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Climate constrains lake community and
ecosystem responses to introduced
predators

C. C. Symons and J. B. Shurin

Department of Biological Sciences, Ecology, Behavior and Evolution Section, University of California, San Diego,
9500 Gilman Drive, La Jolla, CA 92093, USA

Human activities have resulted in rising temperatures and the introduction or

extirpation of top predators worldwide. Both processes generate cascading

impacts throughout food webs and can jeopardize important ecosystem

services. We examined the impact of fish stocking on communities and eco-

systems in California mountain lakes across an elevation (temperature and

dissolved organic carbon) gradient to determine how trophic cascades and

ecosystem function vary with climate. Here, we show that the impact of

fish on the pelagic consumer-to-producer biomass ratio strengthened at low

elevation, while invertebrate community composition and benthic ecosystem

rates (periphyton production and litter decomposition) were most influenced

by predators at high elevation. A warming climate may therefore alter the stab-

ility of lake ecosystems by shifting the strength of top-down control by

introduced predators over food web structure and function.
1. Introduction
Predators can have a large impact on community structure, biomass and ecosys-

tem productivity in terrestrial, marine and freshwater ecosystems through trophic

cascades [1,2]. However, the magnitude of predator effects (i.e. trophic cascade

strength) [2] varies tremendously within and among systems. While there are

iconic examples of trophic cascades across many types of ecosystems [2], similar

studies have shown weak or non-existent effects under different conditions [3].

Climate and its indirect effects on species interactions may be one of the many

factors explaining variation in predator effects. Trophic cascade strength may

be influenced by temperature and associated terrestrial subsidies to aquatic

environments [4]. Temperature may influence trophic cascade strength because

organisms within a community vary in their thermal sensitivity [5]. Similarly,

terrestrial subsidies to aquatic environments may influence trophic cascade

strength by disproportionately benefitting top predators [6]. Therefore, indirect

effects of climate, as a result of changing species interactions, may be as important

as the direct physiological effects of climate on populations [7,8]. However, there

is a lack of data from natural systems to predict the effect of climate on trophic

interactions and resulting changes to future ecosystem states.

Two major changes occurring in aquatic systems as a consequence of climate

change are warming and ‘browning’, or increasing inputs of dissolved organic

carbon (DOC) of terrestrial origin. Indications of warming are apparent in rising

water temperatures, reduced duration of ice cover and shallower mixed-layer

depths [9]. Allochthonous DOC inputs to inland waters in Europe and North

America have increased concurrently with warming since the 1990s [10], due to

decreasing atmospheric acid deposition [11], an increase in soil decomposition

[12] or increases in vegetation growth in alpine watersheds due to tree-line advance

[13]. Thus, increases in temperature and DOC are occurring simultaneously, yet we

have little understanding of their independent or synergistic effects on lake

ecosystems.

Experiments and theory show that trophic cascades may become stronger at

warmer temperatures and higher DOC concentrations [4,6,14–16]. Predictable

scaling of physiological processes such as photosynthesis and metabolism with
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temperature allow for mechanistic modelling of food web

interactions and dynamics under global warming [4,15].

Food web models predict that the ratio of herbivores to produ-

cer biomass should increase with temperature, suggesting

that higher temperature increases top-down control [16].

Experiments manipulating temperature also generally show

stronger top-down control at high temperatures [14,16]. For

example, Shurin et al. [16] showed that warming by 38C
magnified the cascading impact of fish predators on phyto-

plankton in shallow experimental freshwater ecosystems.

Studies to date have largely focused on responses to warming

due to differential physiological responses of organisms to

their environment [5]. Less is known about the impact of brow-

nification on top-down control [6]. DOC may have similar effects

to temperature by subsidizing higher trophic levels, leading to

increased predation and stronger cascading effects on lower

trophic levels [6,17]. However, the independent and interactive

effects of temperature and allochthonous detritus on the strength

of trophic cascades in natural lakes remain unknown.

Climate and predators may interactively affect food web

structure in lakes because they each exert large effects on a

common set of prey traits [18–20]. For instance, fish preferen-

tially prey on large zooplankton (e.g. keystone Daphnia spp.),

reducing zooplankton mean body size [18]. Warmer water

also selects for smaller body size of aquatic organisms

across trophic levels [20,21]. As both the presence of fish

and higher temperatures favour smaller zooplankton body

size, we expect the two to exert interactive effects on lake

food webs and ecosystems.

In addition, fish and warming influence rates of production

and decomposition in benthic ecosystems [16,22]. Benthic food

webs have greater overlap in body size between trophic levels

than in pelagic environments [23]. Trophic interaction strength

is increased by larger predator–prey size ratios [24]. As preda-

tor–prey size ratios are often greater in pelagic than benthic

habitats [23], the effect of predators on lower trophic levels

may also be stronger. However, the interactive effects of preda-

tors and climate on benthic productivity and decomposition in

natural lakes are unknown.

Alpine lakes in the Sierra Nevada mountains are an ideal

system to ask questions about the independent and interactive

effects of climate and changing trophic structure. Altitudinal

variation provides a natural gradient in temperature and

DOC, and while all lakes are naturally fishless, some contain

introduced populations of trout. We tested the hypothesis

that trophic cascades are stronger at lower elevations in moun-

tain lake ecosystems where communities have assembled and

species have adapted to different climates and predation

regimes over periods from decades to millenia. Here, we

show that turnover in species composition and traits can

buffer against changes in biomass ratios induced by introduced

trout in high-elevation, but not low-elevation lakes.
2. Material and methods
(a) Sampling design
The study concentrated on 29 lakes that varied in elevation, of

which 15 contained trout populations and 14 were fishless.

The presence of fish was determined by a survey published in

2001 [25] and sustained fish presence was confirmed by visual

inspection at the time of sampling at each lake by observing

fish through the water or jumping at the surface. Brook trout
(Salvelinus fontinalis) and rainbow trout (Oncorhynchus mykiss)

are the only species found in these lakes and fish biomass is

greater in high elevation lakes (R. Knapp 2013, personal com-

munication). In July and August 2013, we collected samples of

macroinvertebrates, zooplankton, chlorophyll-a (chl-a), water

chemistry and ecosystem rate measurements (benthic production

and litter decomposition) from each lake. All lakes were sampled

twice, 31 days apart, except for four fishless lakes that were only

sampled once due to a forest fire (the Rim Fire), and three fishless

lakes were sampled 28 days apart due to the likelihood that fire

would move into the area.
(b) Sampling procedure
During the first visit to each lake a HOBO pendant temperature

logger (Onset Computer Corporation, Bourne, MA, USA) was

installed at an approximately 45 cm depth at the edge of the

lake. The logger recorded temperature at hourly intervals between

the two sampling dates. Zooplankton samples were collected from

the deepest point of the lake by pulling a 63 mm mesh conical net

with a 30 cm diameter through the water column, starting 2 m

above the lake bottom. Macroinvertebrate samples were collected

using a 20 cm wide sweep net with 0.5 mm mesh. Twenty 1 m

sweeps were taken from the shoreline and care was taken to

include sweeps from each type of littoral substrate. Zooplankton

and macroinvertebrates were preserved in 70% ethanol.

Macroinvertebrate samples were enumerated and identified in

their entirety, usually to the taxonomic level of family. Zooplank-

ton samples were identified and enumerated using a Leica

microscope, using a protocol designed by Girard & Reid [26].

Successive subsamples representing between 0.5 and 4% of stan-

dardized 100 ml sample volume were processed until a

minimum of 250 individuals were enumerated, such that the maxi-

mum contribution of each individual taxon to the total count was

less than 50 for adults and less than 30 for copepidids and nauplii,

even if more of these individuals were enumerated. After 250 indi-

viduals were enumerated, the remaining sample was scanned to

detect rare species. Adult crustacean zooplankton were identified

to the species level, copepodites were identified to order and roti-

fers were identified to genus. For both macroinvertebrate and

zooplankton samples, 15 individuals of each taxon from each

lake were measured and converted to biomass using published

length–weight regressions. Community biomass was calculated

using a weighted average of the lake-specific biomass of each taxa.

Surface water samples were collected at the deepest point of

each lake using a 1 m integrated tube sampler and filtered through

63 mm mesh to remove zooplankton. For chl-a analysis, a known

volume of water was filtered through a glass fibre filter (Whatman

GF/F, pore size 0.45 mm), which was kept cool until returning to

the laboratory and then frozen until extraction. Chl-a concentration

was then determined using a Turner Trilogy fluorometer (Turner,

USA) following a 24 h cold (approx. 48C) methanol extraction.

At the deepest point in each lake we took in situ measure-

ments of temperature, conductivity, dissolved oxygen (DO)

and pH at each metre of depth using a field probe (YSI Incorpor-

ated, Yellow Springs, Ohio, USA). Surface water samples for total

Kjeldahl nitrogen (TKN), total phosphorus (TP), DOC and alka-

linity were collected from the deepest point of each lake using a

1 m integrated tube sampler, filtered through 63 mm mesh to

remove zooplankton and stored in a cool place until returning

to the laboratory. TKN and TP samples were preserved in

20 ml triple-rinsed high-density polyethylene (HDPE) scintil-

lation vials with H2SO4 to a pH below 2 and kept cool.

Samples were processed at the University of California, Davis

analytical laboratory (http://anlab.ucdavis.edu/) within 30

days of being collected. DOC samples were filtered through pre-

combusted glass fibre filters (Whatman GF/F filters, 0.45 mm

pore size) and preserved with HCl in triple-rinsed 40 ml glass

http://anlab.ucdavis.edu/
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vials. DOC was measured using a total organic carbon analyser

(TOC-V CSN, Shimadzu Scientific Instruments, Japan). Alka-

linity was measured using a total alkalinity test kit (Thermo

Scientific Orion total alkalinity test kit).

(c) Ecosystem function measurements
Benthic production was determined by measuring the growth of

periphyton on ceramic tiles placed at a depth of 30 cm, similar to

the one described in [22]. On the first visit to each lake, five

10.6 cm2 unglazed tiles were placed along the shore. On the

second visit, tiles were collected and periphyton was scrubbed

off and filtered through a glass fibre filter to be analysed in the

same way as chl-a samples. Benthic production was not measured

for four lakes that were only visited once due to fire, as well as one

that was fishless and three containing fish where the tiles disap-

peared. Benthic production was calculated as microgram of chl-a
per centimetre of tile produced over the incubation period.

Decomposition rates were measured by installing leaf litter

bags into each lake and measuring mass loss over time. Willow

(genus Salix) litter was collected from a single stand of trees

and dried for 24 h at 408C. We weighed 5 g of dried litter and

enclosed it in a 1 mm mesh bag. These bags were anchored to

the lake bottom at a depth of approximately 45 cm. Bags were

collected during the second visit to the lake. Upon returning to

the laboratory, all invertebrates present in the litter were separ-

ated and preserved in 70% ethanol for enumeration. Wet litter

was dried for 24 h at 408C and weighed to determine mass lost

during incubation. Decomposition rate was calculated as the

mass lost per day. In addition to the four lakes that were only

visited once, decomposition rate was not measured for two

lakes, one fishless and one containing fish, due to missing litter

bags. Invertebrates in the litter bags were identified, enumerated

and biomass was calculated according to the methods described

for macroinvertebrates.

(d) Calculations and statistical analysis
For all analyses, elevation was used as the predictor when we

were interested in the response along both the temperature and

DOC gradient, and DOC and temperature were analysed in struc-

tural equation models (SEMs) in order to distinguish their

independent effects. The mean temperature for each lake was cal-

culated as the mean recorded by the temperature logger between

the two sampling occasions. For lakes that were only visited

once and for three lakes where the temperature logger was lost,

the mean temperature was taken to be the mean temperature

recorded during sampling dates. Linear mixed-effects models

(LMEs) were used to determine additive and interactive effects

of fish and elevation on temperature, DOC, pH, conductivity,

DO, TKN and TP (electronic supplementary material, appendix

S1). Lake was included as a random effect to account for temporal

pseudoreplication. Data were log-transformed when it improved

normality by observing plots of fitted versus residual values, his-

togram of the residual values, normal quantile plots and

leverage plots. The function lme from the package ‘nlme’ was used.

To investigate the effect of elevation and fish on community

composition, we compared zooplankton species turnover along

elevation gradients in lakes with and without fish following [27].

First, rare species (those that both occurred in less than 5% of

lakes and represented less than 0.02% of total individuals across

all lakes) were removed from this analysis as they can have a dispro-

portionate influence on ordination results. Remaining species

abundances were Hellinger-transformed to reduce the influence of

zeros common in community data. We used a Mantel test to test

the significance of the relationship between Bray–Curtis commu-

nity dissimilarity and the difference in elevation between pairs of

lakes separately for fish and fishless lakes. The slope of this line is

defined as the species turnover along the elevation gradient [27];
therefore, an analysis of covariance (ANCOVA) was used to deter-

mine if there was a difference in species turnover between lakes

with and without fish. To determine whether the effect of fish on

community composition varied with elevation, the Bray–Curtis dis-

similarity of zooplankton communities from all pairwise

comparisons of lakes where one contained fish and one was fishless

was regressed against the mean elevation of the two lakes.

Both water temperature and input of terrestrial detritus can

change with elevation. To understand how zooplankton body

size varied with elevation and predation gradients, we fitted a

multigroup SEM [28] to examine the indirect effect of elevation

on average zooplankton body size through both temperature

and DOC (figure 2c). We used log-transformed data to ensure

relationships were linear and normalize variance. We compared

linear models to ones including both first- and second-order

terms using AICc, and all relationships were best modelled

using a linear function. We fitted our SEM by fixing the variance

of each exogenous variable to 1, to reduce the number of par-

ameters estimated due to low sample size and our goal of

estimating path parameters [28]. We used fish status as a group-

ing variable and compared models using log-likelihood tests

where each path coefficient was either the same or allowed to

vary between the fish and fishless group. We fitted the model

using the function sem() in the lavaan package in R [29]. Because

DOC was the only significant predictor of zooplankton body size

in the SEM (figure 3), we used LME models as above to deter-

mine the additive and interactive effects of fish presence and

DOC average zooplankton body size.

To assess how food web structure varied along the eleva-

tion gradient we fitted a SEM as above to log-transformed ratio

of zooplankton biomass to chl-a (the pelagic consumer : producer

biomass ratio). Because temperature was the only significant

predictor of food web structure, we used LME models as above

to determine the additive and interactive effects of fish presence

and mean temperature on zooplankton biomass, chl-a and the

ratio of zooplankton biomass to chl-a.

To determine how litter decomposition and benthic pro-

ductivity varied along the elevation gradient, we again first

used SEM to identify temperature as the only significant variable

influencing these variables and then a LME model to determine

the independent and interactive effects of temperature and fish

on benthic ecosystem rates.

All analyses were completed in R [30].
3. Results
Lakes with and without fish were similar in many physical and

chemical characteristics due to common glacial origin and bed-

rock (electronic supplementary material, appendix S1) [31].

Generally, the lakes sampled were small (0.5–10 ha surface

area), shallow (less than 15 m in maximum depth) and oligo-

trophic (chl-a , 3.4 mg l21). Both DOC and temperature were

correlated with elevation ( p , 0.001; DOC: r ¼ 20.63, temp-

erature: r ¼ 20.81). Although there was a significant positive

relationship between DOC and temperature, temperature

only explained about half of the variation in DOC (figure 1),

therefore the two were not perfectly co-linear, allowing us

to statistically distinguish their associations with ecological

structure and function.

(a) Species composition
We found that zooplankton species composition varied

strongly with elevation in fishless lakes, but not those with

fish populations (figure 2a). That is, warm and cold fishless

lakes contained very different communities of zooplankton,

http://rspb.royalsocietypublishing.org/
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while similar species were found at all elevations in lakes con-

taining fish. In addition, fish-containing and fishless lakes had

entirely distinct zooplankton communities in high-elevation

lakes, but converged in composition at lower elevation

(figure 2b; electronic supplementary material, figure S3). This

result is consistent even when we only compared lakes at similar

elevations instead of all pairwise comparisons of fish-containing

and fishless lakes (electronic supplementary material, figure S4).

Body size was a key predictor of species responses (figure 2c).

Average individual zooplankton size was not influenced by

DOC in fishless lakes (lm, p ¼ 0.12), but increased with DOC

in lakes with fish (lm, p ¼ 0.02; figure 2c).

(b) Pelagic food web structure
Our SEM shows that elevation acted though temperature and not

through DOC to influence the biomass ratio of zooplankton :

chl-a. Neither DOC nor temperature influenced consumer :

producer biomass ratios in the presence of fish (figure 3a);

however, in fishless lakes, temperature had a strong positive

influence on biomass ratios (figure 3b). By contrast, average

zooplankton body size increased with DOC in lakes containing

fish (figure 3c), but not in fishless lakes (figure 3d).

Both chl-a concentration (a proxy for phytoplankton bio-

mass) and zooplankton biomass increased with temperature

regardless of fish presence (figure 4a,b). However, zooplank-

ton biomass showed a steeper increase with temperature than

chl-a, and biomass pyramids (the ratio of zooplankton bio-

mass to chl-a) were interactively affected by temperature

and fish (figure 4c). Cold lakes had similar biomass ratios

regardless of fish presence; however, warm lakes sustained

a higher biomass of zooplankton per unit chl-a when fish

were absent than in their presence.

(c) Benthic ecosystem rates
Both benthic primary production and the decomposition of

organic matter responded to elevation differently between

lakes with versus without fish. Decomposition decreased

with increasing temperature in fishless lakes, whereas lakes

containing fish had slow decomposition at all temperatures

(figure 5a). Decomposition was positively correlated with the

number of invertebrate detritivores (r ¼ 0.54, p , 0.001),

which was lowest in the presence of fish and at high
temperatures (r ¼ 0.54, p , 0.001). The growth of periphyton

was positively affected by fish and high temperature

(figure 5b). Fish increased benthic production and reduced

decomposition most at lower temperatures. Thus, predators

had larger effects on benthic ecosystem processes in colder

lakes where they tended to exert stronger control on the

numbers of benthic invertebrates that consume algae and

terrestrial detritus.
4. Discussion
Our lake survey indicates that environmental temperature

alters the expression of trophic cascades in mountain lake

ecosystems varying in elevation. We found the most pro-

nounced pelagic trophic cascades in warmer, low-elevation

lakes where fish exerted stronger effects on the biomass of

pelagic consumers relative to producers. At high elevation,

trophic cascade strength was probably dampened by both

lower temperature and the large shift in species composition

and body size between lakes with and without fish. These

results suggest that species turnover among zooplankton

between fish and fishless lakes reduces the strength of trophic

cascades in cold lakes, but not in warm lakes. Warming and

associated increases in DOC concentration may therefore

reduce the resilience of food webs to introduced predators

by eliminating the large zooplankton species that persist in

cold, low-DOC fishless lakes.

Similar zooplankton species were found in lakes with fish

at all elevations, consistent with previous findings that both

fish and higher temperatures independently select for a simi-

lar set of species [32]. In past studies, the mechanism invoked

to explain this pattern is that high temperature and fish both

select for small-bodied species. However, in our survey we

found that zooplankton body size was more closely related

to DOC concentration than to temperature (figure 3). This

may be because larger-bodied zooplankton are protected

from visual fish predation at high DOC [33]. Another possi-

bility is that DOC attenuates ultraviolet radiation (UVR) in

the water column, protecting zooplankton from potential

UVR damage (reviewed in [34]). Interestingly, our data are

consistent with the conceptual model and data presented

in [35], which shows that UVR tolerance is related to zoo-

plankton body size via the behavioural response to visual

predators such as fish. This model assumes that in lakes

with fish, large-bodied zooplankton are found in the hypo-

limnion and smaller-bodied zooplankton are more often in

the epilimnion during the day. This leads to selection for

higher UV tolerance in small-bodied species in lakes with

fish and is consistent with the pattern we found of increasing

body size with DOC (figure 2). In fishless lakes, all sizes of

zooplankton are found in the surface waters where UVR is

high and the UVR shading effect of DOC should be similar

for large and small zooplankton. Our results are consistent

with this expectation (figure 2). It is likely that UVR imposes

selection on zooplankton in this system because species

found in low-DOC fishless lakes (Hesperodiaptomus shoshone
and Daphnia melanica) are heavily pigmented, indicating

adaptations to protect against photo-damage [34]. Previous

research in California’s Sierra Nevada alpine lakes has

shown that zooplankton species less than 1 mm in size are

more often found sympatric with fish [36]. Our study further

reveals an interactive effect of DOC and fish on zooplankton,

http://rspb.royalsocietypublishing.org/
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such that body size increases with DOC only in lakes with

fish. Thus, fish effects on zooplankton size structure are

strongest in high-elevation lakes, possibly due to higher

UVR tolerance of small-bodied zooplankton, induced by a

behavioural response to fish among larger zooplankton.

Although predators’ influence on prey community compo-

sition and size structure was strongest in high-elevation lakes,

their effect on the distribution of biomass among planktonic

producers and consumers was greatest in warm, low-elevation

lakes. The amount of consumer (zooplankton) biomass sus-

tained per unit producer (chl-a) biomass increased with

temperature, but only in the absence of fish (figures 3 and 6).

Thus, the cascading effect of predators on the distribution

of biomass among lower trophic levels was strongest at
high temperature. Warming experiments have shown that

consumer–resource interactions increase in strength with

temperature due to differential physiological responses of pro-

ducers and consumers [4,6,14–16], as predicted by metabolic

theory [37]. Our results from a natural system where commu-

nities vary in species and size composition along an

elevational gradient show the generality of temperature in

mediating the strength of trophic cascades.

Producers and consumers may also be differently sensitive

to UVR, which varies with elevation (reviewed in [38]). Studies

of UVR effects on zooplankton and phytoplankton have

produced mixed results. Some show UVR inhibits phytoplank-

ton photosynthesis in high-elevation alpine lakes [39], while

others indicate no change [40]. Some studies have found

that grazers are more sensitive to damage from UVR than

producers, suggesting that top-down control is weakened in

high-elevation sites with high UVR [41,42]. For our study,

this suggests that ZB : PB ratios would increase in high-

elevation, low-DOC lakes; however, we only found this pattern

in fishless lakes (figure 2). In addition, temperature was a

stronger predictor of pelagic biomass ratios than DOC

(figure 3), indicating that thermal constraints on food webs

may be more important than UVR. Overall, our results are con-

sistent with theory and experiments that have shown stronger

top-down control with increasing temperature.

There are probably two mechanisms by which trophic

cascade strength is dampened at high elevation. First, meta-

bolic theory predicts that heterotrophs will be more

sensitive to rising temperatures than autotrophs, resulting

in higher rates of photosynthesis relative to heterotrophic res-

piration in cold waters [4,5,15]. Second, turnover in species

composition and size structure can change the strength of

trophic interactions [19,24]. Cold, low-DOC, fishless lakes

had the most distinct community composition and largest

average zooplankton body size (figure 6). Many large-

bodied species (e.g. H. shoshone and D. melanica) do not

co-occur with fish [25]. When fish are introduced to these

lakes, trophic cascades may be initially strong as fish extirpate

large-bodied grazers. However, over time new smaller zoo-

plankton species invade, potentially reducing the strength

of trophic cascades [25]. Our data indicate that the buffering

capacity of species turnover is weaker in warm lakes than

colder lakes, probably because zooplankton communities in

warm fishless lakes already contain the smallest species in
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the regional pool (figure 6). Thus, warmer temperatures

reduce the capacity of species replacement to buffer the

effects of fish on pelagic food web structure.

Trophic interactions and climate can also determine the

flux of materials through ecosystems and transformation

between the organic and inorganic state [22,43]. We found

that both benthic biomass production and decomposition of

organic matter in the study lakes responded to temperature

differently in lakes with versus without fish. Fish increased

benthic production and reduced decomposition similar to

previous experiments [16,22] and their effect was strongest

at lower temperatures (figure 5). Fish can have cascading

effects on periphyton growth through predation on zoo-

benthos [44]. This effect may have been stronger in cold
lakes due to low abundance of macrophytes, which can pro-

vide refugia for invertebrates from fish predation [45].

Surprisingly, leaf detritus decomposed fastest in cold lakes.

Microbial and invertebrate metabolisms are expected to

increase with temperature, leading to faster degradation of

organic matter [46,47]. However, benthic invertebrates were

most abundant in cold lakes without fish, suggesting

that detrital processing may be limited by their activity

more than the temperature sensitivity of microbes. Thus, pre-

dators had larger effects on benthic ecosystem processes in

colder lakes, where they tended to reduce the numbers of

invertebrates that consume algae and terrestrial detritus.

The cascading effect of top predators on lake ecosystems

has become one of the dominant paradigms of ecology [48].
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Despite clear evidence that top-down forces shape commu-

nities and ecosystems, tremendous variation in space and

time has been observed in the strength of predator effects
[49]. Our results show that the impacts of trophic cascades

on lake communities and ecosystem processes vary along a

natural gradient in climate associated with temperature and

input of detrital resources. As the spread of invasive preda-

tors and climate change continue to unfold over the next

century, their effects on the world’s ecosystems will be deter-

mined by their combined selective pressure on species’ traits.

To predict the future state of ecosystems and the irreplaceable

services they provide to societies, we must understand

how predation and climate interact to shape ecosystems.

Our results demonstrate that the capacity of species replace-

ments to buffer the effects of trophic cascades on pelagic

food web structure are strongest in cold lakes. Conversely,

benthic production and decomposition were most influen-

ced by predator introductions in cold lakes. Warming may

therefore alter effects of predator losses or introductions on

future ecosystems.
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