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Oikos Agricultural expansion affects ecosystem dynamics both locally and through regional-
2025: e11436 scale processes. However, the way local and regional effects interact to influence tempo-

S . ral dynamics is not well understood. We conducted an outdoor freshwater mesocosm
doi: 10.1002/0ik. 11436 experiment to examine how localized agrochemical contamination, across different
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Editor-in-Chief: Pedro Peres-Neto ers in planktonic food webs. We found that localized agrochemical contamination
Accepted 14 July 2025 changed the temporal variability of local populations, but its effects varied across tro-

phic levels. Insecticide contamination both increased the variability of consumers and
reduced that of producer populations through cascading effects. Fertilizer contamina-
tion increased the variability of producer populations, but its effects on consumers
were less pronounced. Temporal variability originating at the population level was
buffered at higher levels of biological organization and spatial scales (communities
and metacommunities). These results indicate that more complex systems, compris-
ing interacting species and embedded in spatial dynamics, play an important role in
reducing temporal variability, regardless of landscape composition and spatial hetero-
geneity. Our study reinforces the destabilizing effects of agrochemicals on freshwater
planktonic food webs, and suggests that sustaining complex, spatially connected eco-
logical systems could be crucial to biodiversity stability in highly modified agricultural
landscapes.
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Introduction

Changes in natural land cover due to agricultural expan-
sion are a continuing threat to biodiversity and ecosystem
functioning (Vérosmarty et al. 2010, Newbold et al. 2015).
The hierarchical, interconnected nature of freshwater ecosys-
tems makes them receivers of matter coming from the ter-
restrial catchment in which they are embedded (Dudgeon
2019, Patrick et al. 2021). This spatial structure of fresh-
water ecosystems means that intensive agricultural practices
that usually result in run-off into rivers and lakes change the
dynamics of these ecosystems (Allan 2004, Rumschlag et al.
2020, Schiesari et al. 2023). Recent progress has been made
on how land use expansion influences the local dynamics of
freshwater biota (Barbosa and Siqueira 2023, Schiesari et al.
2023), yet evidence on how these localized effects interact
with wider regional-scale effects associated with landscape
composition is still lacking,

Agrochemicals such as fertilizers and insecticides have
a variety of effects on freshwater ecosystems, frequently
resulting in unequal responses of food web compartments
(Hayasaka et al. 2012, Rumschlag et al. 2020). Crop fertiliz-
ers are high-nutrient compounds used to boost productivity,
with high potential of causing eutrophication of freshwater
ecosystems (Khan et al. 2014). Although increased nutrient
availability could level up the biomass of primary producers,
such as phytoplankton, allowing different species to persist,
the exposure of pristine water bodies to fertilizer run-off is
more likely to result in excessive growth and dominance of a
few species (Burford and O’Donohue 20006). Insecticides, on
the other hand, usually reduce the abundance of non-target
primary and secondary consumers (Hayasaka et al. 2012,
Rumschlag et al. 2020, Hébert et al. 2021). Given their toxic
potential for all zooplankton components (Hayasaka et al.
2012), insecticides commonly act as an unequivocal habitat
filter on most species. Despite the existence of interspecific
differences in sensitivity, the overall negative effect of insec-
ticides increases the chances of larger predators with smaller
populations being prone to extinction (Schiesari et al. 2023).

Because agrochemicals influence the temporal dynam-
ics of producers and consumers (Burford and O’Donohue
2006, Rumschlag et al. 2020), they will inevitably affect how
species fluctuate temporally within and across sites. Local
species synchrony describes the degree to which population
fluctuations of different species within a patch are corre-
lated (Wang et al. 2019). After agrochemical contamination
events, local species synchrony can either decrease if agro-
chemicals select for more tolerant species (Rumschlag et al.
2020, Hébert et al. 2021), or increase, as in cases in which
most species respond similarly to contamination events (e.g.
high toxic potential for all zooplankton; Hayasaka et al.
2012). According to a hierarchical framework of temporal
stability (Wang et al. 2019), local species synchrony deter-
mines the amount of population variability that propagates
to the aggregate community level (i.e. community variability;
Thibaut and Connolly 2013, Wang et al. 2019). For exam-
ple, synchronized population fluctuations within sites reduce
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the chance of compensatory dynamics because the selected
species will respond similarly to environmental conditions
(Loreau and De Mazancourt 2013). This will increase com-
munity temporal variability and make the whole community
less stable (Thibaut and Connolly 2013, Wang et al. 2019).

Synchrony can also be measured across multple sites.
Community-level spatial synchrony refers to the degree
of correlation in total community biomass across patches
(Wangetal. 2019). High spatial synchrony arises mainly from
two factors: a combination of high dispersal rates among local
patches and strong predator—prey cycles (Fox etal. 2011), and
spatially synchronous environmental fluctuations, known as
the Moran effect (Ranta et al. 1997). Community-level spa-
tial synchrony and the aggregate temporal variability of local
communities will determine the amount of variability that
propagates to the metacommunity level (i.e. metacommunity
variability; Wang et al. 2019). Because synchrony acts as the
scaling factor in this hierarchical framework, temporal stabil-
ity is expected to increase (or at least remain constant) from
local populations to regional metacommunities.

At the scale of entire catchments, the influence of agro-
chemicals on the temporal fluctuation of metacommunities
is less known, as it depends on landscape composition, spa-
tial low of agrochemicals and organisms between sites and
the extent of agrochemical impacts (Clements et al. 2012,
Thompson et al. 2017). For example, the conversion of natu-
ral land cover into agricultural land creates landscape mosaics
consisting of some habitat patches that are exposed and others
that are unexposed to agrochemical run-off. This heteroge-
neous combination means that landscape mosaics will com-
prise separated local patches with communities that fluctuate
asynchronously, following their local environmental condi-
tions (Steiner et al. 2013). This spatial asynchrony among
local patches tends to decrease variability, thus making the
entire region more temporally stable (Thibaut and Connolly
2013, Wang et al. 2019). However, agriculture expansion can
also create homogenous landscapes when land cover changes
are widespread and persistent. Agrochemical run-off in these
landscapes should affect individual patches similarly, leading
to increased spatial synchrony among geographically sepa-
rated communities. Moreover, dispersal of organisms among
patches can itself act as a synchronizing mechanism, since
movement of individuals couples local population fluctua-
tions across space (Ranta et al. 1997). High connectivity and
frequent dispersal thus increase spatial synchrony, potentially
compounding the effects of environmental forcing. These
synchronized dynamics increase temporal variability and
make the entire region less temporally stable (Thibaut and
Connolly 2013, Wang et al. 2019).

Here, we investigated the interactions between the local-
ized impacts of agrochemicals and the larger regional-scale
effects of landscape composition, aiming to understand the
combined influence of these factors on the temporal dynam-
ics of freshwater producers and consumers. To do that, we
experimentally simulated planktonic metacommunities
along a gradient of agricultural expansion, including pristine,
mosaic and agricultural landscapes (Fig. 1A). To simulate
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Figure 1. Theoretical expectations for the influence of agrochemicals and landscape composition on the temporal variability of producers
and consumers under agricultural expansion, illustrated with our experiment. (A) Each experimental metacommunity mimics a model
landscape composition (pristine, mosaic and agriculture) with varying localized agrochemical effects (control, fertilizer and insecticide). (B)
At the local scale, the dominance of few species due to fertilizer exposure might increase local variability of producers, while high mortality
caused by insecticide is expected to increase local variability of consumers. (C) Metacommunity variability should increase in agricultural
landscapes, but the presence of uncontaminated patches within mosaic landscapes is expected to counterbalance the effects of agriculture

expansion, buffering temporal variability at the regional scale.

localized effects of agrochemical contamination, we exposed
local patches to either fertilizer or insecticide, commonly
used compounds in agricultural practices known to influ-
ence natural ecosystem dynamics (Sharma et al. 2019). Then,
we used the hierarchical framework proposed by Wang et al.
(2019) applied to metacommunities to test our hypotheses.
We hypothesized that (H,) local synchrony among con-
sumer species is higher under insecticide exposure (e.g. high
mortality caused by target insecticides; Rumschlag et al. 2020,
Hébert et al. 2021), leading to increased temporal variability
of local consumer communities (Fig. 1B). Similarly, local
synchrony among producer species is higher in face of fertil-
izer contamination (e.g. dominance of few species due to fer-
tilizer exposure; Burford and O’Donohue 2006), increasing
temporal variability of producers at the local scale (Fig. 1B).
On the other hand, because local dynamics might depend
on landscape composition, we hypothesized that (H,) uncon-
taminated patches within mosaic landscapes counterbalance
the effects of agrochemicals on producers and consumers.
More specifically, we predicted that the presence of con-
taminated and uncontaminated patches would decrease com-
munity spatial synchrony, making the regional dynamics of
mosaic landscapes more stable and similar to the dynamics of
pristine ones (Fig. 1C). Finally, although temporal variability
usually decreases with the increase of levels of organization

(local populations vary more than entire metacommuni-
ties; Kéfi et al. 2019, Siqueira et al. 2024), we hypothesized
(H,) this pattern to be less evident in agricultural metacom-
munities, when compared to pristine ones. This is expected
because patches in agricultural landscapes tend to be more
similar to each other, so temporal variability at the metacom-
munity level should more closely reflect variability observed
at local scales.

Material and methods

Experimental design

We studied the influence of landscape composition and agro-
chemicals on the temporal variability of phyto and zooplank-
ton through a mesocosm experiment in which we simulated
metacommunities along a gradient of agricultural expansion
(Fig. 1). For this, we manipulated two variables, one at the
regional scale and another at the local scale (Supporting infor-
mation). Landscape composition was defined as a regional-
scale categorical variable with three levels: pristine, mosaic
and agricultural landscapes. Within each of these levels, we
manipulated a second categorical variable to represent the
potential effects of local land management. Local agrochemi-
cal contamination was defined as a local-scale categorical
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variable with three levels: control (no agrochemical), fertil-
izer contamination and insecticide contamination. Pristine
landscapes included three local patches free from agrochemi-
cals. Mosaic landscapes included two local patches exposed
to cither fertilizer or insecticide contamination and one patch
free from agrochemicals. Agricultural landscapes included
three local patches exposed to either fertilizer or insecticide
contamination.

Due to the complexity of the experimental design, replica-
tion was unbalanced at both scales (Supporting information).
At the regional scale, pristine landscapes were replicated three
times, while mosaic and agricultural landscapes were repli-
cated six times each (3 +6+6=15 landscapes). The six repli-
cates of mosaic and agricultural landscapes included three that
were contaminated with fertilizer and three with insecticide.
Thus, at the local scale, the control treatment was replicated
15 times: nine local communities within pristine landscapes;
six local communities within mosaic landscapes. The fertilizer
and insecticide treatments were replicated 15 times each. For
more details on replication, see the Supporting information.

Experimental setup

The experiment was conducted between August and
November 2019, at the Federal University of Sio Carlos
campus in southeast, Brazil. We used 45 polypropylene water
tanks (filled with 400 1 of water) to represent local patches
(local communities from now on) and arranged them as
15 landscapes (metacommunities from now on), so each
metacommunity was composed of three local communi-
ties. Metacommunity dynamics were simulated by actively
manipulating dispersal among local communities. For this,
we removed 4 1 (1%) of water from each tank within the
three tank metacommunity and placed them together in a
12 | container. Then, we homogenized the 12 | volume and
returned 4 1 to each one of the initial tanks (Gianuca et al.
2017). The dispersal procedure was repeated twice for all
metacommunities over the 18-day experiment.

Tanks were colonized with phytoplankton and zoo-
plankton samples, collected at two well-studied nearby
reservoirs known to have high density and diversity of phy-
toplankton and zooplankton (Angelini and Petrere 2000,
Matsumura-Tundisi and Tundisi 2005, Sendacz et al. 2006).
Phytoplankton samples were collected using 20 pm mesh
nets, through 8 vertical trawls starting at a depth of 5 m,
resulting in approximately 706 | of water filtered for each
tank. We inoculated phytoplankton samples into tanks on
the same day they were collected, and added nutrients (2.5
ml of fertilizer N:P:K; nitrogen, phosphorus and potassium
ina 10:10:10 ratio) to allow population growth.

After adding phytoplankton, we homogenized the experi-
mental tanks to keep similar phytoplankton species compo-
sition before adding zooplankton. For this, we filtered 30 |
from each one of the 45 tanks, using a 20 pm mesh net,
mixed the filtered volume in a single container, and redis-
tributed the solution equally back to each tank. This proce-
dure occurred three times: on the 2nd, 8th, and 13th days
after phytoplankton inoculation. On the 15th, we sampled

Page 4 of 10

zooplankton from the natural reservoir and added it to the
tanks. Zooplankton was sampled using 68 pm mesh nets,
through 10 vertical drags starting at a depth of 5 m, resulting
in approximately 883 I of water filtered for each tank. Then,
we conducted two more homogenization events to ensure
similar planktonic communities before starting the experi-
ment. This pre-experimental phase lasted for 28 days.

Agrochemical contamination

Agrochemical contamination was simulated by exposing
experimental tanks to two widely used compounds that can
affect non-target freshwater biodiversity (Hayasaka et al.
2012, Christofoletti et al. 2013, Sharma et al. 2019). To sim-
ulate fertilizer effects, local communities were contaminated
with 125 ml of vinasse, a compound commonly used in fer-
tilization of sugarcane fields (Christofoletti et al. 2013). The
raw vinasse was composed of 0.353 g 17! of nitrogen and 5.2 g
1! of phosphorous, as shown by analysis conducted using 99
NKT Hatch method. After adding the vinasse to the experi-
ment, the final concentration was approximately 0.11 mg 1™
of nitrogen and 1.62 mg 1" of phosphorus in each tank.

For insecticide effects, we inoculated local communities
with 2 pg 1" of Regent 800 WG (BASF; active ingredient
fipronil 80%), a broad-spectrum phenylpyrazole insecticide
applied across several plantations in Brazil (Gongalves et al.
2022). For this, we prepared a solution of fipronil at a con-
centration of 2 mg ™! through the dilution of Regent in water,
of which 200 ml was diluted in each tank. To ensure that each
experimental tank would have the aimed final concentration
(2 pg I'Y), we quantified the concentration of fipronil in
water tanks using liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS). An Agilent model 1200
chromatograph was used. Contaminant concentrations were
defined after a pilot experiment, which tested for the effects
of fipronil and vinasse on plankton abundance across a range
of concentrations.

Plankton sampling, identification and quantification

Plankton were sampled four times during the experimental
period. To sample phytoplankton, we collected 1 1 of water
from each tank using plastic bottles, and preserved 250 ml
with a 3 ml Lugol solution. For zooplankton, we filtered 30
| of water from each tank with a 20 pm mesh net, concen-
trated into 5 ml samples, and preserved with a 4% form-
aldehyde solution. The first sampling event (T1) occurred
three days after the last homogenization event. The second
sampling event (T2) occurred three days later, one day after
carrying out the agrochemical contamination procedure. The
local communities were exposed to either fipronil or vinasse,
following the concentrations and the experimental design
described above (Supporting information). Four days after
T2, we conducted the first dispersal event (D1) among the
three communities within each metacommunity, followed
by a new sampling event (T3) three days after the dispersal.
Then, we repeated the same procedure, conducting a second
dispersal event (D2) four days after T3, and the last sampling
event (T4) three days after that. The experiment lasted for 18
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days. As plankton organisms have relatively short generation
times (Allan 1976, Dokulil 2024), particularly tropical spe-
cies, the four sampling events conducted in our experiment
allowed us to capture variation across distinct generations of
zooplankton and phytoplankton populations.

We identified and counted a minimum of 300 individu-
als of phytoplankton using a 2 ml sedimentation chamber
and an inverted microscope. For zooplankton, we identi-
fied and counted a minimum of 50 individuals from each
group (Cladocera, Copepoda and Rotifera), using a 1 ml
Sedgewick—Rafter chamber and an optic microscope. For
juvenile and adult copepods and cladocerans we also used an
acrylic chamber and a stereomicroscopy. Plankton samples
collected during the experiment were identified to the low-
est taxonomic resolution when possible, using the available
literature (Elmoor-Loureiro 1997, Perbiche-Neves et al.
2015, Bicudo and Menezes 2017). Based on quantified and
unquantified sample volumes, we estimated phytoplankton
density as the number of individuals per ml, and zooplankton
density as the number of individuals per liter.

Temporal variability and synchrony across scales
To measure variability across levels of organization, we fol-
lowed a hierarchical framework in which metacommunity
variability (Mv) is partitioned into its lower-level components
(Wang et al. 2019). We partitioned Mv into two components
— temporal variability of local communities (Cv), and spatial
synchrony among local communities (Csy), as Mv=Cv X
Csy. We then further partitioned Cv into local population
variability (Pv) and synchrony among local populations
(Psy), as Cv=DPv X Psy. Temporal variability and synchrony
were measured for both producers and consumers separately.

We defined temporal variability at a given level of orga-
nization as the coeficient of variation (temporal variance
divided by temporal mean) in plankton density across sam-
pling surveys (Wang et al. 2019). At local scale (single patch),
Pv was obtained for each population, dividing the temporal
variance by the temporal mean of species density. At com-
munity level, we used the temporal variance and temporal
mean of the total community (aggregated species density) to
obtain Cv for each local patch. Similarly, Mv was defined as
the coefficient of variation of total metacommunity density,
and calculated dividing the temporal variance by the tem-
poral mean of total density across the three-patch metacom-
munity. Pv and Cv were calculated as inverse measures of
stability, obtained with the community_stability function in
the R package ‘codyn’ (Hallett et al. 2016), while Mv was
obtained with the associated R function wvarpartition of
Wang et al. (2019).

For each local community, we defined synchrony among
local populations (Psy) following Loreau and De Mazancourt
(2008), as:

GX
Doy= % (1)

2 . . .
where 0 denotes the temporal variance in community den-

2
sity, and (ZiO' . ) represents the sum of individual popu-

lation variances. This measure of synchrony is standardized
between 0 (perfect asynchrony) and 1 (perfect synchrony)
and was obtained with the synchrony function in the package
‘codyn’ (Hallett et al. 2016).

At metacommunity scale, we defined spatial synchrony
among local communities (Csy) as the spatial synchrony
of total community density across local patches, following
Wang et al. (2019), as:

s
Cy =2, @
YN

where /Vis is the temporal variance of total metacom-
munity density, and E Vs, represents the sum of local
N

community variances. This measure of synchrony is also stan-
dardized between 0 (perfect asynchrony) and 1 (perfect syn-
chrony) and was obtained with the associated R function var.
partition of Wang et al. (2019).

Data analysis

We assessed how landscape agrochemical contamination
affected temporal variability in density of plankton pro-
ducers (phytoplankton) and consumers (zooplankton) at
local and regional scales. To do that, we fitted generalized
linear models (GLM), and generalized linear mixed models
(GLMM), with gaussian distribution, for local and regional
response variables. We fitted one model for each temporal
variability (Pv, Cv and Mv) and synchrony (Psy and Csy)
metric, as response variables. Local scale responses (Pv, Cv
and Psy) were modelled against an interaction between three
fixed effects (local agrochemical contamination X landscape
composition X trophic level). Cv and Psy GLMMs included
metacommunity identity as a random factor, while the Pv
GLMM included patch identity nested with metacommunity
identity as random factors. Temporal variability at the meta-
community level (Mv) and community spatial synchrony
(Csy) were modelled against an interaction between two
fixed effects (landscape composition X trophic level). For the
metacommunity model, landscape composition was defined
as a categorical variable that encompassed both regional and
local agrochemical contamination, with five levels: pristine,
fertilizer-mosaic, insecticide-mosaic, fertilizer-agriculture
and insecticide-agriculture. More information on model
description can be found in the Supporting information.
Model analyses were conducted using the R package ‘lme4’
(Bates et al. 2015), and model assumptions examined with
the ‘DHARMa’ package (Hartig 2024). All computational
work and analyses were performed in R ver. 4.2.1 (www.r-
project.org). Data and code used in this research are freely
available at Zenodo (Barbosa et al. 2025).
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Results

Local agrochemical contamination strongly influenced popu-
lation temporal variability, and its effects depended on tro-
phic level (Fig. 2A). As expected, the temporal variability of
producer populations increased with fertilizer contamination,
but it was reduced under insecticide effects (Fig. 2A), par-
tially supporting hypothesis H1. Similarly, the temporal vari-
ability of consumer populations increased substantially with
insecticide contamination (H1), but it was not influenced by
the fertilizer treatment (Fig. 2A). Contrary to expectations
(H2), local contamination effects did not depend on larger
regional-scale effects of landscape (Supporting information),
and landscape composition alone did not influence popula-
tion variability (Fig. 2B).

At the community level, our model showed that the tem-
poral variability of producer and consumer communities were
not affected by local agrochemical contamination, landscape
composition or their interaction (Supporting information).
Similarly, we found no relationship between landscape con-
tamination and the variability of producers or consumers at
the metacommunity level (Supporting information). Neither
local agrochemical contamination nor landscape composi-
tion influenced population synchrony or spatial synchrony
among communities (Supporting information). All model
results and detailed information can be found in Supporting
information.

(A) Local agrochemical contamination
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When we partitioned temporal variability of producers
and consumers into their lower hierarchical levels (Fig. 3), we
found that variability scaled up similarly under all combina-
tions of localized agrochemical contamination (control, fertil-
izer and insecticide) and spatial composition of the landscape
(pristine, mosaic and agriculture), not supporting hypothesis
H3. Overall, and in accordance with our models, the high
variability generated at the population level was buffered at
the community and metacommunity levels. Visual represen-
tation of the data also indicated that this pattern of decreas-
ing variability at higher levels and scales was similar for both
producers and consumers, independently of fertilizer and
insecticide contamination effects (Fig. 3).

Discussion

We experimentally investigated how localized anthropo-
genic effects interact with regional landscape composition to
shape the temporal dynamics of freshwater food webs across
spatial scales. Our results indicate that localized agrochemi-
cal contamination changed the temporal variability of local
populations, but its effects varied in signal and magnitude
across trophic levels. Local contamination played a major
role in shaping the dynamics of planktonic producers and
consumers in agricultural landscapes, but its influence on
temporal variability and synchrony remained similar across

(B) Landscape composition
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Figure 2. Temporal variability in density of plankton populations under agricultural expansion. (A) Population variability was influenced
by local agrochemical contamination, but effects were distinct between producers and consumers. While insecticide contamination strongly
increased consumer variability, it also decreased the variability of producer populations. The opposite was observed for fertilizer contamina-
tion, although the effects were less prominent. (B) On the other hand, landscape composition did not influence population variability of
producers or consumers, either through its interaction with the local treatment or with trophic level. Model results within graphs indicate
the interaction between local agrochemical contamination and trophic level in (A), and between landscape composition and trophic level

in (B).
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Figure 3. Partitioning the metacommunity variability (Mv) of producers and consumers into their lower hierarchical levels, community
variability (Cv) and population variability (Pv), across varying landscape composition. The central points (Pv, Cv and Mv) within the pic-
ture represent the median of each temporal variability partition, for both producers and consumers, under an interaction of localized agro-

chemical contamination and landscape composition.

different landscape compositions. We also showed that tem-
poral variability originating at the population level was buff-
ered at higher levels of biological organization and spatial
scales. Overall, our findings highlight the crucial role of local
anthropogenic factors in destabilizing biodiversity within
agricultural landscapes. However, they also suggest that
more complex systems, comprising interacting species and
embedded in spatial dynamics, may have greater resilience to
agrochemical contamination, a growing threat to freshwater
biodiversity.

Insecticides and fertilizers are widely used compounds in
agricultural practices (Sharma et al. 2019), and they both
changed the temporal variability of freshwater planktonic
populations, even though local species synchrony remained
unchanged. Insecticide contamination both increased the
temporal variability of consumer and reduced that of pro-
ducer populations. Recent literature has shown that insecti-
cides have the potential not only to alter species density and
cause direct mortality of zooplankton (Hayasaka et al. 2012,
Hébert et al. 2021), but also to increase phytoplankton abun-
dance and alter community composition via top—down cas-
cading effects (Rumschlag et al. 2022). Our results extend
these findings, revealing that insecticides can also influence
phytoplankton stability via top—down effects, by increas-
ing the temporal variability of zooplankton populations.

In contrast, fertilizer contamination increased the temporal
variability of phytoplankton populations, though its effects
on zooplankton were less pronounced. Mobile consum-
ers can stabilize their own temporal dynamics by shifting
among asynchronous resource patches (McCann et al. 2005).
However, this explanation should be considered with caution
in our experimental context, given our simplified representa-
tion of the freshwater food web (focusing only on producers
and consumers) and limited scale of dispersal. Nevertheless,
our findings underscore the role of trophic structure in influ-
encing the magnitude of temporal variability (Siqueira et al.
2024), though this outcome may vary with the organizational
level examined and the type of perturbation experienced by
the ecosystem.

Spatial heterogeneity has been widely recognized as
a major driver of temporal variability in natural ecosys-
tems (Brown 2003, Wilcox et al. 2017, Collins et al. 2018,
Larsen et al. 2021). Spatial heterogeneity promotes asyn-
chronous dynamics among local communities (Wilcox et al.
2017, Larsen et al. 2021), influencing many ecological prop-
erties, such as population dynamics (Steiner et al. 2013),
resource distribution (Tilman et al. 2014), and predator—prey
interactions (McCann et al. 2005). Agricultural landscapes
tend to homogenize local freshwater communities in space
(Siqueira etal. 2015), exposing them to similar environmental
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fluctuations, consequently enhancing community spatial
synchrony (Steiner et al. 2013, Larsen et al. 2021) and tem-
poral variability. Our results showed that variations in land-
scape composition, and consequently spatial heterogeneity,
did not affect planktonic temporal variability or synchrony
across spatial scales and organizational levels. These findings
suggest two main explanations: first, that consistent dispersal
within metacommunities may have buffered spatial heteroge-
neity in our experiment, synchronizing local populations and
distinct communities across metacommunities and exerting
a destabilizing influence, even in pristine (uncontaminated)
landscapes (Steiner et al. 2013). Second, the effects of agro-
chemical contamination may have been highly restricted to
the local scale only, with minimal detectable impact at larger
spatial scales. If this explanation is more plausible, dispersal
could have had a stabilizing effect on ecosystem dynamics
(Steiner et al. 2013, Anderson and Fahimipour 2021).

Support for the hypothesis of restricted local effects of
agrochemicals on plankton temporal variability is further evi-
dent in the partitioning of variability across scales within our
experimental metacommunities. Although temporal variabil-
ity tends to decrease with increasing spatial scale and levels of
organization (Kéfietal. 2019, Wang etal. 2019, Siqueira et al.
2024), we expected this pattern to be less prominent in meta-
communities in which patches were exposed to agrochemi-
cals. Instead, our models indicate that landscape composition
did not influence the partition of temporal variability, as
pristine landscapes behave similarly to mosaic and agricul-
tural ones. Even though a visual examination suggested dis-
tinct partitioning patterns between plankton producers and
consumers, the effects of landscape composition on tempo-
ral variability were also consistent across trophic levels. This
result suggests that maintaining spatial fluxes of individuals
can be important for buffering variability and maintaining
ecosystem stability at broad spatial scales, regardless of land
use change or trophic level.

Although our experimental approach contemplated dis-
tinct landscape compositions (e.g. mosaics with contami-
nated and uncontaminated connected patches), real world
landscapes present a more complex manifestation of anthro-
pogenic effects. Our local communities were exposed to
either fertilizer or insecticide, but freshwater communities
in agricultural domain are concomitantly exposed to distinct
agrochemicals, which interact to produce observed changes
in biotic dynamics (Barmentlo et al. 2018, Rumschlag et al.
2020). Also, given the magnitude and complexity of ways in
which freshwater organisms can disperse (Bilton et al. 2001,
Altermatt et al. 2011, Anderson and Fahimipour 2021), our
experimental metacommunity dynamics are a very small
simplification of how local communities are connected in
nature. Therefore, future studies considering more complex
landscape compositions, the interaction between insecticide
and fertilizer contaminants, and distinct dispersal dynamics
can be useful to fully understand how temporal variability
changes across scales under agricultural expansion.

Despite certain limitations inherent to experimental
manipulations of complex systems, our study demonstrates
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that agrochemical contamination alters the temporal vari-
ability of planktonic producers and consumers in agricul-
tural landscapes, but these effects are observed only at the
population level. When we increase spatial scales and levels
of organization (i.e. from populations to communities and
metacommunities), the magnitude and signal of agrochemical
effects disappear, and temporal variability in planktonic den-
sity is buffered, independently of landscape composition, sug-
gesting strict localized effects of agrochemical contamination
in agricultural landscapes. We also showed that the density
of producers and consumers fluctuate differently according
to agrochemicals, with insecticides having cascading effects
on phytoplankton variability, while directly increasing the
temporal variability of zooplankton consumers. As agricul-
ture expansion constitutes a major driver of natural ecosys-
tem change (Vorosmarty et al. 2010, Newbold et al. 2015,
Barbosa and Siqueira 2023), our findings shed light on how
local effects of agriculture perturbations interact with large-
scale effects to influence temporal variability. It also suggests
that, in the case of agrochemical contamination, sustaining
complex, spatially connected ecological systems could be fun-
damental to maintaining biodiversity and stability in highly
modified agricultural landscapes.
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