Species Turnover in Two-
Trophic-Level Ecosystems.” Ecosphere 14: e4614.

Suzuki, H., W. Makino, S. Takahashi, and J. Urabe. 2024. “Assess-
ment of Toxic Effects of Imidacloprid on Freshwater Zoo-
plankton: An Experimental Test for 27 Species.” The Science of
the Total Environment 927: 172378.


https://collectionscanada.gc.ca/
https://sitem.herts.ac.uk/aeru/ppdb/en/Reports/316.htm
https://doi.org/10.1007/978-3-319-06877-0_5
https://doi.org/10.1007/978-3-319-06877-0_5

16 of 16

VIEIRA ET AL.

Thompson, P. L., and A. Gonzalez. 2017. “Dispersal Governs the
Reorganization of Ecological Networks under Environmental
Change.” Nature Ecology & Evolution 1: 162.

Tilman, D. 1999. “The Ecological Consequences of Changes in Bio-
diversity: A Search for General Principles.” Ecology 80:
1455-74.

Tilman, D., F. Isbell, and J. M. Cowles. 2014. “Biodiversity and Eco-
system Functioning.” Annual Review of Ecology, Evolution, and
Systematics 45: 471-493.

Yan, N. D., R. Girard, J. H. Heneberry, W. B. Keller, J. M.
Gunn, and P. J. Dillon. 2004. “Recovery of Copepod,
but Not Cladoceran, Zooplankton from Severe and
Chronic Effects of Multiple Stressors.” Ecology Letters 7:
452-460.

Yang, X.,J. Tan, K. H. Sun, and L. Jiang. 2020. “Experimental Dem-
onstration of the Importance of Keystone Communities for
Maintaining Metacommunity Biodiversity and Ecosystem
Functioning.” Oecologia 193: 437-447.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Vieira, Camila Batista,
Gedimar Pereira Barbosa, Ana

Carolina dos Santos, Neliton Lara,

Erick Mateus-Barros, Jorge Laco Portinho,

Hugo Sarmento, et al. 2025. “Keystone
Communities Can Rescue Aquatic
Metacommunities Influenced by Pesticide
Contamination.” Ecological Applications 35(8):
€70145. https://doi.org/10.1002/eap.70145



https://doi.org/10.1002/eap.70145

	Keystone communities can rescue aquatic metacommunities influenced by pesticide contamination
	Abstract
	INTRODUCTION
	METHODS
	Experimental design and sampling procedures
	Colonizing the tanks with planktonic species
	Fipronil contamination
	Sampling events
	Zooplankton identification and quantification

	DATA ANALYSIS
	Temporal trajectories
	Temporal changes in rank abundance curves
	Gamma diversity and compositional recovery
	Generalized linear models

	RESULTS
	Temporal trajectories
	Metrics of compositional change
	Gamma diversity and compositional recovery

	DISCUSSION
	Temporal trajectories
	Differences between Cladocera and Copepoda

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


