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We dedicate this work to our colleague, collaborator and friend, Dr A. David McKinnon, who 

passed away before this work was finished 

 

ABSTRACT 

For over 50 years, the conceptualisation of low-nutrient oligotrophic systems having longer food 

chains and thus lower energy transfer to fish than their high-nutrient eutrophic counterparts1 has 

achieved the status of an ecological paradigm. However, recent global assessments indicate global 

fish biomass could be much higher than previously thought2–4, suggesting that our traditional 

understanding of food webs may need to be revisited. Here, we challenge the classical paradigm by 

exploring the role of zooplankton in food webs across the world’s oceans. Using observed 

zooplankton size spectra, and output from a size-spectrum model that resolves nine zooplankton 

groups, we conclude that food chains in oligotrophic (low-nutrient) and eutrophic (high-nutrient) 

systems have similar lengths. We offer a compelling hypothesis to explain this emergent pattern: self-

organisation of zooplankton groups across the global productivity gradient regulates food chain 

length. We find that in oligotrophic systems the increased carnivory and longer food chains are offset 

by relatively large gelatinous filter feeders eating the dominant small phytoplankton, resulting in 

shorter-than-expected food chains, but decreasing food quality for fish. Our findings highlight the 

pivotal role zooplankton play in regulating energy transfer. Better resolution of zooplankton groups, 

their feeding relationships and carbon content in models will increase our ability to estimate current 

global fish biomass 5, project future fish biomass under climate change6–8, and provide more-robust 

forecasts of nutrient9 and carbon cycling10. 
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MAIN TEXT  

Marine food webs support the harvest of 84-130 million tonnes of fish annually and feed billions of 

people11. Fish harvest is related to phytoplankton at the base of the food web12, although weakly8, 

strongly indicating that zooplankton – the key trophic link between phytoplankton and fish – might 

play a role 1. 

 

The broadly-accepted paradigm in food-web ecology posits that energy transfer to fish is meagre in 

oligotrophic (low-nutrient) systems, with low phytoplankton biomass dominated by small 

phytoplankton, and a long food chain including flagellates, ciliates and carnivorous zooplankton, 

resulting in a greater number of trophic steps and a higher total metabolic energy loss13–15 (Fig. 1a). 

By contrast, energy transfer is greater in eutrophic (high-nutrient) food webs, with high 

phytoplankton biomass and a short food chain with large herbivorous zooplankton as the sole 

intermediate step, resulting in lower energy loss13 (Fig. 1a). This classical view16 underpins 

conceptual theory and modelling 17,18, yet has not been tested globally. 

 

Size-based theory provides a complementary perspective 5,15,19,20. It postulates that energy transfer to 

fish is determined by trophic transfer efficiency and predator-prey mass ratios (PPMR) 15. Although 

transfer efficiency is slightly higher in oligotrophic than eutrophic systems7 its mean is ~10%21,22, 

whereas PPMR, which determines the number of trophic steps and thus food chain length19, can vary 

by orders of magnitude. For example, carnivorous zooplankton have low PPMRs (3-500)5, resulting 

in the long food chains presumed in oligotrophic systems15. By contrast, herbivorous zooplankton 

have high PPMRs (13,000-16 million)5, resulting in the short food chains assumed in eutrophic 

systems. This size-based perspective is represented by plotting biomass in equal logarithmic size 

intervals19,23 (Fig. 1a). The y-intercept of the linear fit is higher in eutrophic systems because of 

greater phytoplankton biomass (Fig. 1a). Longer food chains in oligotrophic systems result in steeper 

slopes, reflecting the dominance of small phytoplankton, lower PPMRs and increased carnivory. By 
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contrast, flatter slopes in eutrophic systems reflect the greater dominance of larger phytoplankton, 

higher PPMRs, increased herbivory, and shorter food chains24 (Fig. 1a). These contrasting slopes are 

well established for phytoplankton14,25 and are hypothesised to continue through zooplankton to 

fish19,23, although this remains unproven in the global ocean. 

 

To test this hypothesis, we analysed zooplankton size measurements collected using optical plankton 

counters. We paired each observation with satellite-derived chlorophyll-a, a proxy for phytoplankton 

biomass, and analysed the size spectrum in oligotrophic (<0.1 mg.m-3, n=10,764) and eutrophic (>1 

mg.m-3, n=9,555; Fig. S1) systems. As expected, there was a lower intercept (Fig. 1b) and thus lower 

mean (±SE) zooplankton biomass in oligotrophic (233±4 mg.m-3) than eutrophic systems (1,606±90 

mg.m-3). However, contrary to expectations, the slope of the observed mean zooplankton size 

spectrum in each system (Fig. 1b) was close to the canonical -1 predicted by Sheldon et al.23, with no 

significant difference in slopes between oligotrophic (-0.95) and eutrophic systems (-0.97, F=1.15, 

p=0.29, ANCOVA; Fig. 1b), implying comparable food-chain lengths and challenging the classical 

food-web view. 

 

To investigate why zooplankton slopes might be similar in oligotrophic and eutrophic systems, we 

used the Zooplankton Model of Size Spectra (ZooMSS)5. ZooMSS is a global size-structured marine 

ecosystem model (1° resolution), representing phytoplankton to fish. It has three phytoplankton (pico-

, nano- and micro-phytoplankton), nine zooplankton (flagellates, ciliates, omnivorous copepods, 

larvaceans, carnivorous copepods, chaetognaths, salps, euphausiids, jellyfish), and three fish groups 

(small, medium and large). Zooplankton and fish groups have three functional traits19: size, PPMR 

and carbon content (an index of food quality). Each cell was initialised with an identical zooplankton 

community. Zooplankton community composition emerges in each cell based on the relative 

competitiveness of each group to temperature and phytoplankton size structure5(Fig. S2, S3). 
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Consistent with observations, we found size-spectrum slopes from ZooMSS were similar in 

oligotrophic (-0.93) and eutrophic systems (-0.96, F=0.88, p=0.35, ANCOVA; Fig. 1c), again 

implying similar food-chain lengths. Because ZooMSS captured similar patterns in size-spectrum 

slopes to observations (Fig. 1b,c) and reproduces global patterns in biomass, growth and distributions 

of zooplankton groups5, we used it to explore potential explanations.  

 

Major differences in the distribution of zooplankton groups emerged within ZooMSS across the 

global gradient of chlorophyll a, despite initialising each modelled spatial grid cell with an identical 

zooplankton community. Omnivores (euphausiids and omnivorous copepods) were more abundant 

in shelf, upwelling and polar regions (Fig. 2a, S4), consistent with observations14,26,27. By contrast, 

carnivores (carnivorous copepods, chaetognaths and jellyfish, Fig. 2b) and filter-feeders (larvaceans 

and salps; Fig. 2c) increased in importance in oligotrophic gyres, similar to observations26,27. These 

spatial shifts were a consequence of the relative fitness of each group in response to size-based 

feeding competition for the size-structured phytoplankton resource (Fig. S2). In eutrophic systems 

with large phytoplankton, omnivores dominate (Fig. 2e) because they feed efficiently on larger 

phytoplankton 28,29, outcompeting similar-sized filter-feeders (Fig. 2e) whose feeding structures 

become clogged when large cells are abundant30–32. Therefore, in eutrophic systems the primary 

pathway from phytoplankton to small fish is through omnivorous crustaceans, which consume 84% 

of the phytoplankton (Fig. 3b). 

 

The pathway in oligotrophic systems is different (Fig. 2d). In these picophytoplankton-dominated 

systems, microzooplankton, carnivorous zooplankton and filter-feeders (Figs. 2e) become more 

important. Heterotrophic flagellates and ciliates14,17, and the much-larger larvaceans and salps30,32,33, 

feed on smaller phytoplankton unavailable to copepods and euphausiids29(Fig. 2a,c). Consistent with 

conventional food-web theory, much of the production in oligotrophic systems passes through 

microzooplankton with low PPMR, before being consumed by omnivores. This additional trophic 
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step decreases the energy available to omnivores, forcing them to compete with carnivores for 

microzooplankton prey, causing omnivores to decline relative to filter-feeders and carnivores. The 

major link in these oligotrophic systems was therefore through filter-feeders, which consume 73% of 

the phytoplankton, while omnivores ingested only 23% (Fig. 3a, S5). 

 

Despite contrasting trophic pathways in oligotrophic and eutrophic systems, ZooMSS surprisingly 

predicts that both systems have similar food-chain lengths (Fig. 3c). There is a mean of 2.4 trophic 

steps from phytoplankton to planktivorous fish in eutrophic systems and 2.6 steps in oligotrophic 

systems (Fig. 3c). When we remove filter feeders from the modelled food web, the mean trophic level 

in oligotrophic systems increases to 3.2 (Fig. 3c), and a more conventional food web emerges (Fig. 

S6). Since most traditional food-web models do not include filter feeders and rarely resolve 

zooplankton groups34, these patterns would likely have remained hidden. 

 

Our results challenge the classical paradigm that oligotrophic systems have substantially longer food 

chains than their eutrophic counterparts. ZooMSS suggests that similar food chain lengths are a 

consequence of shifts in community-wide PPMRs (Fig. 1a,b). Eutrophic systems had a mean PPMR 

of 104.6, with peaks corresponding to carnivores, omnivorous copepods and euphausiids (Fig. 3f). 

Notably, oligotrophic systems had a similar mean PPMR of 104.5, dominated by lower carnivore 

PPMRs, but largely offset by a broad peak of high PPMRs for filter-feeding larvaceans and salps 

(Fig. 3e). This implies a remarkable self-organisation of zooplankton feeding traits that gives rise to 

similar community-wide PPMRs, and thus similar mean size-spectrum slopes (Fig. 1) and food-chain 

lengths (Fig. 3c). This is contrary to classical food-web theory yet leads to the emergence of the 

“biomass equivalence rule” in the open ocean, based on an extension of size-spectrum theory35. 

 

Shorter-than-expected oligotrophic food chains could help explain how oceans might support higher 

fish biomass than previously thought (1.8–19.5 billion tonnes)2–4. Filter-feeders may play a role by 
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sustaining the vast mesopelagic fish biomass in tropical systems36,37, which support valuable tuna 

fisheries. The ability of low-trophic position filter-feeders 17 to ingest picophytoplankton and bacteria 

could short-circuit the microbial loop, transferring carbon to larger sizes. However, traditional 

sampling techniques underestimate their role and almost no food-web models include filter-

feeders33,34,38. Our findings highlight the unique, yet critical and overlooked role of filter-feeding 

zooplankton. 

 

Although the different zooplankton groups occur throughout the ocean26, our work suggests that there 

is a crustacean-gelatinous shift39 across the chlorophyll-a gradient, which has fundamental 

implications for food webs. Zooplankton have three main body forms40: microzooplankton 

(flagellates and ciliates) are small and dense (high carbon content); crustaceans (copepods and 

euphausiids) are large and dense; and filter feeders (salps and larvaceans) are large and gelatinous 

(low carbon content). We show here that the relative success of these three discrete body forms 

changes in response to the chlorophyll a concentration and the phytoplankton size structure, and 

stabilises the food-chain length by diversifying the PPMR. However, this change also results in a 

reduced carbon content of zooplankton in oligotrophic waters, diminishing food quality for fish – 

zooplankton community-wide carbon content decreases from 12% in eutrophic waters to 6% in 

oligotrophic waters (Fig. 3d). The crustacean-gelatinous shift thus has important implications for the 

biomass of fish. 

 

The crustacean-gelatinous shift also has implications for the food quality for fish and nutrient 

cycling9,31,33. Consistent with observations of active carbon flux41, the greater importance of 

crustaceans in eutrophic regions (Fig. 2a,e) suggests carbon is rapidly shifted deeper through active 

transport by vertical migration10. The greater importance of filter-feeders in oligotrophic regions (Fig. 

2c,e) suggests carbon is mainly shifted deeper passively, through sinking of mucous houses of 

larvaceans, which are shed up to 40 times per day per individual 31,33,42, and heavy faecal pellets of 
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salps33,38, releasing bioavailable iron as they break down9. Zooplankton are gaining increasing 

recognition as important nutrient recyclers and our results elucidate how community self-organisation 

could regulate their role in the global carbon cycle. With the push to exploit mesopelagic fish, there 

is a need for improved understanding of the energy pathways through zooplankton – and an ability to 

model them43. 

 

Despite the importance of zooplankton groups, they are rarely included in biogeochemical, 

ecosystem, Earth-system or size-spectrum models34. To assess the impact on fish of better-

representing zooplankton, we re-ran ZooMSS with a single generic zooplankton group (i.e. without 

differentiating their feeding traits and assuming a PPMR of 100; see Methods). Resolving 

zooplankton groups resulted in up to 272% more fish in some regions, with a mean of 79% more fish 

globally compared to estimates using a single zooplankton group (Fig. 4). Models not resolving 

zooplankton groups underestimate fish biomass8 and the impact of climate change24,44. Ecosystem 

modelling has evolved to include more functional traits in phytoplankton45 and fish19, and a similar 

paradigm shift is needed for zooplankton. 

 

By integrating the largest assembled dataset of zooplankton size spectra with our improved 

understanding of the role of different zooplankton groups in the transfer of energy to higher trophic 

levels5,41,43, our findings challenge the current paradigm that oligotrophic systems have longer food 

chains. Our size-spectrum model offers a compelling hypothesis to explain this phenomenon: changes 

in zooplankton community composition stabilise food-chain length across the productivity gradient. 

An enhanced understanding of the ecosystem role of zooplankton, which constitute 40% of total 

marine biomass20, should improve our ability to project future fish biomass under climate change7,8 

and deliver more-robust forecasts of nutrient cycling9 and carbon sequestration46. 
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FIGURES 

 

Figure 1: Size spectra of food webs. 

a, Conceptual view integrating the size-based and classical views of food webs for eutrophic (top) 

and oligotrophic (bottom) systems (icons not drawn to scale). b, Observed normalised biomass size 

spectra of zooplankton from optical plankton data, showing similar slopes in eutrophic and 

oligotrophic systems. c, Modelled normalised biomass size spectra of zooplankton from ZooMSS, 

also showing similar slopes. The dashed box in a represents the approximate size-range of data in b 

and c.   
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Figure 2: Composition of zooplankton groups in ZooMSS. 

a-c, Spatial maps of the proportion of total zooplankton biomass for (a) Omnivores, (b) Carnivores, 

and (c) Filter feeders. See Figure S4 for maps of specific taxa. d-e, Proportion of biomass in (d) 

Phytoplankton and microzooplankton, and (e) Zooplankton across a chlorophyll a gradient. 

Photographs are for illustrative purposes only and are not to scale. Courtesy of Julian Uribe Palomino 

(CSIRO, Australia).  
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Figure 3: Output from ZooMSS showing changes in community composition and implications 

for food webs. 

a, b, Circular food web diagrams showing biomass transfer in (a) Oligotrophic and (b) Eutrophic 

food webs, highlighting vastly different biomass pathways. Pathways through the food web can be 

discerned by following the coloured link from the prey (outer colour) to their predator. The width of 

the link corresponds to the proportion of biomass of prey consumed by its predator, and the width of 
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the outer band corresponds to the proportion of the model biomass. Food web structure including 

microzooplankton is shown in Fig. S5. c, Little change in food chain length (left) and average number 

of trophic steps (right) to planktivorous fish (1 = directly eating phytoplankton) across the chlorophyll 

a gradient (black) when compared to the change in trophic steps for a ZooMSS run with no filter 

feeders (blue). d, Lower carbon content of zooplankton in oligotrophic than eutrophic systems. e,f, 

Distributions of Predator-Prey Mass Ratios (PPMRs) in (e) Oligotrophic and (f) Eutrophic systems. 

Dashed line is the mean, which is similar in the two systems. Light and dark green shaded areas in 

(c)-(f) indicate limits of oligotrophic (0.1 mg m-3) and eutrophic (1 mg m-3) systems.  
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Figure 4: Change in total fish biomass when resolving zooplankton 

Change in total fish biomass spatially when we include all 7 meso-zooplankton groups, compared to 

running ZooMSS with only a single generic zooplankton group. 
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METHODS SUMMARY 

 

Zooplankton Size Data 

Zooplankton size data were extracted from a database of 123,407 size-spectra observations measured 

from 586 million individual zooplankton (see Data Availability below). The zooplankton sizes were 

measured using optical plankton counters – both LED Optical Plankton Counters (OPC)47 and the 

Laser Optical Plankton Counter (LOPC)48 – which were deployed in all ocean basins and across all 

seasons. The particles counted by the OPC/LOPC include not just live zooplankton, but also detritus 

and marine snow (aggregates)47–50, which can at times be more abundant than zooplankton51. Methods 

have been developed in an attempt to distinguish between zooplankton and aggregates for the 

LOPC49,52–54, however these methods cannot be applied to OPC measurements and therefore to be 

consistent we do not apply them here. Despite this, optical plankton counters compare reasonably 

well with data sets acquired with other sampling strategies, such as acoustics55, plankton imaging 

instruments56, and plankton nets57,58 notwithstanding intrinsic limitations of each method59. 

 

Using code developed in this project (see Code Availability below), the raw outputs from each tow 

were processed in MATLAB R2021a (Mathworks Inc.). The size range of particles analysed were 

restricted to between 0.25 and 12 mm Equivalent Spherical Diameter (ESD) to ensure total overlap 

of sizes between the two instruments. The ESD was converted to biomass (expressed as wet-weight) 

by calculating the ellipsoid body volume (3:1 ratio of major:minor axis) and assuming individual 

particles have a near-neutral density of 1000 kg m-3 60,61. The biomass of each tow was standardised 

by the volume of the tow. To estimate nutrient status, each observation was paired with monthly 

satellite-derived chlorophyll a (GlobColour62), as a proxy for phytoplankton biomass63, which was 

used to separate the data into oligotrophic (<0.1 mg chlorophyll a m-3, n=10,764) and eutrophic 

categories (>1 mg chlorophyll a m-3, n=9,555). Here we only analyse epipelagic (<200 m) data (Fig. 

S1). 



24 
 

 

Zooplankton Model of Size Spectrum (ZooMSS) 

To investigate how different zooplankton groups might regulate energy transfer efficiency, we used 

the Zooplankton Model of Size Spectra (ZooMSS)5. ZooMSS is a functional size spectrum model19 

that represents the global marine ecosystem from phytoplankton through zooplankton to fish. 

ZooMSS has nine dynamic zooplankton and three fish groups (small, medium and large), and a single 

static phytoplankton community. The nine zooplankton groups are: heterotrophic flagellates and 

heterotrophic ciliates (microzooplankton); omnivorous copepods and euphausiids (omnivores); 

carnivorous copepods, chaetognaths and jellyfish (carnivores); and larvaceans and salps (filter 

feeders). These groups are the most abundant zooplankton in the ocean. Zooplankton and fish groups 

are represented in the model by their body-size ranges, size-based feeding characteristics, and carbon 

content (% of wet weight biomass). Abundances of the zooplankton and fish communities are driven 

by size-dependent processes of growth and mortality, with the temporal dynamics of each functional 

group governed by separate second- order McKendrick-von Foerster equations. A full overview of 

ZooMSS can be found in Heneghan et al.5. 

 

Across the global ocean, ZooMSS is initialised with an identical zooplankton community in 1° grid 

cells. The model is then run to equilibrium with a 500-year burn-in period and a weekly time-step, 

using mean annual sea surface temperature and chlorophyll a concentration estimated from satellite 

(2003-2018) as environmental drivers (Fig. S2). For each 1° grid cell, temperature affects rates of 

feeding and mortality in the zooplankton and fish communities, while chlorophyll a is used to 

calculate total phytoplankton biomass and the relative proportion of pico-, nano- and micro-

phytoplankton (Fig. S3), using existing empirical relationships. Phytoplankton biomass is calculated 

from chlorophyll a using Marañón et al. 64 and the relative proportions of pico-, nano- and micro-

phytoplankton are calculated from chlorophyll a using Brewin et al.65. These relative proportions are 

then used to calculate the slope, intercept and maximum size of the static phytoplankton community, 
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which serves as food for the zooplankton. Zooplankton community composition emerges in each grid 

cell depending on the relative fitness of the nine groups, arising from differences in their functional 

traits and environmental conditions (sea-surface temperature and phytoplankton community 

characteristics, from chlorophyll a concentration). With this simple implementation, ZooMSS can 

reproduce the major global patterns in zooplankton biomass and abundance of different groups, and 

produces sensible growth rate estimates for different groups5.  

 

To assess the importance of filter feeders in the marine food web, we removed salps and larvaceans 

from ZooMSS, keeping all other groups consistent (Fig. 3c,d, Fig. S6). Additionally, to examine the 

impact of better representing zooplankton groups on estimates of fish biomass (Fig. 4), we also ran 

ZooMSS with a single generic zooplankton group (i.e. without differentiating their feeding traits and 

assuming a PPMR of 100 and Carbon-Wet Weight Ratio of 0.1)66,67. All other model parameters 

remained the same.  

 

Caveats of ZooMSS 

Caveats associated with ZooMSS are described in detail in Heneghan et al.5, and briefly summarised 

here. First, as ZooMSS is designed to explore steady-state conditions of marine ecosystems across 

environmental gradients, we have made simplifying assumptions about dynamic processes such as 

reproduction and seasonality. Zooplankton reproductive strategies are extremely complex and are 

typically ignored in models66. Fish-focused global models resolve reproduction explicitly in fish (but 

not in zooplankton)68–70, whereas ZooMSS assumes constant recruitment. However, since many 

zooplankton groups time their reproduction to coincide with phytoplankton blooms 71,72 seasonal 

cycles of boom and bust in the phytoplankton is a major driver of variation of zooplankton 

productivity, particularly in polar and temperate areas. However, we smooth over these processes by 

using a yearly temporal resolution and assessing the long-term steady state zooplankton community. 

Second, ZooMSS assumes no movement of fish or plankton. Although most global fish-focused 
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models similarly assume no movement68–70, others do73,74. Thus, each 1° grid cell in ZooMSS is run 

independently, which could bias abundances in certain regions due to movement of plankton by 

currents or apex predators by swimming. However, since most zooplankton and small fish are 

unlikely to travel the tens of kilometres required to move between 1° cells within their lifespans, we 

expect this to have a minor impact on our results. Third, ZooMSS does not incorporate phytoplankton 

dynamics, similar to many existing global marine ecosystem models69,70,74–77, instead representing 

primary producers as a static abundance spectrum with slope, intercept and maximum size determined 

by annual mean chlorophyll a. This means that nutrient cycling and the impact of grazing on 

phytoplankton are not included. However, satellite chlorophyll a represents the net amount of 

phytoplankton present in response to processes such as nutrient cycling and grazing. Since ZooMSS 

was able to reproduce global zooplankton biomass and growth rates in the range of empirical 

estimates5, we believe a static phytoplankton resource spectrum for zooplankton in each grid cell is a 

reasonable compromise between realism and model complexity. Fourth, effects of sea surface 

temperature were incorporated in the model as a multiplier on growth and mortality, with the same 

temperature scaling (here Q10=2) used for all functional groups, which is a common assumption in 

models78. Although there is empirical evidence that different zooplankton species have different 

temperature scaling79,80, we are unaware of a meta-analysis for temperature dependence of different 

processes for the broad taxonomic groups we use here. Fifth, we use chlorophyll a rather than primary 

production to drive ZooMSS. We do this because the functional groups in ZooMSS are all based on 

biomass, and chlorophyll a is a reasonable proxy for phytoplankton biomass81. Because small cells 

dominate in oligotrophic water14, and growth is faster in warmer than colder waters82, using 

chlorophyll a rather than net primary production likely underestimates the importance of 

picophytoplankton in the warm oligotrophic regions of the ocean, and thus the role of filter-feeders 

that can access them. Last, ZooMSS has been developed as an epipelagic model by including 

phytoplankton and zooplankton groups in the top 200 m, but it in a sense provides estimates of total 

zooplankton and fish biomass in the ocean. This is because ZooMSS is driven by chlorophyll a from 
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satellite, and phytoplankton are the dominant primary producers in the ocean. And because ZooMSS 

is not depth-resolved, there is no passive transport of carbon through sinking or active transport 

through diel vertical migration to deeper layers, so carbon is only lost from by metabolism5. 

 

Normalised Biomass Size Spectra 

The Normalised Biomass Size Spectra (NBSS) for the observational and modelled data were 

calculated by binning the data into a series of logarithmically equal size intervals83,84. The binned 

data for each sample (observations) and grid-cell (ZooMSS), for each of the eutrophic and 

oligotrophic systems, were averaged to create a biomass size spectrum for each system and data 

source. This biomass size spectrum was then normalised by dividing the biomass of each bin by the 

width of the bin (mg m-3/ mg). The NBSS is thus independent of any specified body-size interval, 

facilitating comparison across different studies and systems85. The slope of the NBSS was derived by 

fitting a least-squares linear regression to the normalised biomass size spectrum83. To test the 

differences in size spectrum slopes between oligotrophic and eutrophic systems, we used ANCOVA, 

with the Normalised log10-transformed Biomass Size Spectrum (NBSS) as the response and a factor 

for System (Eutrophic and Oligotrophic as levels) and log10-transformed mass bins as a continuous 

predictor. 

 

Biomass Proportion Analysis 

The proportion of phytoplankton (Fig 2d, S3a-c), microzooplankton (Fig. S3d,e) and 

mesozooplankton (Fig. 2a-c,e; Fig. S4) biomass were computed by calculating the proportion of 

biomass in each group (e.g. chaetognaths) from the summed total biomass of each category (e.g. 

mesozooplankton). For mapping, this was calculated on each grid-cell individually. For the 

chlorophyll a gradient, a distribution of log10Chlorophyll a values were computed at 0.1 intervals 

between -1.7 and 0.5 log10Chlorophyll a (n = 23) and the mean proportion calculated for each of the 

bins. 
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Food Web Analysis 

 

Trophic levels and food chain length 

The average trophic level of functional group 𝑖𝑖 (𝑇𝑇𝑇𝑇𝑖𝑖) in each 1° grid cell was calculated by solving: 𝑇𝑇𝑇𝑇𝑖𝑖 = 1 + �𝑇𝑇𝑇𝑇𝑗𝑗𝑃𝑃𝑃𝑃𝑖𝑖𝑗𝑗𝑗𝑗 , 

where 𝑇𝑇𝑇𝑇𝑗𝑗 is the trophic level of group 𝑗𝑗, and 𝑃𝑃𝑃𝑃𝑖𝑖𝑗𝑗 is the proportion of the diet of group 𝑖𝑖, that comes 

from group 𝑗𝑗: 
𝑃𝑃𝑃𝑃𝑖𝑖𝑗𝑗 =  

𝐹𝐹𝑖𝑖𝑗𝑗∑ 𝐹𝐹𝑖𝑖𝑗𝑗𝑗𝑗 , 

and 𝐹𝐹𝑖𝑖𝑗𝑗 is the total biomass from group 𝑗𝑗 consumed by group 𝑖𝑖 (g yr-1). Except for phytoplankton, 

which at the base of the food chain and has a fixed trophic level of 1, the trophic level of the different 

groups changes with diet, so for each simulation we used the Gauss-Jacobi iteration method to solve 𝑇𝑇𝑇𝑇𝑖𝑖 for each zooplankton and fish group86. The number of trophic steps in the food chain from 

phytoplankton to group 𝑖𝑖 is thus 𝑇𝑇𝑇𝑇𝑖𝑖 − 1. 

 

Zooplankton community carbon content 

For each 1° grid cell, the carbon content of the zooplankton community, 𝐶𝐶𝐶𝐶𝑍𝑍, was: 

𝐶𝐶𝐶𝐶𝑍𝑍 =
𝐶𝐶 𝑗𝑗𝐵𝐵 𝑗𝑗∑ 𝐶𝐶 𝑗𝑗𝐵𝐵𝑗𝑗𝑗𝑗 , 

where 𝐵𝐵𝑗𝑗 is the wet weight biomass of group 𝑗𝑗 (g m-3) and 𝐶𝐶 𝑗𝑗 is the carbon content of group 𝑗𝑗, as a 

proportion of wet biomass. 

 

Predator-prey mass ratio distributions 
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The distributions of zooplankton predator-prey mass ratios (PPMRs) in oligotrophic (<0.1 mg m-3 

chlorophyll a) and eutrophic regions (>1 mg m-3 chlorophyll a) were calculated by deriving the 

probability density function of zooplankton PPMRs, 𝑃𝑃(𝑧𝑧): 

 

𝑃𝑃(𝑧𝑧) =
𝑧𝑧𝐵𝐵𝑧𝑧𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡 , 

 

where 𝑧𝑧 is a PPMR from the range of zooplankton PPMRs, 𝑃𝑃(𝑧𝑧) is the probability of PPMR 𝑧𝑧, 𝐵𝐵𝑧𝑧 is 

the total biomass of all zooplankton with a PPMR of 𝑧𝑧, and 𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡 is the total biomass of all 

zooplankton. 

 

Planktonic food-webs 

The circular food web diagrams showing biomass transfer were calculated using the package 

circlize87 in R and derived from the biomass and diets of the phytoplankton, zooplankton and 

planktivorous (small) fish in ZooMSS. Pathways through the food web can be discerned by following 

the coloured link from the prey to their predator. The width of the link corresponds to the proportion 

of biomass of prey consumed by its predator, and the width of the outer band for each group 

corresponds to its proportion of total biomass. 

 

Coding environment 

All analysis for this manuscript was completed using R 4.1.0 88. 

 

Data availability 

Size Spectra Data: Everett et al. (in prep; Scientific Data); currently available from the 

corresponding author on request. 

Model Output: The ZooMSS output generated during the current study are available from the 

corresponding author on request. 
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Code availability 

ZooMSS Code: https://github.com/MathMarEcol/ZoopModelSizeSpectra 

Analysis Code: https://github.com/MathMarEcol/FoodWebEfficiency 
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SUPPLEMENTARY MATERIAL 

 

Figure S1: Observation locations for OPC/LOPC data 

The location of OPC/LOPC observations used in the analysis, coloured by their nutrient status – 

Oligotrophic systems (red, Chlorophyll a < 0.1 mg m-3) and Eutrophic (blue, Chlorophyll a > 1 mg 

m-3).  
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Figure S2: ZooMSS Environmental Inputs 

a, Mean Sea Surface Temperature (°C), b, Mean Chlorophyll a (log10(mg m-3)) and c, the slope of 

the phytoplankton size spectrum (derived from Chlorophyll a) in 1° cells (2002-2021) used as 

inputs to ZooMSS. 
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Figure S3: Distribution of phytoplankton and micro-zooplankton biomass in ZooMSS. 

For each model cell, the relative proportion of a, pico-, b, nano- and c, micro-phytoplankton were calculated from empirical relationships based on 

chlorophyll a (Brewin et al. 2015) and used as model inputs. The proportion of micro-zooplankton (as model outputs) d, Flagellates and e, Ciliates are 

also shown. 
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Figure S4: Distribution of Mesozooplankton in ZooMSS. 

Output from ZooMSS showing proportional distribution of a, Omnivorous Copepods, b, 

Euphausiids, c, Larvaceans, d, Salps, e, Carnivorous Copepods, f, Chaetognaths, g, Jellyfish 
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Figure S5: Output from ZooMSS showing food webs (including microzooplankton). 

a, b, Circular food web diagrams showing biomass transfer in (a) Oligotrophic and (b) Eutrophic food webs. Pathways through the food web can be 

discerned by following the coloured link from the prey (outer colour) to their predator. The width of the link corresponds to the proportion of biomass 

of prey consumed by its predator, and the width of the outer band corresponds to the proportion of the model biomass.  
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Figure S6: Output from ZooMSS showing food webs without Filter Feeders. 

a, b, Circular food web diagrams showing biomass transfer in (a) Oligotrophic and (b) Eutrophic food webs when Filter Feeders are excluded. 

Pathways through the food web can be discerned by following the coloured link from the prey (outer colour) to their predator. The width of the link 

corresponds to the proportion of biomass of prey consumed by its predator, and the width of the outer band corresponds to the proportion of the model 

biomass. Compare figure with Figure 3a,b where all Mesozooplankton groups were included.  
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Table S1 Trait values for the nine zooplankton and three fish groups. 

Group Min. Size, 𝒘𝒘𝒊𝒊 Max Size, 𝑾𝑾𝒊𝒊 log10PPMR 

range, 𝜷𝜷𝒊𝒊(𝒘𝒘) 

Carbon-Wet 

Weight Ratio, 𝑪𝑪𝒊𝒊 Length ESD log10(g)* Length ESD log10(g)* 

Hetero. Flagellates  - 3.3×10-4 cma –10.7a - 7×10-3 cma –6.8a 0.2–0.7    89 0.15   90 

Hetero. Ciliates - 1×10-3 cmb –9.3b - 1×10-2 cmb –6.3a 2.5–2.9   89 0.15   90 

Larvaceans 8×10-3 cmc 1×10-2 cmc –6.4c 3×10-1 cmc 1×10-1 cmc –3.2c 6.8–10.8   91 0.02   42 

Omni. Cop. - 4×10-3 cmd –7.5d 2.8×10-1 cme 9×10-2 cme –3.5e 3.6–4.6   89 0.12   79 

Carn. Cop. - 4×10-3 cmd –7.5d 6×10-1 cme 1.8×10-1 cme –2.5e 0.8–1.9   89 0.12   79 

Euphausiids - 6×10-2 cmf –4.2f 6 cmg 1.5 cmg 0.2g 6.6–7.8   29,92 0.12   79 

Chaetognaths 1×10-1 cmh 1.5×10-2 cmh –5.9h 4 cmh 6×10-1 cmh –0.9h 1.9–3.4   93 0.04   79 

Salps 5×10-2 cmi 5×10-2 cmi –4.7i - 3.6 cmi 1.4i 6.8–11.7   94 0.02   42 

Jellyfish - 1.2×10-1 cmj –3j - 6 cmj 2j 2.7–4.7   79 0.005   79 

Small Fish - 1.2×10-1 cmk –3k - 6 cm 2 2   66 0.1   95 

Medium Fish - 1.2×10-1 cmk –3k - 27 cm 4 2   66 0.1   95 

Large Fish - 1.2×10-1 cmk –3k - 125 cm 6 2   66 0.1   95 

* g wet weight calculated from ESD, assuming 1 gram = 1 cm3, ^ Feeding kernel widths were calculated with the empirical equation derived in Fuchs 

and Franks29, using mean log10(PPMR) for this group. 
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a From Table 3 in Hansen et al.79, b From figure 1 in Taylor96, c Minimum and maximum larvacean trunk lengths taken from López-Urrutia97 and Hopcroft 

et al.98 respectively, and converted to ESD and wet weight using equation derived in Deibel91, d Carbon mass obtained from supplementary material in 

Kiørboe and Hirst80, converted to wet weight and ESD using carbon: wet weight ratio from Hansen et al.79 e Maximum omnivorous and carnivorous 

copepod lengths taken from Benedetti et al.99 and converted to ESD and then wet weight using equation derived in Azevedo et al.100, f Euphausiid embryo 

ESD from figure 2 in Kawaguchi et al.101, g Maximum length taken from supplementary material in Fuchs and Franks29 and converted to ESD and wet 

weight using equation from Meyer and Teschke102, h Minimum and maximum ESD from supplementary material in Fuchs and Franks29, lengths derived 

using head-width:body-length ratio from Pearre 93, i Minimum and maximum salp length taken from Henschke et al.38 and converted to ESD and wet 

weight using equation derived in Heron et al.103, maximum salp body size taken as geometric mean of Salpida and Pyrosomatida from Henschke et al.38, 

after using equation in Heron et al.103, j From supplementary material in Acuña et al.104, k From Heneghan et al.67. 
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