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Zooplankton are the primary energy pathway from phytoplankton to
fish. Yet, there is limited understanding about how climate change will
modify zooplankton communities and the implications for marine food
webs globally. Using a trait-based marine ecosystem model resolving key
zooplankton groups, we find that future oceans, particularly in tropical
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regions, favour food webs increasingly dominated by carnivorous
(chaetognaths, jellyfish and carnivorous copepods) and gelatinous
filter-feeding zooplankton (larvaceans and salps) at the expense of
omnivorous copepods and euphausiids. By providing a direct energetic
pathway from small phytoplankton to fish, the rise of gelatinous filter
feeders partially offsets the increase in trophic steps between primary
producers and fish from declining phytoplankton biomass and increases
in carnivorous zooplankton. However, future fish communities experience
reduced carrying capacity from falling phytoplankton biomass and less
nutritious food as environmental conditions increasingly favour gelatinous
zooplankton, slightly exacerbating projected declines in small pelagic fish
biomassintropical regions by 2100.

Zooplankton are a critical component of marine food webs, serving as
the primary energy pathway from phytoplankton to fish'. Zooplankton
are extremely diverse, representing 15 phyla’ and accounting for ~40%
of the world’s marine biomass®. However, despite their abundance
and ecological importance, most ecosystem models resolve few zoo-
plankton groups®, focusing on phytoplankton or fish, particularly in
climate change projections®®. By not adequately resolving zooplankton
communities in ecosystem models, major climate-driven changes in
marine food webs in response to climate change may be overlooked”™’.
These changes could have important implications for ecosystem
services ranging from biogeochemical cycling'® " to fisheries"".
Zooplankton community structure across space and time is deter-
mined by how the vastly different functional traits of its members
drive interactions between individual zooplankton and their
environment®. Zooplankton functional traits not only govern

therelative fitness of individual zooplankton™" but also regulate the
transfer of energy from phytoplankton to fish®'*">, For example, the
number of trophic steps between phytoplankton and fish is partly
determined by zooplankton predator-prey mass ratios (PPMRs; the
ratio of predator-prey body size). Higher PPMRs mean fewer trophic
steps and therefore less energy lost from phytoplankton to fish™.
Thus, communities dominated by carnivorous copepods (PPMR <100;
Supplementary Table 1) are expected to transfer less energy to
higher trophic levels than those dominated by filter feeders such as
larvaceans and salps' (PPMR > 6 million; Supplementary Table 1).
Zooplankton community composition also affects the nutritional
quality (carbon content) of food for fish. This is because zooplankton
carbon content varies within taxa and by over one order of magni-
tude across taxa', from gelatinous zooplankton (0.5%), through
crustaceans (12%), to microzooplankton (15%). Better accounting for
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Fig. 1| Effects of climate change on global zooplankton biomass. Change
inglobal zooplankton biomass (%) for three zooplankton groups from 1980 to
2100, relative to 1980 to 2000, under emission scenarios SSP 1-2.6, SSP 3-7.0
and SSP 5-8.5. Solid lines represent the ensemble mean change in zooplankton
biomass and shaded areas are the standard deviation from separate simulations
of ZooMSS, each forced by one of five Earth-system models. The horizontal
black dashed line indicates no change in biomass, compared to mean biomassin
1980-2000.

the diversity of zooplankton functional traits will therefore improve
understanding of energy flow from plankton to fish now and under
future climate change.

In this Article, we assess effects of climate change on global
zooplankton community composition. We then explore how these
climate-driven changes affect small pelagic (planktivorous) fish—
the primary predator of zooplankton beyond zooplankton them-
selves. We use a global marine ecosystem model, the Zooplankton
Model of Size Spectra (ZooMSS)" (Methods), which resolves phyto-
plankton, two microzooplankton groups (heterotrophic flagellates
and ciliates), seven mesozooplankton and macrozooplankton groups
(omnivorous and carnivorous copepods, larvaceans, euphausiids,
salps, chaetognaths and jellyfish) and three size-based fish groups
(broadly representing small pelagic fish (SPF) <100 g; medium
pelagic fish 100 g <10 kg and large pelagic fish 10 kg <1t). ZooMSS
resolves the nine zooplankton groups on the basis of several traits: the
size range of the group, feeding characteristics (PPMR and feeding
kernel width) and carbon content’ (Supplementary Table 1). We
focus our analysis on the mesozooplankton and macrozooplankton
(hereafter called zooplankton), organizing them into three groups
defined by their feeding characteristics—carnivores (chaetognaths,
jellyfish and carnivorous copepods), omnivores (euphausiids and
omnivorous copepods) and filter feeders (larvaceans and salps).
ZooMSS is forced by sea-surface temperature and phytoplankton
variables from five coupled model intercomparison project phase
6 (CMIP6) Earth-system models' under three future (2015-2100)
Intergovernmental Panel on Climate Change shared socioeconomic
pathways (SSPs)?° (SSP 1-2.6, SSP 3-7.0 and SSP 5-8.5) using historical
(1980-2014) conditions as a baseline (Methods).

Climate-driven declinesin global zooplankton
biomass

Global zooplankton biomass declined by 7-16% from 1980 to 2100
(Fig. 1 and Table 1). These declines in zooplankton biomass are
within the range of similar studies*** and are primarily caused by
projected declines in phytoplankton biomass. Of course, ZooMSS
could be within range of other models for the wrong reasons or due
to compensation effects (section on Model caveats). Contemporary
distributions of zooplankton and small fish biomass at the global

level and their future declines show similar spatial and temporal
patterns to phytoplankton biomass (Extended Data Fig. 1). This is
because in ZooMSS phytoplankton are the primary food source for
microzooplankton?, filter feeders® and omnivorous zooplankton®,
which are themselves food for carnivores and SPF**?® (Extended Data
Fig.2). Therefore, adecline in phytoplankton meansless zooplankton
and fish can be supported. Previous modelling and observational
studies have also shown that contemporary and future zooplankton
biomass is strongly related to phytoplankton biomass over large
spatial scales”*>*°, Warming acts as an additional driver of biomass
decline in ZooMSS by increasing background mortality from senes-
cence, which is not balanced by predation-driven growth. However,
since predation-driven growth and mortality processes scale in
the same way with temperature across all functional groups in
ZooMSS (section on The model), warming is a secondary driver
of zooplankton and fish biomass decline compared to decreases in
phytoplankton biomass'®*°,

The decline in global biomass (from 1980 to 2100) varied across
zooplankton groups (Fig.2a-cand Table 1). Omnivorous zooplankton
biomass exhibited the greatest decline of 8-18%. By contrast, filter
feeders experienced amore modest biomass decline of up to 6%. The
magnitude of decline of carnivorous zooplankton biomass was even
less than filter feeders, decreasing between 1% and 2%. The greater
declineinomnivoresisaconsequence of the relatively greater projec-
ted global reductions in nanophytoplankton (2-20 pm) and micro-
phytoplankton (>20 pm) biomass under climate change—both major
components of omnivore diets (Extended Data Fig. 2i,k)—in compari-
sontosmaller picophytoplankton (<2 um)®** (Extended Data Fig. 3a—c).

There was considerable variation in the response of each
zooplankton group across ocean biomes (Fig. 2d-land Table 1). From
1980 t0 2100, omnivore biomass declined >25% under both SSP 3-7.0
and SSP 5-8.5 in tropical areas. By contrast, filter-feeder biomass
was the least affected by climate change, varying between anincrease
of 2% in the polar biome (SSP 3-7.0, SSP 5-8.5) and a decrease
of 8% in tropical waters (SSP 5-8.5). The magnitude of the change
for carnivores was even smaller than filter feeders, with changes
varying between a decline of 4% in polar regions under SSP 3-7.0
and SSP 5-8.5and no change in tropical waters under SSP 1-2.6.

Climate-driven shifts in global zooplankton
composition

Biomass declines across the zooplankton groups manifest spatially
as disparate shifts in the composition of the zooplankton commu-
nity (Fig. 3). Under historical (1980-2000) conditions, carnivorous
and filter-feeding zooplankton constitute up to 50% of zooplankton
in oligotrophic subtropical gyres (Fig. 3a,b) where phytoplankton
and zooplankton biomass is lower®"** (Extended Data Fig. 1a,b) and
picophytoplankton—a major component in the diets of microzoo-
plankton and filter feeders (Extended Data Fig. 2a,c,e,g)—dominate
(Extended Data Fig. 4a). By contrast, omnivorous zooplankton
constitute 60-90% of zooplankton biomass in polar and upwelling
regions (Fig. 3c) where phytoplankton and zooplankton biomass
are higher and nanophytoplankton and microphytoplankton are
prevalent®*’ (Extended Data Fig. 4b,c).

Carnivorous and gelatinous filter-feeding zooplankton increase
in dominance with climate change, particularly in expanding open-
ocean oligotrophic gyres (Fig. 3d-1), with the magnitude of changes
increasing with greater future emissions. Under SSP 1-2.6, carnivo-
rous and filter-feeding zooplankton each increased as a proportion
of zooplankton biomass by up to 10% across large areas. Omnivorous
zooplankton declined by >15% as a proportion of total zooplankton
biomass under all emission scenarios, in areas where the relative
prevalence of carnivores and filter feeders increased. Within the
three groups, patterns of change in individual zooplankton groups
were broadly similar (Supplementary Figs.1d-1,2c-h and 3c-h).
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Table 1| Changes in global zooplankton under climate change

Total zooplankton Carnivores Filter feeders Omnivores
SSP1-2.6 SSP3-7.0 SSP5-85 SSP1-26 SSP3-7.0 SSP5-85 SSP1-2.6 SSP3-7.0 SSP5-8.5 SSP1-2.6 SSP3-7.0 SSP5-8.5
Global =73 ~124£5%** “16+£4%**  —1x2** -2+5* -2+6* —1£2%** —5+4*r -6£5*** —8+ 4%+ 14 £5*** -18+4***
Polar -8+10***  -Bx7*** =811 =34+ A5+ =45 2+£3*+* 1£2 0+2 -811***  -5+8*** -8+13***
Temperate = -5+3*** =77 =15 Il E =127 —2+3%* —1£2** —4+£3*** —5+3%* —5+3** —8+8*** —1245%**
Tropical -9+6*+* =22+10***  -27+10*** 03 -2+8 -2+10* —3+3*** =TT —8+8*** =12£8***  -28+12**F  -B4£11M**

Mean (+standard deviation) biomass change (%) in 2080 to 2100, relative to the mean over 1980-2000, for total zooplankton, carnivores (chaetognaths, jellyfish and carnivorous copepods),
filter feeders (larvaceans and salps) and omnivores (euphausiids and omnivorous copepods) across SSPs and biomes. Note here that temperate and tropical, respectively, correspond to
westerlies and trades Longhurst biomes and global results exclude the coastal biome (Extended Data Fig. 10 provides a map of the biomes). Each mean and standard deviation is calculated
over five model simulations, with each simulation using a different Earth-system model to provide environmental forcings. P values from two-sided Mann-Whitney non-parametric U-tests

comparing initial (1980-2000, n=100; 20 years x5 simulations) and final (2080-2100, n=100) biomass change are summarized as: *0.01<P<0.05, **0.001<P<0.01 and ***P<0.001.

A biomass (%) A biomass (%) A biomass (%)

A biomass (%)

Fig. 2| Effects of climate change on major zooplankton groups. a-1, Change
inbiomass (%) for three zooplankton groups (carnivores, filter feeders and
omnivores) from 1980 to 2100, relative to 1980 to 2000, under emission
scenarios SSP1-2.6 (a,d,g,j), SSP 3-7.0 (b,e,h,k) and SSP 5-8.5 (¢,f i,l), across
global (a-c), polar (d-f), temperate (g-i) and tropical (j-1) waters. Note here
that temperate and tropical, respectively, correspond to westerlies and trades
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Longhurst biomes and global results exclude the coastal biome; Extended Data
Fig.10 gives amap of the biomes. Solid lines represent the ensemble mean
change in zooplankton biomass and shaded areas are the standard deviation
from separate simulations of ZooMSS, each forced by one of five Earth-system
models. The dashed black line in each plot represents no change from mean
biomassin1980-2000.
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Fig. 3| Climate-induced shifts in zooplankton community composition.
a-c, The mean baseline percentage of total community biomass in1980-2000
comprising carnivores (a), filter feeders (b) and omnivores (c). d-1, Maps of the
mean change (%) of total zooplankton community biomass from carnivores
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(d,gj), filter feeders (e,h,k) and omnivores (f,i,I) in 2080-2100 relative to
1980-2000 under emission scenarios SSP 1-2.6 (d-f), SSP 3-7.0 (g-i) and
SSP 5-8.5(j-1), across the five Earth-system models used to force ZooMSS.

Since warming affects all zooplankton groups in ZooMSS in
the same way (section on The model), projected shifts are driven
primarily by changes in phytoplankton size structure. Under climate
change, picophytoplankton are projected to increase as a proportion
of the phytoplankton community across most the world’s oceans**,
with corresponding declinesin the prevalence of larger phytoplankton
(Extended DataFig.4d-1). Owingto their massive PPMRs (Supplemen-
tary Table1), filter feeders consume picophytoplankton®* (Extended
Data Fig. 2e,g), which are too small for most copepods and euphausi-
ids. Thus, filter-feeding zooplankton can outcompete omnivores
in oligotrophic regions®'**. Carnivores are also projected toincrease
as a proportion of the zooplankton community because of the
greater relativeimportance of microzooplankton®**¢ (Supplementary
Fig. 4), which is >50% of their diet (Extended Data Fig. 2m,0). Finally,
the greater prevalence of picophytoplankton (Extended Data Fig. 4,
left column) and microzooplankton (Supplementary Fig. 4) and
projected declines in larger phytoplankton in the future (Extended
Data Fig. 4, centre and right column), decreases the total phyto-
plankton directly available for omnivorous zooplankton®'**®, since
nanophytoplankton and microphytoplankton are large components
oftheir diet, especially in eutrophic waters (Extended Data Fig. 2i,k).

Within carnivore and filter-feeder groups, jellyfish (Supple-
mentary Fig. 1, right column) and larvaceans (Supplementary
Fig. 2, left column) experienced modest declines in some parts of
the open-ocean gyres, whereas the other filter feeders (salps) and

carnivores (carnivorous copepods and chaetognaths) increased as
a proportion of total zooplankton biomass. These unique changes
for larvaceans and jellyfish are driven not only by shifts in phyto-
plankton community size structure but also predator-prey inter-
actions among zooplankton groups. For example, larvaceans are
the smallest mesozooplankton (Supplementary Table 1) and their
declines in some regions where salps increase as a proportion of the
zooplankton are probably driven by increases in predation pressure
not balanced by growth, as they become more prevalent in diets of
carnivores and SPF as oligotrophic regions expand (Extended Data
Fig.2m,0,q,s). Conversely for jellyfish, their declines in some regions
where other carnivores increase are driven by decreases in the preva-
lence of omnivorous copepods (Supplementary Fig. 3, left column)
and larvaceans (Supplementary Fig. 2, left column), which together
are >50% of jellyfish diet from oligotrophic to eutrophic waters
(Extended DataFig. 2q).

Evidence for this projected shift from omnivores toward carni-
vores and gelatinous filter feeders has already been observedinsome
regions®*® and our results suggest that these shifts will intensify under
climate change. Only in the Southern Ocean and some subtropical
waters where larger microphytoplankton increase as a proportion of
the phytoplankton community (Extended Data Fig. 4, right column)
is the dominance of omnivorous zooplankton projected to increase
(Fig. 3f,i,1). However, effects of climate change on phytoplankton
in the Southern Ocean are poorly understood®, which means our
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Fig. 4 | Effects of climate change on SPF. a-p, Mean change in the diet
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(e-h), temperate (i-1) and tropical (m-p) waters, across the five Earth-system
models used to force ZooMSS in this study. Extended Data Figure 10 gives amap
of the biomes. Dashed red lines represent the meanin1980-2000.

projections of zooplankton community shifts in this region are
particularly uncertain. Nevertheless, these results represent sub-
stantial potential shifts in global zooplankton composition, given
that omnivorous copepods dominate total zooplankton biomass®*
and are arguably the most abundant multicellular animals on Earth™.

Implications for fish
Changesin zooplankton composition can have profound implications
for fish131¢2°3¢4% We thus explored how changesin zooplankton com-
munity composition under SSP 5-8.5 affected the diet and trophiclevel
of SPF. SPF have an extremely important ecological role transferring
energy to larger fish and form some of the most economically valuable
fisheries resources, contributing significantly to global food security*.
Globally, the proportion of SPF diet comprising omnivorous
zooplankton decreased from 79 to 72% between 1980 and 2100, with
simultaneous increases in the contribution of filter feeders from
13t016% and carnivores from 8 to 12% (Fig. 4a). These changes in SPF
diet mirrored shiftsinzooplankton community composition (Extended
DataFig. 5a). Yet, despite future declines in omnivorous zooplankton

(high PPMRs) and increases in carnivorous zooplankton (low PPMRs)
that should lead to longer food chains®*>*, the mean trophic level
of SPF increased by only -1.5% globally (from 3.67 to 3.74) and by
at most ~2.5% in tropical waters (from 3.76 to 3.86) from 1980 to 2100
(Fig. 4, third column). In contrast, the mean trophic level of omnivo-
rous zooplankton increased by on average 3.5% (from 2.57 t0 2.66) in
tropical waters and 2.5% (from 2.46 to 2.52) globally (Extended Data
Fig. 6, right column). These mean changes conceal greater increases
within regions. For example, the trophic level of omnivorous zoo-
plankton increased by >15% in some areas in the North Atlantic but
<8% for SPF in the same areas (Extended Data Fig. 7c,d). The smaller
changes in SPF trophic level are because the longer food chains
resulting from a rise in carnivores and decline in omnivores are
partially offset by the increase in gelatinous filter feeders in the
diet of SPF (Fig. 4, first column). Owing to their huge PPMRs and
similar body size range to omnivores (Supplementary Table 1), filter
feeders are uniquely capable of shunting energy from small phyto-
plankton to higher trophic levels******. These traits mean that the
trophic level of filter feeders in ZooMSS in the future falls within a
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biomass is negative is where the decline in SPF biomass is greater than that of
phytoplankton. Similarly, above the blue 1-1line inaand where the change in
phytoplankton biomass is positive, is where the increase in SPF biomass is greater
than that of phytoplankton. The red solid horizontal line in each figure indicates
where the percentage change in each SPF attribute is zero.

relatively constant and low range of 2-2.25, while trophic levels
of omnivores are more sensitive to shifts in phytoplankton biomass
from oligotrophic to eutrophic waters compared to filter feeders
(Extended Data Fig. 2 and Extended Data Fig. 6, centre and right
column; Extended Data Fig. 7). Our results suggest that the trophic
stability of filter feeders will moderate effects of shrinking
phytoplankton on future trophic levels of SPF. At the same time,
carnivorous jellyfish have large PPMRs relative to other carnivores
(Supplementary Table 1), although their large body sizes mean they
are more a competitor of SPF than prey (Extended Data Fig. 2q-t).
Thus, the role of jellyfish in buffering the effects of climate change
onfood web length could be minor compared to filter feeders.

The unique role of gelatinous filter feeders in providing an alter-
native energy pathway between phytoplankton and higher trophic
levels has long been suggested®**. However, owing to their fragile
bodies, gelatinous zooplankton have been poorly studied because
they rapidly disintegrate in the guts of predators or when sampled in
nets”. New approaches to examining diets of marine predators, such
as stable isotope analysis and DNA metabarcoding, show that gelati-
nous filter feeders are often important prey of many commercial fish
species and therefore serve an important role in structuring marine
ecosystems® 2?2, Our results suggest that the direct energy pathway
from small phytoplankton through filter feeders to fish will grow in
importance if small phytoplankton become increasingly dominant
under climate change®.

The trend toward gelatinous zooplankton caused a decrease in
the carbon content of SPF diets under climate change (Fig. 4, second
column). Gelatinous carnivores such as jellyfish and chaetognaths
and filter feeders such as larvaceans and salps, are 65-95% less
carbon-dense than omnivorous zooplankton such as euphausiids
and copepods”. As gelatinous zooplankton outcompete carbon-dense
omnivorous groups, the carbon content of the diet of SPF decreased
by ~3.5% globally, from just over 9% in 1980 to 8.7% in 2100 (Fig. 4b).
Although this mean global decline is modest, there was a greater
mean reduction of ~4.5% in the tropical biome (1980-2100; Fig. 4n).
These shifts in the nutritional quality of SPF diets reflect changes in
zooplankton community carbon content in these biomes (Extended
DataFig. 5, right column).

Sudden, climate-driven changes in fish diets have already been
observed during the recent marine heatwave in the North Pacific
from 2013 to 2016, commonly called the ‘Blob’, which led to hotter
sea-surface temperatures and lower primary production®. Decreases
inphytoplankton production during the heatwave drove declinesinthe

abundance of carbon-dense euphausiids andincreasesin carbon-poor
gelatinous zooplankton*¢, which then manifested as shifts in the diet
of SPF* as well as declines in their weight and energetic content*’*%,
Coupled with these empirical studies, our results indicate future fish
communitiesinlarge parts of the world’s oceans face not only reduced
carrying capacity from falling primary production but also potentially
lower carbon diets as reductions in phytoplankton biomass favour
less carbon-dense zooplankton communities (Extended Data Fig. 8).

From 1980 to0 2100, global SPF biomass is projected to decline by
20% (from 1980 to 2100) under SSP 5-8.5, with declines of ~-10-35%
within biomes (Fig. 4, fourth column). Similar declines are also pro-
jected for total fish biomass (Supplementary Fig. 5). Declines in SPF
biomass were slightly greater than phytoplankton in many regions
(Fig.5a), aprocess known as trophic amplification®’. To assess whether
an increasingly gelatinous zooplankton community played a role in
trophicamplification from phytoplanktonto fish, we ran ZooMSS with
the carbon content of allzooplankton groups held constant at 10%, the
same as SPF (Supplementary Table1). The magnitude of declinesin SPF
biomassin tropical waters were about10% smaller (~32% versus ~35%)
when zooplankton carbon contents were held constant (Extended
Data Fig. 9). At the same time, in temperate waters where there was
little change in zooplankton composition, there was almost no
differenceinthe changein SPF biomass (Extended DataFig.9c) and in
polar waters, declines in fish biomass were slightly larger (Extended
DataFig. 9b) when zooplankton carbon contents were held constant.

Discussion
A general expectation of climate change is that future marine ecosys-
tems will support less fish biomass where primary production decrea
ses>*%4%5% while the number of trophic steps between primary produc-
ersand fishis expected to substantially increase as mean phytoplankton
size declines*>*. Our results support the first part of this expecta-
tion—less phytoplankton means lower fish biomass (Fig. 5a)—while
challenging the expectation that future food webs will be much
longer (Figs. 4, third column and 5b). Our results also support another
suggestion: lower future phytoplankton biomass will support
more gelatinous food webs (Fig. 5c and Extended Data Fig. 8).
InZooMSS, shifts in phytoplanktonsize structure are the primary
driver of zooplankton composition shifts. However, empirical
evidence'®"' and a recent modelling study** suggest that gelatinous
filter feeders and carnivore (includingjellyfish) biomass may increase
because of temperature alone, which is not resolved in ZooMSS. This
means that ZooMSS could still underestimate the role of gelatinous
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zooplanktoninstructuring marine food websin future, warmer oceans.
At the same time, ZooMSS may also underestimate the buffering
capacity of gelatinous filter feeders on fish biomass under climate
change®?* because it does not resolve how gelatinous filter feeders
are more easily caught” and digested®* by fish compared to more
carbon-dense copepods and euphausiids. Finally, direct human
impacts from fishing—also not considered here—have also been
suggested to favour carnivorousjellyfish by removing their predators
and competitors®, although this idea remains disputed™.

Since ZooMSS was designed to project the condition of marine
ecosystems over large spatial and temporal scales, it has many simplify-
ing assumptions concerning dynamic processes such as reproduction,
seasonality and adaptation (section on Model caveats). This means
thatwearelikely to be underestimating climate effects on marine eco-
systems at finer spatial and temporal scales. For instance, decoupling
between higher trophiclevel reproduction and seasonal phytoplankton
pulses in polar and temperate regions under climate change could
drive increasingly widespread recruitment failures, with cascading
effects across marine food webs**°, By using an annual time step,
these processes and their effects are not explicitly represented here.
Further, as zooplankton and fish groups in ZooMSS are defined by
fixed functional traits (Supplementary Table 1), any potential adapta-
tions to changing environmental conditions are also not considered.
More broadly, the coupling between phytoplankton and consumers
in ZooMSS—and most of the current generation of marine ecosystem
models—isincomplete, with models not resolving predation impacts
from higher trophic levels on phytoplankton®. This lack of coupling
means that potential critical pathways of trophic amplification remain
unresolved.

Nevertheless, we believe our model is animportant step towards
resolving the changing role of zooplankton under climate change.
Previous studies have highlighted the sensitivity of global higher
trophic level biomass to energy flow through the plankton'®?>*” but
at present ZooMSS is the only global marine ecosystem model that
resolves zooplankton by multiple functional traits®. At the same time,
although anincreasing number of biogeochemical models now resolve
gelatinous zooplankton and their role in carbon sequestration®*%%,
they do not explicitly represent fish. By bridging the gap between
plankton and fish, the trait-based modelling framework used here
is a powerful way to generate new insights into how climate change
will affect zooplankton and the pivotal role they play in the world’s
marine ecosystems.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-023-01630-7.
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Methods

The model

We use the ZooMSS (v.2.1)'8, which uses the functional size-spectrum
framework®® to resolve multiple zooplankton and fish groups. In brief,
ZooMSS resolves asingle phytoplankton community, nine of the most
prevalent zooplankton functional groups (heterotrophic flagellates
and ciliates, omnivorous and carnivorous copepods, larvaceans, salps,
euphausiids, chaetognaths and jellyfish) and three fish groups. The
ninezooplankton groups are defined by their size ranges, feeding char-
acteristics (PPMR and feeding kernel width) and carbon content. The
three size-based fish groups are defined by their size ranges, broadly
representing: small pelagic (planktivorous) fish<100 g, medium pelagic
fish 100 g <10 kg and large pelagic fish 10 kg <1t. Other than their
asymptoticsize, the three fish groups share the same functional traits
(feeding characteristics and carbon content), which are unique from
the zooplankton groups. A summary of the parameter values used to
define the functional traits of the nine zooplankton and three fish com-
munities can be foundin Supplementary Table 1. The version of ZooMSS
used here has beenslightly updated from the previousiteration (v.2.0)".
Carbon contents of flagellates, copepods, larvaceans and salps have
been updated to better reflect published estimates, and the size
range of flagellates has been expanded to incorporate nanoflagellates
(<3 um). These updates resultin very minor changes to model outputs
compared to the previousiteration. To aid interpretation, in the main
text we aggregated the output from the seven mesozooplankton and
macrozooplankton types into three summary groups on the basis
of their feeding characteristics: omnivores (omnivorous copepods
and euphausiids), carnivores (carnivorous copepods, chaetognaths
and jellyfish) and filter feeders (larvaceans and salps). Heterotrophic
flagellates and ciliates were grouped together as microzooplankton.

Zooplanktonand fishgrowth at any size classis driven by the density
of smaller organisms within their preferred prey size range. For preda-
tors, growth conversion efficiency—the proportion of consumed food
converted into new wet weight biomass—is affected by the carbon con-
tentof their prey. Prey groups with larger carbon contents (for example,
copepods) contribute more to the growth of their predators when they
are consumed thanother groups with less carbon (for example, jellyfish).
Fromtheperspective of the prey, total predation from larger size classesis
the primary source of mortality. Since individuals grow and age over time,
senescence mortality is alsoincluded, whichincreases with body size.

ZooMSS is driven by sea-surface temperature and phytoplankton
variables (see next section on Environmental drivers). Across the global
ocean, zooplankton community composition emerges based on the
relative fitness of the different groups. Since temperature affects all
groups in the same way, it is a secondary driver of total zooplankton
biomass (since background mortality from senescence increases with
temperature)and not a major driver of zooplankton composition.
Rather, zooplankton composition is primarily driven by shifts in the
size structure of the phytoplankton, from oligotrophic to eutrophic
waters (Supplementary Fig. 14).

Spatial patterns of zooplankton groups generally agree with obser-
vations, as do growth rates of the functional groups'®. However, the
zooplankton abundance modelled in ZooMSS is considerably higher
than observations'. This could be due to the abundance estimates of
zooplanktonin ZooMSS including all size classes—eggs, nauplii, larvae,
juvenilesand adults—whereas observations from nets severely under-
estimate early life stages and thus abundances®*. At the same time, total
zooplankton biomass from ZooMSS across the global ocean is within
therange of two empirical estimates'*'. However, this does not mean
that ZooMSS could not be within the range of empirical estimates for
the wrong reasons or due to compensation effects.

Environmental drivers
ZooMSS is run with sea-surface temperature and phytoplankton
variables averaged annually, with a 1° spatial resolution. With respect

to phytoplankton variables, at minimum ZooMSS requires surface
chlorophyll a from Earth-system models or satellite to calculate the
size structure of the phytoplankton community. However, where
available, mean size-fractionated phytoplankton biomass across the
euphotic zone canalso be used to calculate continuous phytoplankton
size spectra.

Temperature affects the growth and mortality rates of the
zooplankton and fish functional groups. Temperatureisincorporated
into growth and mortality rates witha Q,, factor of 2, meaning that for
every10° Cof warming, allgrowth and mortality rates of zooplankton
and fish are accelerated twofold. We chose a Q,, factor of 2 based on
the comprehensive review of zooplankton growth rates®, which con-
tained >2,500 observations across nine zooplankton taxonomic groups
(non-copepod crustaceans, copepods, cnidarians, ctenophores,
chaetognaths, pteropods, polychaetes, thaliaceans and larvaceans).
They found Q,, values ranged from 0.38 t0 3.86, with amedian of 1.86,
although whenindividual body size was accounted for the median Q,,
value shifted to 2.31. We selected a Q,, factor of 2 for zooplankton and
fishsinceitfalls between these two median estimates and is also almost
identical to the body-size adjusted Q,, value of 1.98 for teleost fish®’.

Chlorophyll a sets the total biomass and size structure of the
phytoplankton community, since phytoplankton dynamics are not
explicitly represented in ZooMSS. Phytoplankton community slope,
intercept and maximumsize is calculated in several steps. First, we use
the algorithm from ref. ®, which estimates the percentage contribu-
tion of picophytoplankton (0.2-2 pm equivalent spherical diameter
(ESD)), nanophytoplankton (2-20 pm ESD) and microphytoplankton
(>20 pm ESD) to total chlorophyll a in surface waters. This algorithm
describes changes in the phytoplankton community composition
across the ocean: picophytoplankton dominate in oligotrophic waters
but decline as a percentage of the community as chlorophyll a concen-
tration increases; nanophytoplankton are most prevalent in meso-
trophicwaters; and microphytoplankton are aminor component at low
chlorophyll concentration butincrease from oligotrophic to eutrophic
waters (Supplementary Fig.12). Second, as the chlorophyll:carbonratio
of phytoplankton varies across the oceans of the world®, the contribu-
tion of each of the three phytoplankton groups to total chlorophyll a
isthen converted to carbon biomass using the empirical relationship
from Fig. 1c of ref. ©*. Phytoplankton carbon biomass is converted
to wet weight assuming 1 g carbon weight =10 g wet weight®. Last,
for each 1° grid cell and each year, phytoplankton community slope,
intercept and maximum size are then found analytically using the wet
weight biomass of the three phytoplankton groups (see the supplement
of ref. ' for more information). Derived phytoplankton abundance
slopesrange from-1.2to -0.77 from waters low to high in chlorophyll
a, whichis similar to ranges reported in empirical studies® .

When size-fractionated phytoplankton carbon biomass vari-
ables are available from Earth-system models, the conversion step
from chlorophyll a to carbon described above is not required, nor
the size-fractionation step involving the Brewin algorithm’. Using
size-fractionated phytoplankton directly from Earth-system models
also means that subsurface features of the phytoplankton—such as the
deep chlorophyll maximum in stratified waters” —are incorporatedin
continuous phytoplanktonsize spectra for stratified waters (provided
these features are presentin the Earth-system model phytoplankton).

Of the five Earth-system models used in this study, size-
fractionated and depth-resolved phytoplankton carbon biomass was
available from CESM2 and GFDL-ESM4. However, we were only able to
usethese products from GFDL-ESM4 but not CESM2. This was because
there is an inconsistency between overall phytoplankton biomass
of CESM2 and the size structure of its phytoplankton community. It
is well-established empirically that as total phytoplankton biomass
increases, the proportion of the phytoplankton that comes fromlarge
size classes increases®**’*”*, In CESM2, this relationship exists but it
is relatively weak. For example, for most of the global ocean where
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mean phytoplankton biomass in the euphotic zone is between 0.05
and 0.15 g mthe proportion of phytoplankton from large size classes
can vary between ~10% and 90% in CESM2, before sharply increasing
to >90% for waters with phytoplankton >0.15g m™. In contrast, the
change in the proportion of phytoplankton from large size classes in
GFDL-ESM4 increases smoothly from ~2% to 70%, across waters with low
to high phytoplankton biomass (Supplementary Fig.13a). Asaresult,
we found it was not possible to consistently convert small and large
phytoplankton biomass from CESM2 to continuous phytoplankton size
spectra; total phytoplankton biomass from CESM2-derived continu-
oussize spectradoes not match whatis provided from the ESMitself, a
challenge thatis not present with GFDL-ESM4-derived phytoplankton
spectra (Supplementary Fig.13b). Therefore, for GFDL-ESM4, we used
size-fractionated and depth-resolved phytoplankton carbon biomass
to calculate continuous phytoplankton size spectra but, for CESM2
and the other Earth-system models, we used surface chlorophyll a
concentration.

To assess how using either surface chlorophyll a or size-
fractionated phytoplankton could alter our results, we compared
changes in the ZooMSS zooplankton community composition for
GFDL-ESM4 simulations that have both phytoplankton outputs avail-
able under SSP 5-8.5. Spatial patterns of contemporary phytoplankton
size structure and zooplankton composition, as well as future changesin
both werebroadly similar between the two approaches with GFDL-ESM4
(Supplementary Figs. 6-9). However, in polar and tropical biomes, mean
climate-driven increases in picophytoplankton as a proportion of the
total phytoplankton were lower (-0% versus 2% in polar waters and -6%
versus 8% in tropical waters) when depth-resolved phytoplankton was
used compared to surface chlorophyll a (Supplementary Fig.10). This
smaller change slightly reduced the increase in the proportion of the
total zooplankton from filter feeders (-0% versus 2% in polar waters
and ~6% versus 8% in tropical waters) and corresponding decrease
in omnivores in these regions (Supplementary Fig. 11). All else being
equal, thissuggests thatincreasesin the prevalence of gelatinous filter
feeders at the expense of omnivores could be attenuated, depending
on how phytoplankton community size structure is parameterized.
However, uncertainty in projected shifts in plankton composition
introduced whenalternativeinputs are used to calculate the continuous
phytoplanktonsize-spectrumis muchsmaller than the total uncertainty
across the five Earth-system models (Supplementary Figs. 10 and 11).

Model caveats
There are several caveats associated with ZooMSS. First, since ZooMSS
isdesigned to provide insight into the long-term conditions of marine
ecosystems over large spatial scales, we have made many simplifying
assumptions about dynamic processes such asreproduction, seasonal-
ity and predator-prey couplinginthe plankton. Zooplanktonreproduc-
tionisacomplexand diverse process, with groups exhibiting a variety of
strategies such asbinary fissionin ciliates” and flagellates™, alternating
generations of sexual and asexual reproductioninsalps’ and jellyfish’®,
hermaphroditism in chaetognaths’ and intersexuality in copepods®.
Whatis more, since many zooplankton groups time their reproduction
to coincide with phytoplankton blooms®**seasonal cycles of boom and
bustinthe phytoplanktonis amajor driver of variation of zooplankton
productivity, particularly in polar and temperate areas. However, for
simplicity, ZooMSS assumes constant recruitment for fish and zoo-
plankton groups, as in some other size-spectrum models®”*}, which
keeps the abundances of their smallest size classes fixed, relative to the
abundance of other groups in the same size class. By simplifying repro-
duction and using a yearly temporal resolution for our model inputs,
we do not explicitly resolve these reproductive and seasonal processes.
Second, another simplifying assumption in ZooMSS and other
global marine ecosystem models is that the phytoplankton commu-
nity is represented as a static resource because it is driven by external
inputs (for example, satellite remote sensing or Earth-system models)

and thus has no predation feedback from higher trophic levels®.
However, at large temporal and spatial scales, the absence of an
explicittwo-way coupling between phytoplanktonand zooplanktonin
ZooMSS does not lead to unrealistic estimates of zooplankton biomass
or growth, since the model can reproduce global zooplankton
biomass and growth rates within the range of empirical estimates'®.
Further, global zooplankton biomass declines under climate change
are similar in ZooMSS to the range of projections from biogeochemi-
calmodelsthat explicitly resolve predator-prey interactions between
phytoplankton and zooplankton?®. Yet, the absence of diverse
zooplankton reproductive strategies and phytoplankton dynamics,
from predation impacts to seasonal booms and busts, means that
the current version of ZooMSS is not suitable for providing insight
beyond long-term conditions of marine ecosystems over large
spatial scales.

Third, the size structure estimated from the near-surface chlo-
rophyll ais assumed to be representative of the phytoplankton com-
munity size structure more generally. Using near-surface chlorophyll
a from four of the five Earth-system models used in this study means
that ZooMSS does not resolve phytoplankton communities at the deep
chlorophyll maximum layers, which are ubiquitousin low chlorophyll
a, stratified regions” and thus probably underestimates primary pro-
ducer biomassinoligotrophic regions.

Fourth, andrelated to the second caveat, where size-fractionated,
depth-resolved phytoplankton biomass is not available directly from
the Earth-system models, ZooMSS does not resolve phytoplankton
size structure through the upper water column. In these instances,
we use surface chlorophyll a to represent the phytoplankton (where
size-fractionated phytoplankton is not available from Earth-system
models) because it is a key variable used by algorithms that calculate
theglobal contribution of pico-, nano-and microphytoplanktonto total
phytoplankton biomass®*. This includes the algorithm used by ZooMSS,
developed by ref. ®*, which we selected because it was calibrated
using an extensive dataset of 5,841 in situ samples across all basins
except the Arctic Ocean. To our knowledge, the algorithm of ref. ”*
is the only global algorithm that uses surface chlorophyll a to cal-
culate phytoplankton community composition across the entire
euphotic zone. However, ref. ™ found that in stratified waters where the
deep chlorophyll maximum is a persistent feature, the variation
in phytoplankton size structure over 1.5 times the euphotic zone
depth from oligotrophic to eutrophic waters was broadly similar to
the variation in surface waters (comparing Fig. 6a and c in ref. ™).
Uncertainties remain around how phytoplankton size structure varies
with depth at the global scale™, as well as how phytoplankton at the
individual and community level will respond to climate change®*%¢,
However, it is widely expected that the global dominance of small
phytoplankton will increase**#**” as warm, nutrient-poor oligotrophic
regions expand®® and this expectationis the primary driver of the pro-
jected climate-driven changesin zooplankton compositionin ZooMSS.

Although temperature sensitivity varies among taxa®, ZooMSS
uses a uniform Q,, across groups, as is common in many marine eco-
system and Earth-system models®>**°°~, This is because—to the best
of our knowledge—ameta-analysis of the temperature dependence of
physiological processes related to growth and mortality across broad
zooplankton taxonomic groups does not yet exist. Since we use the
same Qo across all functional groups, temperature shifts have little
effect ontherelative competitiveness of different zooplankton groups
in ZooMSS. Rather, all else being equal, increasing temperatures will
primarily cause declines in biomass for all groups, due to increasing
non-predation mortality (for example, senescence) thatis not balanced
byincreasesin predation-driven growth.

Finally, ZooMSS is not a hydrodynamic model and thus does not
resolve passive (for example, by currents) or active movement of fish or
zooplankton. Thisisacommon weakness among other global marine
ecosystem models®**. This could bias abundances in certain regions
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duetoactive movement and migration of apex predators by swimming
and by passive transport of zooplankton. Further, the lack of hydrody-
namics means that ZooMSS does not include vertical mixing, which
could affect zooplankton abundances, although the phytoplankton
fields from Earth-system models used to drive ZooMSS do include
hydrodynamic processes.

Running the model
Abundances of the zooplankton and fish groups were each governed
by separate, second-order McKendrick-von Foerster equations, which
we solved numerically using a second-order semi-implicit upwind finite
difference scheme®. For each1° cell and for each year, ZooMSS is initial-
ized with the same zooplankton composition'® and community struc-
ture then emerges, on the basis of the relative fitness of the different
groups given environmental conditions. Previous sensitivity analysis
has shown that total zooplankton biomass from the model is robust to
+50% changes in the initial abundance of each zooplankton group™.
For each simulation forced with temperature, chlorophyll a con-
centration or size-fractionated and depth-resolved phytoplankton
biomass, we runthe model for1,000 years, with a half-weekly time step
and the zooplankton and fish community size ranges discretized into
0.1log,, sizeintervals. Thefirst 500 yearsisaburn-in period, allowing
the different zooplankton groups to interact and settle from initial
conditions. The very large PPMRs of salps, larvaceans and euphausiids
means that simulated biomass does not settle to a constantlevel as the
simulation progresses, an effect that has been observed in many theo-
retical studies'®?®°%, Rather, model biomass for the different groups
settles into a series of repeating cycles through time. To address this,
results are obtained by calculating mean diets and biomass over the
last 500 years of each simulation for each functional group, to obtain
long-term averages over the repeating cycles.

Assessing climate effects on zooplankton

We assess changes in the biomass of omnivores (euphausiids and
omnivorous copepods), filter feeders (larvaceans and salps) and car-
nivores (chaetognaths, jellyfish and carnivorous copepods) as well
as resultant changes in zooplankton community composition and
implications for SPF, under three future (2015-2100) Intergovern-
mental Panel on Climate Change SSP scenarios” (SSP 1-2.6, SSP 3-7.0
and SSP 5-8.5) using historical (1980-2000) conditions as a baseline.
Environmental drivers required to run the model over the historical
and three future SSP scenarios were sourced from five CMIP6 (ref. *°)
Earth-system models: CESM2, GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-
2-HR and UKESM1-0-LL. We chose these five models because they
had been previously selected from the larger CMIP6 model cohort to
force ecosystem modelsinthe fisheries and marine ecosystem model
intercomparison project (FishMIP), of which ZooMSS s a participating
model (https://www.isimip.org/protocol/3/).

To assess climate effects across polar, westerlies (temperate)
and trades (tropical) Longhurst biomes*’ (Extended Data Fig. 10), we
used the Longhurst biome mask from https://www.marineregions.
org. Throughout this work, we have renamed the westerlies and trades
biomes to temperate and tropical. Climate-driven changes in phyto-
plankton are highly uncertain, especially in coastal regions®. This is
because global Earth-system models with 1° spatial resolution—such
asthefive usedin this study—do not properly resolve biogeochemical
dynamicsin coastal systems’*'°°"> For example, in the Peru upwelling,
downscaled phytoplankton biomass from three different ESMs (CNRM,
GFDL and IPSL) were compared with phytoplankton biomass from
the same models but at their original (coarser) resolution'®®. From
2005t0 2100 under representative concentration pathway (RCP) 8.5,
the coarser resolution models predicted a decrease in chlorophyll
(between—11% and -104%), whereas the higher resolution versions pro-
jected anincrease of between 2% and 17%. Because of this uncertainty,
we excluded the coastal Longhurst biome from our results.

Calculating fish diet, trophic level and diet carbon content
Thetrophiclevel of SPF (TLgy) was calculated for all fish withanasymp-
toticsize of 100 girrespective of life stage, which is because the trophic

level of anindividual is more related to its body size than life stage'**:

TLspr =1+ ), TL; X PDgpr ,
J

where TL;is the trophiclevel of group jand PDg  is the proportion of
the diet of SPF from group,j:

and Fgp;is the total biomass from groupj consumed by SPF. Except for
phytoplankton, which have afixed trophiclevel of 1, the trophic levels
ofthe different zooplankton and fish groups change with their diet, so
we used the Gauss-Jacobiiteration method to solve TLg;.

SPF diet carbon content, CCgp, Was:

CiBspr,j
CCopp = =27,
Zj GiBser,

where Bg; is the total biomass from groupj consumed by SPF and C;
is the carbon content of group, as a proportion of total wet biomass.

Statistical methods

We ran ZooMSS five times in total, with each run forced by one of
the five Earth-system models used. These simulations were summa-
rized as means and standard deviations in figures and tables. To verify
if mean changes in total zooplankton biomass and the biomass of
filter feeders, carnivores and omnivores were significant, P values in
Table1were calculated using two-sided Mann-Whitney non-parametric
U-tests comparing initial (1980-2000, n =100; 20 years x 5 simula-
tions) and final (2080-2100, n =100) biomass changes. Only biomass
changes that had significant P values (P < 0.05) were discussed in
the text.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

ZooMSS environmental inputs were sourced from five climate mod-
els from CMIP6 (Methods; climate model data are available from the
Earth System Grid Federation here: https://esgf-data.dkrz.de/projects/
esgf-dkrz/).ZooMSS model outputs analysed in this study are available
at https://doi.org/10.5281/zen0d0.7619220 (ref.'®).

Code availability

ZooMSS model codeis available at https://github.com/MathMarEcol/
ZoopModelSizeSpectra. The code used to conduct all analysis in this
study is available at https://doi.org/10.5281/zenodo.7619220 (ref.'®).
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Extended Data Fig. 1| Climate-induced shifts in biomass of phytoplankton,
zooplankton and SPF. Mean log,, biomass (g m™)in1980-2000 of: a, Phyto-
plankton; b, Zooplankton (both micro and macrozooplankton); ¢, SPF; (d-1),
Maps of the mean change in the total biomass of: (d, g, j), Phytoplankton;
(e, h, k), Zooplankton; and (f, i, 1), SPF in 2080-2100 compared with 1980-2000

0% 35% 70%

under emission scenarios SSP1-2.6 (d-f), SSP 3-7.0 (g-i) and SSP 5-8.5 (j-1),
across the five Earth-system models used to force ZooMSS (see Assessing climate
impacts on zooplankton in Methods for more information about Earth-system
models used in this study).
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under emission scenarios (a, d, g,j) SSP1-2.6; (b, e, h, k) SSP 3-7.0; and (¢, f, i, 1)
SSP 5-8.5, across (a—c) Global; (d-f) Polar; (g-i) Temperate; and (j-1) Tropical
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Westerlies and Trades Longhurst biomes, and Global results exclude the Coastal
biome, see Extended Data Figure 10 for a map of the biomes. Solid lines give the
ensemble mean change and shaded areas represent the standard deviation for
each phytoplankton group across the five Earth-system models used to provide
forcings for ZooMSS. The dashed black line in each plot represents no change
from mean biomass in 1980-2000.
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Extended Data Fig. 4 | Climate-induced shifts in biomass of pico (0.2-2 pm
ESD), nano (2-20 pm ESD) and microphytoplankton (>20 pmESD). The

baseline percentage of total phytoplankton biomass in1980-2000 comprising:

a, Picophytoplankton; b, Nanophytoplankton; ¢, Microphytoplankton.
d-1, Maps of the mean change (%) of total phytoplankton biomass from:

Nanophytoplankton

Microphytoplankton
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(d, g,j) Picophytoplankton; (e, h, k) Nanophytoplankton; and (f, i, 1)
Microphytoplankton in2080-2100 relative to 1980-2000 under emission
scenarios (d-f) SSP1-2.6; (g-i) SSP 3-7.0; and (j-1) SSP 5-8.5, across the five
Earth-system models used to force ZooMSS.
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Extended DataFig. 5| Impacts of climate change on the plankton. Mean
change (%) in (a, d, g, j) zooplankton (Zoo.) community composition;

(b, e, h, k) phytoplankton (Phy.) biomass and (c, f, i, I) zooplankton community
carbon content (Zoo. carbon), relative to 1980-2000 under SSP 5-8.5,in (a-c)
Global; (d-f) Polar; (g-i) Temperate and (j-1) Tropical waters, across the five
Earth-system models used to force ZooMSS in this study. Carnivores include

chaetognaths, jellyfish and carnivorous copepods, Filter-feeders include salps
and larvaceans, and Omnivores include euphausiids and omnivorous copepods.
Note here that Temperate and Tropical respectively correspond to Westerlies
and Trades Longhurst biomes, and Global results exclude the Coastal biome, see
Extended Data Figure 10 for amap of the biomes.
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Extended Data Fig. 6 | Impacts of climate change on zooplankton trophic
levels. Mean trophic level of carnivores (carnivorous copepods, chaetognaths
andjellyfish; a, d, g,j), filter-feeders (salps and larvaceans; b, e, h, k) and
omnivores (omnivorous copeopods and euphausiids; ¢, f, i, 1) from 1980-2100
under SSP 5-8.5in (a-c) Global; (d-f) Polar; (g-i) Temperate and (j-1) Tropical

waters, across the five Earth-system models used to force ZooMSS in this study.
Note here that Temperate and Tropical respectively correspond to Westerlies
and Trades Longhurst biomes, and Global results exclude the Coastal biome,
see Extended Data Figure 10 for a map of the biomes. The red dashed line in each
figure indicates the mean trophic level from 1980-2000.
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Extended Data Fig. 7 | Climate-induced shifts in trophic levels. Maps of the mean change (%) in trophic level of a, Carnivores; b, Filter-feeders; ¢, Omnivores;
and d, Small (Pelagic) fish in 2080-2100 relative to 1980-2000 under emission scenarios SSP 5-8.5, across the five Earth-system models used to force ZooMSS.
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Extended Data Fig. 8 | Impacts of changing phytoplankton biomass on
zooplankton community carbon content. Percentage change in zooplankton
community carbon content against the percentage change in phytoplankton

biomass, for individual 1° grid squares from 1980-2000 to 2080-2100 under the
SSP 5-8.5 emissions scenario. The red solid horizontal line indicates where the
percentage change in zooplankton community carbon content is zero.
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Extended Data Fig. 9 | Impacts of zooplankton carbon content on SPF
biomass. Mean percentage change in the biomass of SPF under SSP 5-8.5,
from1980-2100 across a, Global (excluding the coastal biome); b, Polar;

¢, Temperate; d, Tropical waters. The blue line in each plot is the change in small
pelagic biomass under the standard model run, where the carbon content of each
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zooplankton group is given in Table S1, while the orange line is the change in SPF
biomass when the carbon content of all zooplankton groups is fixed at 10%. The
red dashed lineindicates where there is no biomass change against mean levelsin

1980-2000.
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Extended Data Fig.10 | Map of the three Longhurst ocean biomes used in this study. The Coastal biome has been excluded from our analysis. Note that in this study,
the Westerlies and Trades biomes have been renamed to Temperate and Tropical, respectively. See Assessing climate impacts on zooplankton in the Methods for more
information.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
/N 0Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
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Data collection Data was collected using the Zooplankton Model of Size Spectra (ZooMSS). Code to run ZooMSS is available here: https://github.com/
MathMarEcol/ZoopModelSizeSpectra. ZooMSS model outputs analysed in this study are available at https://doi.org/10.5281/
zen0do.7619220. All other inputs to force ZooMSS came from existing sources (see 'Assessing climate impacts on zooplankton'in Methods
section).

Data analysis We used CDO (climate data operators) and R 4.2.2 to analyse the data in this study. All code and data used to generate results in this study
are available at Zenodo: https://doi.org/10.5281/zenodo.7619220

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Z0oMSS environmental inputs were sourced from five climate models from CMIP6 (see Methods for more information; climate model data are available here:
https://esgf-node.lInl.gov/search/cmip6/). ZooMSS model outputs analysed in this study are available at https://doi.org/10.5281/zenodo.7619220
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Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We used a global marine size-spectrum model (ZooMSS) to assess the impacts of climate change on the composition of zooplankton
across the world's oceans. We also assessed potential implications for fish communities of projected changes in zooplankton
composition.

Research sample We used data on:

Climate models: 5 earth-system models from the Coupled Model Intercomparison Project Phase 6 (https://esgf-node.lInl.gov/search/
cmip6/) provided environmental forcings to force ZooMSS, from 1980-2100 under three climate change scenarios (SSP1-2.6,
SSP3-7.0 and SSP5-8.5). The five models were CESM2, GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, UKESM1-0-LL. All models
provided sea surface temperature and chlorophyll concentration. GFDL and CESM?2 provided depth-resolved, size-fractionated
phytoplankton carbon as well.

Marine provinces: Longhurst biomes from Marine Regions (www.marineregions.org). This dataset has been provided in the Zenodo
respository for this study).

Sampling strategy Environmental drivers required to run the model over the historical and three future SSP scenarios were sourced from five Coupled
Model Intercomparison Project Phase 620 (CMIP6) earth-system models: CESM2, GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR,
UKESM1-0-LL. We chose these five models because they had been previously selected from the larger CMIP6 model cohort to force
ecosystem models in the Fisheries and marine ecosystem Model Intercomparison Project (FishMIP), of which ZooMSS is a
participating model (https://www.isimip.org/protocol/3/).

Data collection Data was generated by ZooMSS, or obtained from online repositories. All data presented in this study can be found at: https://
doi.org/10.5281/zen0do.7619220
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Timing and spatial scale  Global spatial scale, exploring 1980-2100 under three climate change scenarios (SSP1-2.6, SS3-7.0 and SSP5-8.5).
Data exclusions No data were excluded from our study

Reproducibility N/A - No experiments were performed




Randomization N/A - No experiments were performed

Blinding N/A - No experiments were performed

Did the study involve field work? |:| Yes |Z| No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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