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Temperature alters the predator-prey size
relationships and size-selectivity of Southern
Ocean fish

Patrick Eskuche-Keith 1,2 , Simeon L. Hill 2, Lucía López-López 3,
Benjamin Rosenbaum 4,5, Ryan A. Saunders2, Geraint A. Tarling 2 &
Eoin J. O’Gorman 1

A primary response of many marine ectotherms to warming is a reduction in
body size, to lower the metabolic costs associated with higher temperatures.
The impact of such changes on ecosystem dynamics and stability will depend
on the resulting changes to community size-structure, but few studies have
investigated how temperature affects the relative size of predators and their
prey in natural systems. We utilise >3700 prey size measurements from ten
Southern Ocean lanternfish species sampled across >10° of latitude to inves-
tigate how temperature influences predator-prey size relationships and size-
selective feeding. As temperature increased, we show that predators became
closer in size to their prey, which was primarily associated with a decline in
predator size and an increase in the relative abundance of intermediate-sized
prey. The potential implications of these changes include reduced top-down
control of prey populations and a reduction in the diversity of predator-prey
interactions. Both of these factors could reduce the stability of community
dynamics and ecosystem resistance to perturbations under ocean warming.

Global warming represents a major threat to the structure and func-
tioning of ecosystems. One possible consequence of rising tempera-
tures is a decrease in body size acrossmany species and communities1.
At the individual level, warming alters the physiology of organisms and
is likely to reduce body sizes within populations as organisms attempt
tomaintain metabolic functioning1,2. At the community level, warming
may alter assembly processes through environmental filtering, com-
petition, or trophic interactions, which may result in communities
dominated by smaller-bodied species1,3. The subsequent impacts on
population abundances and species interactions can drive changes to
structure and function at the ecosystem scale4. Aquatic ectotherms
such as fish are particularly susceptible to temperature-induced
reductions in body size, due to the lower rates of oxygen diffusion in
water and the energetic costs associated with maintaining water flow
over surfaces5. Additionally, gape-limited feedingmeans thatmanyfish

species display ontogenetic changes in prey selection, with larger
predators consuming larger, more energetically valuable prey6,7.
Declines in prey size with warming may therefore reduce the rates of
energy acquisition by larger predators, resulting in reduced fish
growth and smaller overall body sizes within populations8. Further-
more, such altered prey size distributions may favour smaller-sized
predator species, providing them with a competitive advantage and
thereby shifting the fish community composition towards smaller
body sizes9. Evidence from the last interglacial period suggests that
fish communities experienced declining body size in response to
warmer conditions10,11, and the average size of contemporary fish is
expected to show a similar pattern under the current rate of global
warming12. However, there is currently little understanding of how
these changes will impact the structure and stability of marine
ecosystems.
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Bodymass is a key life-history trait that determines factors suchas
consumption rates, handling times and gape size13,14. As such, body
mass provides an important link between individual physiology and
foodweb structure and is thereforeoften used to parameterisemodels
of population dynamics and energy flow within ecosystems15,16. In the
marine environment, predators are generally larger than their prey,
and the predator-preymass ratio (PPMR) is a goodpredictor of trophic
interactions. For example, allometric diet breadth models accurately
predict who eats who in aquatic ecosystems13, whilst declines in PPMR
typically result in lower per capita interaction strengths as predators
are able to gain the same amount of energy by consuming fewer large
prey17. At the community level, larger ectotherms may decline in size
more rapidly than smaller ectothermswith warming as a result of their
reduced surface area to body mass ratio and the associated challenge
of maintaining a higher metabolic rate5,18. This is particularly true for
the marine environment, where larger fish and invertebrates display
the strongest temperature-size responses19. If warming causes a
greater decline in the size of ectotherm predators relative to that of
their smaller prey (i.e. changes in community size structure), the
average PPMR might decrease, with consequences for interaction
strengths and thus energy flow through marine ecosystems.

The physiological basis for temperature effects on PPMR at the
community level may be complicated by behavioural responses to
environmental change. For example, predators may select for more
nutritious (larger) prey in an effort to increase per capita energy intake
under energetically stressful conditions, thus reducing their PPMR20,21.
Alternatively, predators might feed in a more density-dependent
manner, consuming a greater proportion of abundant but relatively
smaller prey and thereby increasing PPMR. Importantly, behavioural
responses are unlikely to be uniform across predator body sizes, given
the different dietary niches of small and large organisms and their
differential susceptibility to warming. Previous research has identified

variable size-dependent relationships between PPMR and tempera-
ture, such that both systematic increases22 and decreases23 to per
capita interaction strength are possible.

It is clear we still have limited understanding of how temperature-
driven changes in body size may alter community-level feeding rela-
tionships, and it is vital to address this knowledge gap if we are to
predict ecosystem responses to warming. This is particularly true for
the Southern Ocean, which is experiencing widespread environmental
changes including rapid regional warming in areas such as the western
Antarctic Peninsula24 and northern Scotia Sea25. The Southern Ocean
supports a diverse array of higher predator populations including
seabirds, seals, penguins and whales, with a food web largely centred
around krill (particularly Euphausia superba)26. However, it is expected
that krill will shift their distribution southward in response to ocean
warming27, with potentially drastic consequences for many regional
predator populations unless other suitable prey are available28. Pre-
vious research has identified mesopelagic lanternfish (Family Mycto-
phidae, hereafter myctophids) as one such potential alternative
resource, due to their extremely high biomass and their role in sup-
porting energy flow to higher predators including seals and penguins
during periods of low krill availability29. Additionally, myctophids
themselves are major generalist consumers of prey including krill,
amphipods and copepods, and therefore exert significant influence
over food web dynamics30. Myctophids are strongly size distributed in
the Southern Ocean, with smaller species and individuals found at
lower (warmer) latitudes31, and they display clear size-selectivity in
their feeding32,33. Warming may therefore alter the size distribution of
myctophids and the size relationships between these predators and
their prey, and it is important that we understand what these likely
changes will be in order to model ecosystem responses.

In this study, we assessed the relationship between temperature
and the relative sizes of myctophids and their prey using a dataset of
1576 stomachs and 3707 prey size measurements from 10 myctophid
species sampled across >10° of latitude in the Southern Ocean (Fig. 1).
We hypothesised that myctophids would exhibit a decline in PPMR
with increasing temperature, due to (1) a greater decrease in the size of
these predators versus their prey, and/or (2) predators selecting for
larger prey as temperature increases.

Results and discussion
PPMR declined by ~11% per °C increase in sea surface temperature
(SST), associated with a significant decline in predator body size at a
rate of ~6% per °C and no coherent trend in themean body size of prey
in the diet (Fig. 2 and Table 1). Chlorophyll a was initially used as a
further explanatory variable but it was not significant in anymodel and
was therefore excluded during model selection (Tables S1–S7). The
same general results were found when temperature at ~1000m (the
estimated maximum of myctophid depth distributions)was con-
sidered instead of SST (Fig. S1 and Tables S8–S15). A similar decline in
predator body size was also found when using a larger dataset of fish
body masses (n = 6143, the majority without stomach content data;
Fig. S2 and Tables S16–S18). In all, 7 of the 10 myctophid species also
displayed significant declines in size with increasing temperature
(Fig. S3 and Tables S19–21). Together, these results suggest that the
decline in PPMR is associated with a greater decrease in the size of
these predators relative to their prey as temperature increases.

The effect of declining PPMRon interaction strengths will depend
on the interactive effects of temperature and body mass on metabo-
lism and consumption34, making it difficult to predict the con-
sequences for ecosystem stability. It has previously been found that
temperature alters the directionality and shape of the relationship
between PPMR and predator attack rate and prey handling time, with
low PPMR destabilising community dynamics under warming due to
elevated predation rates at low prey density34. Additionally, when
declines in bodymass underwarming are restricted to isolated trophic

Fig. 1 | Map of the study region displaying the locations of myctophid (black
crosses) and zooplankton (purple triangles) sampling stations. The interannual
average position of key oceanic fronts are also displayed (PF = Polar front; SACCF =
Southern Antarctic Circumpolar Current front). Temperature data represents the
mean value from 15th March – 15th April 2009 from the Copernicus Global Ocean
Physics Reanalysis (GLORYS12)60. Map projection is WGS84/Antarctic Polar Ste-
reographic.Black fill represents missing temperature data. Map produced using
QGIS 3.28 Firenze.
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levels, community stability is expected to be reduced35, possibly due to
lower top-down control of prey populations36. However, while the
reduced ingestion efficiencies and higher metabolic costs associated
with higher temperatures are expected to make predator populations
increasingly vulnerable to starvation, this effect is exacerbated under
high PPMRs37, therefore the observed decline in predator size with
warming may in fact provide a buffer against population crashes.
Ultimately, the effects of warming and PPMR on the strength of
interactions will depend on factors including predator and prey iden-
tity, predator body size and thermal tolerance. Further investigations
of the combined effects of temperature and PPMR on interaction
strengthswill be important for determining the possible consequences
of altered size-structuring of predator-prey interactions for the stabi-
lity of ecological communities. This could be facilitated through the
application of ecosystem flux or dynamical population models38,39.

The observed decline in predator size with increasing tempera-
ture fits the wider expectation that a primary response of ectotherm
vertebrates, including Southern Ocean myctophids, to warming
should involve a reduction in individual body size and shifts in overall
community size structure2,5. Declines in size at the individual level are
thought to facilitate continued persistence with warming by minimis-
ing the extent to which metabolic rate must increase to match the
greater energetic demands of the environment40. Changes in com-
munity size structure may also be the result of a combination of phy-
siological and competitive processes which result in species of a

certain size range becoming dominant9. There was a significant
increase in Shannon diversity of the myctophid community with
increasing SST, associated with a shift in species abundances from
communities dominated by a few large-bodied species (e.g. Electrona
antarctica) at cold high latitudes to a more even distribution of
abundances in the more northerly warmer regions (Fig. S4 and
Tables S22–24), as previously documented41,42. This indicates that the
link between temperature and body size at the community level may
be driven in part by community assembly processes that select for
species of different sizes as it becomes warmer, e.g., smaller predators
are able to outcompete larger ones under the altered prey size dis-
tribution and relatively lower metabolic demands. However, our ana-
lyses of the relationship between bodymass and SST at the population
level also revealed significant declines in size with increasing tem-
perature for many of the myctophid species, both for large-bodied
taxa such as E. antarctica and for small species like Krefftichthys.
anderssoni (Fig. S3 and Tables S19–21). The observed trends at the
community level therefore are not explained by community assembly
processes alone, but also by temperature effects on populations, likely
mediated by physiological responses to warming.

Under both moderate and high emissions scenarios, Antarctic
waters are expected to become increasingly favourable for smaller,
sub-Antarctic myctophid species, likely altering community diversity
and size structure43. Such changes may reduce their suitability as prey
for predators such as penguins and seals, with knock-on effects on
these higher predator populations and food web dynamics44. Addi-
tionally, manymyctophid species display size-selective feeding, with a
switch from euphausiids and fish to smaller copepods as their body
size decreases33. Thus, a reduction in the average size of myctophids
may alter the diversity and size distribution of the prey community as
predation rates on different species change45,46. Furthermore, smaller
species are generally expected to have fewer feeding interactions
across a more restricted range of trophic levels, which could alter the
distribution of energy flow by reducing network complexity and
trophic redundancy47.

To investigate the evidence for size-selective feeding behaviour
that could further underlie the decline in PPMR with temperature, we
conducted an analysis of dietary size preferences for prey in the
environment in relation to predator body size class and temperature
(see Methods). Predator size and SST had a significant interactive
effect onpreferredprey size, with small predators feeding on relatively
larger prey and large predators feeding on relatively smaller prey in
warmer regions (Fig. 3a and Table 2). This partially supports hypoth-
esis 2, that predators will select for larger prey in warmer environ-
ments, but not for the largest fish. This result may be explained by an
increase in the relative abundanceof intermediate prey sizeswithin the
range of body masses commonly consumed by the fish (Fig. 3b).

Fig. 2 | Effects of temperature on predator and prey body mass. a partial resi-
dual plot from a linearmixedmodel of the effect of sea-surface temperature (SST)
on prey-averaged predator-prey mass ratio (PPMR); (b) partial residual plot from a
linear mixed model of the effect of SST on predator body mass; (c) scatterplot of

the relationship between SST and abundance-weighted average prey mass in
predator stomachs. Y-axis values are in log10 g. Lines represent predicted values at
each SST. Shading represents 95% confidence intervals. Source data are provided
as a Source Data file.

Table 1 | Model statistics for the effect of temperature on
predator and prey body masses

Model Coefficient Estimate SE DF t-value p-value

PPMR Intercept 2.988 0.085 1550 35.251 <0.0001

SST −0.053 0.015 1550 −3.601 0.0003

R2m =0.049,
R2c = 0.493

Predator
body mass

Intercept 0.552 0.087 1550 6.346 <0.0001

SST −0.027 0.011 1550 −2.482 0.0132

R2m =0.024,
R2c = 0.978

Mean prey
body mass

Intercept −2.371 0.069 1551 −34.249 <0.0001

R2m <0.001,
R2c = 0.455

Output from linearmixedmodelswith predator-preymass ratio (PPMR), predator bodymass and
abundance-weighted average prey body mass in predator stomachs as response variables (all
log10). SST represents sea-surface temperature. R2m andR2c represent theNakagawa’smarginal
and conditional model R2 values, respectively.
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Our results suggest that temperature influences the size-
structuring of feeding relationships within the Southern Ocean mid-
trophic community through a combination of density-dependence
and active selection. Under colder conditions, large predators appear
to select for relatively abundant, large, energetically valuable prey
while small predators feed on small prey. Under warmer conditions,
the shift in the distribution of suitable prey sizes towards intermediate
body masses restricts the feeding behaviour of large predators and
forces them to feed sub-optimally on smaller prey while small pre-
dators actively select for these abundant intermediate prey sizes,
possibly because they provide greater per capita energy intake. This
reduction in prey size diversity could constrain the foraging niches of
smaller and larger predators, increasing competition and, under the
general expectation that food web complexity promotes predator
population stability48, potentially destabilising predator-prey dynam-
ics. Larger predators may also be forced to feed on prey that are
smaller than their optimal foraging niche, thus preventing them from

meeting their higher energetic demands under warmer conditions.
These changes in size-selectivity may also explain the increasing pre-
valence of smallermyctophid species in warmer regions (Figure S4), as
they can capitalise on the available prey field and outcompete their
larger counterparts. The increasing dominance of smallermyctophids,
which feed preferentially on larger prey in warmer regions, is likely to
drive the observed decline in overall PPMR across the predator com-
munity. Thus, we suggest that the observed patterns inmyctophid size
and foraging with temperature are likely to be the result of a combi-
nation of interacting processes acting at both the population and
community levels, and we encourage further efforts to disentangle
them. Overall, our results highlight the importance of considering the
size structuring of biotic interactions and plasticity of size-based
foraging behaviour when investigating the possible consequences of
environmental change for community structure and composition.

We investigated a temperaturegradient across a large spatial scale
(>10° of latitude) rather thandirectly testing the effects of temperature
changeover time. Such temporal changes aredifficult to investigate in-
situ, but mesocosm experiments could provide insight into how rapid
warming affects species body sizes and biotic interactions. However,
the results of such studies primarily relate to the plastic responses of
individuals over the short-term, which may differ from the adaptive
responses of populations to sustained gradualwarming over themulti-
decadal timescales that are relevant to ongoing climate change. In
contrast, given the historically stable temperatures of the Southern
Ocean49, our space-for-time substitution represents the long-term eco-
evolutionary adaptation of predator and prey communities. One
potential caveat of our approach was the use of sea-surface tempera-
tures to represent the environmental conditions experienced by the
myctophids, as temperatures at depth may differ from those at the
surface. Indeed, while a positive relationship between latitude and
temperature is still apparent at approximately 1000mdepth, the trend
is weaker than at the surface (Fig. S2). When substituting SST with the
temperature at depth in our analyses, however, the results are con-
sistent (Figure S1, Tables S8-S15), suggesting that the observed rela-
tionships hold across the depth range that myctophids are thought to
inhabit.

As our oceans continue to warm, significant changes to the size
structuring ofmarine communities are likely to occur inmany regions,
and the use of dietary preference analyses suchas thiswill be useful for
disentangling the interactive effects of behaviour and physiology on
the feeding ecology of key species and functional groups. Myctophids
are one of the most abundant fish families globally and a major com-
ponent of many pelagic food webs, from the poles to the tropics49,50.
The insights gained in this study therefore have relevance for other
open ocean systems, including those near the equator where warming
is expected to drive strong declines in body size and changes to the
distribution of many mesopelagic species50,51. Changes in species
composition with temperature may also alter community PPMR in
unexpected ways, as it has previously been found that the relationship
between individual body mass and PPMR varies between taxa, due to
factors such as morphology and feeding strategy52. It will therefore be

Fig. 3 | Temperature effects on predatory size preferences and body mass
distribution of prey in the environment. a Predicted interactive effect of SST and
fish size class on myctophid average preferred prey size. Lines represent predicted
values at each SST, for the largest and smallest predator size classes. Shading
represents 95% confidence intervals. Points are coloured according to size class,
jittered slightly for clarity.bDensity plots of zooplankton bodymass distribution in
the environment within size range commonly consumed by the myctophids,
grouped into 1 °C temperature bins. Dashed lines represent abundance-weighted
average bodymass. Y-axis indicates central temperature value for each bin. Values
in brackets indicate number of hauls. Note: in panel b, large prey sizes (above
approx. −2 log10 g) are present at all temperatures but extremely low abundance
relative to smaller organisms prevents them from being visible. Source data are
provided as a Source Data file.

Table 2 | Model statistics for the effect of temperature on
predatory size preferences

Coefficient Estimate SE DF t-value p value

Intercept −2.460 0.194 139 −12.673 <0.0001

SST 0.006 0.021 139 0.295 0.7681

Size class 0.848 0.109 139 7.795 <0.0001

SST*Size class −0.110 0.031 139 −3.483 0.00071

R2m =0.298, R2c =0.801

Output from a linear mixed effects model with mean preferred prey size (log10) as the response
variable and sea-surface temperature (SST) and predator size class (log10) as explanatory vari-
ables. R2m and R2c represent the marginal and conditional model R2 values, respectively.
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important to expand these analyses to other regions and taxa to pro-
vide an overview of the generality of the observed relationships.

Risingmetabolic costs andoxygen limitation resulting fromocean
warming are expected to drive declines in the body size distribution of
many marine ectotherms2,5, and we sought here to investigate the
potential consequences for the size-structuringof species interactions.
Using an extensive dataset spanning a large latitudinal range, we have
shown that increasing temperature is associated with changes in body
mass and dietary size-selectivity across Southern Oceanmyctophids, a
key component of pelagic food webs, resulting in predator commu-
nities that are closer in size to their prey. As a result, warming might
alter prey population dynamics and reduce top-down control, poten-
tially reducing community stability. The shift in predator-prey size
relationships could also drive a reduction in the diversity of predator-
prey interactions and a loss of redundancywithin ecological networks,
which may reduce their resistance to perturbations. The trends iden-
tified in this study provide a basis for mechanistic models to investi-
gate the potential consequences of warming scenarios for the
structure of biotic interactions and the stability of ecosystems. Efforts
to investigate these relationships in other regions and for other taxa
will aid the search for macroecological patterns that can be used to
predict ecosystem responses to climate change.

Methods
All data used in this study were collected following standard protocols
and ethical approval from the British Antarctic Survey and the Envir-
onmental Protocol (1991) of the Antarctic Treaty.

Fish sampling
Myctophids were collected during three research surveys conducted
in austral spring (JR161, Oct-Dec 2006), summer (JR177, Jan-Feb 2008)
and autumn (JR200, Mar-Apr 2009) in the Scotia Sea in the Atlantic
sector of the Southern Ocean. Fish were sampled at stations across a
transect spanning the entire Scotia Sea, from the Antarctic Polar Front
to the sea ice zone. The exact locationof these stations varied between
cruises but was similar across years, with a broad latitudinal range
sampled during each cruise (Figs. S5–S6). Sampling was conducted
using a depth-stratified 25 m2 rectangular mid-water trawl net
(RMT25), deployed at depth ranges of 0−200, 200–400, 400–700,
and 700–1000m (Fig. 1). The nets had a cod end mesh size of 5mm.
Hauls were conducted during both light and dark conditions in spring
and summer, but only darkness during autumn, due to a reduced
daylight period.

Fish were processed on-board and identified to species level
where possible, with standard length (SL) measured to the nearest
millimetre. A random subsample of 25 fish per species (or all indivi-
duals in the case of small catches) were set aside for stomach dissec-
tion. These stomach samples were then frozen at −20 °C for later
laboratory analysis, where the stomach contents were thawed and
identified to the lowest taxonomic level possible. For each stomach,
the number of individuals and average weight of each prey taxon was
recorded using amotion compensated balance. The resulting datasets
can be accessed via the UK Polar Data Centre53,54.

For this study, fish SL was converted to mass in grams using
species-specific length-weight equations from the British Antarctic
Survey’s long-term records (supplementary Table S25) for those indi-
viduals which did not have empty stomachs. This was done for ten
species (see supplementary Table S25), while data for a further two
species were omitted due to very low sample sizes (n = 7 for Gymnos-
copelus opisthopterus, n = 1 for G. piabilis). The final datasets used in
this study consisted of 3707 prey records from 1576 fish stomachs
(Table S26), in addition to a larger set of fish body size estimates from
6143 individuals (the majority without stomach content data;
Table S27) and species-specific abundanceestimates for each sampling
location.

Zooplankton sampling
Macrozooplankton samples were collected from RMT25 nets, while
mesozooplankton were sampled using paired Bongo nets (mesh size
50 µm), which were deployed to a depth of 400m during daylight
hours55–57. Zooplankton samples were preserved in 4% formalin with
seawater and analysed in the laboratory, with taxa identified to the
lowest possible taxonomic resolution. The total wet weight (g) was
calculated for each macrozooplankton taxon using a motion com-
pensated balance anddividedby the number of individuals to estimate
the mean body mass for each taxon. Mesozooplankton taxa were
assigned an average drymass (DM,mg) frompublished sources, which
were converted to wet mass (WM, g) using general DM to WM con-
version factors in Atkinson et al.58. Abundance values for macro- and
mesozooplankton (standardised to individuals m−2) were calculated
using the estimated area sampled by the nets. Copepods dominated
the zooplankton community by abundance, constituting over 70% of
total density on average across hauls, followed by polychaetes and
chaetognaths and, to a lesser extent, pteropods and ostracods
(Table S28). The original zooplankton data are as presented in57

and can be accessed from the UK Polar Data Center59.

Environmental covariates
We extracted daily sea-surface temperature (SST) values for the
coordinates of each station from the 1/12° gridded Copernicus Global
Ocean Physics Reanalysis product GLORYS12V160. To investigate the
consistency of results at depth, we also extracted modelled tempera-
ture data from theGLORYS12V1 ~1062mdepth bin, which is the closest
match to the lower depth limit of the trawls. Temperature data were
averaged for the 30days prior to and including the day of sampling. To
identify the potential influence of local productivity on myctophid
feeding relationships, we also extracted surface chlorophyll-a (Chl-a)
values from the Copernicus-GlobColour dataset, which has a spatial
resolution of 4 × 4 km61. As with the temperature data, daily Chl-a
values at each station were averaged for the 30 days prior to and
including the day of sampling. See Figure S7 for an overview of the
relationship between temperature and latitude. The remaining meth-
ods refer to analyses involving SSTbut see Supplementary Information
for an overview of the results of modelling with temperature at depth.
We did not consider the effects of spatial heterogeneity in fishing
effort as there is currently no targeted myctophid fishery in the
Southern Ocean. Fish constitute the majority of bycatch by the winter
krill fishery in the Scotia Sea but appear to consist predominantly of
members of the Channichthyidae and Nototheniidae62. Overall annual
average bycatch weights across all bycatch taxa (0.1-51.3 tonnes) are
low compared to the estimated biomass of mesopelagic fish in the
Scotia Sea (~4.5 million tonnes) and would therefore be expected to
have negligible impact on community structure62.

Statistical analyses
Linearmixedmodels (LMMs) were used to investigate the relationship
between the environmental variables and multiple metrics related to
myctophids and their prey, using the predator-prey body size dataset.
PPMRwas calculated as the bodymassof eachfishpredator (g) divided
by the abundance-weighted average prey mass (g) in its stomach.
LMMs were fitted using the function ‘lme’ in the package ‘nlme’ 63 with
either PPMR, predator body mass, or abundance-weighted mean prey
bodymass as response variables (each subject to log10 transformation
to meet the assumptions of normality, homogeneity and indepen-
dence of residuals). No strong collinearity was identified between SST
and chl-a (Spearman’s rho: −0.077, p =0.002), therefore these were
both entered as explanatory variables in the same model, including
their interaction term.Model selection was then conducted to identify
the best specification of fixed effects (SST and Chl-a) and random
effects (nesting the variables ‘year’ and ‘predator species’). The use of
weighted variance structures to account for heterogeneity in residual
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variance by year or species was also investigated during model selec-
tion. The absence of spatial autocorrelation in model residuals was
confirmed using Moran’s I (Table S7), therefore autocorrelation
structures were not included in the models. The best model was
determined by AIC comparison and visual diagnostics (hetero-
scedasticity and normality of residuals). All models incorporated a
combined constant variance structure to account for hetero-
scedasticity in the errors within both year and predator species. The
final selected models all included a random intercept for year and a
random slope for SST by predator species. Chl-a had no significant
main or interactive effects on the response variables andwas therefore
omitted from further analyses. See Tables S1–S7 for an overview of the
model selection process and Moran’s I results for these models.

The selectivity of predators for different prey sizes was estimated
by fitting kernel density distributions to the prey body masses identi-
fied in predator stomachs (realised distribution) and to the compar-
able range of prey body masses sampled from the environment
(environmental distribution)64. The environmental distribution repre-
sents the expected predator diet if feeding is based solely on density-
dependent foraging, while the realised distribution generally repre-
sents the combination of such neutral processes and the active
selection for specific prey sizes64. This approach assumes that the diets
of these predators are generalist and primarily size-constrained, which
is supported by previous studies of Southern Ocean myctophid
diets32,33. Using the ratio of the realised and environmental distribu-
tions, a preference distribution can be calculated, representing the
selectivity of predators for different prey sizes. To link the predator
diets to the distribution of potential prey sizes in the environment, we
grouped predators and zooplankton samples which were collected in
the same area and within a few days of one-another, resulting in a total
of 24 separate sampling locations spanning the study region. Within
these groups, we then aggregated predators from the same species
into size-classes of 100.05 g to ensure that enough prey were present in
the combined diets to reliably estimate a density distribution, whilst
ensuring therewere enough data points for later analysis (n = 164). The
final size classes ranged from 10−0.525 = 0.30 g to 101.575 = 37.58 g. For
each aggregation, an average temperature was estimated from the
constituent stations. We used the mean value of the preference dis-
tribution for each size class to represent the average preferred prey
size of predators at each temperature. We then used a LMM to inves-
tigate the relationship between preferred prey size and the interaction
between temperature and predator size-class, following the same
approach tomodel specification and selection as described above. The
final model included random intercepts for year and predator species,
and a combined variance structure for year and predator species (see
Tables S29-S30 for an overview of the model selection process).

To differentiate the potential individual-level and community-
levelmechanisms underlying trends in body size with temperature, we
also conducted analyses of predator body size and community com-
position using a larger dataset of individual body sizes and species
abundance estimates (n = 6143). We fitted a Generalised Least Squares
(GLS) regression model of species diversity (Shannon–Wiener (log e)
diversity index) as a function of SST and Chl-a to investigate whether
there was any change in community structure with environmental
conditions. For this analysis, densities of each species caught during
each haul were estimated by multiplying counts by the product of the
distance towedmultiplied by the nominal net mouth area (25 m2), and
then standardised to values of individuals per 1000m−3. A square-root
transformationwas then applied to the density estimates to reduce the
weighting of dominant species. An LMM was fitted to the relationship
between body mass and the interaction between SST and Chl-a at the
community level, before linearmodels of body size and SSTwerefitted
for each predator species individually, to identify whether community-
level trends in size with temperature were present at the population
level. The optimal model structure for each species-level analysis

varied, and very low but statistically significant levels of spatial auto-
correlationwere identified for a small number of species anddealtwith
by incorporating spatial autocorrelation functions. See Tables S16–S24
for model selection of the optimal variance weighting, random and
fixed effects structures, Moran’s I test results and implemented auto-
correlation structures and model outputs.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The processed data have been deposited in the Zenodo database65.
The original raw fish stomach contents and zooplankton data used in
this study are available in the UK Polar Data Centre53,54,59 and an asso-
ciated publication57. The SST and surface chlorophyll-a data used in
this study are available in the Copernicus Marine Service
database60,61. Source data are provided with this paper.

Code availability
The code used to process raw data and conduct analyses are available
in Zenodo65.

References
1. Daufresne, M., Lengfellner, K. & Sommer, U. Global warming ben-

efits the small in aquatic ecosystems. Proc. Natl Acad. Sci. USA 106,
12788–12793 (2009).

2. Deutsch, C. et al. Impact of warming on aquatic body sizes
explainedbymetabolic scaling frommicrobes tomacrofauna. Proc.
Natl Acad. Sci. USA 119, e2201345119 (2022).

3. Rutterford, L. A., Simpson, S. D., Bogstad, B., Devine, J. A. &Genner,
M. J. Sea temperature is the primary driver of recent and predicted
fish community structure across Northeast Atlantic shelf seas.
Glob. Change Biol. 29, 2510–2521 (2023).

4. Brierley, A. S. & Kingsford, M. J. Impacts of climate change on
marine organisms and ecosystems. Curr. Biol. 19, R602–R614
(2009).

5. Forster, J.,Hirst, A.G. &Atkinson, D.Warming-induced reductions in
body size are greater in aquatic than terrestrial species. Proc. Natl
Acad. Sci. USA 109, 19310–19314 (2012).

6. Scharf, F. S., Juanes, F. & Rountree, R. A. Predator size-prey size
relationships of marine fish predators: interspecific variation and
effects of ontogeny and body size on trophic-niche breadth. Mar.
Ecol. Prog. Ser. 208, 229–248 (2000).

7. Sánchez-Hernández, J., Nunn, A. D., Adams,C. E. &Amundsen, P.-A.
Causes and consequences of ontogenetic dietary shifts: a global
synthesis using fish models. Biol. Rev. 94, 539–554 (2019).

8. Queiros, Q. et al. Fish shrinking, energy balance and climate
change. Sci. Total Environ. 906, 167310 (2024).

9. Gjoni, V., Glazier, D. S.,Wesner, J. S., Ibelings, B.W. & Thomas,M. K.
Temperature, resources and predation interact to shape phyto-
plankton size–abundance relationships at a continental scale.Glob.
Ecol. Biogeogr. 32, 2006–2016 (2023).

10. Agiadi, K. et al. Palaeontological evidence for community-level
decrease in mesopelagic fish size during Pleistocene climate
warming in the eastern Mediterranean. bioRxiv https://doi.org/10.
1101/2022.10.04.510798 (2022).

11. Salvatteci, R. et al. Smaller fish species in a warm and oxygen-poor
Humboldt Current system. Science 375, 101–104 (2022).

12. Cheung, W. W. L. et al. Shrinking of fishes exacerbates impacts of
global ocean changes onmarine ecosystems. Nat. Clim. Change 3,
254–258 (2013).

13. Petchey, O. L., Beckerman, A. P., Riede, J. O. & Warren, P. H. Size,
foraging, and food web structure. Proc. Natl Acad. Sci. USA 105,
4191–4196 (2008).

Article https://doi.org/10.1038/s41467-024-48279-0

Nature Communications |         (2024) 15:3979 6

https://doi.org/10.1101/2022.10.04.510798
https://doi.org/10.1101/2022.10.04.510798


14. Potapov, A. M., Brose, U., Scheu, S. & Tiunov, A. V. Trophic Position
of Consumers and Size Structure of FoodWebs across Aquatic and
Terrestrial Ecosystems. Am. Nat. 194, 823–839 (2019).

15. Boit, A., Martinez, N. D., Williams, R. J. & Gaedke, U. Mechanistic
theory and modelling of complex food-web dynamics in Lake
Constance. Ecol. Lett. 15, 594–602 (2012).

16. Martinez, N. D. Allometric trophic networks from individuals to
socio-ecosystems: consumer–resource theory of the ecological
elephant in the room. Front. Ecol. Evol. https://doi.org/10.3389/
fevo.2020.00092 (2020).

17. Brose, U., Williams, R. J. & Martinez, N. D. Allometric scaling
enhances stability in complex food webs. Ecol. Lett. 9,
1228–1236 (2006).

18. Petrik, C. M., Stock, C. A., Andersen, K. H., van Denderen, P. D. &
Watson, J. R. Largepelagicfish aremost sensitive toclimatechange
despite pelagification of ocean food webs. Front. Mar. Sci. https://
doi.org/10.3389/fmars.2020.588482 (2020).

19. Lavin, C. P., Gordó-Vilaseca, C., Stephenson, F., Shi, Z. & Costello,
M. J. Warmer temperature decreases the maximum length of six
species of marine fishes, crustacean, and squid in New Zealand.
Environ. Biol. Fishes 105, 1431–1446 (2022).

20. Lemoine, N. P., Drews, W. A., Burkepile, D. E. & Parker, J. D.
Increased temperature alters feeding behavior of a generalist her-
bivore. Oikos 122, 1669–1678 (2013).

21. O’Gorman, E. J. et al. Temperature effects on fish production across
a natural thermal gradient. Glob. Change Biol. 22, 3206–3220
(2016).

22. Dobashi, T., Iida, M. & Takemoto, K. Decomposing the effects of
ocean environments on predator–prey body-size relationships in
food webs. R. Soc. Open Sci. 5, 180707 (2018).

23. Gibert, J. P. & Delong, J. P. Temperature alters food web body-size
structure. Biol. Lett. 10, 20140473 (2014).

24. Meredith, M. P. & King, J. C. Rapid climate change in the oceanwest
of the Antarctic Peninsula during the second half of the 20th cen-
tury. Geophys. Res. Lett. https://doi.org/10.1029/2005gl024042
(2005).

25. Whitehouse, M. J. et al. Rapid warming of the ocean around South
Georgia, Southern Ocean, during the 20th century: Forcings,
characteristics and implications for lower trophic levels. Deep Sea
Res. Part I: Oceanogr. Res. Pap. 55, 1218–1228 (2008).

26. Hill, S. L., Murphy, E. J., Reid, K., Trathan, P. N. & Constable, A. J.
Modelling SouthernOcean ecosystems: krill, the food-web, and the
impacts of harvesting. Biol. Rev. 81, 581 (2006).

27. Atkinson, A. et al. Krill (Euphausia superba) distribution contracts
southward during rapid regional warming. Nat. Clim. Change 9,
142–147 (2019).

28. Klein, E. S., Hill, S. L., Hinke, J. T., Phillips, T. &Watters, G.M. Impacts
of rising sea temperature on krill increase risks for predators in the
Scotia Sea. PLoS ONE 13, e0191011 (2018).

29. McCormack, S. A. et al. Decades of dietary data demonstrate
regional food web structures in the Southern Ocean. Ecol. Evol. 11,
227–241 (2021).

30. McCormack, S. A., Melbourne-Thomas, J., Trebilco, R., Blanchard, J.
L. & Constable, A. Alternative energy pathways in Southern Ocean
food webs: Insights from a balanced model of Prydz Bay, Antarc-
tica. Deep Sea Res. Part II: Top. Stud. Oceanogr. https://doi.org/10.
1016/j.dsr2.2019.07.001 (2020).

31. Saunders, R. A. & Tarling, G. A. Southern ocean mesopelagic fish
comply with Bergmann’s rule. Am. Nat. 191, 343–351 (2018).

32. Cherel, Y., Fontaine, C., Richard, P. & Labatc, J.-P. Isotopic niches
and trophic levels of myctophid fishes and their predators in the
Southern Ocean. Limnol. Oceanogr. 55, 324–332 (2010).

33. Saunders, R. A., Hill, S. L., Tarling, G. A. & Murphy, E. J. Myctophid
fish (Family Myctophidae) are central consumers in the foodweb of

the Scotia sea (SouthernOcean). Front. Mar. Sci. https://doi.org/10.
3389/fmars.2019.00530 (2019).

34. Kratina, P., Rosenbaum, B., Gallo, B., Horas, E. L. & O’Gorman, E. J.
The combined effects of warming and body size on the stability of
predator-prey interactions. Front. Ecol. Evol. https://doi.org/10.
3389/fevo.2021.772078 (2022).

35. Sentis, A., Binzer, A. & Boukal, D. S. Temperature-size responses
alter food chain persistence across environmental gradients. Ecol.
Lett. 20, 852–862 (2017).

36. Shackell, N. L., Frank, K. T., Fisher, J. A. D., Petrie, B. & Leggett,W. C.
Decline in top predator body size and changing climate alter
trophic structure in an oceanic ecosystem. Proc. R. Soc. B: Biol. Sci.
277, 1353–1360 (2010).

37. Rall, B. C., Vucic-Pestic, O., Ehnes, R. B., Emmerson, M. & Brose, U.
Temperature, predator-prey interaction strength and population
stability. Glob. Change Biol. 16, 2145–2157 (2009).

38. Gauzens, B. et al. fluxweb: An R package to easily estimate energy
fluxes in food webs. Methods Ecol. Evol. 10, 270–279 (2019).

39. Sohlström, E. H. et al. Thermal acclimation increases the stability of
a predator–prey interaction in warmer environments.Glob. Change
Biol. 27, 3765–3778 (2021).

40. Riemer, K., Anderson‐Teixeira, K. J., Smith, F. A., Harris, D. J. & Ern-
est, S. K. M. Body size shifts influence effects of increasing tem-
peratures on ectotherm metabolism. Glob. Ecol. Biogeogr. 27,
958–967 (2018).

41. Collins, M. A. et al. Latitudinal and bathymetric patterns in the dis-
tribution and abundance of mesopelagic fish in the Scotia Sea.
Deep Sea Res. Part II: Top. Stud. Oceanogr. 59-60, 189–198 (2012).

42. Rubalcaba, J. G., Verberk, W. C. E. P., Hendriks, A. J., Saris, B. &
Woods, H. A.Oxygen limitationmay affect the temperature and size
dependence of metabolism in aquatic ectotherms. Proc. Natl Acad.
Sci. USA 117, 31963–31968 (2020).

43. Freer, J. J., Tarling, G. A., Collins, M. A., Partridge, J. C. & Genner, M.
J. Predicting future distributions of lanternfish, a significant ecolo-
gical resource within the Southern Ocean. Divers. Distributions
https://doi.org/10.1111/ddi.12934 (2019).

44. Murphy, E. J. et al. Spatial and temporal operation of the Scotia Sea
ecosystem: a review of large-scale links in a krill centred food web.
Philos. Trans. R. Soc. B: Biol. Sci. 362, 113–148 (2007).

45. Rudolf, V. H. W. Seasonal shifts in predator body size diversity and
trophic interactions in size-structured predator-prey systems. J.
Anim. Ecol. 81, 524–532 (2012).

46. Ives, A. R., Cardinale, B. J. & Snyder, W. E. A synthesis of sub-
disciplines: predator-prey interactions, and biodiversity and eco-
system functioning. Ecol. Lett. 8, 102–116 (2004).

47. Brose, U. et al. Predicting the consequences of species loss using
size-structured biodiversity approaches. Biol. Rev. 92, 684–697
(2017).

48. Petchey, O. L. Prey diversity, prey composition, and predator
population dynamics in experimental microcosms. J. Anim. Ecol.
69, 874–882 (2000).

49. Morley, S. A. et al. Global drivers on southern ocean ecosystems:
changing physical environments and anthropogenic pressures in
an earth system. Front. Mar. Sci. https://doi.org/10.3389/fmars.
2020.547188 (2020).

50. Chaudhary, C., Richardson, A. J., Schoeman, D. S. & Costello, M. J.
Global warming is causing a more pronounced dip in marine spe-
cies richness around the equator. Proc. Natl Acad. Sci. USA 118,
e2015094118 (2021).

51. Lefort, S. et al. Spatial and body‐size dependent response ofmarine
pelagic communities to projected global climate change. Glob.
Change Biol. 21, 154–164 (2015).

52. Reum, J. C. P., Holsman, K. K., Aydin, K. Y., Blanchard, J. L. & Jen-
nings, S. Energetically relevant predator-prey bodymass ratios and

Article https://doi.org/10.1038/s41467-024-48279-0

Nature Communications |         (2024) 15:3979 7

https://doi.org/10.3389/fevo.2020.00092
https://doi.org/10.3389/fevo.2020.00092
https://doi.org/10.3389/fmars.2020.588482
https://doi.org/10.3389/fmars.2020.588482
https://doi.org/10.1029/2005gl024042
https://doi.org/10.1016/j.dsr2.2019.07.001
https://doi.org/10.1016/j.dsr2.2019.07.001
https://doi.org/10.3389/fmars.2019.00530
https://doi.org/10.3389/fmars.2019.00530
https://doi.org/10.3389/fevo.2021.772078
https://doi.org/10.3389/fevo.2021.772078
https://doi.org/10.1111/ddi.12934
https://doi.org/10.3389/fmars.2020.547188
https://doi.org/10.3389/fmars.2020.547188


their relationship with predator body size. Ecol. Evol. 9,
201–211 (2019).

53. Collins, M., Shreeve, R., Stowasser, G., Foster, E. & Saunders, R.
Conventional Stomachs Contents Data For Mesopelagic Fish Col-
lected From The Scotia Sea Between 2004-2009 (Version 1.0) [Data
set]. (UK Polar Data Centre, Natural Environment Research Council,
UK Research & Innovation, 2020).

54. Belcher, A., Saunders, R., & Tarling, G. Length, weight and abun-
dance data of fish species captured in RMT-25 net surveys in the
Scotia Sea, Southern Ocean in 2006, 2008, and 2009 (Version 1.0)
[Data set]. (UK Polar Data Centre, British Antarctic Survey, Natural
Environment Research Council, UK Research & Innovation, 2019).

55. Ward, P., Atkinson, A. & Tarling, G. Mesozooplankton community
structure and variability in the Scotia Sea: a seasonal comparison.
Deep Sea Res. Part II: Top. Stud. Oceanogr. 59-60, 78–92 (2012).

56. Tarling, G. A., Ward, P., Atkinson, A., Collins, M. A. & Murphy, E. J.
DISCOVERY 2010: spatial and temporal variability in a dynamic
polar ecosystem.DeepSeaRes. Part II: Top. Stud.Oceanogr.59-60,
1–13 (2012).

57. Tarling, G. A. et al. Seasonal trophic structure of the Scotia Sea
pelagic ecosystem considered through biomass spectra and stable
isotope analysis.Deep Sea Res. Part II: Top. Stud. Oceanogr. 59-60,
222–236 (2012).

58. Atkinson, A., Ward, P., Hunt, B. P. V., Pakhomov, E. A. & Hosie, G. W.
An overview of Southern Ocean zooplankton data: abundance,
biomass, feeding and functional relationships. CCAMLR Sci. 19,
171–218 (2012).

59. Ward, P., Tarling, G., Shreeve, R., & ten Hoopen, P. Epipelagic
mesozooplankton distribution and abundance in Southern Ocean
Atlantic sector and the North Atlantic and Arctic 1996−2013 (Version
1.0) [Data set] (UK Polar Data Centre, Natural Environment Research
Council, UK Research & Innovation 2020).

60. Jean-Michel, L. et al. The Copernicus Global 1/12° Oceanic and Sea
Ice GLORYS12 Reanalysis. Front. Earth Sci. https://doi.org/10.3389/
feart.2021.698876 (2021).

61. Garnesson, P., Mangin, A., Fanton D’Andon, O., Demaria, J. & Bre-
tagnon,M. TheCMEMSGlobColour chlorophyll a product based on
satellite observation: multi-sensormerging and flagging strategies.
Ocean Sci. 15, 819–830 (2019).

62. Krafft, B. A., Lowther, A. & Krag, L. A. Bycatch in the Antarctic krill
(Euphausia superba) trawl fishery. Fish. Manag. Ecol. 30,
154–160 (2023).

63. nlme: Linear and Nonlinear Mixed Effects Models version 3.1-160
(https://CRAN.R-project.org/package=nlme) (2022).

64. Gauzens, B. et al. Flexible foraging behaviour increases predator
vulnerability to climate change. Nat. Clim. Change https://doi.org/
10.1038/s41558-024-01946-y (2024).

65. Eskuche-Keith et al. Temperature and myctophid dietary size
selectivity. Nature Comms v1.0. Zenodo https://doi.org/10.5281/
zenodo.10879865 (2024).

Acknowledgements
Thanks to the crew and scientists involved in the surveys during which
the data used in this study were collected. Thanks to also Dr Michelle

Taylor and Dr Anna Sturrock at the University of Essex and Dr Phil Hol-
lyman at the British Antarctic Survey for providing advice regarding the
analyses and reviewing drafts of the paper. This work was supported by
the Natural Environment Research Council (NERC) and ARIES Doctoral
Training Partnership [NE/S007334/1] (P.E.K.), the NERC-funded SeaDNA
project [NE/N005996/1] (E.O.G.), the NERC-funded British Antarctic
Survey Antarctic Logistics and Infrastructure National Capability pro-
grammeCONSEC (S.H.,G.T. andR.S.), theGermanResearch Foundation
[DFG-FZT 118, 202548816] (B.R.) and the EU COST action Sea-Unicorn
[CA19107] (P.E.K.).

Author contributions
Study conceivedby P.E.K., E.O.G. and L.L. Data collated byG.T., R.S. and
P.E.K. Analyses conducted by P.E.K., supported by B.R. for selectivity
analysis. Manuscript written by P.E.K., with substantial contributions
from E.O.G., L.L., G.T., R.S., B.R. and S.H.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-48279-0.

Correspondence and requests for materials should be addressed to
Patrick Eskuche-Keith.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-48279-0

Nature Communications |         (2024) 15:3979 8

https://doi.org/10.3389/feart.2021.698876
https://doi.org/10.3389/feart.2021.698876
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1038/s41558-024-01946-y
https://doi.org/10.1038/s41558-024-01946-y
https://doi.org/10.5281/zenodo.10879865
https://doi.org/10.5281/zenodo.10879865
https://doi.org/10.1038/s41467-024-48279-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Temperature alters the predator-prey size relationships and size-selectivity of Southern Ocean�fish
	Results and discussion
	Methods
	Fish sampling
	Zooplankton sampling
	Environmental covariates
	Statistical analyses
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




