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Abstract

Warming and nutrient enrichment are major environmental factors shaping ecological dynamics.
However, cross-scale investigation of their combined effects by linking theory and experiments is
lacking. We collected data from aquatic microbial ecosystems investigating the interactive effects of
warming (constant and rising temperatures) and enrichment across levels of organisation and con-
trasted them with community models based on metabolic theory. We found high agreement between
our observations and theoretical predictions: we observed in many cases the predicted antagonistic
effects of high temperature and high enrichment across levels of organisation. Temporal stability of
total biomass decreased with warming but did not differ across enrichment levels. Constant and ris-
ing temperature treatments with identical mean temperature did not show qualitative differences.
Overall, we conclude that model and empirical results are in broad agreement due to robustness of
the effects of temperature and enrichment, that the mitigating effects of temperature on effects of
enrichment may be common, and that models based on metabolic theory provide qualitatively

robust predictions of the combined ecological effects of enrichment and temperature.
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INTRODUCTION

Temperature and resource enrichment are major drivers of glo-
bal environmental change (Cross et al. 2015). Temperature
directly affects vital rates of many organisms and indirectly
affects population, community and ecosystem structure and
dynamics. It controls the metabolic rate of cells (Gillooly et al.
2001) as well as their size [the temperature-size rule, Ohlberger
(2013), Forster et al. (2012)], carbon allocation (Garcia et al.
2018), population growth and carrying capacity (Fussmann
et al. 2014; Plebani 2015), rates of biological interactions (Rall
et al. 2012; Burnside et al. 2014; Fussmann et al. 2014) and
ecosystem respiration (Yvon-Durocher e al. 2015). As a conse-
quence of the interplay of many biological rates, warming is
also expected to change the stability of ecological populations
and communities (Fussmann et al. 2014; Uszko et al. 2017).

Resource enrichment, on the other hand, affects the mate-
rial available for major biological processes such as growth,
maintenance and reproduction in an organism (Sterner &
Elser 2002). More nutrients usually result in larger individuals
(Ohlberger 2013) and larger populations, though these effects
are strongly mediated by the community in which species are
embedded. Classic examples of such effects are the paradox of
enrichment, where an increase in resource supply destabilises
the population dynamics (Rosenzweig 1971). Furthermore,
enrichment can affect the structure of food webs, for instance
by determining the length of food chains (Oksanen ez al.
1981; Kaunzinger & Morin 1998). Resource enrichment has
therefore an important influence on the stability of communi-
ties and ecosystems.

While temperature and nutrient enrichment are well-studied
in isolation, they often occur simultaneously (Cross et al.
2015, Fig. 1a). This allows for interactions, which can exacer-
bate (i.e. synergies) or mitigate (i.e. antagonisms) the effects
of individual drivers (Brook et al. 2008), potentially limiting
our ability to predict ecological dynamics (Garnier et al.
2017). Interactions can arise due to differential responses
across levels of ecological organisation; hence studying how
individual, population, community and ecosystem respond to
temperature and enrichment in combination can provide a
more integrative and complete understanding and help predict
the joint impacts of global change drivers.

Previous studies analysing the joint effects of warming and
enrichment rarely considered more than two levels of ecologi-
cal organisation (Fig. 1b and Table S1). The majority of pre-
vious works studied effects on population and community
biomass, whereas effects on ecosystem properties and individ-
ual-level information are usually not taken into account. Stud-
ies that have carried out analyses across multiple levels of
organisation focusing on temperature concluded that the tem-
perature-size rule is expected to maintain consumer-resource
biomass ratios and buffer the community from extinctions
under warming (DeLong et al. 2015; Osmond et al. 2017).
However, how the combined effect of temperature and enrich-
ment varies across levels organisation is lacking consensus due
to insufficient empirical investigation (Cross et al. 2015).
Hence, there is a knowledge gap about how changes in one
level may influence dynamics of other levels and how this
translates into ecosystem functioning and stability (Levin
1992). Due to the logistical challenges of studying dynamics
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Figure 1 Temperature and nutrient interaction. (a) Single effect of temperature and nutrient enrichment are well-studied, but their interaction varies in
empirical studies. Here we hypothesise that temperature decreases and nutrient enrichment increases the biomass and their interaction can be (2) linear
(additive) or (1) and (3) non-additive positive or negative. (b) Review of previous empirical work on temperature-nutrient interactions in aquatic microbial
systems. (c) Conceptual summary of modelling assumptions and predictions by Binzer ef a/. (2012). Black arrows show the fertilisation and temperature
gradients. Red arrows show the model assumptions regarding carrying capacity of the basal species with enrichment and temperature. Inside the plot the
most important model predictions with the most structured body size distribution (consumers are 100 times larger than the basal species). At high
fertilisation and low temperature, the system destabilises due to oscillations; at high temperature and low enrichment predators face starvation. Both ends
of the spectrum are considered unstable states (stability here defined as not oscillating dynamics). (d) Our experimental study system with three trophic

levels and their body size structure (cell length).

across levels of ecological organisation, much of our current
understanding about joint effects of temperature and nutrients
across levels of organisation is based on theoretical work.
Binzer et al. (2012) investigated the interactions between
temperature and nutrient effects using a body size and tem-
perature-dependent consumer-resource model to simulate a
three level food chain (Fig. lc). Vital rates in this model scale
with temperature according to the Arrhenius equation or
hump-shaped relationships. The model assumed that increased
energy input linearly increased the carrying capacity of the
basal trophic level, but does not affect the growth rate.
Enrichment destabilised the system by shifting biomass up the
trophic levels in the long-term causing oscillations driving the
top and the intermediate level to extinction [paradox of
enrichment (Rosenzweig 1971); the principle of energy flux
(Rip & McCann 2011)]. Warming at a constant nutrient level
decreased the carrying capacity and increased the metabolism
of the intermediate and top species level stabilising biomass
dynamics. At higher temperature, the top and intermediate
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species levels were prone to starvation due to lower ingestion
efficiency (i.e. the ratio of ingestion and metabolism of a spe-
cies). At higher temperature, the system can take up more
nutrients before it starts oscillating, that is warming stabilises
the system at high enrichment (Binzer et al. 2012). A recent
extension of the model investigated how the temperature-size
response of individuals can modulate the dynamics of the
food chain (Sentis et al. 2017). The model showed that the
direction and strength of the temperature—size response can
change the persistence of the food web, with a more struc-
tured body size distribution, that is larger differences in preda-
tor—prey size ratios, in general leading to greater stability. So
far, these predictions remain empirically untested.

Most climate change scenarios expect temperature to rise
over the next 100 years, with average increases between 2 and
4 °C (IPCC 2007). In contrast, empirical and theoretical stud-
ies assess how temperature affects ecological systems by
imposing a constant temperature increase rather than gradual
increase. Whereas instantaneous exposure to increased
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temperature represents a strong selection pressure to which
organisms may be able to adapt, slowly increasing tempera-
tures present a weaker selection pressure which may allow for
easier acclimation and adaptation and hence may lead to dif-
ferential effects on individuals and populations. Differential
responses to gradual vs. instantaneous temperature increase
have been shown to affect critical thermal limits such as the
CThax, @ measure widely used in evolutionary biology to
assess the potential for adaptation (Rezende et al. 2011). The
ecological implications of constant vs. gradually increasing
temperature have been insufficiently explored, despite poten-
tial for population-level responses trickling up to the commu-
nity and ecosystem level (Fox & Morin 2001).

The aim of our study was to understand how warming and
nutrient enrichment affect ecological dynamics and stability
across levels of ecological organisation in both constant temper-
ature and gradually warming environments. To do so, we con-
ducted an experiment with an aquatic microbial community with
three trophic levels. Protists have a long tradition as model
organisms and have been used to investigate concepts in popula-
tion and community ecology due to their fast generation time
that allows to collect time series data on their dynamics under
controlled experimental conditions (Altermatt ez al. 2015). Fur-
thermore, protist growth rates are strongly temperature-depen-
dent (Fox & Morin 2001) which allows for investigating the
long-term effects of different environmental manipulations on
their ecological dynamics. We recorded time series of population
biomass and cell size for each trophic level and measured
community and ecosystem level variables.

Overall, we hypothesise that temperature and nutrient enrich-
ment act in opposite directions, that is that they have antagonis-
tic effects sensu Piggott et al. (2015) and act non-additively in
combination across levels of organisation (Fig. 1a). We then
qualitatively compared the experimental results to the following
predictions of available theoretical studies (Binzer et al. 2012;
Sentis et al. 2017): (1) temperature decreases and nutrient
enrichment increases carrying capacity; (2) an interactive effect
between high enrichment and high temperature on community
biomass that counteracts the detrimental effects of warming; (3)
a decrease in consumer temporal stability at high enrichment
and low temperature. We also assessed if some of the mecha-
nisms responsible for these patterns matched: (3.1) Nutrient-
rich environment saves species from warming-induced starva-
tion; (3.2) at high temperatures consumers in nutrient-poor
communities run a risk of starvation because of a lower ratio of
ingestion to metabolism; (4) individual cell size decreases with
temperature, and the effect is exacerbated by low-resource
availability. We also explored the potential importance of any
differences between the assumptions of the model and the possi-
ble features of the experimental system.

METHODS
Community experiment

Microbial food web

We factorially manipulated temperature and nutrient avail-
ability to disentangle their effects in isolation and potential
interactions across levels of ecological organisation in a simple

heterotrophic microbial food web. The basal trophic level con-
sisted of a mix of three bacteria species (Bacillus subtilis, Ser-
ratia fonticola and Brevibacillus brevis) decomposing the
filtered organic medium (protist pellets, Carolina Biological
Supplies, Burlington, NC in Chalkley’s medium (Altermatt
et al. 2015). Two bacteriovorus ciliates (Colpidium striatum
and Dexiostoma campylum) constitute the intermediate con-
sumers in the system feeding on bacteria. Both consumers are
fed on by the top predator (Spathidium sp.), which cannot
survive on bacterial prey (Fig. 1d). All populations were het-
erotrophic. Although we do not have direct evidence about
genetic variation within populations, the culture conditions
favour occasional sexual reproduction (i.e. triggered by
resource depletion) and accumulation of mutations providing
standing genetic variation. Each community was started by
preparing the medium with the three nutrient levels. We then
transferred bacteria into the medium using inoculation loops
and incubated the cultures at 37 °C for 1 day, which gives
them enough time to reach carrying capacity. We then added
300 individuals of each protist species (Colpidium and Dexios-
toma to 100 mL medium with bacteria in previously auto-
claved glass bottles (GL 45, Schott Duran, Germany).
Spathidium was added to the cultures twice, to assure estab-
lishment in each microcosm. Ten individuals of the top preda-
tor were added 3 days after the introduction of the consumer
species, and another 10 individuals after 6 days.

Experimental design

The temperature treatment had four levels: three constant
temperature treatments of 15, 20 and 25 °C, and one rising
temperature treatment with rate of + 2 °C per week starting
at 15 °C and ending at 25 °C, hence with a mean temperature
of 20 °C comparable to the constant treatment. These rates of
increase match expected per generation rates of increase that
larger organisms are predicted to experience over the next sev-
eral decades (IPCC 2007). Furthermore, the temperature
range is suitable for studying dynamical changes based on the
thermal response of the selected species. Temperature was
controlled with programmed incubators (Pol-Eko Aparatura,
Wodzislaw, Poland), with two running each of the four tem-
perature treatments. Based on previous experiments with the
same laboratory strains, we know that both of the intermedi-
ate consumers show a slow decrease in carrying capacity when
temperature is higher than 21 °C, but only Colpidium shows a
decrease in growth rate with higher temperature (Jiang &
Morin 2004; Plebani 2015). Dexiostoma campylum increases
growth rate more than threefold between 10 and 20 °C (Lay-
bourn-Parry 1984). The thermal niche of Spathidium sp. was
pretested and showed viable populations across the tempera-
ture gradient. The predator increased its feeding rate and
decreased its handling time with temperature, with the highest
performance at 25 °C. Generation times for the two consumer
species are on the scale of 2-3 generations per day under opti-
mal growth conditions, whereas the predator generation time
is about 0.5 per day. 5.5 weeks would mean about 100 genera-
tions for the consumers and 50 for the predator. Therefore,
the duration of the experiment could allow for adaptation or
acclimation. The three levels of protist pellet medium were
used to create different nutrient levels: 0.275 mg (low),
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0.55 mg (medium) and 1.1 mg (high) per litre. Nutrient varia-
tion hence covered fourfold variation comparable to previous
experiments in which changes in nutrients led to changes in
food chain properties (Kaunzinger & Morin 1998). Subse-
quent filtering with a mesh size of 0.45 um removed large par-
ticles from the medium. Overall, the design yielded 12
treatment combinations, with six replicates, resulting in 72
microcosms studied (6 * 12 = 72 experimental communities).

Sampling and time series of system dynamics

Microcosms were sampled daily during the first week and then
every third day until the end of the experiment after 38 days,
to capture time series of the dynamical changes in body size,
population size, community biomass and dissolved oxygen
concentration. For each sampling, 5 mL medium (i.e. 5% of
the total volume) was removed from each microcosm and
replaced with 5 mL of sterile media (except for the first week,
where 1 mL was sampled and replaced daily summing to a
total of 5% total volume). This sample was subdivided to esti-
mate bacterial biomass by flow cytometry, consumer abun-
dance by video microscopy and predator abundance by
manual microscopy.

The total number of bacteria was measured using flow
cytometry (Accurri C6 with multi-well sampler, BD Bio-
sciences, San Jose, CA, USA). We diluted a 20 pL sample
tenfold by adding 160 pL filtered ionised water and SYBR
green I (Invitrogen, Paisley, UK) solution in 96-well plates,
resulting in a sample to SYBR green concentration of 1:1.
Samples were then incubated at 37 °C for 15 min to stain the
DNA in each cell. The multiwell plates were automatically
measured, providing a cell count (abundance) and individual
cell volumes for each bacterial cell (in a fixed amount of sam-
ple). We calculated bacterial biomass by summing the cell vol-
ume of all individual cells (for details see section 2.4 in the
Supporting Information).

Consumer abundance was quantified with video-microscopy
techniques (Pennekamp & Schtickzelle 2013; Pennekamp et al.
2015, 2017). For each sample, the microcosm vessel was
gently agitated, and 700 uL subsample was mounted onto a
glass slide and covered with a glass lid. Five-second videos (at
25 frames per second) were taken using magnification on
stereomicroscope (Leica M205 C) mounted with a digital
CMOS camera (Hamamatsu Orca C11440, Hamamatsu Pho-
tonics, Japan). Video analysis was used to count individuals
and measure their morphology (i.e. cell size) and movement
behaviour using the R package BEMOVI (version 1.0.2) (Pen-
nekamp et al. 2015). Morphology and movement traits were
used to classify individuals into the two consumer species
using random forest classification (Pennekamp et al. 2017).
Filtering removed spurious trajectories due to background
motion. Cell counts were extracted for each time point and
we calculated biomass for both species. Individual-level body
size information was extracted from video analysis as the area
(cross-section) of each individual (in pm?). We calculated the
intermediate consumers’ body sizes by averaging the area of
individuals over the first 10 days of the experiment. We con-
strained body size information to the first 10 days, so we
could make a fair comparison across treatments (in some
treatments after that period the number of individuals was
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strongly lowered which makes the estimation less precise). For
further details of the video processing refer to the Supporting
Information.

The abundance of the top predator Spathidium sp. was too
low to be reliably counted by video microscopy. Therefore,
we manually counted individuals and cysts in 1 mL samples
using light microscopy. We also calculated biomass by multi-
plying the number of individuals with their average cell vol-
ume. Dissolved oxygen concentration (DO) (units of
umol mL~") was measured using a non-invasive method using
a chemical-optical sensor (Fibox 4 trace, PreSens, Germany).

Response variable and analyses

We calculated six response variables: body size, biomass pro-
portion, temporal stability of community biomass, composi-
tional resistance, total biomass and the rate of biotic activity
(see Table 1). Community biomass was the sum of all mea-
sured organisms’ biomass. The rate of biotic activity quanti-
fies how fast the dissolved oxygen concentration in the media
changed. Organismal respiration contributes to reduction in
dissolved oxygen while diffusion from the atmosphere con-
tributes to increased dissolved oxygen. The more positive the
rate, the higher the biotic activity is, with higher turnover in
the system, i.e. more organisms (primarily bacteria) being con-
sumed. The rate of biotic activity was estimated by fitting
logistic curves to mass-corrected dissolved oxygen measure-
ment in each microcosm (see further details in Supplementary
Material).

To quantify stability, we calculated the inverse coefficient of
variation as the measure of temporal stability (Lehman ez al.
2000). A second stability component, compositional resis-
tance, was estimated to describe changes in community com-
position and evenness (Baert ez al. 2016). Compositional
resistance was the Bray—Curtis dissimilarity of species bio-
masses between the low temperature — low enrichment
treatment and each of the other treatment combinations. A
compositional resistance of 1 indicates no effect of a
treatment on composition, whereas 0 would indicate that the
reference and a treatment have no species in common.

Our experimental design is a fully factorial manipulation of
temperature and nutrient treatments under controlled condi-
tions, therefore we used general linear models to test the treat-
ment effects, that is the main and interaction effects of
nutrient and temperature. Explanatory variables were the tem-
perature treatment with four levels and the nutrient enrich-
ment with three levels as well as their interactions. Analysis
was separated where we used (1) only the constant tempera-
ture levels and where we used (2) the rising vs. 20 °C constant
temperature levels. All models were tested for homogeneity of
variances and normality in residuals.

To further examine changes in biomass within the commu-
nity, we calculated the relative biomass of each population.
Biomass measures were converted to the same unit (uL mL ™!
and divided by the total biomass), and the compositional
change analysed with beta regression. Our experimental design
tested a number of defined hypotheses and therefore we did
not use model selection. All analyses were performed with R
(R Core Team 2018).
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Table 1 Definition and calculation of response variables from individual to ecosystem level

Variable Description Level Unit
Body size Cross section of individual body size (only available for intermediate consumers) Individual pm?
Biomass proportion Relative biomasses of bacteria, intermediate consumers and the top predator Population %
Temporal stability Inverse of the coefficient of variation (CV) of the total biomass Community —
Compositional resistance Change in composition compared to the 15 degrees low nutrient treatment combination Community -
Total biomass Sum of bacterial and protist biomasses (intermediate consumer species and top predator) Community pL/mL
The rate of biotic activity The rate at which mass-corrected dissolved oxygen increases/decreases in the system Ecosystem day™!

Model robustness and putative empirical mechanisms

To test model robustness to parameter values and assumptions
of the bioenergetic model (Binzer et al. 2012), we conducted a
Global Sensitivity Analysis (GSA) with the R package FME
(Soetaert & Petzoldt 2010). We tested the parameters sensitivity
with the size structure of 0.01 g for basal species and 10 times
larger mass for the consumers. This size structure reflects well
the experimental food web. The GSA was conducted with 300
draws and all parameters were allowed to vary over 50% about
their nominal value. The resulting effect on the mean of all state
variables was estimated. We did not examine sensitivity of pre-
dictions to assumptions that would require structural changes
to the model (e.g. same activation energy across species, type of
temperature dependence of search rate). We furthermore exam-
ined whether the model assumption of increases in basal trophic
level biomass with nutrient enrichment was met in the experi-
mental system (see further details in Supplementary Material).

RESULTS

Ecosystem and community level effects of temperature and nutrient
enrichment

Nutrient enrichment generally increased total community bio-
mass, but less so at higher temperatures (Fig. 2a). Conversely,
temperature strongly decreased community biomass in the
high enrichment treatment but had no effect in low or med-
ium enrichment treatments. The patterns represent a strong
negative interactive effect of temperature and enrichment
(Fig. 2e, Table S3). Community biomass and the effect of
enrichment did not differ between the rising temperature and
20 °C constant treatment (Fig. 2f, Table S4).

The rate of biotic activity increased with temperature and
also with enrichment and no interaction effects were detected
(Fig. 2b). Overall the effects of enrichment and temperature
on biotic activity were additive. The rate of biotic activity and
the effect of enrichment did not differ between the rising tem-
perature and 20 °C treatment.

Temporal stability of community biomass tended to
decrease with temperature, though also exhibited considerable
variability among replicates (Fig. 2¢). There was no clear
effect of enrichment and no apparent interactive effect of tem-
perature and enrichment. Temporal stability and the effect of
enrichment did not differ between the rising temperature and
20 °C treatment.

Temperature increased compositional resistance at high
enrichment, but had no effect at medium enrichment, and

decreased compositional resistance at low enrichment (Fig. 2d).
Put another way, enrichment decreased compositional resis-
tance at low and medium temperatures, but had much less effect
at high temperature. These patterns represent a strong-positive
interactive effect of temperature and enrichment. Composi-
tional resistance and the effect of enrichment did not differ
between the rising temperature and 20 °C treatment.

Overall, the mass-corrected rate of biotic activity generally
increased across temperature despite constant, increasing or
decreasing compositional similarity with temperature. In con-
trast, temporal stability consistently decreased across tempera-
ture hence showing the opposite trend than the rate of biotic
activity due to the overall slower metabolism at lower
temperatures.

We conducted an analysis on total community biomass time
series and we found evidence of transient dynamics of treat-
ment effects at the beginning of the experiment (within the
first 10 days). After the transient phase, effect sizes were
consistent through time, closely represented by the averaged
effect size (Fig. S4).

Changes in relative biomass among species

High nutrient enrichment caused an increase in relative biomass
of the two consumer species and decreased the relative biomass
of the bacteria and the predator (Fig. 3 and Fig. S2). These
effects of enrichment were, however, often weaker at higher
temperatures, representing a negative interaction between tem-
perature and enrichment (Table S5). Temperature had different
effects on the relative biomass of different species that often
interacted with enrichment. For example, bacteria showed an
antagonistic interaction effect in high temperature and high
nutrient treatments. Enrichment had an overall negative effect
on relative bacterial biomass, but temperature response was not
unidirectional. In contrast, Colpidium exhibited negative effects
of temperature on relative biomass, which were stronger at
higher temperatures. This decline in relative biomass of one of
the consumers with temperature could have driven the lower
temporal stability of community biomass observed. Tempera-
ture did not affect the relative biomass between the rising tem-
perature and 20 °C treatment; only nutrient enrichment
increased the proportion of consumers and decreased the rela-
tive biomass of the resource (Table S6).

Body size
Temperature tended to increase the size of Colpidium but

decrease the size of Dexiostoma (Fig. 4a and b, Table S7).
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Figure 2 Community and ecosystem properties of the experimental food web. (a) depicts the averaged total biomass through time, (b) shows temporal
stability of the total biomass, (c) is the mass-corrected rate of biotic activity which shows the speed at which the mass-corrected dissolved oxygen
(umol puL™") level increases per day and (d) is the compositional resistance for each community by treatment. Panel (e) and (f) show the effect sizes
calculated from linear model comparison. Panel (e) shows the effect sizes across constant temperature levels and nutrient levels (being the combination of
constant 15 °C and low nutrient levels the baseline). Panel (F) depicts effect sizes for the rising + 2 °C per week and constant 20 °C combined with all
nutrient levels (being the combination of 20 °C and low-nutrient level the baseline). Error bars correspond to 95% confidence intervals.

Enrichment tended to increase body size, though with some
exceptions: Colpidium at 25 °C exhibited a hump-shaped effect
of enrichment, and show rather larger body size in higher
temperature and also in higher enrichment. We found a large
negative interactive term in high enrichment and 25 °C. Dex-
iostoma, on the other hand, decreased in body size across tem-
perature in constant treatments and enrichment affected body
size positively. Interactive effects were not strong. Body size
was larger in the rising temperature treatment than in the
20 °C treatment for Dexiostoma (Fig. 4c, Table S8).

Model robustness and putative empirical mechanisms

The sensitivity analysis showed that the basal species is insen-
sitive to the activation energy of carrying capacity, but shows
negative correlation (—0.49) with its scaling coefficient. In
general, changes in the activation energy parameters in the
model have only small impacts on any of the state variables
(Table S11). Furthermore, the model assumes no temperature
dependence of biomass assimilation efficiency. Results show
that all species are insensitive to both parameters of assimila-
tion efficiency. The model assumes that the carrying capacity
of the basal species increases linearly with nutrient enrichment
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and decreases exponentially with warming. Our results show
that bacteria biomass indeed increases with nutrient enrich-
ment, but we could not detect a consistent response to tem-
perature (Fig. S6).

DISCUSSION
The interactive effects of temperature and nutrient enrichment

While additive effects largely prevailed, we observed antago-
nistic interactions between high temperature and high enrich-
ment for the majority of response variables (Table 2). In
contrast, at 15 and 20 °C with low and medium nutrient
enrichment additive effects dominated. Interactive -effects
increased the further the communities were moved away from
their reference environmental conditions. Species can be buf-
fered against a certain degree of environmental change, by
means of behavioural or physiological changes, but these
mechanisms may break down with a sufficient degree of envi-
ronmental change. The occurrence of interactive effects also
showed variation across the different levels of ecological
organisation. Whereas the population level responses are non-
additive, especially in the high temperature and high
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enrichment combination, properties on lower (e.g. individual
body size) and higher levels of organisation (e.g. ecosystem
level) respond in an additive fashion. Population biomass of

all species was non-additive in the high enrichment treatments
regardless of the temperature. These responses on the popula-
tion-level are reflected in highly non-additive response of the
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compositional resistance (i.e. negative synergistic interaction)
and the non-additive (i.e. negative antagonistic) response of
total biomass to high enrichment. Biomass was reduced in
high-temperature treatments (20 and 25 °C) with high enrich-
ment. The temporal stability of biomass, however, responded
additively to temperature and enrichment in all treatment
combinations. Individual body sizes of both consumer species
show mostly additive effects. At the ecosystem level, there was
no antagonistic interactive effect of high temperature and high
warming; however, temperature and enrichment increased the
rate of biotic activity additively, in line with expectation based
on metabolic theory (O’Connor et al. 2009).

If interactive effects of temperature and enrichment are
caused predominantly by mechanisms operating at the indi-
vidual level, that is responses of individuals, and such effects
decrease in influence moving from individual to population to
community to ecosystem level, one might expect these
results, though the generality of this pattern deserves further
attention.

Comparison to model predictions and empirical findings

The allometric and temperature-dependent modelling work
(Binzer et al. 2012) provides quantitative predictions across
levels of organisation that can be compared with our findings
and previous empirical results.

(1) Predictions that temperature decreases and nutrient
enrichment increases carrying capacity is partially supported
as bacterial biomass was affected by enrichment, but not tem-
perature. Previous studies found a variety of responses: meso-
cosms mimicking shallow lakes also reported positive nutrient
but no temperature effects on total algal and macrophyte bio-
mass (McKee er al. 2003; Moss ez al. 2003). Ozen et al. (2013)
found no effect of temperature, but both positive effects of
nutrients, and their interaction on microbial biomass, whereas

positive effects of nutrients and warming were reported by
Moghadam & Zimmer (2016). Other studies found mostly dif-
ferences due to temperature: Ventura et al. (2008) reported
lower primary producer biomass with warming but not
enrichment. Sea weed biomass was negatively impacted by
warming but when applied jointly with enrichment led to even
higher decrease (Werner et al. 2016). O’Connor et al. (2009)
on the other hand described pronounced changes in phyto-
plankton and bacterial biomasses with warming and nutrient
addition; bacterial biomass increased with warming, while
phytoplankton biomass decreased due to increased pressure
by grazers. Finally, a study of pond food webs found that
warming produced top-heavy and enrichment induced bot-
tom-heavy food webs and that enrichment increased biomass
across all trophic levels, whereas warming reduced the bio-
mass of autotrophs without affecting consumers (Shurin ez al.
2012). The diversity of responses highlights the need for com-
munity models in predicting the response of a specific species/
level in a complex community.

(2) We expected an interacting effect between high enrich-
ment and high temperature on total community biomass,
which was supported by the data. Enrichment reduced the
effect of warming, but was not strong enough to cancel the
effect of warming, resulting in a negative antagonistic effect.
This result mirrors findings by O’Connor et al. (2009) where
the total biomass of the food web was increased by nutrient
addition, but declined with warming despite increases in pri-
mary productivity. As in our case, warming increased con-
sumer biomass relative to resource biomass.

(3) The predicted decrease in stability at high enrichment and
low temperature was partially met. Temporal stability of com-
munity biomass was highest at the lowest temperature, but
not different among enrichment levels, contrasting findings by
Kratina et al. (2012) reporting lower stability of chlorophyll a
concentration in a mesocosm experiment with nutrient

Table 2 Summary of the estimated interaction types. All estimated individual and interaction effect sizes for all response variables (T: temperature, N:
nutrient enrichment, TxN: temperature and nutrient interaction) and their classification sensu Piggott et al. (2015); additive (AD), positive antagonistic

(+A), negative antagonistic (—A), positive synergistic (+S).

20°C:medium 25°C:medium 20°C:high 25°C:high
Response T N TxN Class. T N TxN Class. T N TxN Class. T N TxN Class.
Body size
Colpidium 0 + 0 AD + + 0 AD 0 + 0 AD + + — +A
Dexiostoma 0 + - +A - + 0 AD 0 + 0 AD - + — +A
Biomass ratio
Bacteria — — 0 AD + — 0 AD — - 0 AD + - + —A
Colpidium 0 0 0 AD — 0 0 AD 0 + 0 AD — + — +A
Dexiostoma 0 0 0 AD + 0 0 AD 0 + 0 AD + + +A
Spathidium + 0 0 AD 0 0 0 AD + — + —A 0 - + —A
Population biomass
Bacteria 0 + 0 AD 0 + 0 AD 0 + - +A 0 + + +S
Colpidium 0 + 0 AD 0 + 0 AD 0 + - +A 0 + — +A
Dexiostoma 0 + 0 AD 0 + + +S 0 + 0 AD 0 + - +A
Spathidium 0 0 0 AD 0 0 0 AD 0 0 + +S 0 0 0 AD
Total biomass 0 + 0 AD 0 + 0 AD 0 + - +A 0 + - +A
The rate of biotic activity + + 0 AD + + + +S + 0 0 AD + 0 0 AD
Temporal stability — 0 0 AD — 0 0 AD - 0 0 AD - 0 0 AD
Compositional resistance — - + —A - - + —A — - + —A - - + —A
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addition. Two potential explanations can be invoked to
explain this difference: (3.1) We did not observe oscillations
or extinctions of the intermediate level. Instead, at high-nutri-
ent level, the basal resource had the lowest and consumers
had the highest share in total biomass which points to bio-
mass accumulation at intermediate level in the food chain. In
contrast, Kratina ez al. (2012) found that enrichment led to
higher, asynchronous fluctuations, partly caused by algal
blooms. Fluctuations were counteracted by simultaneously
warming the mesocosms which triggered stronger top—down
effects. Their findings are hence in line with the paradox of
enrichment (Rosenzweig 1971). (3.2) On the other hand, Bin-
zer et al. (2012) assume that nutrient-rich environments save
species from warming-induced starvation, that is at high-tem-
peratures consumers in nutrient-poor communities run a risk
of starvation because of an unfavourable ratio of ingestion
and metabolic rate. We indeed observed a temperature-
induced structural shift on the resource level between high
and low enrichment at high temperature. This implies that the
increase in resource production was larger than the metabolic
rate of consumers; therefore the biomass was able to accumu-
late at the bottom of the food chain.

(4) The prediction that individual cell size decreases with tem-
perature, exacerbated by low-resource availability, was met by
Dexiostoma, but not Colpidium. Colpidium increased in body
size with enrichment and temperature. The thermal range of
Colpidium provides a potential explanation: temperatures above
21 °C fall into the (sub)-lethal range for Colpidium, where dif-
ferent responses are possible (Atkinson et al. 2003). Previous
studies on changes in size in food webs reported no effect of
warming nor enrichment on zooplankton mean size (Kratina
et al. 2012) or on caddisfly body size (Hines et al. 2016).

The right answer for the right reasons?

Some of the assumptions of the model such as the lack of
temperature-independence of biomass assimilation efficiency
(Lang et al. 2017; Garcia-Carreras et al. 2018), the tempera-
ture dependence of carrying capacity (DeLong 2014; Bern-
hardt et al. 2018), the temperature dependence of attack rate
(Dell et al. 2014), or a single fixed activation energy across
species (Dell e al. 2011) can be challenged. The close qualita-
tive match of predictions and observations suggests limited
importance of deviations from these assumptions and/or good
match between these assumptions and features of the experi-
mental system, such as a structured body size distribution.
Our sensitivity analysis shows very little effect of the tempera-
ture dependence of the carrying capacity on state variables.
Similarly, the activation energy of all parameters has little to
no impact on state variables in the model; therefore differ-
ences between species can probably be ignored as well. We
could not test for the temperature dependence of the attack
rate, but we acknowledge that might have an effect of the
model outcome even though some previous empirical research
did not find a relationship between temperature and attack
rate (Rall ez al. 2012).

While the model incorporates a food chain, our system
deals with additional competition on the consumer level.
Other assumptions of the model such as Type II functional

responses might differ from the functional responses in the
experimental system. Furthermore, assumptions such as
hump-shaped relationship between mass- and temperature-
dependence of attack rate and handling time may not be met
by the experimental system. There is also a time scale differ-
ence between model and experiment: model predictions are at
equilibrium around 10 000 years, while the experiment only
lasted for hundreds to dozens of generations, depending on
the trophic level. This would raise the possibility that experi-
mental results are transient. The analysis of the effects of
enrichment and warming through time suggests that there is a
short transient phase over the first days of the experiment;
however, effects are consistent thereafter.

In total, there are many possible differences between the
model assumptions and the biology of the experimental sys-
tem and some of these differences may be even unknown.
Yet, the predictions of the model match the empirical results.
While we cannot rule out that some effects are due to alterna-
tive mechanisms, we suggest that the match is due to the
robustness and generality of the predicted and observed
effects of temperature and nutrient enrichment on ecological
community structure and dynamics.

Constant vs. rising temperature

Although climate change is affecting the environment and
embedded ecosystems through gradual warming, ecologists
most commonly test the effect of warming by treatments of
constant elevated temperature. We explicitly tested whether
communities at constant elevated temperatures show similar
responses than gradually warmed communities. Overall, we
found that the gradually warmed community did show similar
responses in terms of community response variables averaged
through time. Only on the individual level, we detected a lar-
ger average size in the rising compared to the constant treat-
ment. Our results hence expand the findings of Fox & Morin
(2001). These results suggest that the common practice of
using constant temperature to mimic the effects of tempera-
ture change on communities and populations is valid, at least
in the sub-lethal temperature range used in our experiment,
and if gradual change is slower than the generation time of
the focal organisms. How communities can respond to lethal
temperatures is currently an open question which can be
addressed in the wider context of community evolutionary res-
cue (Gonzalez et al. 2013).

CONCLUSION

Our study revealed when warming and enrichment interact
across levels of organisation. Although interactions occurred
frequently and are expected to render predictions more diffi-
cult, our observations were generally well captured by a theo-
retical model that integrates interdependencies among trophic
levels. Considering responses from the individual to the
ecosystem level helped us to understand how changes at one
level affect higher or lower ecological levels. Whereas chal-
lenging, considering these pathways in natural ecological sys-
tems is critical to understand and predict the implications of
ongoing environmental change.
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