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Anthropogenic increases in temperature and nutrient loads will likely
impact food web structure and stability. Although their independent effects
have been reasonably well studied, their joint effects—particularly on
coupled ecological and phenotypic dynamics—remain poorly understood.
Here we experimentally manipulated temperature and nutrient levels in
microbial food webs and used time-series analysis to quantify the strength
of reciprocal effects between ecological and phenotypic dynamics across
trophic levels. We found that (1) joint—often interactive—effects of tempera-
ture and nutrients on ecological dynamics are more common at higher
trophic levels, (2) temperature and nutrients interact to shift the relative
strength of top-down versus bottom-up control, and (3) rapid phenotypic
change mediates observed ecological responses to changes in temperature
and nutrients. Our results uncover how feedback between ecological and
phenotypic dynamics mediate food web responses to environmental
change. This suggests important but previously unknown ways that temp-
erature and nutrients might jointly control the rapid eco-phenotypic
feedback that determine food web dynamics in a changing world.
1. Introduction
Understanding how rapid global climate change (GCC) will affect the structure
and dynamics of communities is a pressing goal of ecology [1,2]. Increasing
temperatures associated with GCC influence the metabolism of individuals
[3–5], which strengthens species interactions [6–8], alters community structure
[9–11] and affects ecosystem function [12]. Additionally, increasing nutrient
loads from agricultural run-offs can result in eutrophication and destabilize
natural communities [13–15], often leading to species loss [16]. Warming and
eutrophication can independently and jointly impact food web structure and
stability [17,18]. Counterintuitively, simultaneous increases in temperature
and nutrient load can produce outcomes that are qualitatively different from
the combined negative effects of each variable on its own [19,20]. These non-
additive (interactive) outcomes are still poorly understood, but central to
honing our understanding of GCC impacts on food web structure and
dynamics in a highly anthropogenized world.

The mechanisms through which warming and increasing nutrient loads inde-
pendently influence food webs are relatively well understood [10,21,22],
specifically regarding their impacts on the relative strength of bottom-up and
top-downeffects [19,20,23]. For example,warming can increase predationpressure
[24], thus decreasing resource biomass, while increasing the proportion of top pre-
dators [7,23,25]. Alternatively, warming can increase metabolic demands while
reducing conversion efficiency [26], leading topredator starvation at high tempera-
tures, loss of top predators [27] and reduced food chain length [28]. Unlike
warming, increasing nutrient loads tend to increase bottom-up effects, resulting
in unstable dynamics and species loss (i.e. paradox of enrichment, [13,29]), often
leading to top-heavy, unstable food webs [29]. Eutrophication resulting from
increasing nutrient loads can also change consumer trophic position, leading to
changes in species interactions and food web structure [30].
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Whilewarming and nutrients can independently influence
foodwebs, they can also have non-additive (interactive) effects
when acting unison [18–20], but these are much less well
understood. Although temperature increases are typically
considered to be destabilizing [6], at low temperatures, small
temperature increases can cause consumer starvation, stabiliz-
ing nutrient-induced instabilities [19,20]. However, at high
temperatures, increasing nutrient loads can counter warm-
ing-induced consumer starvation by increasing carrying
capacity and predator attack rates [19]. Warming alsoweakens
nutrient-induced increases in community biomass (negative
interactive effects, [18]), in turn influencing foodweb structure
[31], species richness and community composition [32].

In addition to their effects on entire food webs, tempera-
ture and nutrients can both determine the physiology and
morphology of organisms [18,33]. For example, higher temp-
eratures often result in smaller sizes [34,35], while nutrient
enrichment leads to larger organisms [36,37]. Additionally,
temperature and nutrients can interactively affect body size:
size increases with higher nutrient loads at low temperatures,
but decreases at high temperature [18]. Although body size is
often considered a response variable, it also has well-known
effects on population growth and species interactions [38–41],
so rapid body size responses to temperature, nutrients or
both, may have consequences for food web structure and
dynamics in warmer climates [42–44]. But it is still unclear
how rapid, environmentally induced shifts in body size
might influence ecological dynamics as they unfold.

Here, we address how temperature and nutrients influence
feedback between species’ ecological dynamics and rapid
changes in their body sizes (phenotypic dynamics) in a tract-
able microbial food web. We describe observed food web
and body size responses to temperature and nutrients across
trophic levels and also study the mechanisms of these
responses. Specifically, we ask: (1) do temperature and nutri-
ents independently or interactively influence ecological
dynamics in this microbial food web? (2) Do these effects
alter the relative importance of top-down versus bottom-up
control? (3) Do these effects vary across trophic levels? (4)
Does body size just passively respond to temperature and
nutrients, as suggested elsewhere (e.g. [18,20]), or does this
body size response also play a role in determining how the
foodweb itself responds to environmental change? To address
these questions, we manipulate nutrient levels and tempera-
ture in a microbial food web composed of a complex
bacterial community, a bacterivorous protist (Tetrahymena pyr-
iformis), and an omnivorous top predator (Euplotes sp.), then
track changes in the population densities of all organisms
and the body sizes of the protists over time. We use time-
series analysis to evaluate the relative strength of top-down
versus bottom-up processes across trophic levels as well as
whether and how the observed ecological and phenotypic
dynamics influence one another across temperature and nutri-
ent treatments. Our results reveal complex but quantifiable
temperature and nutrient effects on food web dynamics that
vary predictably across trophic levels by altering the relative
strength of trait-mediated bottom-up and top-down effects.

2. Methods
(a) Culture care
Euplotes sp. and T. pyriformis stock cultures were acquired from
Carolina Biological Supply (Burlington, NC, USA) and grown
in laboratory conditions for a year prior to this experimental
work. Both species were kept in autoclaved liquid protist
medium (Carolina Biological Supply), supplemented with one
autoclaved wheat seed as a carbon source [45]. Protists were
fed a mixture of pond bacteria collected from an ephemeral
pond at Duke Forest (Wilbur/Gate 9 pond, Lat 36.013914,
Long −78.979720) and composed of thousands of bacterial
species, as described elsewhere [46]. We maintained all cultures
on a 16 : 8 light : dark cycle at 22°C and 65% humidity in AL-
22L2 Percival growth chambers (Perry, IA, USA).

(b) Experimental design
Microcosms were set up in autoclaved 250 ml borosilicate jars
filled with 200 ml of protist media. We manipulated temperature
and nutrient loads by imposing two temperature levels (22°C/
25°C) and two nutrient levels (normal protist media concen-
tration plus one wheat seed, i.e. high nutrients, or half
concentration plus half a wheat seed, i.e. low nutrients, as done
in [47] in a factorial design with four treatments and six replicates
per treatment. Day/night cycle and humidity levels mimicked
rearing conditions and were kept constant. We inoculated 2 ml
of bacterial communities from the stock culture, the same used
to rear the protists. The intermediate consumer species, T. pyrifor-
mis, only preys on bacteria and was introduced at a starting
density of 37 individual (ind) ml−1. The omnivorous consumer
species, Euplotes sp., preys on both bacteria and the intermediate
consumer T. pyriformis and was introduced at a starting density
of 0.24 ind ml−1 in all microcosms. We recorded the density of
both protist species once per day through fluid imaging (Flow-
Cam; Yokogawa Fluid Imaging Technologies, Portland, ME,
USA), Monday through Friday, for 16 days. Fluid imaging
generates individual cell raster images that were used to quantify
changes in protist size (measured as cell area, in μm2) over time.
Bacteria density was quantified as optical density at a wave-
length of 600 nm (OD600), using a BioTEK Epoch-2 microplate
spectrophotometer (Winooski, VT, USA).

(c) Statistical analysis
To test for possible effects of temperature and nutrients on eco-
logical dynamics, we fitted generalized additive mixed models
(GAMM) to time series of species density (OD600 for bacteria)
and protist body size, across all treatments, using the ‘mgcv’
package v. 1.8-31 [48] in R v. 4.0.2 [49]. To control for temporal
autocorrelation, we used an autoregressive moving average
(ARMA) correlation structure in the GAMMs using the ‘nlme’
R package v. 3.1-148. To account for repeated sampling within
each replicate, we included replicates as a random intercept in
the model. We compared models with additive and/or interac-
tive temperature and nutrient effects, as well as different
ARMA correlation structures, using AICc (electronic supplemen-
tary material, appendix I table S1–S2). We discarded T. pyriformis
phenotypic data from days in which fewer than 10 individuals
were measured (i.e. after populations collapsed).

(d) Characterizing ecological dynamics
To better understand which aspects of the food web dynamics
were most influenced by temperature and nutrients, we charac-
terized multiple aspects of the observed ecological dynamics of
the bacterial community and the protists across treatments.
Specifically, we quantified: (1) initial growth rate (day−1) as
[ln(Nf)� ln(Ni)]=time for early dynamics data, (up to day 1 for
T. pyriformis and bacteria and day 8 for Euplotes sp., due to
much slower growth), (2) maximum density (ind ml−1 for pro-
tists and OD600 for bacteria), measured as average density
across replicates on the day with the highest average density,
(3) the coefficient of variation (CV = standard deviation/mean)
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of the temporal population dynamics within treatments (typi-
cally used as a measure of stability [50]), (4) the time to
population collapse in days (only T. pyriformis) and (5) the time
to population peak in days (only Euplotes sp.). Last, we calculated
the effect sizes of the significant effects of temperature, nutrients,
and their interaction using the function eta_squared() in package
‘effectsize’ v. 0.7 [51].

(e) Quantifying top-down/bottom-up effects and eco-
phenotypic feedback

To understand the mechanisms through which temperature and
nutrients affected the observed food web dynamics, we quanti-
fied the reciprocal effects of ecological dynamics and body size
on each other using convergent cross mapping (CCM) [52]. The
CCM algorithm has now been used multiple times across eco-
logical systems and taxa reliably to estimate the strength of
causal effects between variables for which time-series are avail-
able [41,53–58] and we followed this specialized literature to
infer causation in our data (see electronic supplementary
material, appendix II figure S1–S15). Concisely, CCM quantifies
the strength of causation of one dynamical variable onto another
by measuring the extent to which the time series of one variable
can reliably estimate the state of another variable [52]. The larger
the causal effect of X on Y, the better the ability of Y to predict X,
as Y contains more information about X (by virtue of being
‘forced’ by X). Meanwhile, a variable X that does not influence
a variable Y cannot be predicted from the dynamics of Y, as no
information regarding X is contained in Y [52]. The CCM algor-
ithm yields a ‘cross-mapping estimation skill’ in the form of a
correlation coefficient (ρ) between observed and predicted
points in the time-series [52]. The larger this number, the larger
the dependence of one variable on the other. Whether there is
a cause–effect relationship between two dynamical variables, as
opposed to simple correlation, further depends on whether the
cross-mapping estimation skill increases with the length of the
time series used for this estimation (called the ‘library size’).
Whenever such an increase is observed, a causal effect of a
variable on another one is likely (i.e. convergence; [52]).

We used a modified CCM algorithm that allows for replica-
tion in the time series through the R package ‘multispatialCCM’
(v. 1.0, [59]). The package can be used to detect causality between
shorter but highly replicated time series, like ours. Our time
series lacked data on days 5, 6 and 12, 13 across all replicates.
However, the CCM algorithm does not allow for missing time
points. To resolve this issue we interpolated the time series
data for each replicate using three methods: linear interpolation,
spline interpolation and smooth spline interpolation using the
‘approx’, ‘spline’ and ‘smooth.spline’ functions in base R (see
electronic supplementary material, appendix S2). To increase
the robustness of our inference, we then performed CCM in
each of these time series and averaged the estimation skill from
our CCM analysis across these three separate interpolated time
series. That said, CCM results based on each independent
smoothing technique held qualitatively (electronic supplemen-
tary material, appendix II figure S1–S12), corroborates the
robustness of our inference. Additionally, we only used CCM
results that showed convergence in cross mapping skill (ρ) with
increasing library size (indicating causality) to focus only on
likely causal effects between species ecological and phenotypic
dynamics (electronic supplementary material, appendix II
figure S13–S15).

Based on previous literature [52,53,56], we interpreted the
cross-mapping skill (ρ) as the magnitude of the effect of one vari-
able on another, whenever convergence was present. We
calculated this cross-mapping skill between all predator and
prey densities, between densities and trait dynamics (except
the effect of protist densities on bacterial traits as we lack
phenotypic data for the bacteria community), and between pro-
tist trait dynamics. The effect of prey density on predator
density was thus considered as representing bottom-up control,
and the effect of predator density on prey density as top-down
control (dubbed ‘eco-eco’ effects, for simplicity). The effects of
change in body size on ecological dynamics (density) were
dubbed ‘pheno-eco’ effects, and the effects of density on body
size dynamics as ‘eco-pheno’ effects. Reciprocal effects of
changes in predator and prey protist body sizes were dubbed
‘pheno-pheno’ effects.
3. Results
(a) General ecological and phenotypic dynamics
Overall, bacterial density rapidly increased to carrying
capacity (figure 1a, light grey), the intermediate predator T.
pyriformis increased rapidly, then decreased (figure 1a, dark
grey), while the omnivorous predator Euplotes sp. increased
almost monotonically to carrying capacity (figure 1a, black),
ultimately resulting in a one protist + bacterial community
state. Temperature and nutrients affected all three species
and led to significantly different dynamics across treatments
(figure 1b–d, electronic supplementary material, appendix I
table S2). The body sizes of both protists changed rapidly
over time (figure 1e,f ) and responded to both temperature
and nutrients (figure 1e,f, electronic supplementary material,
appendix I table S2).
(b) Temperature and nutrient effects changed across
trophic levels in systematic ways

We found that both temperature and nutrients significantly
and independently affected bacterial dynamics: higher temp-
erature decreased bacterial maximum density, (TB =−0.007,
p = 0.004, figure 2d ), nutrients increased bacterial maximum
density (NB= 0.014, p = 5.09 × 10−6, figure 2d ), and nutrients
also increased bacterial population density CV (NB = 0.2,
p = 8.6 × 10−5, figure 2g).

Temperature independently and solely affected T. pyrifor-
mis initial growth rate and time to population collapse, while
temperature and nutrients independently and interactively
affected its maximum density and density CV. Temperature
strongly increased initial growth rate in T. pyriformis (T =
0.50 p = 1.16 × 10−6, figure 2b) and accelerated the time to col-
lapse (T =−2.8, p = 1.6 × 10−5; figure 2j ). The maximum
density of T. pyriformis increased with nutrients across temp-
erature but only at high nutrient levels, while at low nutrient
levels, higher temperature decreased T. pyriformis maximum
density (T =−975.3, p < 0.02; N = 1002.2, p = 0.01; N × T =
1526.7, p < 0.01, figure 2e). The density CV of T. pyriformis
was also interactively influenced by nutrients and tempera-
ture such that at high temperature, T. pyriformis CV was
high across nutrient levels, but at low temperatures,
T. pyriformis CV decreased with increasing nutrients (T = 0.2,
p < 0.006; N =−0.19, p < 0.01; N × T = 0.2, p = 0.045, figure 2h).

Temperature and nutrient levels independently influ-
enced the maximum density and time to the population
peak of Euplotes sp. and interactively affected its initial
growth rate and density CV. Both temperature and nutrients
increased the maximum density of Euplotes sp. (T = 39.83, p <
0.03; N = 60.67, p < 0.002, figure 2f ). Temperature alone accel-
erated Euplotes time to peak density (T =−2.2, p < 0.02;
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figure 2k). Higher initial growth rates were observed at higher
temperatures, while higher nutrient levels led to large
decreases in initial growth rates at low temperatures but a
small increase in initial growth rates at high temperatures
(N =−0.09, p = 5 × 10−4, N × T = 0.13, p < 10−3, figure 2c). In
general, temperature decreased the density CV of Euplotes
sp. while higher nutrients increased its CV, more so at
lower temperature than at higher temperature (T =−0.08,
p < 0.02, NE = 0.16, p = 2.9 × 10−5, N × T =−0.12, p < 0.01,
figure 2i). Additional model stats can be found in electronic
supplementary material, appendix I table S3.

We found significant temperature and nutrient inter-
actions only among the predators, with the total effect size
of the interaction terms increasing with species trophic level
(figure 3a). Bacterial population dynamics were mainly influ-
enced by nutrients and the intermediate predator received the
most temperature effects (figure 3a). These results can be better
understood by decomposed total effect sizes of nutrients and
temperatures on initial growth rates, maximum density, and
density CV. We found no interactive effects of nutrients and
temperature on bacteria initial growth rates, but increasingly
complex temperature and nutrient effects on species initial
growth at higher trophic levels (figure 3b). Interestingly, we
also found decreasing effect sizes of temperature, nutrients,
and their interaction on species maximum density at higher
trophic levels (figure 3b). However, increasing effect sizes of
these effects with increasing trophic level were observed for
species density CV (figure 3d ). These results imply that the
maximum density of species at higher trophic levels was less
affected by the changes in temperature and nutrients, while
the stability of those populations were more sensitive to such
changes (figure 3).
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(c) Temperature and nutrients influence top-down and
bottom-up effects

Results from CCM analyses indicated that the relative
strength of bottom-up and top-down effects changed across
treatments (figure 4a). Top-down and bottom-up effects
between the two protists were slightly stronger in the
warmer temperature (figure 4a, yellow lines). Importantly,
temperature and nutrients showed interactive effects on
both top-down and bottom-up effects (figure 4a). For
example, while the top-down effects of protists on bacteria
(figure 4a, green and purple dashed lines) were generally
stronger than the bottom-up effects of the bacteria on the pro-
tists (figure 4a green and purple solid lines), temperature and
nutrients interactively—but differentially—shifted the magni-
tude of the top-down effects of the two protist predators on
bacteria (figure 4a, open dots and dashed lines). Indeed, the
top-down effect of T. pyriformis on bacteria decreased in the
high-nutrient treatment, but higher temperature strengthened
this effect (figure 4a purple dashed line). Meanwhile, high
nutrients increased the top-down effect of Euplotes sp. on bac-
teria in the lower temperature but decreased it at higher
temperature (figure 4a green dashed line).

The strength of species interactions in the food web, over-
all, also changed according to shifts in the strength of top-
down and bottom-up control between species pairs
(figure 4b). To visualize these changes, we present CCM
cross-mapping skill value at the largest library size as links
between species pairs (figure 4b). At low nutrient levels,
higher temperature led to a larger number of stronger species
interactions (figure 4b, bottom left and right) while at high
nutrient levels, interaction strengths were generally stronger
and temperature only had a small effect (figure 4b, top left
and right). Low nutrients and high temperatures led to the
strongest interactions among all three species (figure 4b,
bottom right).
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(d) Temperature and nutrients altered the reciprocal
effects of ecological and phenotypic dynamics

Protist size not only responded to temperature and nutrients,
but also played an important role in determining the effects
of temperature and nutrients on ecological dynamics
(figure 5a–c). The bidirectional effects between the body-
size dynamics of Euplotes sp. and the ecological dynamics
of T. pyriformis were the strongest overall across treatments
(figure 5a–c). The body size dynamics of the omnivorous
predator, Euplotes sp., but not those of T. pyriformis, had rela-
tively strong causal effects on the ecological dynamics of all
species, including its own ecological dynamics (figure 5b).
Specifically, at low temperature, increasing nutrient level
strengthened the effect of Euplotes sp. phenotypic dynamics
on its own ecological dynamics and those of T. pyriformis,
but weakened these effects on the ecological dynamics of
bacteria (figure 5b). Yet, at the warmer temperature, increas-
ing nutrient levels weakened the effects of Euplotes sp.
phenotypic dynamics on the ecological dynamics of all
species, including itself (figure 5b), indicating that plastic
changes in top predator body size can mediate how food
web dynamics respond to temperature and nutrients.

Trait on trait effects among the two predators (figure 5c,
pheno-pheno) were weaker than their pheno-eco or eco-
pheno counterparts. Interestingly, pheno-pheno causal effects
were only observed at the higher temperature (figure 5c).
Increasing nutrient levels increased the pheno-pheno effects
of T. pyriformis on Euplotes sp. but decreased those of Euplotes
sp. on T. pyriformis (figure 5c).

Overall, we also found a larger number of stronger effects
between ecological and phenotypic dynamics at higher temp-
eratures, especially in the low nutrient treatment (figure 5d,
bottom right), consistent with results from the top-down
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versus bottom-up effects (figure 4b). Additionally, changes
in body size, especially those of the omnivorous predator,
seem to mediate the effect of temperature and nutrients on
ecological dynamics (figure 5d ).
4. Discussion
Our results reveal complex but quantifiable and systematic
effects of temperature and nutrients on the ecological and
phenotypic dynamics of a microbial food web. We show
that temperature and nutrients can each independently influ-
ence different aspects of food web dynamics (figures 1 and 2),
while their joint effects get increasingly complex at higher
trophic levels (figures 2 and 3). We also found that changes
in the relative strength of top-down and bottom-up effects
likely drive observed responses to temperature and nutrients
(figures 4 and 5) and that rapid changes in body size mediate
these effects (figures 4 and 5). Stronger species interactions at
low nutrient levels and high temperature coupled with phe-
notypic dynamics having more and stronger effects in both
ecological and phenotypic change at low nutrients and high
temperature, suggest that phenotypic change may mediate
the temperature response of ecological dynamics, perhaps
strengthening species interactions (figures 4 and 5). These
results, therefore, suggest that body size not only responds
to shifts in environmental conditions but also plays a role
in determining ecological responses to such shifts (figure 5).
Evaluating feedback between ecological and phenotypic
dynamics may therefore be integral to understanding food
web responses to environmental change.
(a) Increasingly complex effects of temperature and
nutrients at higher trophic levels

Our results reveal the pervasive effects of temperature and
nutrients within a microbial food web, but also show how
these effects are more numerous and increasingly complex
(i.e. larger effect sizes of temperature–nutrient interactions)
at higher trophic levels (figures 2 and 3). Because energy
enters at the bottom of a food web, basal species may be
more strongly influenced by direct effects of nutrients,
while species at higher trophic levels may be more strongly
affected by a combination of temperature and nutrient treat-
ments [28,60]. Additionally, the effects of temperature and
nutrients on dietary preferences, species interactions, and
foraging behaviour, may further explain why these interac-
tive effects are stronger and more numerous among
consumer species (figures 1d; 2c). Indeed, as temperature
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and nutrients change species interactions and foraging beha-
viors [31], omnivorous consumers may shift diets between
basal and intermediate resources [31], leading to climate-
driven food web rewiring [2,9]. This dietary shift might also
affect how much energy top consumers receive from basal
species versus intermediate consumers, and therefore, how
temperature and nutrients indirectly influence top predator
dynamics. In such cases, causal effects of both environmental
stressors are likely transitive (e.g. as temperature affects
bacteria, and because Euplotes sp. preys on bacteria, the temp-
erature effects on bacteria and Euplotes sp. are indirectly but
causally linked, [52]).

This transitivity of causality (where omnivorous consu-
mers are indirectly affected by temperature and nutrients
that first acted on the basal and intermediate species) could
also explain why the population variability (CV) of the top
(omnivorous) predator is more often jointly influenced by
temperature and nutrients than at lower trophic levels. More-
over, maximum density is more likely to reflect changes in
nutrient availability, and these effects should wane across
trophic levels, as energy is lost to energy conversion between
consumers and prey across trophic levels. And this could
explain the decrease in temperature and nutrient effects on
species maximum density at higher trophic levels. Whether
the joint effects of temperature and nutrients change in
more natural food webs as reported here, however, is not
known, but is a promising avenue for future research.
(b) Top-down control, bottom-up control and food web
stability

Consistent with our results (figure 2d ), theory predicts that
higher nutrient loads should increase energy flux in food
webs, through increases in basal species density [23,29].
Theory also predicts that increasing energy flux can be desta-
bilizing, leading to increasing oscillations in density [13,29],
but increasing temperatures should stabilize oscillations by
weakening top-down effects [18,20,25]. We found that the
interactive effects of temperature and nutrients have diver-
gent impacts on stability—with temperature stabilizing, and
nutrients destabilizing Euplotes sp. densities, but the opposite
being true for T. pyriformis (figure 2h,i). Temperature and
nutrients had different but interactive effects on top-down
controls by the two predators even though bottom-up effects
remained unaffected by the treatments (figure 4a). These
results thus indicate that changes in the strength of top-
down effects between basal resources and consumers—
instead of bottom-up effects—could be the dominant mech-
anism through which higher temperatures may stabilize
instabilities caused by nutrients [19,20].

We also observed that top-down control on bacteria by
both consumers was much stronger than bottom-up effects
across treatments (figure 4a) while the top-down and
bottom-up controls are both strong and tightly coupled
between the two protist predators. The dominant top-down
effects on the bacterial community could be explained by
the short generation time of all species in the system and
the fast turnover rate of the bacteria relative to the protists.
In addition to the potential stabilizing effects of top-down
control, these results also indicate that top-down control on
basal resources might have stronger effects in systems with
high turnover rates, such as aquatic systems.
(c) Phenotypes mediate temperature and nutrient
effects on food web dynamics

Our results indicate that phenotypic dynamics play a larger
role in mediating environmental impacts on food web
dynamics than previously thought (figures 4 and 5). Previous
studies showed that predator–prey body size ratios signifi-
cantly influence temperature and nutrients effects [19,61]
and that body size responds to changes in nutrients, tempera-
ture and ecological dynamics in specific ways [18]. A recent
study showed that the body size of a species can affect its
own ecological dynamics [41], which we have also shown
here as tight coupling between the phenotypic and ecological
dynamics of Euplotes sp. (figure 5). Our results support—but
also extend—previous findings by showing that (1) phenoty-
pic effects on ecological dynamics can be strong, especially
among top predators, (2) changes in the prey ecological
dynamics may strongly drive changes in predator size and
(3) interactions involving phenotypic dynamics (eco-pheno,
pheno-eco or pheno-pheno) vary across environmental
conditions (figures 4b–d, 5).
(d) Caveats
One caveat of this study is that we only tracked the dynamics
of the bacterial community as a whole, as we lack information
on how each individual species responded to temperature or
nutrients. Recent work has shown that the composition of
bacterial communities changes under joint temperature and
nutrient loads, and that predation by protists mediates
these responses [46,62]. Coupling an experiment like ours
with 16S amplicon sequencing to keep track of bacterial
dynamics would thus be an exciting avenue for future
research that should deepen the understanding generated
by our current study as to how microbial food webs will
respond to rapid environmental change.

Another caveat is that, despite uniquely detailed, long,
and well-replicated time series, our time series have a few
small gaps due to lack of sampling on weekends. To address
this issue, we interpolated these missing datapoints using
three different methods, but, despite being generally robust,
some variation remained between these results and the
CCM inference of species interactions (electronic supplemen-
tary material, appendix II figure S1–S12). All three methods
showed that bottom-up and top-down effects between the
protist predators were the strongest and remained strong
across all treatments. Moreover, top-down controls from
both protists predators to bacteria were always stronger
than bottom-up effects (electronic supplementary material,
appendix II figure S13–S15 eco-eco panels). Last, the effects
of Euplotes sp. body size on its own ecological dynamics
and that of the T. pyriformis and bacteria were consistent
across interpolation methods (electronic supplementary
material, appendix II figure S13–S15 eco-pheno, pheno-eco
and pheno-pheno panels). As CCM and related methods
grow in use [32,53,56,57,63], there is a real need for these
tools to be robust even in the face of imperfect data, including
missing time points. Our results, therefore, underline the
need to better understand how missing data may affect
CCM and other time-series analyses and how to best predict
missing data for analysis.

Last, because CCM analysis quantifies the effects of one
time series on another but not on itself, we were unable
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to measure density dependence within each species. There-
fore, while our research showed the potential of using CCM
in understanding complex casual effects between species eco-
logical and phenotypic dynamics, we also notice the
importance of combining time-series analyses with other,
possibly experimental, methods to measure causality for
intra-specific interactions.
ing.org/journal/rspb
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5. Concluding remarks
Rapid phenotypic change has been suggested as a main
driver of food web rewiring in future climates [2], but little
experimental evidence exists. Here, our results show that
strong feedback between ecological and phenotypic
dynamics depend on environmental conditions (temperature
and nutrients), suggesting that rapid phenotypic change
influences food web responses to environmental change.
Moreover, the joint effects of temperature and nutrients do
not equally affect all members of the community, as higher
trophic levels are more likely to experience both independent
and joint effects. Together, our results emphasize the need to
incorporate phenotypic dynamics in future studies of food
web responses to warming and eutrophication in a changing
world and show how shifts in distinct environmental stres-
sors can have complex but systematic effects on food web
dynamics.
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