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Effects of climate change on zooplankton
community interactions in an Alaskan lake
Jackie L. Carter1*, Daniel E. Schindler1 and Tessa B. Francis1,2

Abstract

Background: Ecological communities are organized by interactions among the biota, and between the biota and
external environmental drivers that affect the dynamics of individual taxa. Climate change may alter communities in
unexpected ways when environmental drivers have complex effects on individual species that are then transmitted
indirectly to other species via biotic interactions.

Methods: We used a multivariate autoregressive (MAR) modeling framework to assess the strengths of intrinsic
interactions and extrinsic (environmental) forcing responsible for changes in the zooplankton community of a
sockeye salmon nursery lake in southwestern Alaska from 1963 to 2009. During this time period there has been a
strong trend towards earlier spring ice breakup dates and warmer summer water temperatures.

Results: MAR analyses of community time-series showed that water temperature was the dominant driver of
change in the zooplankton community; competitive interactions were relatively rare, and only copepods (both
cyclopoids and calanoids) were affected by predation (juvenile sockeye salmon). Best-fit community models were
used to develop scenarios of zooplankton community composition under several different potential climate
conditions and salmon densities and revealed the potential for a shift in the dominant zooplankton taxa in this
lake, driven largely by taxon-specific sensitivity to climate and sockeye salmon predation.

Conclusions: Simulations suggest that cladocerans will become more prevalent in this community and that
calanoid copepods will suffer from ongoing climate warming. These results have important implications for fish in
these northern lakes, as they suggest that the production of planktivorous fish should increase with ongoing
climate change.

Keywords: Lakes, Climate change, Zooplankton, Alaska, Sockeye salmon, Community interactions, Indirect effects,
Ecological responses, MAR models

Background
Ecological communities are organized by a combination
of intrinsic interactions associated with competition,
predation, parasitism and mutualism, and extrinsic inter-
actions associated with environmental effects on individ-
ual species [1–3]. Predicting climate change effects on
populations depends in part on understanding not only
the direct effects of changing environmental conditions
on species of interest, but also how climate effects are
transmitted through food webs via species interactions.
Thus, a key to understanding general ecosystem re-
sponses to climate change, or understanding the

responses of specific ecosystems, is quantifying how
changes in environmental conditions translate to popu-
lation and ecosystem changes via a combination of dir-
ect and indirect effects. At present, we have a very
limited understanding of climate-driven indirect effects
on whole communities in natural ecosystems.
Traditionally, community and food web ecologists

have emphasized experimental approaches to under-
standing interactions within communities, often at rela-
tively small temporal and spatial scales [4, 5]. More
recently, ecologists have begun to use statistical time-
series models to estimate interaction strengths among
species, and between species and the environment,
which can be fit to data collected at spatial and temporal* Correspondence: jlcarter@uw.edu
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scales that appropriately reflect ecosystem-level pro-
cesses and functioning [6–8].
Multivariate autoregressive (MAR) models are a useful

tool for estimating the strengths of interspecific interac-
tions and extrinsic forcing responsible for changes in
ecological communities [6, 9]. MAR models are based
on the classic deterministic Gompertz model of popula-
tion growth, which describes change in abundance
through time as a function of intrinsic growth and dens-
ity dependence. MAR models expand on the univariate
Gompertz model, and can be described as several inter-
related multiple regressions (one for each species) car-
ried out with time-lagged data and then solved
simultaneously to find the most parsimonious model de-
scribing the changes in species abundance as a function
of intra- and interspecific interactions within a commu-
nity and key exogenous drivers [10]. MAR models have
been successfully used to investigate the structural fea-
tures of plankton communities both within and between
lakes [10–13]. MAR models have a broad range of appli-
cations and have been used to estimate community sta-
bility [10], estimate the direct effects of planktivory on
zooplankton communities [11] and nutrients on phyto-
plankton [14], to assess the effects of temporal scale of
observation on community dynamics [12, 15, 16], to
understand the response of plankton communities to en-
vironmental change on long [17] and short [18] time
scales, and to investigate the role of fishing pressure and
fish declines on food web dynamics [19, 20].
Plankton communities provide an excellent opportun-

ity to understand how climate effects are transmitted
through communities because monitoring plankton
communities is relatively simple compared to monitor-
ing communities with wide-ranging species, and because
fast turnover rates in plankton allow many generations
to be represented in modest-length time series. An ana-
lysis of the plankton community of Lake Baikal, for ex-
ample, showed significant increases in water
temperature, substantial increases in cladoceran dens-
ities (over 3-fold increase since 1946) and subtle declines
in copepods [17, 21]. MAR analysis of this community
revealed that temperature effects on species dwarfed the
effects of biotic interactions, and that, when biotic inter-
actions were present, the two main taxonomic groups of
zooplankton (cladocerans and copepods) interacted dif-
ferently with various phytoplankton groups, suggesting
strong potential for shifts in species dominance to have
large effects on the entire aquatic community.
Southwest Alaska, USA, is a region that has experi-

enced some of the fastest warming trends observed
across the globe during the last century [22]. Although
the extent of change in climate features has been fairly
well described for this region [23], the responses of eco-
logical communities to climate change remain poorly

understood. Previous work has evaluated changes in
zooplankton production rates in response to climate
change [24], as well as assessed shifts in fish community
composition in response to habitat loss, climate change
and commercial fishery management strategies [25].
However, the vast majority of attention in this region
has focused on how climate variables interact with
density-dependent effects to influence the growth and
survival of the juvenile stage of the commercially and
culturally important sockeye salmon [26, 27].
Juvenile sockeye salmon (Onchorhynchus nerka) are

voracious and effective consumers of zooplankton [28],
and their impacts on zooplankton communities have been
well established. In Lake Aleknagik, juvenile sockeye sal-
mon are one of the dominant planktivorous predators
(along with three-spine sticklebacks) and are present in
relatively high abundances [26]. Schindler et al. [26] con-
sidered individual zooplankton density responses to cli-
mate and predation by juvenile sockeye, determining that
seasonal densities of the cladoceran Daphnia, in particu-
lar, showed strong positive responses to climate and have
supported increased growth of juvenile sockeye in a sock-
eye nursery lake. Because juvenile sockeye growth is pri-
marily supported by zooplankton, and because
environmental effects on species are often mediated by
food web interactions, it is critical to assess the response
of zooplankton communities to changing climate in the
context of biotic interactions within the community, if we
are to gain insight on how early life stages of this founda-
tional species might respond to future conditions.
Here we use a 47-year dataset of zooplankton densities

and thermal characteristics of Lake Aleknagik, southwest
Alaska, previously used to evaluate taxa-specific re-
sponses to climate change [24], to assess how changing
climate conditions are translated through biological in-
teractions in a zooplankton community. We use the
MAR modeling framework to quantify the strength of
external drivers and biotic interactions within the com-
munity, and to determine if those interactions are modu-
lated by climate factors. Given what we know about
freshwater ecosystems, we expect to see results similar
to Hampton et al. and Izmest’eva et al. [17, 21] – that
the composition of the zooplankton community in Lake
Aleknagik will primarily be structured by external cli-
mate drivers, with cladocerans being more sensitive to
warming than copepods We then use the best-fit com-
munity model to develop a variety of potential future cli-
mate change and salmon density scenarios to investigate
how warming may propagate through the food web.

Methods
Field collections
The Alaska Salmon Program at the University of
Washington has conducted ecological research in the
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Wood River Lakes, near Bristol Bay, Alaska (Fig. 1) since
1946. This lake system has not been subjected to the an-
thropogenic perturbations (e.g. dams, mines, sewage ef-
fluent) that have affected many lakes with long-term
datasets, and that complicate direct analysis of the ef-
fects of historical climate warming on ecological charac-
teristics of the ecosystem (e.g. [29–33]). This system is
comprised of five large lakes that drain into Bristol Bay
via the Wood River. These lakes and their tributaries
support large populations of anadromous sockeye sal-
mon (Oncorhynchus nerka) as well as several freshwater
resident fish species, and smaller populations of other
anadromous salmon species. Zooplankton species
present in the lakes include the calanoid copepods
Eudiaptomus gracilis, Eurytemora yukonensis, and Lepto-
diaptomus pribilofensis, the cyclopoid copepods Cyclops
columbianus and Acanthocyclops brevispinosus and the
cladocerans Eubosmina longispina, Daphnia longiremis,
and Holopedium gibberum. Zooplankton, particularly
calanoid copepods, are currently the main pelagic prey
for juvenile sockeye and other juvenile salmonids, as
well as the small resident fish in the Wood River System
(Schindler, unpublished data).
Lake Aleknagik has a surface area of 83 km2, mean

and maximum depths of 43 and 110 m, respectively, and
is dimictic, usually being ice free from about June 1 until
mid-December, though there has been a general trend
towards a longer ice-free season over the course of the
time-series examined here. The lake is typically ther-
mally stratified from mid-June through mid-September.
Zooplankton samples were collected from Lake

Aleknagik approximately every ten days at six stations
arrayed across the length of the lake between June and
September from 1963 to 2009. Plankton were sampled
with vertical tows of a 247 μm mesh conical net with a
0.5 m diameter and a width:length ratio of 1:3. The net
was retrieved at a rate of ~0.5 m/s either by hand or
with a gas powered winch. To help ensure tows
remained vertical, a 0.8 kg weight was suspended from
the bottom of the net. Zooplankton were preserved in
either 10% formalin or 50–70% ethanol. Consecutive
subsamples from each sample were enumerated under a
dissecting microscope until ~500 individual adult zoo-
plankters were counted, and areal densities (#/m2) were
calculated from these raw counts, assuming 100% net ef-
ficiency. While the species present in the lake are cur-
rently known, zooplankton were not enumerated to the
species level in the historical data. Historical zooplank-
ton counts exist at the coarse taxonomic level, aggre-
gated based on functional groups rather than abundance
— calanoid copepods, cyclopoid copepods, Daphnia,
Bosmina, and Holopedium. Because there was variation
in the specific sampling dates and sampling frequency
over the 47-year dataset, densities were averaged across

the six sampling locations, as well as across time, to pro-
vide a single monthly estimate for all years. Average
monthly zooplankton densities are available as supple-
mentary material (see Additional file 1).
Temperature-depth profiles were collected simultan-

eously with zooplankton samples using either a digital
thermister (Yellow Springs Instruments Inc.) or bathy-
thermograph. To more accurately characterize the ther-
mal environment, water column temperatures were
linearly interpolated to every meter and averaged from 0
to 20 m. The average 0–20 m temperature from each
station was then averaged across all stations within the
lake to give a single lake-wide estimate for each sam-
pling date. All sampling dates within a month were then
averaged to give a monthly mean lake temperature (0–
20 m) time series.
Adult sockeye salmon spawning densities (escape-

ment) in Lake Aleknagik were estimated from the Alaska
Department of Fish and Game (ADF&G) Wood River
escapement count and ground and aerial surveys of
stream, river and beach spawning habitats in Lake
Aleknagik. Adult escapement to Aleknagik in the previ-
ous year was used as an index of juvenile sockeye dens-
ity in the lake for any given year [26], as well as a proxy
for marine-derived nutrients. Threespine stickleback
abundance is based on townet catch rates from sampling
conducted during the last week in August throughout
the time series. Townetting consisted of a 3 m × 3 m net
towed at the surface between two boats for 5 min at
nine standard tow stations [26].

Statistical analysis of climate drivers
We used multivariate autoregressive (MAR) models [6]
to describe the strength of interactions among Lake Ale-
knagik zooplankton, and the effects of environmental
covariates on their dynamics. Full descriptions of MAR
models have been given elsewhere [6, 8, 10]; we
summarize their structure here. MAR models are sto-
chastic models that can be fit to species abundance
time-series data to describe changes in abundance
through time. MAR models simultaneously quantify
community interactions and the effects of environmental
covariates on abundance, while accounting for temporal
autocorrelation in abundance data and population dens-
ity dependence. In matrix form, MAR models are
written as

Xt ¼ Aþ BXt−1 þ CUt−n þ Et ; ð1Þ

where Xt is a matrix of (log-transformed) community
abundance vector at time t, A is a vector of constants
representing species (or group) intrinsic growth rates; B
is the community interaction matrix, with diagonal ele-
ments representing density-dependent self effects and
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Fig. 1 Map of the Wood River System, Southwest Alaska. Location relative to the state of Alaska is inset in the upper left corner of the map
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off-diagonal elements representing effects between spe-
cies (or groups), such as predation or competition; C is
the matrix of environmental effects on species (or
group) abundance; Ut is a vector of environmental co-
variates at a chosen time lag n; and Et is a vector of
process errors.
We fit MAR models to time series of plankton and ex-

ogenous driver data from Lake Aleknagik between
1963–2009. We grouped zooplankton into five categor-
ies: calanoid copepods, cyclopoid copepods, Daphnia,
Bosmina, and Holopedium. Our model did not include
primary producers because reliable historical chloro-
phyll-a concentrations do not exist. Zooplankton
densities were aggregated to monthly averages, from
June-September 1963–2009. Environmental and bio-
logical covariates included in the model were date of
spring ice breakup, monthly water temperature (average
0–20 m), a seasonal term (month squared), predation by
juvenile sockeye (estimated as adult sockeye escapement
to Aleknagik in the previous year), and predation by
threespine stickleback (estimated as their relative abun-
dance in townet catches). Sockeye fry and threespine
stickleback townet catches, sockeye escapement in the
previous year, and ice breakup date were included in the
model as annual estimates. The date of spring ice break
up is expressed as the number of days after April 31 (i.e.,
May 1 = 1). Consistent with previously published studies
(i.e. [7, 17, 18]), for all time series where data were miss-
ing, we used linearly interpolated values (requiring a
total of 29 interpolations: interpolations for Holopedium
on nine dates and interpolation for 0–20 m water tem-
peratures on 20 dates, out of 301 total dates). If missing
data were from June or September, we used the average
of the values from the corresponding month in the year
prior and the year after, assuming some degree of inter-
annual temporal autocorrelation in the data. Zeros were
replaced with a randomly generated number between
zero and one half the lowest recorded value for that par-
ticular variable [per 12]. To characterize non-linear rela-
tionships more effectively [6], all data were ln(x + 1)
transformed. To find the best model structure describing
community interactions and environmental effects, i.e.,
which covariates should be included in the model, we
started with a single covariate model and sequentially
added covariates, evaluating the improvement in model
fit of each additional covariate, using Akaike’s Informa-
tion Criterion (AIC) to choose the most parsimonious
model. We tested all covariate combinations and settled
upon the model/models with the lowest AIC value. Each
individual model was estimated using conditional least
squares, and the best-fitting model for each structure
was selected from 10,000 randomly-generated models
(based on random E matrices; Hampton et al. (2006)).
MAR modeling was performed in MATLAB (2007, The

MathWorks), using the open-source program LAMBDA
(Viscido and Holmes 2010; freely available from http://
conserver.iugo-cafe.org/user/e2holmes/LAMBDA) with
additional programming by the authors.

Future scenario simulations
We evaluated the influence of possible future climate on
the presence and strength of species interactions by
simulating community dynamics based on the best-fit
model and alternative future climate drivers. We used
MAR model parameters (A, B and C matrices) from the
best-fit MAR model estimated as described above in
combination with environmental scenarios to explore
how changes in climate and predation might affect zoo-
plankton community dynamics. We projected future
zooplankton abundances using the MAR-estimated in-
teractions in combination with future covariate scenar-
ios. To simulate the effects of lake warming, we
simulated 100-year temperature time-series, setting ini-
tial temperatures at the monthly long-term averages for
lake surface (0–20 m), followed by a linear 2 °C increase
over 100 years.
Daphnia are currently not a preferred zooplankton

prey for planktivores in Lake Aleknagik (Schindler, un-
published data) presumably because they are found at
such low densities throughout the summer, but we know
that in other freshwater systems they are a critical com-
ponent of the food web. Scheuerell et al. [34] docu-
mented that juvenile sockeye salmon do not
preferentially feed on Daphnia until they achieve a dens-
ity of at least 0.5 L−1, at which point the sockeye salmon
show a non-linear switching response to feed almost ex-
clusively on Daphnia. Our best-fit model did not detect
a significant effect of sockeye fry on Daphnia (see Re-
sults) suggesting that Daphnia never achieve densities
where they become the preferred prey for planktivorous
fishes. However, if Daphnia production is enhanced
under warmer conditions (see Results) it is possible that
such a switching response in the planktivores may occur,
thereby exerting more top-down pressure on Daphnia
than they currently do.
To explore the potential impact of increased predation

pressure on Daphnia that would result from a switching
response by sockeye salmon we also simulated future
plankton abundance under varying levels of predation
intensity. We varied the C matrix coefficient corre-
sponding to predation by sockeye salmon on Daphnia
from 0 to -0.5, in increments of 0.05, under both con-
stant climate conditions (i.e., using the long-term Lake
Aleknagik average temperature for June-September) and
the simulated climate warming described above. All
other C matrix interaction coefficients remained the
same as in the best-fit model. Simulation experiments
were performed in R (R Core Team 2013).
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Results
Long-term environmental patterns
There has been a significant trend toward earlier spring
ice breakup in Lake Aleknagik since 1963 (Fig. 2, p =
0.005), resulting in an average date of spring break up in
2009 that was 13 days earlier than in 1963. Positive
trends in water temperature were significant for June,
July, and August in the epilimnion (0–20 m stratum;
Fig. 3, p = 0.002, 0.001, and 0.004, respectively). There
was also an overall significant increasing trend in the an-
nual average summer epilimnetic temperature (Fig. 3, p
= 0.035). Average summer temperature increases in the
top 20 m ranged from 0.03 to 0.05 °C/year. This trans-
lates into an overall temperature increase of 1.4–2.3 °C
in the epilimnion between 1963 and 2009.

Important ecological interactions
The best model included significant effects of seasonality
(month2), ice breakup date, epilimnetic (0–20 m) water
temperature, and adult sockeye salmon escapement in
the previous year on taxon-specific zooplankton abun-
dance trends through time (Fig. 4, Table 1). Threespine
stickleback abundance was not included in the most par-
simonious model. All zooplankton taxa had positive
autoregressive terms, implying that the density in time t
had a positive influence on the density at time t +1.
There were some significant competitive interaction
terms: between Bosmina and Holopedium, between cala-
noid and cyclopoid copepods, and between Daphnia and
Holopedium. Seasonality terms were positive for Bos-
mina and calanoid copepods and negative for cyclopoid
copepods and Holopedium. There was no effect of sea-
son on Daphnia. The date of spring ice breakup had no

effect on any taxa when included in a model with sum-
mer water temperatures. Temperature effects were posi-
tive for all cladocerans and negative for calanoid
copepods. Negative effects of predation by juvenile sock-
eye salmon was only important for the copepods, the
numerically dominant taxa in this plankton community.

Effects of future climate change
Under scenarios of increasing lake surface temperature,
taxa-specific densities varied annually, but only Daphnia
exhibited a general trend toward increased abundances
over the course of the simulation (Fig. 5). Bosmina and
cyclopoid copepod densities remained unchanged, and
there were general trends toward decreasing abundance
of Holopedium and calanoid copepods (Fig. 5).

Simulated effects of future climate change and increased
sockeye predation
Model simulations highlighted the importance of com-
plex interactions between temperature and species inter-
actions in determining community responses to
warming. Calanoid and cyclopoid copepods showed no
notable change in seasonal density with simulated in-
creasing predation intensity (on Daphnia) alone, but
cyclopoid densities were higher in the scenario that in-
cluded both changes in predation intensity and climate
warming (Fig. 6). Calanoid densities were lower when
climate warming was included (Fig. 6). Seasonal Bos-
mina densities increased as predation intensity on Daph-
nia increased, and the increase was more pronounced
when temperatures were warmer (Fig. 6). Holopedium
densities increased as predation intensity on Daphnia
increased, but warmer climate conditions actually mod-
erated the rate of increase (Fig. 6). As expected, Daphnia
densities declined as predation pressure upon them in-
creased. In both climate scenarios (average and warmer
conditions), the Daphnia population crashed at the
highest predation intensities (Fig. 6). However, a warm-
ing climate enabled Daphnia to persist longer than if
there were no positive effects of temperature on them.

Discussion
Freshwater communities are structured by a combin-
ation of biotic and abiotic factors via both direct and in-
direct pathways. The zooplankton community in Lake
Aleknagik appears to be primarily structured by bottom-
up forcing. Spring ice breakup on Lake Aleknagik has
shifted substantially earlier since 1963 (Fig. 2), depend-
ing on the type of trend model used (this paper and
[26]). This is consistent with global increases in lake ice-
free seasons due to either earlier spring ice break up,
later freeze dates or a combination of both [35, 36]. The
consequences of longer ice-free seasons and warmer
water temperatures on freshwater crustacean

Fig. 2 Significant trend (p = 0.005) toward earlier date of spring ice
breakup on Lake Aleknagik from 1963–2009. May 1 is represented as
one (1)
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zooplankton are apparent across the globe and are often
seen as changes in density [37, 38], shifts in phen-
ology [31, 32, 39–42], and alteration of reproductive
strategies [42].
As the length of the summer growing season in-

creased, we have also seen concomitant increases in epi-
limnetic water temperatures in all months of the
summer since 1963 (Fig. 3). MAR model results suggest
strong influences of climate, particularly water
temperature, on zooplankton, with all cladocerans exhi-
biting positive responses and the calanoid copepods
showing a negative response (there was no discernible
effect of temperature on cyclopoid copepods) to warmer
water temperatures. These results are consistent with
similar analyses in other large lakes, where external
temperature effects overshadowed intrinsic community
interactions [17]. Like other poikilothermic organisms,
the fundamental physiological processes of zooplankton
are tightly linked to the temperature of their environ-
ment [43–45] and even slight increases in temperature
can drive increases in density [46] and production
[24, 47, 48]. Zooplankton, especially the cladocerans,
and Daphnia in particular, have important trophic
functions in freshwater food webs [49–51]. Given the

strong influence of temperature on zooplankton, in
the context of climate change, the trophic functions
of zooplankton may be modified, and thus overall
community or ecosystem functioning may be altered
under warming conditions in high latitude lakes.
All communities are organized to some degree by bi-

otic interactions, both between trophic levels (predation)
and within trophic levels (competition). In communities
with low species diversity, such as the zooplankton com-
munity of Lake Aleknagik, competition tends to act as a
strong structuring agent, while predation tends to dom-
inate in communities with many trophic levels [1, 52].
Our analysis of the Lake Aleknagik plankton community
show that there are relatively few competitive interac-
tions among species (Fig. 4). However, those competitive
interactions may play an important role in future com-
munity structure. For example, temperature has a posi-
tive effect on the density of all three cladocerans, yet our
simulations project decreases in Holopedium at higher
temperatures. This is likely due to the strong combined
competitive effect of both Daphnia and Bosmina on
Holopedium (Table 1, Fig. 5).
One of our primary goals was to explore how complex

community interactions may change under future
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Fig. 3 Scatterplots and linear regressions for average monthly and annual epilimnetic water temperature (0–20 m) for Lake Aleknagik, 1963–2009.
The warming trends for the 0–20 m stratum in all months are significant (p values range from 0.001 to 0.035)
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potential environmental and predation scenarios. We fo-
cused on Daphnia, which our analyses suggested were a
generally weak interactor in the Lake Aleknagik commu-
nity, but are known to have key trophic functions in
sockeye salmon rearing lakes [34]. Daphnia currently
show competitive effects only on Holopedium, and were
not sensitive to planktivore densities under recent envir-
onmental conditions. But due to the strong positive ef-
fect of temperature on Daphnia, it is possible that
climate-induced warming may strengthen the competi-
tive effects of Daphnia in this lake, or increase its dens-
ities to the point where it becomes a preferred prey for

juvenile sockeye, much like it is in warmer and more
productive lakes (e.g., Lake Washington [34]). Scheuerell
et al. [34] showed that juvenile sockeye salmon showed
no distinct preference for Daphnia over other members
of the zooplankton community until their densities
reached about 0.5 L−1 at which point sockeye salmon fry
switched to feed nearly exclusively on Daphnia. The sce-
narios shown in Fig. 6 attempt to mimic such a switch-
ing response by exploring a range of values of the
parameter describing the effects of sockeye salmon on
Daphnia. We assume that the negligible interaction
term fit from the historical data reflects the fact that

Cyclopoid Calanoid Bosmina Daphnia Holopedium 
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Season Temperature Ice breakup 
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Fig. 4 Food web diagram showing major community interactions and the magnitude and direction of those interactions. Predation and competitive
effects are noted in the upper portion of the figure. Autoregressive and environmental effects are shown in the bottom portion. Black
arrows and numbers are positive interactions, blue arrows and numbers are negative

Table 1 Interaction matrix showing the magnitude and direction of significant terms in the best-fit MAR model of the Lake Alekna-
gik zooplankton community

Internal drivers External drivers

Cyclopoid Calanoid Bosmina Daphnia Holopedium Month2 Temp Sockeye Iceout R2

Cyclopoid 0.84 −0.2 0 0 0 −0.33 0 −0.15 0 0.65

Calanoid 0 0.52 0 0 0 0.55 −0.54 −0.1 0 0.57

Bosmina 0.51 0 0.3 0 0.18 0.9 0.87 0 0 0.72

Daphnia 0.18 0 0 0 0 0 1.11 0 0 0.78

Holopedium 0.41 0.36 −0.41 −0.27 0.43 −0.89 0.72 0 0 0.5

Response variables are in rows, independent variables in columns. Diagonal elements are the autoregressive terms. The conditional R2 describes how well the
model fits changes in densities over time for each group
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Daphnia are currently a minor contributor to the zoo-
plankton community. While MAR models do provide a
formal way to project future community composition
with changes in covariates, such simulations assume that
the per capita interactions in the food web remain con-
stant as defined during the period of time over which
the model was fit. However, if further warming enhances
Daphnia production [24], it is possible that the plankti-
vore community will switch to feeding more specifically
on Daphnia, thereby having effects on other members of
the community in the future. Notably, Holopedium may
see substantial increases in abundance as they are re-
leased from competition with Daphnia. Additionally,
both cyclopoid and calanoid copepods have positive
competitive interaction terms with Holopedium. Increas-
ing predation pressure on Daphnia may result in a re-
lease of predation pressure on the copepods, thereby
contributing to an even greater increase in abundance of
Holopedium. Similarly, with increases in temperature plus
increases in predation pressure on Daphnia, calanoid co-
pepods decline in abundance, but not that much. This is
most likely a result of the strong negative effect of
temperature on calanoid abundance. But if an increase in
Daphnia abundance due to climate warming results in a
switching response of the predator from copepods to

Daphnia, calanoids in particular may experience a release
in predation pressure, and abundance may increase. To-
gether, climate and predation interact to buffer calanoid
copepods from sharp declines in abundance.
By changing a single interaction term (predation inten-

sity on Daphnia) and simulating future plankton densities
with and without climate warming, we demonstrate that
climate has the ability to buffer negative effects of in-
creased fish predation on zooplankton, but that the re-
sponse varies by zooplankton taxa and depends on its
sensitivity to both climate and predation, as well as inter-
specific community interactions. Given the strong response
of Daphnia to simulated climate change and predation sce-
narios, this system may shift from being a copepod domi-
nated system to one that is dominated by cladocerans, with
Daphnia becoming increasingly more important as water
temperatures increase. This is not unlikely, as Daphnia
tend to be thermally constrained [53, 54], but are often the
dominant zooplankton in many temperate lakes [34]. Thus,
in the future, the zooplankton community of Lake
Aleknagik may be similar to more southern lakes, like Lake
Washington, in which the preferred prey of zooplanktivor-
ous fish is often Daphnia. The strong response of the cla-
docerans, but especially Daphnia, to simulated climate
change suggests that zooplankton communities may be
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able to support future increased growth rates or densities
of freshwater fishes with ongoing climate warming.

Conclusions
As ecologists attempt to understand how ecological
communities respond to climate change, there is con-
cern that species interactions will conceal the response
to climate. Analysis of the zooplankton community of
Lake Aleknagik suggests that, while species interactions
are important, the strongest structuring effects are actu-
ally the bottom-up temperature effects. Contrary to the
common narrative that climate change will have detri-
mental effects on the majority of organisms in most lo-
cations around the globe, ongoing climate warming may
actually increase the secondary productivity and the eco-
system services it supports (i.e. salmon fisheries) under a
warmer climate in the near future.

Additional file

Additional file 1: Figure S1. Average Monthly Zooplankton Density.
Average monthly zooplankton areal density (ind/m2) is shown for all taxa
from 1963 to 2009. June densities are shown as the black line, July
densities are blue, August are red, and September are green. The bottom
left panel in the figure shows average monthly epilimnion (0–20 m)
water temperatures in degrees Celsius over the same time period. There
is substantial interannual variation for all taxa in all months (these figures
include real data, without interpolations for missing values that were
used in the MAR analysis). More information on patterns in zooplankton
density/production rates in this community can be found in [24]. (PDF 566 kb)
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