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Warming modifies trophic cascades and eutrophication
in experimental freshwater communities

PaveL KRATINA,'*® HaMisH S. GREIG,"? PATRICK L. THOMPSON,'* TiciaNA S. A. CARVALHO-PEREIRA," AND

JONATHAN B. SHURIN'?

' Biodiversity Research Centre and Zoology Department, University of British Columbia, Vancouver BC V6T 1Z4 Canada

2Department of Forest Sciences, University of British Columbia, Vancouver, British Columbia V6T 174 Canada

3Department of Biology, McGill University, Montreal QC H3A 1BI Canada
“Department of Botany, Federal University of Bahia, Salvador BA 40170 115 Brazil

3Section of Ecology, Behavior and Evolution, University of California—San Diego, La Jolla, California 92093 USA

Abstract. Climate warming is occurring in concert with other anthropogenic changes to
ecosystems. However, it is unknown whether and how warming alters the importance of top-
down vs. bottom-up control over community productivity and variability. We performed a 16-
month factorial experimental manipulation of warming, nutrient enrichment, and predator
presence in replicated freshwater pond mesocosms to test their independent and interactive
impacts. Warming strengthened trophic cascades from fish to primary producers, and it
decreased the impact of eutrophication on the mean and temporal variation of phytoplankton
biomass. These impacts varied seasonally, with higher temperatures leading to stronger
trophic cascades in winter and weaker algae blooms under eutrophication in summer. Our
results suggest that higher temperatures may shift the control of primary production in
freshwater ponds toward stronger top-down and weaker bottom-up effects. The dampened
temporal variability of algal biomass under eutrophication at higher temperatures suggests
that warming may stabilize some ecosystem processes.
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INTRODUCTION

Human-induced climate warming is transforming
biological communities, yet is only one of a suite of
anthropogenic stressors that includes eutrophication,
declining predator populations, biotic invasions, and
land-use changes (Tylianakis et al. 2008, Ormerod et al.
2010). In addition to its direct impacts, warming can
modify communities via synergistic or antagonistic
interactions with other changes (Sala et al. 2000, Darling
and Cotée 2008). While we are beginning to understand
how elevated temperature alters the strength of trophic
interactions (Barton et al. 2009, O’Connor et al. 2009,
Hoekman 2010), it is poorly understood whether
warming counteracts or intensifies the impacts of other
anthropogenic perturbations on community structure
and variability (Montoya and Raffaelli 2010, Wood-
ward et al. 2010). Furthermore, previous work has
largely focused on responses of individuals and popu-
lations (Walther et al. 2002), and our understanding of
interactive temperature effects at a community level is
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rudimentary (Montoya and Raffaelli 2010, Walther
2010).

Physiological, population, and food web studies
suggest that ambient temperature may alter the sensi-
tivity of primary producers to eutrophication and
predators. Warming has been shown to favor superior
competitors for nutrients (Falkowski and Oliver 2007)
and to alter species compositions (Winder et al. 2009,
Yvon-Durocher et al. 2010). Warming can also exert
differential responses of organisms at different trophic
levels (Yvon-Durocher et al. 2010), which may alter
interaction strengths and move consumer—resource
dynamics among stable, cyclic, or chaotic domains
(Vasseur and McCann 2005). For example, the respira-
tion rate of heterotrophs can increase more rapidly with
temperature than photosynthesis by autotrophs (Allen
et al. 2005). In the short term, the greater sensitivity of
consumers than producers to temperature change may
strengthen top-down control over primary production
by increasing grazing rates (O’Connor et al. 2009). Over
many grazer generations, however, warming may
weaken consumer—resource interactions because meta-
bolic demands of consumers often increase with
temperature faster than their feeding rates (Rall et al.
2010), reducing consumer fitness and biomass relative to
producers. These potential warming effects on commu-
nity structure can either reduce or increase temporal
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variability of primary producers in the face of other
environmental perturbations.

Adding to this uncertainty, the strengths of bottom-
up and top-down forces are not likely to be constant
over the year, but rather show seasonal changes
associated with shifts in ambient temperature. This is
particularly true in the shallow lakes and ponds in
temperate zones, where plankton communities show
pronounced seasonal patterns associated with differenc-
es in the timing of events in the producer and consumer
communities. Greater sensitivity of higher trophic levels
to elevated temperature (Petchey et al. 1999, Vasseur
and McCann 2005) could also produce stronger trophic
cascades during periods when predators are limited by
temperature. Additionally, because warming can favor
dense blooms of toxic cyanobacteria (Johnk et al. 2008),
elevated temperatures may magnify the effects of
eutrophication in summer. Therefore, nonlinear and
unequal sensitivities of autotrophs and heterotrophs to
temperature may lead to pronounced seasonal changes
in the strength of indirect effects of resources and
predators in warmer climate regimes.

Here, we factorially manipulated warming (+3°C),
nutrients (nitrogen and phosphorus), and the presence
of fish predators (Gasterosteous aculeatus) in freshwater
mesocosms to test the impact of elevated temperature
(one important manifestation of climate change) on the
relative strength of top-down and bottom-up forces. We
investigated whether plankton communities respond to
environmental perturbations independently, or if inter-
active effects among multiple perturbations better
explain the changes in community structure and
dynamics. A synergistic effect implies that communities
exposed to warming have lower resistance to other
perturbations, while an antagonistic interaction suggests
the opposite. In addition to the mean responses, we also
compared temporal variability in primary producer
biomass among the treatment combinations. This
experimental design generated time series of phyto-
plankton biomass estimates in 40 experimental commu-
nities sampled weekly over the 16-month period. Our
study therefore encompassed the full annual tempera-
ture cycle and enabled us to assess whether the top-down
and bottom-up effects of interacting perturbations are
constant throughout the year or change seasonally.

METHODS
Experimental design

We factorially manipulated temperature, nutrients,
and the presence of planktivorous fish in outdoor
freshwater experimental mesocosms (1136-L tanks, 0.6
m deep, 1.5 m in diameter; Rubbermaid, Sandy Springs,
Georgia, USA) situated on a gravel pad at the
University of British Columbia, Vancouver, Canada
(see Plate 1). The permanently uncovered mesocosms
were filled with municipal water and left for one week
after filling to allow chlorine to evaporate before the
organisms were introduced. Mesocosms were inoculated

PAVEL KRATINA ET AL.

Ecology, Vol. 93, No. 6

with zooplankton (cladocerans, copepods, and rotifers),
phytoplankton, and microbes from a nearby pond by
adding 1 L of sediment containing spores and eggs, and
adding live plankton collected using a 64-um mesh
conical tow net. The experimental communities (total
pool of about 50 phytoplankton and 20 zooplankton
taxa) increased in densities and assembled from the
inoculums and natural dispersal for three weeks prior to
the application of treatment perturbations. Submersible
water heaters (300 W; Hagen, Montreal, Quebec,
Canada) in one-half of the tanks maintained a contin-
uous 3.04° £ 0.05°C (mean = SE) increase above the
ambient daily and seasonal temperature fluctuations of
unheated tanks. The water temperature was monitored
by HOBO Pendant data loggers (Onset Computer
Corporation, Bourne, Massachusetts, USA) in 30-
minute intervals to ensure that the heaters maintained
a consistent temperature difference between the warmed
and ambient tanks over the course of the experiment (see
Appendix A). This temperature difference falls within
the conservative projections of increases in surface water
temperatures over the next century (Ramanathan and
Feng 2008). We added 264 ng of nitrogen/L (as NaNO3)
and 27 pg of phosphorus/L (as KH,PO4) monthly to
nutrient addition tanks, resulting in N:P molar ratio of
22. We introduced five threespine sticklebacks (Gaster-
osteus aculeatus) of standard body length 52.4 * 0.05
mm/tank (mean = SE) on 9 June 2009 to initiate
predation treatments (see Plate 1). Stickleback have been
previously shown to generate trophic cascades by
suppressing zooplankton in pond ecosystems (Bell et
al. 2003, Harmon et al. 2009). Stickleback that died
during the experiment were replaced with similar-sized
individuals from the same source population (Wood-
ward Slough, Richmond, British Columbia, Canada).
Randomly assigned treatment combinations were repli-
cated five times, resulting in 40 experimental communi-
ties. Water levels were maintained throughout the
experiment by frequent natural precipitation and
additions of equal volumes of filtered water to each
tank once during each summer.

Outdoor mesocosms provide a useful intermediary
between laboratory microcosms and whole-system
experiments. Mesocosms enable controlled manipula-
tion of multiple perturbations with sufficient replication
for statistical power, while also providing species
diversity, fluctuating environmental conditions, and
permeable surface boundaries comparable to natural
shallow ponds. Moreover, recent work revealed that the
effects of nutrients on primary producers are qualita-
tively similar in artificial aquatic habitats across five
orders of magnitude in size (Spivak et al. 2011). Natural
lake ecosystems encompassing a great degree of biotic
and structural complexity were studied previously in
response to climate warming (Schindler et al. 1990),
predator addition, or removal (Carpenter et al. 1985), as
well as eutrophication (Schindler 1977). Simultaneous
factorial manipulation of all three factors with replica-
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PrATE 1.
Vancouver, Canada. (Right) Five threespine stickleback (Gasterosteus aculeatus) were used as apex predators in each mesocosm.
Photo credits: left, P. Kratina; right, Gerrit Velema.

tion at the lake level, however, is logistically impossible.
Outdoor mesocosms cannot incorporate all physical
components of natural ecosystems, but enable us to
examine the effects of temperature on bottom-up and
top-down processes in diverse systems experiencing
natural levels of environmental variation.

Sampling

We sampled phytoplankton community biomass
weekly by measuring the concentration of chlorophyll
a in the water column with in vivo fluorometry (Trilogy;
Turner Designs, Sunnyvale, California, USA). Phyto-
plankton community composition was assessed from 50-
mL samples collected at the end of the experiment and
fixed with Lugol’s iodine solution (5%). At least 200 cells
were counted in Utermohl chambers under magnifica-
tions of 200 or 400X. Taxa with very high densities were
counted from 1.6-mL subsamples. These data were used
to compare diversity (genus richness) and community
taxonomic composition among the different treatment
combinations. We also collected 10-L depth-integrated
zooplankton samples on five sampling occasions across
all seasons. Samples were pooled from multiple depths
and locations within the tanks to minimize spatial
variation within each tank, filtered through a 64-um
sieve, and fixed with Lugol’s solution. Zooplankters
were identified to the lowest taxonomic resolution
(usually genus), counted, and measured under 10X
magnification, and biomass estimated with length-mass
regressions (Dumont and Balvay 1979, McCauley 1984).
Whole samples were analyzed and taxa with fewer than
500 individuals present were counted. Samples with
more than 500 individuals of any taxa were subsampled
so that at least 500 animals were counted to estimate
zooplankton densities.

Statistical analyses

In order to estimate the effects of warming on bottom-
up and top-down perturbations on chlorophyll «a
concentration, mean zooplankton community body size,
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(Left) The experiment was performed in freshwater mesocosms situated at the University of British Columbia,

and total zooplankton biomass, we constructed a linear
mixed-effects model (LME) in which warming, nutri-
ents, predators, and sampling occasion were fixed
independent variables. Time was treated as a fixed
factor because we were specifically interested in the
secasonality of the effects. We treated the individual
mesocosm as a random factor and accounted for
temporal autocorrelation using AR(1) function (Pin-
heiro and Bates 2000). Both phytoplankton and
zooplankton data were log,-transformed prior to the
analyses to achieve normality of residuals and to
improve homoscedasticity of variances.

One goal of our study was to test the interactive
effects of the three press perturbations on the phyto-
plankton community. The magnitude of trophic cas-
cades and eutrophication effects under warming indicate
the extent to which the mean response of phytoplankton
to top-down and bottom-up forces is altered by
temperature. We used the linear mixed-effects model
to test the significance of the interaction terms, and
temporal patterns in the value of the interaction
coefficient to indicate the seasonal dependence of
synergistic and antagonistic effects of the treatments.

In addition to the mean response, we also assessed
temporal stability of phytoplankton community biomass
across all treatment combinations. Stability was calcu-
lated as the coefficient of variation (CV) of the
dispersion of the phytoplankton biomass observations
through time around the arithmetic mean for each
replicate and subsequently analyzed with a three-way
ANOVA. CV has been commonly used as a metric of
stability in recent terrestrial (Haddad et al. 2011),
marine (Schindler et al. 2010), and freshwater studies
(Howeth and Leibold 2010).

In order to investigate the potential mechanisms
driving the variability of primary producer biomass,
we assessed the effects of the three perturbations on
community composition and taxonomic richness. Treat-
ment effects on richness were analyzed using a three-way
ANOVA, and taxonomic community compositions were
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Fig. 1. Temporal effect of warming, fish, nutrients, and their interactions on (a, b) phytoplankton biomass and (c, d) mean

zooplankton body size. Each point represents the effect size measured as the factorial ANOVA parameter estimate for (a, c) the
main effects and (b, d) two-way interactions on a particular sampling date. The gray zone represents the 95% confidence intervals
around zero; therefore the effect is significant when the point lies outside the band. The black curve in panels (c) and (d) represents

dynamics in the mean daily air temperature over the course of whole study (scale on right-hand axis).

analyzed using redundancy analysis (RDA; Legendre
and Legendre 1998). RDA is a commonly used form of
linear ordination that directly relates species composi-
tion to measured environmental factors (direct gradient
analysis), which in our case were experimental treat-
ments. Phytoplankton cell densities and zooplankton
community biomass data were transformed using a
Hellinger transformation to reduce the influence of
outliers (Legendre and Gallagher 2001). Significance of
each treatment and interaction was determined using
Monte Carlo permutation tests on the results of the
RDA. The responses of individual taxa to different
treatment combinations are visualized in the redundancy
ordination plot in the directions of a particular
treatment or treatment interactions. All statistical
analyses were performed in R 2.11.1 (R Development
Core Team 2010), using R-packages nlme and vegan.

REsuULTS

The treatments had both independent and interactive
effects on primary producers that varied seasonally (Fig.
1; Appendix F). We observed strong positive main
effects of fish via trophic cascades (linear mixed-effects
model [LME], F; 5, =82.177, P < 0.001; Fig. la) and of
eutrophication (LME, F; 3,=79.728, P < 0.001; Fig. la)
on phytoplankton biomass across all seasons. In
contrast, warming had a negative main effect on

phytoplankton biomass (LME, F,;, = 21.909, P <
0.001), which was most apparent during the second
summer (Fig. 1a).

Our experimental approach allowed us to test
cumulative impacts of multiple environmental forces
on phytoplankton and zooplankton. We found that
warming magnified the strength of trophic cascades
from fish to phytoplankton and this effect varied over
time (LME, warming X fish X time, Fsg jg33 =2.385, P <
0.001; Fig. 1b). Warming reduced phytoplankton
biomass during winter in the absence of fish, while the
effects were weakly positive when fish were present
(Appendix B). Fish also enhanced the positive effects of
nutrients on phytoplankton biomass once nutrient
effects became established in the winter (LME, fish X
nutrients X time, F59,1888 = 3550, P < 0001, Flg lb)
No interaction between warming and nutrients was seen
until the second summer when dense algal blooms
erupted in the fertilized mesocosms at ambient temper-
ature, but not in the warmed mesocosms (LME,
warming X nutrients X time, Fsg 335 = 1.936, P <
0.001; Fig. 1b). Warming therefore enhanced the
cascading effects of fish on phytoplankton in the winter
and reduced the effects of nutrients in the summer, while
fish increased sensitivity to eutrophication across all
seasons. During the short period in winter (~7 days)
when mesocosms were covered with ice, phytoplankton
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Fic. 2. Phytoplankton dynamics, measured as log.-transformed chlorophyll a concentrations (originally measured in pg/L),

across all eight treatment combinations (7 = 5). Treatment combinations in the top row are (a) control, (b) fish, (c) nutrients, (d)
nutrients and fish; the bottom row corresponds to the treatments above, but with addition of warming. Colored lines represent time
series in individual mesocosms. The samples were collected at approximately one-week intervals for 16 months.

biomass declined in all treatments and increased again
after the ice melted. The ice thickness was substantially
lower in the warm (2.35 = 0.22 cm, mean = SE, n =20
mesocosms) than in the ambient (9.75 = 0.18 cm, mean
+ SE, n = 20) mesocosms. Only two mesocosms had
gaps in the ice cover and both were warmed.

Stickleback caused strong trophic cascades by reduc-
ing the mean body size of the zooplankton community
(LME, F;3 = 69.641, P < 0.001; Fig. lc). This
mechanism is consistent with whole-lake trophic cascade
studies suggesting that the size structure of the
zooplankton community is important for determining
its grazing impact on phytoplankton (Carpenter et al.
1985). Warming strengthened the negative effect of
stickleback on zooplankton body size in winter (Fig.
1d), but not in the other seasons, although there were no
significant interactive effects of fish and warming on
body size in the LME (Appendix G). Zooplankton
community composition also confirmed that the effects
of warming on grazer communities drove the stronger
trophic cascades in winter. A significant main effect of
warming was evident in winter and spring, with higher
biomass of the large-bodied grazers Daphnia and
Ceriodaphnia in warmed tanks (Appendix C).

In addition to the effects on mean phytoplankton
biomass and zooplankton community composition, the
treatments dramatically altered patterns of temporal

variability of chlorophyll ¢ within mesocosms (Figs. 2
and 3; Appendix D). Eutrophication increased variation
in phytoplankton community biomass (increased CV,
Fi3 = 16973, P < 0.001; Appendix D); however,
warming substantially reduced the CV across all
treatments (F; 3, = 8.314, P =0.007; Appendix D), with
the strongest effect in the fertilized mesocosms (warming
X nutrients, Fj3; = 18.839, P < 0.001; Appendix D).
Warming dampened the effects of eutrophication on
phytoplankton by reducing both the dense algal blooms
that occurred in the second summer (chlorophyll ¢ up to
800 pg/L), and the large, asynchronous fluctuations
throughout the entire experiment in the tanks at ambient
temperature (Fig. 2c, d). The scaling between the mean
and standard deviation in chlorophyll a concentration
showed a flatter relationship in warmed mesocosms than
those at ambient temperature (Fig. 3). Predators also
reduced the temporal variability of phytoplankton
biomass (reduced CV, F; 3,=9.196, P=0.005; Appendix
D).

We found that eutrophication significantly reduced
the number of phytoplankton genera per sample (Fy 3, =
9.196, P =0.041; Appendix E). In addition to the lower
richness, the treatments had independent and interactive
effects on phytoplankton taxonomic composition. The
warming effect depended on both fish and nutrient
treatments (Appendix H). The fertilized mesocosms with
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Fic. 3. Temporal variations of experimental phytoplankton
communities relative to their means across all eight treatment
combinations. The chlorophyll @ concentrations (pg/L) were
log.-transformed prior to computing the standard deviations
and arithmetic means. Error bars show *=SE from the mean of
five replicates. Large symbols represent warmed mesocosms;
small symbols are mesocosms with ambient temperature.
Squares indicate the presence of fish; circles are mesocosms
without fish; solid symbols indicate fertilized mesocosms; open
symbols indicate no additional nutrients. Linear regression fits
for the mesocosms with ambient (dashed line) and ~3°C above
ambient (solid line) temperature are shown. The y-axis has data
points for the mean SD (among mesocosms), but the vertical
error bars are SE of the mean standard deviations.

ambient temperature were dominated by Palmellococcus
(reaching densities up to 2 X 10° cells/mL) as indicated
by the positive correlation of both Palmellococcus and
nutrients with RDA Axis 2 (Fig. 4). The genus
Palmellococcus was, however, negatively associated with
all the warming treatment combinations (plotted in the
opposite direction to the warming treatments; Fig. 4).
Strong dominance by Palmellococcus might have con-
tributed to higher community variation in the fertilized
treatments at ambient but not high temperature if its
numbers fluctuated more than other taxa (compare two
polygons in Fig. 4; Appendix H).

DiscussioN

Our results suggest that higher temperatures signifi-
cantly alter the impact of top-down and bottom-up
forces on the mean and temporal variation in phyto-
plankton biomass in shallow freshwater systems. Cli-
mate warming is one of a suite of anthropogenic
perturbations taking place simultaneously in ecological
systems (Tylianakis et al. 2008, Ormerod et al. 2010,
Woodward et al. 2010). However, there is great
uncertainty about the consequences of warming for
community structure and variability, especially in the
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context of eutrophication or predator manipulation, two
of the most pervasive and widespread human impacts on
ecosystems (Carpenter et al. 1998, Estes et al. 2011). We
found that warming made our experimental communi-
ties more susceptible to the cascading effects of
predators, but reduced their sensitivity to nutrient
enrichment.

The mechanism(s) behind the effects of warming on
the variability of primary producers under eutrophica-
tion are not known but may reflect changes in
physiology, algal community composition, or zooplank-
ton grazing with temperature. We observed shifts in the
taxonomic composition of phytoplankton among the
treatments varying in their perturbation regime. We
found that mesocosms with nutrients had lower
taxonomic richness and were dominated by genus
Palmellococcus (Chlorophyta) at the end of the exper-
iment. Consistent with the paradox of enrichment
(Rosenzweig 1971), eutrophication potentially contrib-
uted to large temporal fluctuations in the biomass of this
dominant genus. Palmellococcus was, however, nega-
tively associated with warming (Fig. 4), reaching
densities three orders of magnitude lower (maximum
of 1.3 X 10° cells/mL) in fertilized mesocosms under
warming than at ambient temperature. Such changes in
community composition may contribute to different
variability in the combined phytoplankton biomass
across treatments if the species that dominated the
eutrophic tanks under warming show greater population
dynamic stability than those in eutrophic tanks with
ambient temperature.

Alternatively, if the metabolic demands of zooplank-
ton increased faster with warming than their ingestion
rates, then elevated temperature may have decreased
zooplankton population growth rate, thereby dampen-
ing consumer—resource fluctuations (Rall et al. 2010).
The stronger temperature dependence of metabolism
than feeding could be a feature of many consumers that
can contribute to stabilization of consumer-resource
dynamics as temperatures rise (Rall et al. 2010, Vucic-
Pestic et al. 2011). Finally, the antagonistic interactions
between eutrophication and warming in summer may
have resulted from the high biomass of benthic diatoms
and filamentous algae in these mesocosms that competed
with limnetic algae (Trochine et al. 2011). Although not
tested in this study, interactions between phytoplankton
and bacteria (Fouilland and Mostajir 2010) or enhanced
accumulation of organic matter under enrichment and
warming (Wohlers et al. 2009) could have also
contributed to the observed patterns in the phytoplank-
ton biomass. Our novel finding is supported by a recent
microcosm study indicating lower phytoplankton vari-
ability under elevated temperature (Burgmer and Hille-
brand 2011); however, more empirical work is needed in
order to discriminate among the proposed mechanisms
in natural ecosystems. Furthermore, our results call into
question the expectation that warming should generally
lead to larger algae blooms and greater variability in



June 2012 INTERACTIVE IMPACTS OF WARMING 1427
10 e Control
Warmed
O Nutrients
A Fish
0.5 —
PalmglfBcoceus
g Fish
£
13y i S . NUSU _Selenastrum
Cryptomonas N X
® Chromulifa
L ]
Nutrients X fish
—05 . Warming
o Warming X fish
. Warming X nutrients
T I 1 I T
-1.0 -0.5 0.0 0.5 1.0
RDAA1

F1G. 4. The response of phytoplankton community composition to multiple perturbations analyzed by redundancy ordination
(RDA) on Hellinger-transformed density data. All the two-way interaction terms and the main effects except of warming are
significantly different (P < 0.05; statistical summary is presented in Appendix H). The black polygon represents mesocosms with
nutrients and nutrient + fish treatments (n = 10) at ambient temperature; the gray polygon represents the same treatments in the
warmed ~3°C mesocosms (7 = 10). All phytoplankton taxa were included in the analysis, but taxa centered on the origin are not

shown to improve clarity.

aquatic production (Johnk et al. 2008), and correspond
with recent findings from a marine system (Vidussi et al.
2011).

We showed that the combined effects of warming with
both predator treatment and eutrophication on mean
phytoplankton biomass varied over time. Higher tem-
peratures led to stronger top-down effects in winter and
reduced algal blooms under eutrophication in summer,
but this latter effect was evident only during the second
year. The period from June to September 2009 likely
represents transient dynamics during which phytoplank-
ton and zooplankton communities assembled and
productivity was low relative to the summer of 2010.
Stronger trophic cascades with warming during winter
months likely occurred because higher temperatures
allowed large-bodied zooplankton to persist through the
winter in the absence of stickleback, but not in their
presence. Population growth and feeding rates of
Daphnia are sensitive to cold water temperatures (Burns
1969) and warming likely increased Daphnia’s activity

throughout the winter, exerting the strong top-down
control over phytoplankton in the tanks with no fish.
Large zooplankton like Daphnia are often negatively
affected by high temperatures during the summer
(Moore et al. 1996), therefore we may have expected
to see a weakening of trophic cascades by elevated
temperatures during the warm months. However, this
was not the case. Furthermore, the foraging rates of
stickleback are also temperature dependent (Elliott and
Leggett 1996), and increased activity of stickleback with
warming likely contributed to the temporal dynamics in
the strength of trophic cascades via increased predation
on large cladocerans. Other ecological effects, such as
phenological mismatch between phytoplankton bloom
and the peak abundance of the key zooplankton
herbivores or changes in the mixing events (Sommer et
al. 1986) caused by warming may contribute to the
seasonal patterns observed in natural systems.

Our results agree with studies in grasslands showing
that elevated temperatures strengthened the cascading
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effects of spider predators on plant production (Barton
et al. 2009). Warming has also been shown to reduce
primary production at the base of aquatic food webs
(Yvon-Durocher et al. 2010, Burgmer and Hillebrand
2011), with indirect effects propagating upward to
higher consumers. In contrast, two mesocosm experi-
ments did not detect any effects of warming on top-
down or bottom-up processes (reviewed in Moss 2010),
likely due to low phytoplankton biomass (on average
threefold lower chlorophyll concentrations in the
nutrient and predator treatments than in our study).
However, our findings are in good agreement with
theoretical expectations (Allen et al. 2005) and experi-
mental findings of Yvon-Durocher et al. (2010) who
showed reduced phytoplankton biomass and no change
in zooplankton biomass due to warming in communities
similar to ours. These studies measured the combined
effects of warming and different local-scale perturba-
tions, but did not include the temporal replication
necessary to reveal the complex seasonal dynamics that
we observed over many generations of primary produc-
ers. Our results add to a growing body of evidence that
warming strengthens top-down control (O’Connor et al.
2009, Hoekman 2010), and provide novel evidence that
the magnitude of this effect varies seasonally. In
addition, the negative interaction between warming
and nutrient effects on mean and variability of
phytoplankton biomass has not to our knowledge been
shown previously, and implies a shift toward stronger
top-down and weaker bottom-up control with warming.

It is important to note the domain to which the
conclusions from our experiment apply. The mesocosms
contained simplified communities with limited physical
complexity (e.g., no vertical stratification or habitat
variability due to depth gradients or extensive macro-
phyte beds). However, taxonomic diversity and compo-
sition of zooplankton, phytoplankton, and zoobenthos
were very similar to natural shallow ponds or the littoral
zones of lakes. Recent research shows that mesocosms
support multitrophic food webs that are structurally
comparable to natural networks (Brown et al. 2011),
suggesting that conclusions derived from mesocosm
studies may reflect the responses of natural food webs to
multiple perturbations (Woodward et al. 2010, Spivak et
al. 2011). Although the use of such experimental
mesocosms has been criticized for lack of applicability
to natural systems (Carpenter 1996), we argue that the
study included such diverse communities and experi-
enced a sufficient range of environmental variability to
serve as a strong test for the effects of warming on the
transmission of top-down and bottom-up forces in food
webs. The results indicate that the interactive effects of
global- and local-scale perturbations on different
elements of ecosystem stability are likely to be substan-
tial. Whether similar effects will occur across a range of
aquatic environments with different physical structures
and environmental conditions remains to be seen;
however, our results indicate that such effects may be
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sufficiently important to warrant further study. Fur-
thermore, increased atmospheric CO, may alter phyto-
plankton community palatability, either directly or in
concert with increased temperatures. This could poten-
tially modify the patterns we found based on the effects
of temperature alone and remains a promising venue for
future research.

Phytoplankton account for approximately one-half of
all global primary production (Falkowski et al. 1998),
but their abundance and variability is being altered by
climate warming (Behrenfeld et al. 2006). Our results
show that the effects of warming on phytoplankton may
depend on local environmental conditions such as
nutrient inputs and the intensity of grazing, as regulated
by top predators. Therefore, in addition to the novel
insights into the effects of climate warming on commu-
nity variability, our results provide context for under-
standing variation among aquatic habitats in the effects
of warming on primary production. The potential
interactive effects of temperature and local-scale pertur-
bations on freshwater food webs raise considerable
uncertainty about the effects of future climate regimes.
Our results point to a strong potential for both
stabilizing and destabilizing effects of warming on the
responsiveness of ecosystems to top-down and bottom-
up perturbations.
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SUPPLEMENTAL MATERIAL

Appendix A

Mean daily water temperature in heated and unheated mesocosms over the course of the experiment ( Ecological Archives E093-
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Appendix B

Interactive effect of warming and predation during winter (Ecological Archives E093-124-A2).

Appendix C

The response of zooplankton community composition to different treatments (Ecological Archives E093-124-A3).

Appendix D

Temporal variability of experimental phytoplankton communities across all treatment combinations as illustrated by coefficient
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Appendix E

Phytoplankton genus richness as a function of treatment combinations (Ecological Archives E093-124-A5).

Appendix F

Linear mixed effects model summary statistics for the log,-transformed phytoplankton biomass (Ecological Archives E093-124-

A6).

Appendix G

Linear mixed-effects model summary statistics for the log.-transformed mean zooplankton community body size (Ecological
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Appendix H

Summary statistics for the redundancy analysis (RDA) on Hellinger-transformed phytoplankton taxonomic composition data
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