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Abstract 28 

Although zooplankton are the primary energy pathway from phytoplankton to fish, we understand 29 

little about how climate change will modify zooplankton communities and their role in marine 30 

ecosystems. Using a trait-based marine ecosystem model resolving key zooplankton groups, we assess 31 

climate change impacts on zooplankton community composition and implications for marine food 32 

webs globally. We find that future oceans favour food webs increasingly dominated by carnivorous 33 

(chaetognaths, jellyfish and carnivorous copepods) and gelatinous filter-feeding zooplankton 34 

(larvaceans and salps). By providing a direct energetic pathway from small phytoplankton to fish, the 35 

rise of gelatinous filter-feeders largely offsets the increase in trophic steps between primary producers 36 

and fish from declining phytoplankton production and increasing carnivorous zooplankton. However, 37 

our results indicate that future fish communities face not only reduced carrying capacity from falling 38 

primary production, but also lower quality diets as environmental conditions increasingly favour 39 

gelatinous zooplankton. 40 

 41 

Main text 42 

Zooplankton are a critical component of marine food webs, serving as the primary energy pathway 43 

from phytoplankton to fish1 and a major driver of carbon sequestration to the deep oceans2,3. 44 

Zooplankton are extremely diverse, representing all major phyla4, and accounting for ~40% of the 45 

world’s marine biomass5. However, despite their abundance5, ecological importance6, and role in 46 

global carbon cycling2,3, most ecosystem models resolve few zooplankton groups6, focusing on 47 

phytoplankton or fish, particularly in climate change projections7,8. By not adequately resolving the 48 

zooplankton community in ecosystem models, we could miss major changes in marine food web 49 

structure and function in response to climate change9,10,11 that have implications for ecosystem 50 

services ranging from biogeochemical cycling 2,3,12 to fisheries1,13. 51 

 52 
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Changes in the marine zooplankton community across space and time are determined by how the 53 

vastly different functional traits of its members interact with each other and their environment10,14. 54 

These zooplankton functional traits – including their predator-prey mass ratios (PPMRs) and carbon 55 

content – not only govern the relative fitness of individual zooplankton9,10,15, but also regulate their 56 

role in transferring energy from phytoplankton to fish10,14,15. For example, the higher the community-57 

wide PPMR of the zooplankton community, the fewer trophic levels and less energy lost from 58 

phytoplankton to fish16. Communities dominated by carnivorous zooplankton (PPMR <10017) transfer 59 

much less biomass to higher trophic levels than filter-feeders such as larvaceans and salps16 (PPMR 60 

>40 million17,18). Zooplankton community composition also alters the quality of the food available for 61 

fish, as carbon content of zooplankton varies by 1.5 orders of magnitude19, from gelatinous 62 

zooplankton (0.5%), through crustaceans (12%), to microzooplankton (15%). Better accounting of the 63 

diversity of zooplankton functional traits will thus improve our ability to quantify carbon cycling and 64 

energy flow from plankton to fish now and under future climate change. 65 

 66 

Here we assess impacts of climate change on the composition of zooplankton communities across the 67 

global ocean. We explore how these climate-driven changes could affect the diet quality and biomass 68 

of small pelagic (planktivorous) fish—the primary predator of zooplankton beyond zooplankton 69 

themselves—as well as the number of trophic steps from phytoplankton to fish. We use a global 70 

functional trait-based marine ecosystem model20 (the Zooplankton Model of Size Spectra, ZooMSS) 71 

that resolves phytoplankton, two microzooplankton groups (heterotrophic flagellates and ciliates), 72 

seven meso and macrozooplankton groups (omnivorous and carnivorous copepods, larvaceans, 73 

euphausiids, salps, chaetognaths and jellyfish), and three size-based fish groups (broadly representing 74 

small pelagic fish ≤100g; medium pelagic fish ≤10kg and large pelagic fish ≤1 tonne). ZooMSS 75 

resolves the nine zooplankton groups based on the traits of size range, feeding characteristics 76 

(primarily PPMR) and carbon content (Table S1). ZooMSS captures the global distribution of 77 

zooplankton biomass and functional groups, and their growth rates reasonably well20. We focus our 78 
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analysis on the meso and macrozooplankton (hereafter called zooplankton), organising them into 79 

three groups – carnivores (chaetognaths, jellyfish and carnivorous copepods), omnivores (euphausiids 80 

and omnivorous copepods), and filter-feeders (larvaceans and salps). ZooMSS is forced by five Coupled 81 

Model Intercomparison Project Phase 6 (CMIP6) earth system models21 under three future (2015–82 

2100) IPCC shared socioeconomic pathways (SSP)22 (SSP1-2.6, SSP3-7.0 and SSP5-8.5) using historical 83 

(1980–2014) conditions as a baseline (see Methods). 84 

 85 

Global zooplankton biomass in ZooMSS declined by between 8% (SSP1-2.6) and 18% (SSP5-8.5) from 86 

1980-2100 (Fig. 1; Table 1). The mean decline in global zooplankton biomass was similar across the 87 

three SSPs until 2040, after which the decline under SSP1-2.6 levelled off, but continued under SSP3-88 

7.0 and SSP5-8.5 (Fig. 1). These declines in zooplankton biomass are within the range of similar 89 

studies23,24 and are linked to the projected decline in phytoplankton biomass (Fig. S1). Previous 90 

modelling and observational studies have also shown strong agreement between zooplankton and 91 

phytoplankton biomass changes over large spatial scales23,24,25. 92 

 93 

The decline in global biomass (from 1980-2100) was not uniform across zooplankton groups (Fig. 2a–94 

c; Table 1). Omnivorous zooplankton biomass exhibited the greatest decline, by between 10% (SSP1-95 

2.6) and 21% (SSP5-8.5). By contrast, filter-feeders experienced a more modest biomass decline of 96 

between 1% (SSP1-2.6) and 4% (SSP5-8.5). The magnitude of decline in carnivorous zooplankton 97 

biomass was similar to that in filter-feeders, decreasing between 3% (SSP1-2.6) and 6% (SSP3-7.0). 98 

Although all groups decline because of the decreasing phytoplankton biomass, the greater decline in 99 

omnivores (omnivorous copepods and euphausiids) is a consequence of the relatively greater 100 

reduction of their preferred diet of larger phytoplankton cells in comparison to smaller 101 

phytoplankton10,14 (Fig. S2). 102 

 103 
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There was also considerable variation in the response of each zooplankton group across ocean basins 104 

(Fig. 2d–r; Table 1). This was particularly true in the Southern Ocean, where the direction of biomass 105 

change for zooplankton groups was often opposite to the global trend. From 1980-2100, omnivorous 106 

zooplankton biomass had declines of >20% under both SSP3-7.0 and SSP5-8.5 across ocean basins, 107 

excluding the Southern Ocean where omnivores increased by between 7% (SSP1-2.6) and 34% (SSP3-108 

7.0). In contrast, filter-feeder biomass was the least affected by climate change, varying between an 109 

increase of 13% in the Arctic Ocean (SSP5-8.5) and a decrease of 11% in the Indian Ocean (SSP3-7.0). 110 

The magnitude of the change for carnivorous zooplankton was greater than filter-feeders, but less 111 

than omnivorous zooplankton, with changes in carnivore biomass varying between a decline of 16% 112 

in the Arctic under SSP5-8.5 and an increase of 4% in the Southern Ocean under SSP3-7.0. 113 

 114 

Biomass declines across the three zooplankton groups manifest spatially as disparate shifts in the 115 

composition of the zooplankton community (Fig. 3). Under historical (1980–2000) conditions, 116 

carnivorous and filter-feeding zooplankton constitute 50–70% of the zooplankton in oligotrophic 117 

subtropical gyres (Fig. 3a,b) where phytoplankton and zooplankton biomass is lower26,27 (Supp. Fig. 118 

S1a,b). In contrast, omnivorous zooplankton dominate in polar and upwelling regions where 119 

phytoplankton and zooplankton biomass are higher26,27, constituting 60–90% of total zooplankton 120 

biomass (Fig. 3c). By 2100, all three SSPs show increasing dominance of carnivorous and gelatinous 121 

filter-feeding zooplankton, particularly in expanding subtropical oligotrophic gyres (Fig. 3d–l), with the 122 

magnitude of changes increasing with greater future emissions. Under SSP1-2.6, carnivorous and 123 

filter-feeding zooplankton each increased as a proportion of total zooplankton biomass by up to 10% 124 

across large areas of the ocean where oligotrophic waters are expanding, and under SSP5-8.5 by 15–125 

30% (Fig. 3d-f). Filter-feeders such as larvaceans and salps with huge PPMRs of >10 million (Table S1) 126 

do better as oceans warm, predominantly due to the relative increase in the global biomass of small 127 

phytoplankton cells under climate change28 (Fig. S2). The ability of filter-feeders to consume small 128 

phytoplankton and bacteria <1 µm in size17,18,29 allows them to outcompete omnivores where small 129 
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phytoplankton and bacteria are dominant10,14,30. Carnivores are also expected to do well as the oceans 130 

warm because of the reduced phytoplankton biomass (Fig. S1) and greater relative importance of 131 

microzooplankton10,14,31 (Fig. S2). 132 

 133 

Conversely, omnivorous zooplankton declined by >20% as a proportion of total zooplankton biomass 134 

under all emission scenarios, in areas where the relative prevalence of carnivores and filter-feeders 135 

increased. The greater importance of microzooplankton (Supp. Fig. S2, right column) and the decline 136 

in large phytoplankton in ocean gyres of the future (Supp. Fig. S2, centre column), decreases the total 137 

energy available for omnivorous zooplankton10,14,31, increasing competition with carnivorous 138 

zooplankton for microzooplankton prey, and causing a decline in the dominance of omnivore relative 139 

to other zooplankton. Evidence for this projected shift from omnivores toward carnivores and 140 

gelatinous filter-feeders has already been observed in some regions32,33, and our results suggest these 141 

shifts will intensify and expand under climate change (Fig. 2, 3). Only in the Southern Ocean and some 142 

subtropical waters where phytoplankton biomass, large phytoplankton cells, and zooplankton 143 

biomass all increased (Supp. Fig. S1, S2), did omnivorous zooplankton rise as a proportion of the total 144 

zooplankton community, with greatest increases of 10% in the Southern Ocean under the SSP3-7.0 145 

scenario (Fig. 3h). These results represent significant potential shifts in global zooplankton community 146 

composition, given copepods—of which omnivores are dominant34—are the most abundant 147 

metazoans on the planet35. 148 

 149 
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  150 

Fig. 1 | Impacts of climate change on global zooplankton biomass. Change in global zooplankton 151 

biomass (%) for three zooplankton groups from 1980–2100 under emission scenarios SSP1-2.6, SSP3-152 

7.0 and SSP5-8.5. Solid lines give the mean change in total global zooplankton biomass, and shaded 153 

areas represent the standard deviation. 154 

 155 
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Table 1 | Mean (± standard deviation) biomass change (%) for All zooplankton, Carnivores (chaetognaths, jellyfish, carnivorous copepods), Filter-feeders 156 

(larvaceans and salps) and Omnivores (euphausiids and omnivorous copepods) across SSPs and ocean basins, from 1980 to 2100.  157 

 Total Zooplankton Carnivores Filter-feeders Omnivores 

 SSP1-2.6 SSP3-7.0 SSP5-8.5 SSP1-2.6 SSP3-7.0 SSP5-8.5 SSP1-2.6 SSP3-7.0 SSP5-8.5 SSP1-2.6 SSP3-7.0 SSP5-8.5 

Global −8±5 −16±15 −18±14 -3±3 −6±8 −5±9 −1±2 −3±6 −4±6 −10±6 −18±23 −21±18 

Arctic Ocean −26±30 −38±36 −32±52 −9±10 −16±14 −16±22 12±5 12±12 13±12 −25±42 −39±42 −21±80 

Atlantic Ocean −13±10 −24±8 −28±11 −7±7 −8±6 −9±9 2±5 0±10 −2±10 −16±12 −26±8 −30±11 

Indian Ocean −14±11 −29±21 −29±19 −8±9 −14±23 −12±20 −5±6 −11±15 −10±11 −19±14 −37±24 −38±22 

Pacific Ocean −9±5 −27±13 −28±14 −2±3 −7±10 −5±11 −2±2 −4±7 −4±8 −12±8 −33±17 −34±18 

Southern Ocean 5±9 21±38 16±31 1±2 4±3 3±4 0±2 −3±3 −2±2 7±14 34±65 25±50% 

 158 
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 159 

Fig. 2 | Impacts of climate change on three major zooplankton groups. Change in global biomass (%) 160 

for three zooplankton groups (Carnivores: chaetognaths, jellyfish, and carnivorous copepods; Filter-161 

feeders: larvaceans and salps; Omnivores: euphausiids and omnivorous copepods) from 1980–2100 162 

under emission scenarios SSP1-2.6, SSP3-7.0 and SSP5-8.5 (columns), for each Ocean (rows). Solid lines 163 

give the mean change for each zooplankton group, and shaded areas represent the standard 164 

deviation. 165 
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 166 

Fig. 3 | Climate-induced shifts in zooplankton community composition. a–c, The percentage of total 167 

community biomass in 1980-2000 comprising: a, Carnivores; b, Filter-feeders; and c, Omnivores. d–l, 168 

Maps of the mean change (%) of total zooplankton community biomass from: d, g, j Carnivores; e, h, 169 

k, Filter-feeders; and f, i, l, Omnivores in 2080–2100 compared with 1980–2000 under emission 170 

scenarios SSP1-2.6, SSP3-7.0 and SSP5-8.5 (rows). 171 

 172 

Changes in zooplankton composition can have profound implications for the diet, trophic position and 173 

ultimately biomass of fish1,13,16,25,31,36. We thus used ZooMSS to explore how changes in the 174 

zooplankton community composition under SSP5-8.5 impacted small pelagic fish. Small pelagic fish 175 

play extremely important ecological roles in marine ecosystems and form some of the most 176 
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economically valuable fisheries resources, contributing significantly to global food security37. The 177 

proportion of the diet of small pelagic fish comprising omnivorous zooplankton decreased from 74% 178 

to 66% between 1980–2100, corresponding to increases in the contribution of filter-feeders from 18% 179 

to 22%, and in carnivores from 8% to 12% (Fig. 4). These changes in small pelagic fish diet mirrored 180 

shifts in zooplankton community composition (Fig. 2,3). 181 

 182 

However, despite future declines in omnivores (high PPMRs) and increases in carnivores (low PPMRs) 183 

that should lead to longer food chains10,38,39, the mean trophic level of small pelagic fish increased by 184 

only 1% globally (from 3.56 to 3.59) and by at most ~1.5% in the Indian Ocean (from 3.5 in 1980 to 185 

3.55 in 2100). Such a slight increase is a consequence of the longer food chains that would result from 186 

a rise in carnivores and decline in omnivores being largely offset by the simultaneous increase in 187 

gelatinous filter-feeders (with huge PPMRs) that lead to shorter food chains. The unique role of 188 

gelatinous filter-feeders in providing an alternative energetic pathway between primary producers 189 

and higher trophic levels has long been hypothesised based on their body sizes and large PPMRs17,40. 190 

However, owing to their fragile bodies, gelatinous zooplankton have been poorly studied because they 191 

rapidly disintegrate in the guts of their predators or when sampled in nets30. New approaches to 192 

examining diets of marine predators, such as stable isotope analysis and DNA metabarcoding, show 193 

that larvaceans and salps are often major prey items of many commercial fish species and therefore 194 

serve an important role in structuring marine ecosystems27,41,42,43. Our results suggest that the direct 195 

energy pathway from small phytoplankton through filter-feeders to fish will grow in importance in the 196 

future as small phytoplankton become increasingly dominant in a warming ocean28. 197 

 198 

The trend toward more gelatinous zooplankton drives a decrease in the quality of the diet of small 199 

pelagic fish fish under climate change (Fig. 4). Gelatinous carnivores such as jellyfish and chaetognaths, 200 

and filter-feeders such as larvaceans and salps, are 65-95% less carbon-dense than omnivorous 201 

zooplankton such as euphausiids and copepods19. As gelatinous zooplankton outcompete carbon-202 
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dense omnivorous groups, the quality of the diet of small pelagic fish decreases by ~5% globally, from 203 

just under 10% carbon in 1980 to 9.5% in 2100 (Fig. 4b). Although this global decline is modest, there 204 

were greater reductions in individual ocean basins of 5-13% in the Atlantic, Indian, Pacific and Arctic 205 

Oceans (1980-2100; Fig. 4). Evidence for shifts in zooplankton community composition in response to 206 

warming have already been observed during the recent marine heatwave from 2013-2016 that led to 207 

higher sea-surface temperatures and lower primary production throughout much of the North Pacific, 208 

and commonly called the “Blob”44. Decreases in phytoplankton production during the heatwave drove 209 

declines in the abundance of carbon-dense euphausiids and increases in gelatinous zooplankton45, and 210 

was manifest as shifts in the diet of small pelagic fish from euphausiids to gelatinous zooplankton46 as 211 

well as declines in their weight and energetic content46,48. Coupled with these empirical studies, our 212 

results indicate that future fish communities in large parts of the world’s oceans face not only reduced 213 

ecosystem carrying capacity from falling primary production, but also potentially lower quality diets 214 

as environmental conditions increasingly favour gelatinous zooplankton.  215 

 216 

Declines in phytoplankton biomass and food quality impact small pelagic fish biomass, with ZooMSS 217 

showing a 20% global decline in their biomass (from 1980-2100), and declines of 25-35% in all ocean 218 

basins except for the Southern Ocean (Fig. 4). A general expectation of climate change is that future 219 

marine ecosystems will support less fish biomass where primary production decreases7. At the same 220 

time, the number of trophic steps between primary producers and fish is also expected to increase in 221 

these areas, as mean phytoplankton size declines38,39. Our results support the first part of this 222 

expectation—less phytoplankton means lower fish biomass (Fig. 5a)—while challenging the 223 

expectation that future food webs will be longer (Fig. 4, 5b). Our results also suggest another 224 

hypothesis: less productive future phytoplankton communities will support lower-quality food webs 225 

(Fig. 5c).  226 

 227 
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To elucidate how zooplankton shapes the relationship between phytoplankton and fish, we assessed 228 

changes in the biomass, trophic level and diet quality of small pelagic fish in relation to phytoplankton 229 

biomass across all grid cells (Fig. 5). Where phytoplankton biomass declined zooplankton communities 230 

became more gelatinous, with both causing small pelagic fish biomass and diet quality to decline and 231 

their trophic level to slightly increase (Fig. 5; Supp. Fig. S1, S3). Where phytoplankton biomass 232 

increased, small pelagic fish diet quality also increased, but their trophic level did not noticeably 233 

change. Areas of phytoplankton biomass increase were isolated mostly to the Southern Ocean, where 234 

carbon-dense omnivorous zooplankton constitute >80% of the total zooplankton biomass (Fig. 3c). In 235 

these regions, contemporary small pelagic fish diet carbon content was >11% (Supp. Fig. S3a), with 236 

little scope for further increases. Similarly, small pelagic fish in these high phytoplankton biomass 237 

regions had the lowest contemporary trophic levels (<3.5), compared to other regions (Supp. Fig. S3b). 238 

Since their diet did not substantially change with warming (Fig. 4u), their trophic level also remained 239 

largely the same from 1980-2100 (Fig. 4w). 240 

  241 
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 242 

Fig. 4 | Impacts of climate change on small pelagic fish. Mean change in the diet composition (first 243 

column), diet carbon content (second column), trophic level (third column), and biomass (relative to 244 

1980-2000; fourth column) of small pelagic fish under SSP5-8.5, for each ocean (rows), from 1980-245 

2100. Dashed red lines represent the mean in 1980-2000. 246 

 247 
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248 

Fig. 5 | Impacts of changing phytoplankton biomass on small pelagic fish. Percentage change in the 249 

a, biomass, b, trophic level and c, diet carbon (%) of small pelagic fish (SPF) against the percentage 250 

change in phytoplankton biomass, for individual 1° grid squares from 1980–2000 to 2080–2100 under 251 

the SSP5-8.5 emissions scenario. Under the blue 1-1 line in a, where the change in phytoplankton 252 

biomass is negative, is where the decline in SPF biomass is greater than that of phytoplankton. 253 

Similarly, above the blue 1-1 line in a, and where the change in phytoplankton biomass is positive, is 254 

where the increase in SPF biomass is greater than that of phytoplankton. The red solid horizontal line 255 

in each figure indicates where the percentage change in each SPF attribute is zero. 256 

 257 

In regions where phytoplankton biomass declined, small pelagic fish biomass generally declined even 258 

further (Fig. 5a), a process called trophic amplification24. This suggests that in regions where 259 

phytoplankton biomass decreases, climate-driven shifts towards an increase in gelatinous 260 

zooplankton groups could drive more pronounced biomass declines at higher trophic levels. At the 261 

same time, in regions such as the Southern Ocean  where climate change drove an increase in 262 

phytoplankton biomass, the switch to more carbon dense zooplankton resulted in a positive 263 

amplification of small pelagic fish biomass (Supp. Fig. S1). However, it is important to note that 264 

coupling between phytoplankton and consumers in the current generation of marine ecosystem 265 

models—including ZooMSS—is incomplete, with most models not resolving predation impacts from 266 

higher trophic levels on phytoplankton49. This lack of coupling means that critical pathways of trophic 267 

amplification remain unresolved in these models. Nevertheless, by illuminating potential trophic 268 
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amplification driven by shifts in zooplankton community composition, our results further highlight the 269 

importance of fully resolving the links between lower and higher trophic levels in marine ecosystem 270 

models. 271 

 272 

Changes in the zooplankton community could have significant ecosystem implications beyond those 273 

described here, transforming biogeochemical cycling12,36, carbon export2,3 and the nutritional content 274 

of fish32,48. What is more, many of these implications are driven by the balance between crustaceans 275 

and gelatinous zooplankton. For instance, the concentration of bioavailable iron in the Southern 276 

Ocean is dependent upon the relative prevalence of salps versus euphausiids, with phytoplankton 277 

uptake of iron ~4.8 times greater from the breakdown of salp than krill faecal pellets12. At the same 278 

time, the balance of active transport of carbon via diel vertical migration of carbon-dense euphausiids 279 

and copepods versus passive transport via marine snow from gelatinous filter-feeders from surface to 280 

deeper waters is likely to shift toward passive transport in regions where filter-feeders may increase 281 

at the expense of omnivorous zooplankton2. Finally, increases in the prevalence of gelatinous 282 

zooplankton during the “Blob” drove down the quantity and nutritional quality of North Pacific 283 

planktivorous fish. These shifts were hypothesised to be key drivers of piscivorous seabirds and marine 284 

mammals suffering mass mortality and reproductive failure in the region during the heatwave48.   285 

 286 

Despite the importance of both gelatinous zooplankton and crustaceans, the majority of 287 

biogeochemical and earth system models that represent zooplankton neglect gelatinous groups, 288 

typically representing the zooplankton community with two or three groups differentiated only by 289 

body size6. Thus, there is a pressing need to improve zooplankton realism in models1,6 especially under 290 

a changing climate. The trait-based modelling framework9, 50 used here offers a powerful way to make 291 

substantial gains in our understanding of how climate change will impact zooplankton and the pivotal 292 

role they play in the world’s marine ecosystems. 293 

 294 
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Data availability 295 

Model inputs were sourced from five climate models from CMIP6 (see Methods for more information; 296 

climate model data are available here: https://esgf-node.llnl.gov/search/cmip6/). ZooMSS model 297 

outputs used in this study are available from the corresponding author on request. 298 

 299 

Code availability 300 

Code to run ZooMSS, analyse model outputs and generate figures are available from the 301 

corresponding author on request. 302 

 303 
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Methods 422 

The model 423 

We use the Zooplankton Model of Size Spectra (ZooMSS) v220, which uses the function size-spectrum 424 

framework50 to resolve multiple zooplankton and fish groups. In brief, ZooMSS resolves a single static 425 

phytoplankton community, nine of the most prevalent zooplankton functional groups (heterotrophic 426 

flagellates and ciliates, omnivorous and carnivorous copepods, larvaceans, salps, euphausiids, 427 

chaetognaths and jellyfish) and three fish groups defined by their asymptotic sizes. The nine 428 

zooplankton groups are defined by their size ranges, feeding characteristics (e.g., PPMR) and carbon 429 

content. The three size-based fish groups are defined by their size ranges, broadly representing: small 430 

pelagic—planktivorous—fish ≤100g; medium pelagic fish ≤10kg and large pelagic fish ≤1 tonne. 431 

Other than their asymptotic size, the three fish groups share the same functional traits. A summary of 432 

the parameter values used to define the functional traits of the nine zooplankton and three fish 433 

communities can be found in Table S1. 434 

 435 

ZooMSS is run on a weekly time step with sea surface temperature and chlorophyll a concentration 436 

averaged annually, with a 1° spatial resolution. Temperature affects the growth and mortality rates of 437 

the zooplankton and fish functional groups. Chlorophyll a determines the total biomass and size 438 

structure of the phytoplankton community, since phytoplankton dynamics are not explicitly 439 

represented in ZooMSS. Within each 1° cell, ZooMSS is initialised with the same zooplankton 440 

composition20, and the community structure then emerges and changes through time, based on the 441 

relative fitness of the different groups as well as shifting environmental conditions.  442 

 443 

To aid interpretation, in the main text we aggregated the output from the seven mesozooplankton 444 

and macrozooplankton types into three summary groups based on their feeding characteristics: 445 

omnivores (omnivorous copepods and euphausiids), carnivores (carnivorous copepods, chaetognaths 446 

and jellyfish) and filter-feeders (larvaceans and salps). Heterotrophic flagellates and ciliates were 447 
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grouped together as microzooplankton and presented together with small (<5μm ESD) and large 448 

phytoplankton biomass in the Supplementary (Supp. Fig. S2).  449 

 450 

Assessing climate impacts on global zooplankton composition and ecosystem function 451 

We assess changes in the biomass of omnivores (euphausiids and omnivorous copepods), filter-452 

feeders (larvaceans and salps) and carnivores (chaetognaths, jellyfish and carnivorous copepods) as 453 

well as resultant changes in zooplankton community composition and implications for small pelagic 454 

fish, under three future (2015–2100) IPCC shared socioeconomic pathway (SSP) scenarios21 (SSP1-2.6, 455 

SSP3-7.0 and SSP5-8.5) using historical (1980–2014) conditions as a baseline. Environmental drivers 456 

required to run the model over the historical and three future SSP scenarios were sourced from five 457 

Coupled Model Intercomparison Project Phase 622 (CMIP6) earth system models: CESM2, GFDL-ESM4, 458 

IPSL-CM6A-LR, MPI-ESM1-2-HR, UKESM1-0-LL. We chose these five because they had been previously 459 

selected from the larger CMIP6 model cohort to provide forcings for the Fisheries and marine 460 

ecosystem Model Intercomparison Project, of which ZooMSS is a participating model 461 

(https://www.isimip.org/protocol/3/). To assess climate impacts across each of the five ocean basins, 462 

we used the regional biome mask from the Regional Carbon Cycle Assessment Process 2 (RECCAP2) 463 

working group (https://reccap2-ocean.github.io/regions/). 464 

 465 

Calculating small pelagic fish diet and trophic level 466 

The trophic level of small pelagic fish (𝑇𝐿𝑆𝑃𝐹) was calculated by solving:  467 

𝑇𝐿𝑆𝑃𝐹 = 1 + ∑ 𝑇𝐿𝑗 × 𝑃𝐷𝑆𝑃𝐹,𝑗𝑗 , 468 

where  𝑇𝐿𝑗  is the trophic level of group 𝑗 and 𝑃𝐷𝑆𝑃𝐹,𝑗  is the proportion of the diet of small pelagic fish, 469 

that comes from group 𝑗: 470 

𝑃𝐷𝑆𝑃𝐹,𝑗 =  𝐹𝑆𝑃𝐹,𝑗∑ 𝐹𝑆𝑃𝐹,𝑗𝑗 , 471 

https://www.isimip.org/protocol/3/
https://reccap2-ocean.github.io/regions/
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and 𝐹𝑆𝑃𝐹𝑗 is the total biomass from group 𝑗 consumed by small pelagic fish. Except for phytoplankton, 472 

which have a fixed trophic level of 1, the trophic level of the different zooplankton and fish groups 473 

change with their diet, so we used the Gauss-Jacobi iteration method51 to solve 𝑇𝐿𝑃𝐹. 474 

 475 

Calculating small pelagic fish diet quality 476 

Small pelagic fish diet quality was given by the carbon content of their diet, 𝐶𝐶𝑆𝑃𝐹: 477 

𝐶𝐶𝑆𝑃𝐹 = 𝐶 𝑗𝐵𝑆𝑃𝐹,𝑗∑ 𝐶 𝑗𝐵𝑆𝑃𝐹,𝑗𝑗 , 478 

where 𝐵𝑆𝑃𝐹𝑗 is the total biomass from group 𝑗 consumed by small pelagic fish, and 𝐶 𝑗  is the carbon 479 

content of group 𝑗, as a proportion of total wet biomass. 480 

 481 
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