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Understanding food web responses to global warming, and their conse-
quences for conservation and management, requires knowledge on how
responses vary both among and within species. Warming can reduce both
species richness and biomass production. However, warming responses
observed at different levels of biological organizationmay seem contradictory.
For example, higher temperatures commonly lead to faster individual body
growth but can decrease biomass production of fishes. Here we show that
the key to resolve this contradiction is intraspecific variation, because
(i) community dynamics emerge from interactions among individuals, and
(ii) ecological interactions, physiological processes and warming effects often
vary over life history. By combining insights from temperature-dependent
dynamic models of simple food webs, observations over large temperature
gradients and findings from short-term mesocosm and multi-decadal
whole-ecosystem warming experiments, we resolve mechanisms by which
warming waters can affect food webs via individual-level responses and
review their empirical support. We identify a need for warming experiments
on food webs manipulating population size structures to test these mechan-
isms. We stress that within-species variation in both body size, temperature
responses and ecological interactions are key for accurate predictions and
appropriate conservation efforts for fish production and food web function
under a warming climate.

This article is part of the theme issue ‘Integrative research perspectives
on marine conservation’.
1. Introduction
Conserving aquatic biodiversity requires knowledge of how aquatic food webs
respond to global warming. Warmer waters have already led to altered species
composition owing to range shifts [1] and decreased species richness [2], and
could impact biomass production [3,4]. At the same time, higher temperatures
often lead to higher metabolic rates [5] setting the ‘pace of life’ [6] and to faster
growth of individuals [7]. Observations of faster body growth but lower total bio-
mass production of populations (in e.g. g yr−1; [4]; but see [8]) or foodwebs [3] of
aquatic organisms may seem counterintuitive and the mechanisms by which
these responses to climate change come about are yet not fully understood.

A key to resolve these seemingly contradictory observations of responses
to warming at different levels of biological organization (from individuals to
food webs) is to acknowledge that population and community responses
emerge from interactions among individuals. Ecological interactions and the
rate of physiological processes vary among individuals within populations,
often correlated to the ‘master trait’ body size [9]. Accounting for the variation
among individuals within species that arises owing to food-dependent body
growth and development is therefore essential to understand the dynamics
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and structure of animal communities [10], including their
responses to environmental change. Feedbacks between
changes in body size distributions and community dynamics
can, for example, explain the presence of alternative stable
states in food chains and the lack of recovery of overexploited
predators [11,12]. Ecological interactions also depend on
temperature [13] because physiological processes and activity
levels do, especially in ectotherms [5,14,15]. How physio-
logical processes, and therefore body growth, scale with
body size and temperature will thus determine warming
impacts on individuals, as well as how these influence size-
dependent feeding interactions, and resulting feedbacks on
individuals. This interplay between temperature-, food- and
size-dependent physiological and ecological processes at
the level of individuals and how it governs population and
community responses to warming has only recently been
addressed [16–18].

Recent studies show that food web responses to warming
do not only depend on trophic position [19] and changes in
mean population rates with temperature [6]. Warming
responses also depend on trophic interactions and population
size structure [16–18], which are in turn, governed by tempera-
ture- and size-dependent consumption, metabolism [5,20],
energyallocation, bodygrowth [7], reproduction andmortality.
Models relying on representations of how mean survival,
reproduction or population growth depend on environmental
variation are therefore insufficient to identify mechanisms of
food web responses to warming, as these involve feedbacks
via altered body growth and population size structures. That
means such models cannot fully resolve any temperature
effects on food webs that modify intra- or interspecific compe-
tition or size-specific predation. Even approaches accounting
for that survival and reproduction depend on body size may
fall short in explaining and predicting food web responses if
they only address mean rates (e.g. [21]), as it is often the vari-
ation among interacting individuals (within and between
populations) that mediates the feedbacks underlying the
individual, species and food web responses to warming.

Studies linking individual variation to food web responses
to warming are few. Available studies provide model-based
predictions [16–18] or large-scale observations (of population
and not food web responses; [4]) rather than empirical tests of
emergent responses to warming and their causes. Here we
therefore ask: how do population and food web responses to
increasing temperatures emerge from responses and processes
among individuals, and is there empirical support for themech-
anisms and predicted responses? To address this, we combine
findings from models of simple food webs containing fish
and plankton populations with those from empirical studies
on fishes and aquatic invertebrates, including large temperature
gradient studies and warming experiments on individuals and
whole ecosystems. We focus on fishes to link individual
responses to emerging effects on populations and food webs,
as they are key for marine conservation and management
ensuring sustainable food production from the oceans.

By linking these experimental and modelling studies we
demonstrate how warming effects at different levels of bio-
logical organization (individuals, populations, food webs)
are coupled (figure 1a). Food web responses to warming
emerge from intraspecific variation in both size, interactions
and temperature dependence, all ubiquitous in nature. Our
review of empirical support shows that experimental tests
of how warming effects on food webs arise from feedbacks
via population size structures are lacking—a critical gap in
our understanding of food web responses to warming.
2. Warming effects on individual growth
(a) From faster feeding and metabolism to

body growth
Warming-induced changes in individual body size, growth
and trophic interactions are all linked (figure 1a) because
body growth depends both on temperature, body size [53]
and available energy and matter (acquired via trophic inter-
actions). Proximately, the effects of increased temperature
on body growth arise from how temperature influences ener-
getic gains and expenditures (figures 1a and 2a) and the
relative amount of energy invested in body growth versus
reproduction. Underlying body growth responses to warm-
ing are thus a combination of interdependent physiological,
behavioural and ecological processes (figure 1a). Metabolism,
maintenance and tissue build-up are all physiological pro-
cesses that partly depend on ecological processes (e.g. gain
of energy and matter for growth depends on prey availability
and predator capacity to attack and digest prey), of which all
commonly depend on temperature [59]. If warming increases
energetic expenditures (on e.g. maintenance) more than the
processes leading up to energy gains (which often is the
case; [23,60]), available net energy decreases and body
growth will be slower in warm environments.

The rate of metabolism increases exponentially with
temperature (figure 1b), as observed across animal taxa [5].
This can also speed up other physiological processes, as they
are fuelled by metabolism through the oxidation of consumed
carbon compounds [6]. Faster metabolism, however, requires
increased energy expenditure for maintenance and repair, at
least in ectotherms [61]. The amount of energy left to spend
on other processes therefore depends on how maintenance
costs changewith metabolism, which is not known. Assuming
that maintenance needs increase in direct proportion to metab-
olismwith warmer temperatures (e.g. [6]), the energy available
for growth and reproduction depends on how temperature
affects food intake rates (ingestion of carbon) relative to
metabolism. While energy spent on maintenance is difficult
to quantify, metabolism at different temperatures can be esti-
mated as the amount of oxygen consumed. Both maximum
and standard metabolic rates in fishes are elevated at higher
temperatures (e.g. [38]) but the extent is not always uniform
across individuals. Standard or resting metabolic rate often
increases more in large compared to small individuals ([17];
but see [20] for examples of size-independent temperature
effects on metabolism). We can therefore expect variation
over ontogeny in how warming affects energy expenditure,
the extent depending on how metabolism and maintenance
scale with temperature and body size.

Feeding rates (attack rates and/or maximum intake rates),
enabling energy gain, also increasewith temperature [14]. They
often exhibit an optimum [14], such that consumption declines
at high temperatures (figure 1b). How warming affects actual
consumption in nature obviously also depends on available
resources (and thus on trophic interactions; figure 1a), which
often are provided ad libitum in experiments with tempera-
ture. There are no available meta-analyses of intraspecific
size-dependent temperature effects on consumption as there
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Figure 1. (a) Warming-induced responses of individuals, populations and food webs emerge from temperature-dependent rates of individual-level processes. Rates of
food intake and metabolism depend on both individual body size and temperature, and size, in turn, on acquired net energy allocated to growth. Thus, warming-induced
changes in these rates result in changes in the composition of populations and food webs, which feed back to affect individual growth, survival and reproduction. Such
individual-level responses result from feedbacks from warming-induced shifts in population size structure (feedback indicated by 1 in (a)), intraspecific competition (2),
interspecific competition (3) and predation (4). These feedbacks couple individual-level processes (yellow) to population (blue) and food web (red) dynamics, and thereby
also impact how warming affects bottom-up (e.g. 3) and top-down (e.g. 4) regulation in food webs. (All species are size structured, but for clarity, we have illustrated this
only for a focal species, and not for its predator, competitor and resource species.) (b) Examples of predicted, observed and experimentally tested responses to higher
temperatures in aquatic systems at the levels of individuals, populations and food webs. Direction of responses is indicated by +, −, 0 or a bent arrow for hump-shaped
responses. Numbers (in grey) correspond to citations listed below, where type of aquatic organism is indicated in brackets for observational and experimental studies; F =
fish, Z = zooplankton, P = phytoplankton, I = insects, M = microbes, O = other: 1. [7] [F], 2. [4] [F], 3. [17], 4. [18], 5. [22] [F,Z,O], 6. [23] [M], 7. [24] [F,Z,O], 8. [25] [F],
9. [26], 10. [8] [F], 11. [27] [F,P,O], 12. [28] [F,Z,P,O], 13. [29] [M], 14. [30] [F], 15. [16], 16. [31] [ZP], 17. [32], 18. [33] [F], 19. [34] [F], 20. [35] [F], 21. [36] [F], 22. [15]
[F], 23. [37] [O], 24. [38] [F], 25. [13] [I], 26. [39] [F], 27. [40] [F], 28. [41] [F], 29. [42] [F], 30. [43] [F], 31. [44] [F], 32. [45] [F], 33. [46] [I], 34. [3] [Z,P], 35. [47] [F], 36.
[21], 37. [48], 38. [49], 39. [50] [I,O], 40. [51] [Z,P], 41. [52] [F], 42. [6], 43. [53], 44. [54] [P], 45. [55], 46, [56], 47. [57], 48. [58].
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are for metabolism [17], but examples exist where temperature
effects on consumption vary within species depending on
body size (e.g. European perch, Perca fluviatilis; [62]; figure 2a).
Unless the temperature effects on energetic gains and costs
scale identically with body size, such interactive size and
temperature dependence of metabolic and intake rates means
that warming will affect the net energy available for growth
differently in small compared to large individuals.
(b) Faster body growth rate of small but not large
individuals

Observations indicate that the relationship between body
growth and temperature differs within species depending on
variation in body size among individuals [4]. This is expected
if temperature affects the allometric scaling of metabolic
and/or intake rates (figure 2a,b). This is also what controlled
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Figure 2. Feedbacks between size-specific individual responses to warming and population size structure and biomass. Example of warming effects on European
perch (Perca fluviatilis), where (a) size-specific effects of warming on individual energy acquisition (black lines and circles) and use (grey lines) in small ( full lines
and filled circles) and large individuals (hatched lines and open circles) influence (b) body growth responses to warming, being different for small ( full lines, circles)
and large (hatched lines, triangles) perch individuals in the whole-ecosystem heating experiment (i) and in the lake temperature gradient study ((ii) and (iii)), and
subsequently their (c) mean size-at-age ((i): the heating experiment, (ii) and (iii): the lake gradient). This affects (d ) population size structure; (i,ii) show catch in
numbers per unit effort per length class in the heating experiment (ii) and control area (i) and mean body size (in mm) for year 1984 and 2003 is inserted as text,
in (iii, iv) black dots indicate perch in the lake temperature gradient, and coloured dots the whole-ecosystem experiment in heated (red) and control (blue) areas 4
(open circles) or 23 years ( filled circles) after the onset of heating. Changes in (e) population biomass production over temperature result from responses in indi-
vidual body growth at size (b) and numbers of individuals at size in the population (d ), and lead to variation in ( f ) population biomass with temperature. The total
biomass ( f ) and size composition (d ) of individuals in the population impact their (g) prey at lower trophic levels (in addition to the direct influence by temperature
on prey individuals). The amount of prey and its variation across temperature (g), in turn, influence the food intake rate of individual consumers (a). (i) in (b,c) are
redrawn from Huss et al. [7], while (ii) and (iii) in (b,c), (iii) and (iv) in (d), and (e,f ) are redrawn from Van Dorst et al. [4].
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experiments of body growth over temperature suggest for
invertebrates (e.g. red abalone Haliotis rufescens, [63]; the
amphipod Hyalella azteca, [64]) and fishes (e.g. Atlantic cod
Gadus morhua, [65], Atlantic salmon Salmo salar, [35]). A long-
term warming experiment in which a whole (artificially
enclosed) coastal ecosystem was heated also demonstrated
this; individual body growth of perch was faster in the
heated population compared to the control population in the
surrounding archipelago with ambient temperatures—but
only for small and not large individuals ([7]; figure 2b). This
suggests that size-dependent warming effects on fish body
growth are likely to occur under natural conditions.

Higher growth rates among small (and young) individ-
uals will lead to a larger size at age among both small and
large individuals, but to a lesser extent among large ones if
only small individuals exhibit faster body growth ([4];
figure 2c). Warming could also decrease size at age among
mature individuals despite faster growth as immatures, if
warming decreases adult growth rates, if maturation size
decreases with temperature [66] because of slower somatic
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growth when energy is diverted to reproduction (figure 1a),
or if the allocation of energy to reproduction increases with
temperature. Observations of variation in size at age with
temperature in wild fishes are rarely reported; instead studies
commonly report trends inmean size, mean adult size ormaxi-
mum size [67]. Such population-level metrics vary not only
with individual growth but also with mortality, and can there-
fore not be used to infer warming effects on body growth. The
variation in body growth responses to high temperatures over
ontogeny observed in fishes in natural systems [4] as well as
experimentally in unfished populations over long time scales
([7], figure 2b) is associated with larger size at young ages
([4,7]; figure 2c), but no [4] or smaller [7] increases in size at
older age (figure 2c). Responses to temperature differences
occurring across generations may differ from plastic responses
of individuals arising from changes in temperature- and size-
dependent physiological and ecological processes, owing to
evolutionary adaptation. For example, Huss et al. [7] found
that warming also resulted in gradually faster growth of
small individuals over more than 10 generations (figure 2b),
suggesting that evolutionary adaptations to warming may
need to be accounted for. Alternatively, the longer growth
season or effects on resource availability caused by warming
may enable small individuals to grow faster as well as large
individuals to maintain growth, and hence increase in size at
age owing to fast growth when young. Warming-induced
changes in body size at age, such as these, feed back to affect
the size-dependent rates of energy use and acquisition
(figure 1a), as well as population size structure (figure 2d).
3. Warming shifts population size structure,
productivity and dynamics

Changes in population size structure owing to warming is a
direct result of how warming affects the size and numbers
of individuals (figure 1a), via altered growth and mortality
rates. Size-specific responses to warming in these rates (e.g.
figure 2b,c) will therefore also influence how population
size structures change with temperature (figure 2d ). Growth
and survival also depend both on body size and on resource
availability. Any warming-induced change in population size
structure will therefore affect individual growth and survival
rates, as the number of individuals of different sizes controls
the abundance of shared resources (figure 2g). How warming
affects population size structure therefore depends on the
feedback between size- and temperature-dependent body
growth and intraspecific competition (figure 2).

(a) Shifts to domination by small individuals
Warming has been predicted to shift population size structure
towards more smaller bodied (and younger) individuals [16],
because of the higher increase in metabolic demands in large
compared to small individuals seen in many species [17,20],
resulting in a greater competitive disadvantage of large
individuals. Few empirical studies address shifts in size distri-
butions within populations with warming, but instead
commonly focus on community size spectrum responses
(e.g. [27,51]). Shifts in size composition at the community
level can result from concurrent changes in the composition
of (differently sized) species, within-species changes among
populations, as well as changes in size structure within
populations. Correlations between community size structure
and temperature can therefore not help elucidate tempera-
ture-dependent processes within populations. Another
problem is that several studies reporting changes in fish popu-
lation size structure (often as mean or maximum body sizes)
rely on observations of temporal trends in commercially
exploited populations (e.g. [22,67,68]). Such observational
data suffer from the confounding effects of fishing mortality
and temperature, which act in the same direction. Trends in
populations becoming composed of more small (than large)
individuals with increasing temperature over time do not
necessarily suggest an effect of temperature when found in
exploited species.

Variation in size distribution with temperature has been
observed in perch populations that are not commercially
exploited [4], with populations in warmer lakes having a
higher proportion of small individuals (figure 2d ). Corre-
spondingly, mean body size in the populations decline with
lake temperature (figure 2d ), as also observed in other fish
species across even larger temperature gradients [69]. Obser-
vations of changes in lake populations of multiple fish
species across years also showed a higher proportion of
small individuals in warm compared to cold years in some
species (perch and common bream, Abramis brama), but not
in others (common roach, Rutilus rutilus) [70]. That warming
can increase the proportion of small individuals in fish popu-
lations seems to be corroborated by the whole-ecosystem
warming experiment on an unexploited perch population,
which showed a lower mean body size and increased skew
in population size structure in the years following the onset
of artificial heating (figure 2d, year 1984; see the electronic sup-
plementary material for methods). Long-term responses may,
however, be different, as exemplified by the larger mean body
size and less skewed size structure in the heated compared to
the natural ecosystem after 23 years of warming (figure 2d,
year 2003). This could indicate evolutionary adaptations (as
suggested by [7]), altered population dynamics (why differ-
ences in size structure between single years should be
interpretedwith caution) or increased ecosystem productivity.
Increasing mean body size with warming has also been
observed in several coral reef fish species that in general are
unexploited, although negative correlations with the tempera-
ture trendsweremore common [71]. Experiments, on the other
hand, of warming effects on size structure in fish populations
are rare (figure 1b).

Temperature-dependent changes in mortality rate also
determine howpopulation size structures vary across tempera-
ture (figure 1a).Warming-induced increases in body growth [7]
could alter size-dependent rates of mortality owing to e.g. pre-
dation (e.g. by decreasing time spent in vulnerable life stages;
[72]) or starvation (affecting minimum energy reserves
needed forwinter survival; [73,74]). Tolerance to high tempera-
tures (thermal tolerance) also varies with body size [75,76].
In addition, increased metabolic demands at higher tempera-
tures should lead to higher starvation mortality if resources
and intake rates do not increase accordingly [77]. Despite this
multitude of ways by which warming is predicted to affect
mortality (with subsequent effects on competition and body
growth; figure 1a), empirical tests of mortality responses to
warming in a food web context remain few. Warming exper-
iments commonly address critical temperatures for body
functioning on individuals (such as flip-over temperatures in
fishes; [78]), but rarely how less harmful temperature increases
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may affect mortality indirectly via e.g. increased energy
demands, lower food availability or increased predation rates
(but see [52]).

Observations of lower mean age in warm temperatures [4]
could be explained by higher mortality at old ages (/large
sizes), corresponding to greater warming-induced increases in
energy needs for large individuals [17], but could also be
owing to higher birth rates [16]. In a tagging study carried out
during the first year after heating in thewhole-ecosystemwarm-
ing experiment, Sandström et al. [79] found higher mortality
among mature perch individuals during spawning in the
heated compared to in the control area with natural tempera-
tures. The difference in mortality between the two temperature
areas was however not sustained across years, or body sizes.
Interestingly, in the second year of heating they found a decrease
in maturation size in the heated area and concurrent increase in
mortality of the smaller mature individuals during spawning.
Sandström et al. [79] suggested that these small individuals
with a more limited energy reserve were struck harder by the
higher energy demands in the warm environment as they
additionally diverted more energy to gonads compared to indi-
viduals of the same size in the natural environment. This
illustrates that the feedback between size-dependent body
growth, resource use, energy demands and size-dependent sur-
vival also involves energy allocation to reproduction versus
growth (figure 1a), and how this feedback governs population
responses, such as mortality rate, to warming.
(b) Less biomass production and more cyclic dynamics
The effect of warming on fish population biomass production
(figure 2e), a key ecosystem service, is a direct consequence of
how warming changes individual growth in biomass and the
number of individuals per body size (as body growth is size-
specific) in the population. At first sight, population biomass
production could be thought to increase with temperature
because individual body growth often does [59], but such a
prediction ignores variation in body size, size-dependent
body growth responses to temperature and warming effects
on population size structure. Accordingly, despite observing
an increased growth rate early in life ((ii) in figure 2b), Van
Dorst et al. [4] found a decreased population biomass pro-
duction with temperature across 52 lake populations of perch
(figure 2e). The reason is that small but not large individuals
grow faster inwarm lakes ((ii) and (iii), respectively in figure 2b)
and these small individuals only constitute a small part of the
total population biomasses. Their faster body growth has there-
fore little effect on total population biomass production. In
addition, the proportion and biomass of large individuals
was lower in warmer lakes (higher skewness in the population
length distribution, (iv) in figure 2d; [4]). The fewer large indi-
viduals growing in warm lakes (at similar rates as in cold
lakes), which is not compensated for by the faster growth of
small individuals as they only make up a small fraction of the
total biomass, results in lower biomass production of popu-
lations in warmer lakes [4]. This highlights the importance of
accounting for both the size dependence of individual
responses, and within-population variation in body size to
explain and predict responses of ecosystem functions, such as
biomass production, to warming.

Fish population biomass production could also increase
with temperature. In a smaller gradient study with six
geothermically heated streams, O’Gorman et al. [8] used
individual measurements of 56 trout (Salmo trutta) individuals
from mark-recaptures to estimate total biomass production
per stream. As others (e.g. [4,7]), they found higher individual
growth rates during the first year of life, but in contrast found
no change in mean body size and higher biomass production
in warm streams [8]. They explained the observation of a
higher population biomass production, despite higher
energy demands in the warm environments, with trout shift-
ing to more energetically profitable prey and an overall
increase in trophic efficiency in the foodwebs at high tempera-
tures. The estimate of total population biomass production
was, however, derived from mean body growth rate and
mean mass in the populations [8], ignoring any effects of
warming-induced shifts in population size structure and
size-dependent body growth. It is thus impossible to know
how well the estimate approximates actual warming effects
on biomass production of the studied populations, as it was
derived without accounting for the variation in biomass and
growth among individuals. Their study nevertheless high-
lights that temperature effects on lower trophic levels
and feeding behaviour may also influence how consumer
population biomass production changes with warming.

Size-dependent warming effects on energy intake and
use do not only influence the structure and production of
populations, it also results in shifts in population dynamics
with warming. Models with explicit resource dynamics
predict that warming will reduce cycles in consumer popula-
tions, if maintenance costs increase more with temperature
than intake rates and resource carrying capacities do, because
consumer density then decreases and consumer-resource
cycles weaken [18,23]. Models accounting for intraspecific
size variation and resulting intraspecific competition instead
show that the opposite effect of warming can occur [16].
In species with size-dependent temperature effects on
intake rate or metabolic rate [17,20,38], warming increases
the competitive disadvantage of large individuals relative
to small ones. Increasing temperatures can therefore shift
the dynamics from small amplitude cycles with multiple
coexisting generations to what is known as cohort cycles,
where numerous small individuals of the same age outcom-
pete their parental generation, grow to maturation and are
in turn outcompeted by their young. Populations are there-
fore predicted to have a more even distribution of body
sizes in cold compared to warm environments [16]. This cor-
responds to observed shifts towards a higher proportion of
small individuals in fish populations with temperature
[4,69,70], but studies on how warming affects the temporal
dynamics of natural populations are missing. Experimental
studies of temperature effects on population cycles have com-
monly been undertaken in microcosms [3,23,48], which may
limit inferences of mechanisms for larger organisms. For
example, in experiments on bacteria and their ciliate preda-
tors, Fussmann et al. [23] showed that warming dampened
ciliate cycles. While this supports predictions from models
lacking size structure in consumer populations (e.g. [23]), it
cannot be used to test the mechanisms proposed by
Ohlberger et al. [16] as there was no variation in size of ciliates
or bacteria in the experiment, or a response in size to temp-
erature [23]. To test the role of this feedback between size-
and temperature-dependent rates of individuals’ energy
gain and use and intraspecific competition, experiments of
how warming alters population size structures and resulting
population dynamics are thus called for.
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4. Emergent warming effects on communities
and food webs

The environment an individual experiences consists of abiotic
conditions and other individuals, of the same and other
species. Shifts in the number of individuals of different sizes
(i.e. in population size structure, figure 2d ) therefore feed
back on their growth (figure 2b) and reproduction, and
hence also on individuals’ trophic interactions (e.g. figure 2g).
These feedbacks between individual performance and popu-
lation size- and stage structure can determine both dynamics
and structure of simple food webs (e.g. [11,80,81]) and explain
their responses to management actions (e.g. [82]). Warming
can therefor alter food webs directly via e.g. temperature-
dependent species interactions (e.g. attack rates; [14]) varying
in sensitivity to temperature among species [59], or owing to
altered spatial overlap of predators and prey due to warm-
ing-driven range shifts [83]. In mesocosm experiments on
larval dragonflies, for example, warming increased the rate
of intraguild predation by increasing feeding rates [13]. Not
only does warming alter interaction strength, but interactions
determine how food webs respond to warming [18,47,84,85].
Observations in natural communities, as well as experimental
evidence, show that responses to warming vary depending on
food web structure [50,86]. In a mesocosm experiment with
tadpole larvae and dragonflies as predators, Rudolf &
Roman [50] showed that high temperatures can strongly
reduce herbivore survival in single species treatments, but
have no measurable effects in the presence of an inferior com-
petitor and a predator. This exemplifies howwe cannot predict
effects of warming without accounting for species interactions
and food web structure.

(a) Shifts in dominant interactions
Metabolism of heterotrophs increases more with temperature
than metabolism of autotrophs does, and warming is therefore
generally predicted to increase consumer top-down control
of resources [3], depending on the temperature sensitivity of
energy gain relative to energy expenditure within species [21]
and between species at different trophic levels [23] as well as
on resource availability [3]. If consumers’ food intake rates
increase more with temperature than their metabolism does,
Vasseur & McCann [21] predicted that resource biomass
would decrease and consumer biomass increase, and
vice versa, given that there is no direct temperature effect on
the resource species. The responses depend on the temperature
sensitivity of resource carrying capacity relative to that of the
consumers feeding rates (half-saturation density andmaximum
intake) as well as metabolic rate [23]. While biomass of primary
producers are often assumed (based on the metabolic theory of
ecology [6]) to decline with warming, satellite data from large
lakes across the globe indicate that in about half the cases, the
amount of primary producers increased with lake temperature,
depending on trophic state of the lake [60]. Microcosm exper-
iments with phyto- and zooplankton populations give support
to the former predictionbyVasseur&McCann [21], demonstrat-
ing a lower resource biomass despite higher productivity and a
higher biomass of consumers relative to resources at higher
temperature [3,32,51]. The opposite responses occurred, how-
ever, when phytoplankton populations were resource limited
[3], demonstrating the importance of resource-dependent
growth for food web responses to warming.
While the effect of warming on top-down control seems
somewhat predictable in two-species systems with auto- and
heterotrophs, the response in larger food webs depends on
at which trophic level it is measured [19,32] and the type of
species interactions involved. Experiments on tri-trophic
food chains have foundwarming to increase top-down control
in terms of trophic cascades from top-consumers to primary
producers [19,87], but no measurable effect on top-down con-
trol of the intermediate consumers [19]. By contrast, both
interspecific competition and predation decreased with temp-
erature in mesocosm experiments with simple food webs
(competitive and diamond-shaped webs; [50]). Variation in
the effects of warming on top-down control has been ascribed
to the prevailing temperature environment, with stronger
effects in cold environments [88] or during cold seasons [89].
Rudolf & Roman [50] instead suggested that the lack of top-
down control in warm environments can be explained by
warming-induced changes in body growth, with faster prey
growth rates inwarm environments enabling them to outgrow
the range of sizes where they are vulnerable to predation
(figure 1a). Differences in temperature-driven changes in
body growth, and hence in the ability to outgrow size-specific
predation windows, were also suggested as the cause for
different impacts of warming on the biomass of the two prey
species in the experiments [50]. Models ignoring intraspecific
body size variation or body growth (e.g. [21,23,77]) and their
temperature and size dependence are unable to explain such
observed responses to warming. Predictions of food web
responses to warming ignoring these mechanisms are
therefore probably overly simplistic.

(b) Warming-induced collapse of predators
Body growth andwithin-species size variation can govern food
web responses to warming, even in cases where temperature
effects on individual net energy gain do not change with
body size within species. Across species, the impacts of temp-
erature depend on body size, such that warming-induced
reductions in body size have been found to be greater in
larger bodied aquatic organisms [24]. Correspondingly, species
maximum body sizes can predict observed responses in body
size and abundance to climatic variability in natural fish
assemblages, alsowhen accounting for exploitation by fisheries
[68]. This suggests that large-bodied species, i.e. predators will
be struck harder than small-bodied by warming.

Predator–prey and food chainmodels accounting for temp-
erature-dependent vital rates, but ignoring body growth and
intraspecific size variation (e.g. [23,48]), predict that because
of the stronger effect on large-bodied species, predator biomass
will gradually decline with temperature until extinction
(figure 3a). For the many predators where feeding depends
on body size [90], this may not be the case. Lindmark et al.
[18] showed that as predators feed selectively on smaller indi-
viduals in prey populations, warming can lead to alternative
stable states in the food chain and sudden predator collapses
(figure 3b). This is because warming reduces net energy gain
of predatorsmore than of prey,which reduces their relative bio-
mass and releases prey from predation. In species where
predation leads to overcompensation of vulnerable life stages
of their prey (referred to as emergent Allee effects [11]), preda-
tory release can lead to a decrease rather than an increase of
vulnerable prey. Warming-induced loss of top-down control
can, in such cases result in sudden predator collapses
(figure 3b). Experiments of how size/stage variation in prey
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(a)

(b)

warming

warming

Figure 3. Warming impacts on predator–prey food chains depend on within-species variation (here individual variation in predation risk). Food chain models that
(a) ignore within-species variation predict that warming will lead to gradual declines in top-predators and intermediate consumers (as well as resources, when these
are also directly impacted by temperature), whereas a model that (b) accounts for within-species variation in size and corresponding vulnerability to predation in
intermediate consumers, demonstrates that warming can lead to alternative stable states in the food chain and sudden predator collapses. In both cases, warming
weakens top-down control owing to bottom-up effects of declining resources and a stronger warming-induced decrease in net energy gain of top-predators than of
their prey, the intermediate consumer. However, when predation is size-dependent (b), weakened top-down control with warming can instead lead to a decrease in
the prey that is vulnerable to predation (in b: small life-stage of the intermediate consumer), and collapse of top-predator populations owing to a lack of prey
(right-most food web illustration in b). (Online version in colour.)
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and corresponding variation in predation rates change with
temperature are rare (but see [50]), and the prediction of
warming-driven predator collapses have not yet been tested.

Higher temperatures may increase top-down control in
systems where size differences between predator and prey
are large and prey cannot outgrow the predation window,
but may otherwise result in the opposite [50], through a loss
of predators owing to lack of prey of vulnerable sizes. Shorten-
ing of food chains and simplifications of food webs at higher
temperatures have been observed in gradients across geother-
mically heated stream food webs [49]. It is also suggested to
have occurred in the whole-ecosystem warming experiment
[7] illustrated in figure 2, inferred from analyses of perch
diets and top-down effects in a predator-exclosure experiment
therein [91]. Predictions from models of simple food webs
[18,23,48,49], supported by these experimental studies, suggest
that warmingmay reduce the complexity of marine foodwebs.
Oceans are, however, open systems with connected food webs,
and none of the experiments or modelling studies above
account for the fact that species’ distributions can change
with warming [1,92]. Shifts in the spatial overlap between
species with warming will together with the processes
addressed herein (figure 1), contribute to the restructuring of
food webs. Although warming-induced simplifications of
food webs through shortening of food chains or loss of species
can havemany causes, we argue that accounting for three types
of within-species variation—in net energy gain, in temperature
effects as well as in species interactions—reveals key
mechanisms explaining food web responses to warming.
5. Conclusion
Warming effects in aquatic food webs on e.g. species compo-
sition and productivity, that are key for ecosystem functions
and services and thus for conservation efforts, emerge from
feedbacks between temperature- and size-dependent rates
of individual energy gain, use and survival, intraspecific
competition and interspecific interactions. A key link in
these feedbacks underlying observed warming responses is
population size structure, because of how it arises from, as
well as influences, individual body growth and survival
(figures 1a and 2). Observation studies accounting for
within-population variation in body size and temperature
responses can explain seemingly contradictory patterns of
variation in individual growth and population biomass
production across temperature. Models and experiments
acknowledging intraspecific size variation show how warm-
ing effects on food webs are governed by size-dependent
interactions and have identified novel mechanisms—
mediated via population size structures—of how food webs
may respond to warming. To understand how climate warm-
ing affects food webs we therefore need to account for how
their responses emerge from intraspecific variation in both
size, interactions and temperature dependence. Our review
suggests that while model-based predictions and observation
studies of how aquatic systems respond to climate warming
have just begun to account for these ubiquitous forms of
intraspecific variation, experimental tests are largely lacking.
Specifically, experiments of warming responses in interacting
species with size-dependent temperature effects on food
intake and/or metabolism, where (initial) population size
structures are manipulated, would be useful to test the
mechanisms underlying emergent responses in e.g. food web
structure, mean size and production to warmer waters.
We argue that advancing understanding of global warming
effects on aquatic food webs through model predictions,
observations and experimental tests accounting for within-
species variation in size, interactions and temperature
responses is essential to support management and conserva-
tion efforts to mitigate negative effects of increasingly
warmer seas, lakes and oceans.
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