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Abstract 

Climate change impacts on marine life in the world ocean are expected to accelerate over the 21st 

century, affecting the structure and functioning of food webs. We analyzed a key aspect of this 

issue, focusing on the impact of changes in biomass flow within marine food webs and the resulting 

effects on ecosystem biomass and production. We used a modeling framework based on a 

parsimonious quasi-physical representation of biomass flow through the food web, to explore the 

future of marine consumer biomass and production at the global scale over the 21st century. 

Biomass flow is determined by three climate-related factors: primary production entering the food 

web, trophic transfer efficiency describing losses in biomass transfers from one trophic level to the 

next, and flow kinetic measuring the speed of biomass transfers within the food web. Using climate 

projections of three Earth system models, we calculated biomass and production at each trophic 

level on a 1° latitude x 1° longitude grid of the global ocean under two greenhouse gas emissions 

scenarios. We show that the alterations of the trophic functioning of marine ecosystems, mainly 

driven by faster and less efficient biomass transfers and decreasing primary production, would lead 

to a projected decline in total consumer biomass by 18.5% by 2090–2099 relative to 1986–2005 

under the “no mitigation policy” scenario. The projected decrease in transfer efficiency is expected 

to amplify impacts at higher trophic levels, leading to a 21.3% decrease in abundance of predators 

and thus to a change in the overall trophic structure of marine ecosystems. Marine animal’s 

production is also projected to decline but to a lesser extent than biomass. Our study highlights that 

the temporal and spatial projected changes in biomass and production would imply direct 

repercussions on the future of world fisheries and beyond all services provided by Ocean. 
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1. INTRODUCTION 

Human-induced climate change is already impacting ocean ecosystems by driving major changes 

in their physical and chemical properties and the impacts are expected to intensify over the 21st 

century particularly under insufficient carbon mitigation (Bindoff et al., 2019; IPCC, 2014). One 

of the marine ecosystem components that are impacted by changes in ocean properties is net 

primary production (NPP) that plays an essential role in fueling energy and biomass up marine 

food webs. Total NPP of the ocean is projected to decrease over the course of the 21st century 

(Bopp et al., 2013; Cabré et al., 2015; Laufkötter et al., 2015). Regionally, NPP is projected to 

decrease in the low-latitude regions and to increase at high latitude, mainly due to the stratification-

induced exacerbation of nutrient limitation at low latitude and to an alleviation of light limitation 

as a result of loss of sea ice at high latitude (Bopp et al., 2013; Cabré et al., 2015; Laufkötter et al., 

2015). 

These projected changes in NPP as well as the changing ocean conditions are impacting the 

physiology and biogeography of marine organisms with cascading effects on ecosystem structure 

and functions (Bindoff et al., 2019). Ocean warming, deoxygenation and ocean acidification alter 

the physiology and fitness of marine organisms (Pörtner et al., 2017; Pörtner & Farrell, 2008; 

Pörtner & Peck, 2010), causing shifts in species distribution (Jones & Cheung, 2015; Pinsky et al., 

2013; Poloczanska et al., 2013), phenology (Asch et al., 2019; Burrows et al., 2014) and changes 

in biomass transfers (du Pontavice et al., 2019; Eddy et al., 2021; Maureaud et al., 2017). 

Differences in the rate of responses to climate change within marine communities and between 

regions disrupt existing ecosystem structure and functioning such as biomass flow in marine food 

webs (Barton et al., 2016; Dulvy et al., 2008; Kortsch et al., 2018; Montero-Serra et al., 2015; 

Verges et al., 2014). 
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Recent global projections based on several ecosystem models show that climate change is expected 

to induce a mean global biomass decrease in marine ecosystems (Lotze et al., 2019) mainly due to 

a decrease in production fueling marine food webs (NPP) amplified on animal biomass further up 

the food web by warming-induced changes in metabolic rates (Kwiatkowski et al., 2019; Lotze et 

al., 2019; Stock et al., 2014b, 2017). Different hypotheses are proposed to explain the climate-

induced amplification of biomass decline including phyto- and zooplankton size composition, 

lengthening of food chains, reduced zooplankton growth efficiency and changes in metabolic rates 

(Kwiatkowski et al., 2019; Lotze et al., 2019; Stock et al., 2014b).  

Only a few studies (e.g., Petrik et al., 2020) have explored both ecosystem biomass and production. 

For each ecosystem compartment, the latter is issued from animal growth and reproduction, 

implicitly referring to a gross production of living biomass (Gascuel et al., 2008, 2011; see Figure 

S1.1), which can be used in the system to feed the food web, detritus compartment, and fisheries if 

any, or to constitute a net production changing the current biomass of the considered compartment. 

The ecosystem production defines the capability of the ecosystem to replenish, e.g., following 

human impacts, and is therefore a key factor to study the future of fisheries whose sustainability is 

not directly related to biomass, but more to the exploited part of the gross production. 

Analysis combining global fisheries catch data and information on fish life history traits showed 

that marine ecosystem trophodynamics, as indicated by the trophic transfer efficiency of energy 

through the food web and the residence time of biomass within each trophic level (TL), are sensitive 

to changes in ocean temperature (du Pontavice et al., 2019). However, the roles of these 

trophodynamic processes that govern the flow of energy through marine ecosystems in determining 

the relationship between NPP and upper TL production under climate change have not been 

explicitly explored. 
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Here, we aim to understand how future changes in ocean conditions would affect key ecosystem 

functions such as biomass transfers, consumer biomass and production (defined here for TLs ≥ 2), 

and ecosystem trophic structure. We use a trophodynamic ecosystem model – EcoTroph (Gascuel, 

2005; Gascuel et al., 2011; Gascuel & Pauly, 2009) – to examine biomass flows within marine 

ecosystems and project future changes in biomass and production in the global ocean in the 21st 

century. The EcoTroph projections are forced with the outputs of three Earth system models 

(ESMs) under two emission scenarios (Representative Concentration Pathways, RCPs), RCP26 

(strong mitigation scenario) and RCP8.5 (“no mitigation policy” scenario). Fishing exploitation 

and temporal dynamics were not explicitly considered in the model and, thus we projected climate 

change impacts on a theoretical unexploited ocean ecosystem under the steady state assumption. 

Based on the results from the simulation modeling, we examine the impacts of climate change on 

biomass flows and the resulting ecosystem biomass and production and discuss their implication 

for the sustainability of fisheries. 
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103 2. MATERIALS AND METHODS 

2.1. The EcoTroph model 

EcoTroph is an ecosystem  modeling approach through which the ecosystem trophic  functioning is 

modeled as  a continuous flow of biomass surging up the food web, from lower to higher TLs, 

through predation and ontogenic processes (Figure 1, Gascuel et al., 2005, 2011). EcoTroph is 

founded on the principle  that an  ecosystem can be represented by a continuous distribution of the 

biomass along TLs, i.e., a biomass trophic spectrum  (Gascuel et al., 2005). Biomass enters the food 

web at TL = 1, as  generated by the  photosynthetic activity of primary  producers and recycling of 

nutrients by the microbial loop. Only mixotrophs, i.e., organisms that are simultaneously primary 

producers and first-order  consumers, would be at TLs between TL = 1 and TL = 2. Their biomass 

is  usually low, and is conventionally split between biomasses at TL = 1 and TL  = 2. Biomass at 

TLs higher than 2 is composed of heterotrophic organisms with mixed diet and fractional TLs 

resulting in a continuous distribution of biomass along TLs (considered here as consumers). 

To facilitate the computation of EcoTroph, biomass spectrum  is aggregated by small  TL classes  

that include all organisms within the lower and upper TLs of each class. Thus, EcoTroph does not 

represent individual  species explicitly; instead, species are  combined into classes based only on 

their TLs. As  a convention (and based on previous studies; Gasche et al., 2012; Gascuel et  al., 

2005) we considered trophic  classes of width Δτ  = 0.1 TL to be an appropriate resolution and a 

range starting at TL = 2 (corresponding to the first-order consumers), up to TL = 5.5, an appropriate 

range to cover all top predators in marine systems (Cortes, 1999; Pauly, 1998). 

Another key principle  behind EcoTroph is that trophic functioning of aquatic ecosystems may be 

viewed as a continuous  biomass flow moving from lower to higher TLs. Each organic particle  

moves up the food web by continuous processes (representing an  organism’s ontogenetic  changes 
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126 in TLs  as it grows) and abrupt jumps due to predation events. By combining the flows of all 

particles in a food web, the aggregated biomass flows can be represented by a  continuous  function  

(see  Figure S1.2).  Thus, the continuous function of biomass flow in EcoTroph represents the mean 

flow  of biomass of individual organisms and is not an approximation of a discrete process  (Gascuel 

et al., 2008). 

The flow of biomass  in a biomass  spectrum in EcoTroph is represented by the traditional equations 

of fluid dynamics. Specifically, the continuous biomass flow, Φ(t,τ),  is described by (details on 

equations and notations in Appendix S1): 

Ф(t,  τ) = B(t, τ)K(t,  τ) (1) 

where  Φ(t,τ),  the  quantity of biomass moving up through TL τ,  at every moment, t, due to predation, 

is  expressed in t year-1, B(t,τ)  the density of biomass at TL = τ  expressed in t TL-1, and K(t,τ)  the 

flow  kinetic expressed in TL  year-1. The flow kinetic measures the speed of the biomass flow in 

the food web, from  low to high TLs, and is inversely proportional to biomass residence time, i.e., 

the time each organism stays at a given level of the food web depending of its life expectancy. 

Under steady-state conditions, the Equation 1 becomes: 

Ф(τ)
B(τ) = (2)K(τ) 

The biomass flow Φ(τ) is not conservative with a loss rate  ψ(τ) at TL = τ, such as: 

dФ(τ) 
= ― ψ(τ)  Ф(τ) (3)dτ 

Furthermore, the biomass flow Φ(τ)  can be expressed as a decreasing function of TL (see details 

in Appendix S1): 
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Ф(τ + Δτ) = Ф(τ)e ― μ τ∆τ 
(4) 

Where Φ(τ)  is the biomass flow  at TL τ  (i.e., at the start  of the trophic class [τ,  τ  + Δτ[),  μτ  

(expressed 

in TL-1) represents  the mean natural losses within the trophic class through non-predation mortality, 

excretion, and respiration. It defines the transfer efficiency, TE, within the trophic class [τ,  τ  + Δτ[  

such as:  

TE = e ― μτ (5) 

A discrete approximation of the continuous distribution B(τ)  is  used for mathematical 

simplification (details on equations in  Appendix S1). Hence, the model state variable becomes Bτ, 

the biomass (in metric tons) present  at  every moment under steady-state conditions within the TL 

class [τ,  τ + Δτ[ and Equation 2 becomes: 

1
Bτ = Фτ∆τ (6)Kτ 

where  Φτ  and Kτ  are  the mean biomass flow (in  t year–1) and  the mean flow kinetic  (in TL year-1) 

within the trophic class [τ,  τ  + Δτ[,  respectively. The mean flow kinetic Kτ  varies per trophic class 

and is directly defined using mean values per trophic class based on an empirical model previously 

developed by Gascuel et al. (2008) (see below). 

Finally, EcoTroph defines the biomass flow Φ(τ)  as  the density of production at TL = τ.  Therefore, 

the production Pτ of the trophic class [τ,  τ+Δτ[ is: 

τ + Δτ 

Pτ = ∫ Ф(τ)dτ = ФτΔτ (7) 
τ 
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158 Production is commonly expressed in t year-1  that  implicitly refers  to the conversion of biomass 

eaten at TL τ-1,  into predator tissues whose mean TL is τ.  Therefore, in a TL-based approach such 

as  EcoTroph (wherein the width of trophic classes may different from 1 TL), production has to be  

expressed in t TL year-1, i.e., tons moving up the food web by 1 TL on average during 1 year. 

Hence, EcoTroph  highlights  that biomass stems from  the ratio of the production to the flow  kinetic. 

2.2. Simulating biomass flow  from  primary production to upper trophic levels 

In EcoTroph, biomass flow and the resulting biomass from primary production to upper trophic 

levels are  modeled using three distinct properties of marine food web potentially affected by 

climate  change: (i) primary production fueling the food web (Eq. 7 at τ=1),  (ii) trophic  transfer 

efficiency quantifying biomass which is transferred at each trophic level (Eq.  5), and (iii) flow 

kinetic measuring the speed of this biomass transfer (Eq. 2 and 6). 

2.2.1. Trophic transfer efficiency of low trophic levels 

In this study, we modeled the trophodynamics of the planktonic food web separately from  those of 

the upper part of the food web. Projections of annual average vertically integrated net  primary 

production (NPP)  from 1950 to 2100 were obtained from the outputs of global coupled atmosphere-

ocean-biogeochemistry Earth system models (ESMs,  described in the section below). EcoTroph 

considers NPP as biomass production at  TL = 1 i.e., P1  = NPP  (Eq. 7). The  flows of detritus biomass 

are not considered in this study and we discussed  the implications of this assumption on the results 

and conclusions of this study. 

While transfers of energy through the plankton food  web can be complex (Friedland et al., 2012), 

a  robust pattern revealed in numerous previous analyses is a tendency for more efficient energy 

transfers to fish in more productive regions (Armengol, Calbet, Franchy, Rodríguez-Santos, & 

Hernández-León, 2019; Ryther, 1969; Stock, Dunne, & John, 2014). This pattern arises because a) 
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181 the dominance of picophytoplankton in low productivity regions (Agawin et  al., 2000; Armengol 

et al., 2019; Heneghan et al., 2016; Irwin et al., 2006; Morán et  al., 2010) creates long food chains  

between primary producers and fish, and b) the limited  surplus energy above  basal metabolic costs 

of small zooplankton in subtropics reduces the  planktonic  transfer efficiency (Stock &  Dunne, 

2010; Stock, Dunne, & John, 2014). 

To estimate variations in the plankton food web transfer efficiency across ocean biomes, we  used 

simulations from the Carbon, Ocean Biogeochemistry, and Lower Trophics (COBALT) global 

ecosystem model, which has been shown to capture observed  variations in the flow of energy across 

ocean biomes (Stock et al., 2014a, 2014b). Based on the outputs of COBALT, we estimated the 

transfer efficiency between the primary production and the  mesozooplankton production, TE LTL, 

as: 

(MEZOO PROD 1/(MEZOO TLy,i  ―  1)
y,i

TE LTLy, i = NPPy,i ) (8)

Where NPPy,i  is the net primary production in the  grid cell, i, for the  year y, and MEZOO PRODy,i  

and MEZOO TLy,i  are the mesozooplankton  production and  trophic  level in the grid cell i for  the  

year y. Transfer efficiency of low TLs (TE LTL) was calculated each year y, between 1950 and 

2100 for RCP8.5 in every cell, i, of a two‐dimensional  horizontal 1°×1° grid covering the global 

ocean (Figure S2). NPPy,i  and MEZOO PRODy,i  were  directly extracted from COBALT  while 

MEZOO TLy,i  was calculated using biomass flows between mesozooplankton and its preys in  

COBALT. 

Transfer efficiency of low TLs  is used to quantify the transfer efficiency between TL = 1 and  TL  

= 2. Between TL = 2 and TL = 3, we assume  a linear change from TE  LTL (Eq. 8) at TL = 2 and 

TE HTL (described in the following section) at TL = 3. For TL  > 3, we apply TE HTL to estimate 
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202 the transfer  efficiency. The spatial pattern and the  distribution of transfer efficiency of low  TLs for 

each ecosystem over the reference period 1986–2005 are available in the Figures S3.3 and S3.4. 

To apply EcoTroph, the  projected values  of transfer efficiency at  low TLs under the low and high 

greenhouse gas emissions scenarios  are required. For the high greenhouse gas emissions scenario, 

we calculated the transfer efficiency of low TLs using the COBALT outputs  projected for RCP8.5 

as  described above. For  the low emissions scenario, since the COBALT model was not available 

for RCP2.6, we assumed that transfer efficiency follows the same global trend from 1950 to 2030 

under RCP2.6 and RCP8.5. We made such assumption because the  projected changes in SST, a 

key determinant of the transfer efficiency of low  TLs, followed a similar pathway under RCP2.6 

and RCP8.5 for this  time  period  (see trends in SST and transfer efficiency of low  TLs in the 

Figure S3.1). We defined the year 2031 as  a breaking point from  which the global trends in SST 

under RCP8.5 and RCP2.6 diverge  (see  Figure S3.2). Thus, for the  time period from  2031 onwards, 

we assumed that the transfer efficiency of low TLs  under RCP2.6 was the average of transfer 

efficiency of low  TLs under RCP8.5 over the  decade 2026–2036 (5 years before and after 2031) 

(detailed method in Appendix S3). 

2.2.2. Trophic transfer efficiency of higher trophic levels  

In EcoTroph, the trophic transfer efficiency of the higher TLs (TL >= 2) takes into account  the 

losses at each trophic class and is used to estimate the fraction of biomass which is  transferred from 

one  TL to the next (Eq. 5). In this  analysis, we  use the temperature-dependent high TLs transfer 

efficiency (TE HTL) estimates derived from du Pontavice et al., (2019): 

TE HTL =  e( ― 2.162 + SST( ― 0.025 + a) + b) × 1.038 (9) 

where  a and b are specific parameters for each ecosystem  type (polar, temperate, tropical and 

upwelling; Table S4 and Figure S2) and SST  is the sea  surface temperature. This relationship 
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224 between SST and  transfer efficiency of higher TLs was obtained by combining global fisheries 

catch data and information on fish life  history traits  (du Pontavice  et  al.,  2019). Thus, the  warming-

induced variations in transfer efficiency of higher TLs reflect  the changes in species assemblages 

induced by ocean warming. These estimates of transfer efficiency of higher TLs were  calculated 

between TL = 2 and TL  = 4 in all  the coastal ecosystems and highlighted that biomass transfers  are 

characterized by “efficient-inefficient continuum” along a temperature gradient  (see the 

relationship between temperature and transfer efficiency of higher TLs in Figure S7f). Biomass 

flows tend to be efficient in cold waters but less efficient  in warmer waters. The  temperature  

dependent transfer efficiency of higher TLs estimates are negatively linked to SST with a  strong 

sensitivity to temperature  in polar ecosystems and a  lower sensitivity in tropical ecosystems 

(du Pontavice et al., 2019). Besides, upwelling ecosystems stands out  as an exception with low 

transfer efficiency of higher TLs  but a strong sensitivity to the changes in temperature (see  the 

warming effect on the transfer efficiency of higher TLs in Figure S7g).. 

2.2.3. Flow kinetic 

Flow kinetic measures the velocity of biomass transfers from lower to upper TLs and depends on 

the biomass turnover. To estimate flow kinetic at TL = τ,  we used an empirical equation (Gascuel 

et al., 2008) as a function of SST and TL (τ): 

Kτ = 20.19τ ―3.26e0.0.41SST (10) 

The relationship between flow kinetic, and TL and SST derived from a statistical model  based on 

1,718 groups from 55 published Ecopath models (Gascuel  et al., 2008). This study showed that P/B 

can be considered as a measure of the trophic flow kinetic since P/B is a rate of regeneration of the 

biomass over a unit of time (see  detail  in Gascuel  et al., 2008). In contrast to the empirical equation 

used for the transfer efficiency of higher TLs which is fitted for marine consumers (TLs  >= 2; du 
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246 Pontavice et al., 2020), the flow kinetic equation was  fitted through all marine groups from primary 

producers to top predators (Gascuel et al., 2008) and includes the changes in kinetic along the food 

web. Thus, flow kinetic depends  on the position in the food web. While, at low TLs, biomass 

transfers are faster due to species  assemblages  dominated by short-living species, biomass transfers  

are slower at upper TLs  mainly composed of long-living species  (Gascuel et al., 2008). 

Furthermore, the flow kinetic is negatively linked to SST since the species assemblages in warm 

waters are characterized by shorter  life expectancy than in colder waters (see the  temperature effect 

on flow kinetic in Figure S7c, d; Gascuel et al., 2008). 

Hence, consumer production is determined by NPP, mainly driven by nutrient availability,  light  

limitation and temperature (Steinacher et al., 2010), and by the trophic transfer efficiencies, here 

defined for low or high TLs, respectively, as emergent  properties of food web dynamics and species 

assemblages across the food web. Then, at each TL, consumer biomass is calculated as the product 

of consumer production and the inverse of the flow kinetic. In this implementation of EcoTroph, 

all climate effects are bottom-up and potential top-down effects are not included. The implications 

on our projections will be further discussed. Figure 1 illustrates a conceptual schema of our 

approach with the four variables at play to estimate ecosystem  biomass and production. Each of 

them, detailed above, is affected by climate change. 

2.3. EcoTroph simulations 

EcoTroph model is applied separately to 41,135 grid cells in a two‐dimensional horizontal  1° 

latitude x 1°  longitude grid covering the global  ocean (Figure S2). Biogeography of grid cells were 

delimited using the distribution of biomes identified by  Reygondeau et  al., (2013) and adapted from 

Longhurst  (2007). Each cell was classified as one of the  3 biomes: tropical, temperate and  polar 
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biomes. Polar biome was divided into the Arctic and Antarctic ecosystem types to consider the 

specificity of each of the areas, especially in terms of projected changes in primary production. 

Upwelling ecosystems were added using the biogeographical provinces described by Reygondeau 

et al., (2013) (Figure S2). Biomass and production were calculated for TLs between 2 and 5.5 at 

intervals of Δτ = 0.1, for every year between 1950 and 2100, using projected NPP and SST in each 

grid cell as inputs. The data comes from three Earth system models (ESMs) developed by three 

institutes: Geophysical Fluid Dynamics Laboratory (GFDL-ESM2M; Dunne et al., 2012), Max 

Plank Institute (MPI-ESM-MR; Giorgetta et al., 2013) and Institut Pierre Simon Laplace (IPSL-

CM5A-MR; Dufresne et al., 2013). Moreover, we considered two contrasting scenarios: RCP2.6, 

radiative forcing level reaches 3.1 W m-2 by mid-century, and returns to 2.6 W m-2 by 2100 (strong 

mitigation scenario) and RCP8.5, rising radiative forcing pathway leading to 8.5 W m-2 in 2100 

(“no mitigation policy” scenario). All the changes in parameters, production and biomass were 

calculated relatively to the IPCC’s AR5 (in which the three above described ESMs were used; 

IPCC, 2014) reference period 1986-2005. 

To quantify the uncertainty induced by the three ESMs, the inter-model variability was estimated 

by calculating the standard deviation of the changes coming from the three ESMs in 2090–2099 

relative to 1986–2005. Then, we mapped the grid cells where the three models do not predict the 

same direction of the changes (e.g., one predicts an increase while the two others predict a decrease) 

(see Figures S5a and S5b).

 A set of additional simulations was designed to estimate the contribution of each process 

determining the biomass flow on the total consumer biomass and trophic structure. We examined 

the response of consumer biomass to the four following biomass flow processes: (1) NPP, (2) 

transfer efficiency of higher TLs, (3) transfer efficiency of low TLs and (4) flow kinetic. In order 

to understand how biomass of marine ecosystems responds to changes in ocean conditions, we 
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isolated successively the response of each of the four processes. For this analysis, we ran four sets 

of simulations for each of the three ESMs using RCP8.5. Each of the simulations isolates one 

biomass flow parameter, which varies over the period 1950–2100 while the others remain constant 

and equal to their mean values during the reference period 1986–2005. For example, to isolate the 

effects of NPP, we set kinetic, transfer efficiencies of higher TLs and low TLs at their mean values 

during the reference period, while NPP vary over 1950–2100. 
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299 3. RESULTS 

3.1. Changes in ocean conditions and biomass transfers over the 21st century  

This study projects that  the flows  of biomass in marine ecosystems  will change substantially by 

2100 under scenarios of climate change. First, the global NPP  exhibits a mean projected decrease 

of 7.2% and 1.0% for RCP8.5 and RCP2.6, respectively, in  2090–2099 relative to 1986–2005 with 

large differences  among ESMs under RCP8.5 (Figure 2a). Specifically, at global scale and under 

RCP8.5, NPP  is projected  to decrease  by 13.4% and 8.1% for MPI and IPSL, respectively, but no 

change in NPP is projected by GFDL in 2090–2099 relative to 1986–2005. Large  decreases in NPP  

are projected in low-latitude tropical ecosystems (12.3% by 2090–2099 relative to 1986–2005), 

largely driven by warming-induced stratification (Cabré et  al., 2015; Laufkötter et  al., 2015) 

(Figure 2b). In contrast, in high-latitude polar ecosystems, NPP is projected to increase with large 

variations between ESMs (Figure 2c).   

The global average low  TL transfer efficiency is projected to decline by 3.5% and 1.0% under 

RCP8.5 and RCP2.6, respectively (Figure 2d). While the projected changes in transfer efficiency 

are small in Antarctic, temperate and upwelling ecosystems, the  transfer efficiency is projected to 

decrease largely in tropical ecosystems (-8.8%) and increase in Arctic ecosystems (Figure 2e). 

The changes in transfer efficiency of higher TLs are  projected to decrease, on average, by 4.6% 

and 1.1% under RCP8.5 and RCP2.6, respectively by the  end of the 21st  century relative  to 1986– 

2005 (Figure 2g). However, since  the  sensitivity of temperature varies among ecosystem types 

(du Pontavice et al., 2019) and the sea surface warming is projected to vary spatially 

(Appendix S7b), the higher TLs transfer efficiency is projected to decrease substantially in 

upwelling and temperate ecosystems (-14.7% and -8.5%, respectively, in 2090–2099 relative to 
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321 1986–2005) while  in the other ecosystem types, the mean projected decline is relatively low 

(Figure 2h).  

Finally, the mean flow kinetic within marine food web (between TL = 2 and TL  = 5.5) is projected 

to increase, on average, by 11.8% and 2.6% for RCP8.5 and RCP2.6, respectively by 2090–2099 

relative to 1986–2005 (Figure 2j). The  changes in mean  flow kinetic follow closely the changes in 

sea  surface temperature. The projected ocean warming thus  result in increases  in flow kinetic in 

almost all ecosystems  except in Antarctic ecosystem (Figure 2k) where the  projected changes in 

SST by 2100 is small (Figure S7b). 

3.2. Global decline of total consumer biomass 

The model projects a global mean decrease in total consumer biomass (i.e., total animal biomass  

with TLs>=2) in the ocean by 18.5% (from 12% with GFDL  to 22.9% with IPSL) with RCP8.5 

and 4.5% with RCP2.6 by 2090–2099 relative to 1986–2005 (Figure 3a). 

We found that the projected increase in flow kinetic  contributes the most to the global projected 

decrease in total consumer biomass relative  to the contributions from  changes in NPP and trophic  

efficiencies  (Figure 3b). The intermodel variations in global biomass projections are  largely a result  

of the differences in NPP projections between the three ESMs (Figure 3b). 

Climate-induced changes in total consumer biomass are projected to vary widely between different 

parts of the global  ocean (Figure 4a  and b). Specifically, major gains in biomass  are projected in 

the Arctic Ocean, along the coast of Antarctica and in the south-eastern Pacific Ocean. The 

ensemble mean total consumer biomass is  projected to decline strongly between 40° S and 50° N  

latitude (Figure 4c). Notably, under RCP8.5, total  consumer biomass  is projected to decrease  in 

2090–2099 relative to 1986–2005, on average, by 28%, 18%, 16% and 10% in tropical, upwelling, 

temperate and Arctic ecosystems, respectively (Figure 5a). Overall, the spatial  patterns of changes 
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344 in total consumer biomass are similar between RCP8.5 and RCP2.6  but the  magnitude of changes 

is  larger under RCP8.5. The areas wherein the  projected decrease in biomass exceeds 25% 

represent 43% of the total ocean surface area  for RCP8.5 in 2090–2099 and only 2.5% for  RCP2.6. 

In all the ecosystems, warming-induced increases in flow kinetic negatively affect total consumer 

biomass while the effects  of climate change on transfer efficiencies and NPP  vary between 

ecosystem types. In Arctic ecosystem, total consumer biomass is negatively affected by the 

increases in flow  kinetic  and transfer efficiency of higher  TLs. Simultaneously, the  projected 

decrease in  transfer efficiency of low TLs positively  affects total consumer biomass. In Antarctic 

ecosystems, the projected increase in NPP compensates the warming-induced  increase in flow 

kinetic. In temperate ecosystems, flow kinetics and  transfer efficiencies (at low and higher TLs) 

are projected to be the main  drivers of the  changes in total consumer biomass, while  in upwelling  

ecosystem the  decrease  in biomass is mainly driven  by the  decrease in flow kinetics, NPP and 

transfer efficiency of higher TLs. In tropical ecosystems, the sharp projected decline in total 

consumer biomass is explained by the climate-induced changes in flow kinetics, NPP and  transfer 

efficiency of low TLs. 

3.3. Changes in trophic structure o f marine ecosystems 

Our results also highlight the effects of climate change on biomass  at each TL from primary 

consumers to the top predators since the EcoTroph model  represents the  food web as a biomass 

distribution per TL (Figure 6). We show that the projected distribution of biomass  across different  

TLs for RCP2.6 remains  close to those  of the contemporary ocean (1986–2005, Figure 6a and 

Figure 7a) while the distribution of the biomass for RCP8.5 is modified, with the  largest impacts 

on high TL species (Figures 6b and 7b). For RCP8.5, the model projects, on average, a 21.3% 

decline in predator  biomass  in 2090–2099 relative to 1986–2005 for TLs between 3.5 and 5.5 which 
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367 mainly refer to predatory fishes (e.g., cods, tunas, groupers). In contrast an 18.8% decrease in 

biomass is projected for TLs between 2.5 and 3.5 which usually refers to forage fishes  (e.g., herring, 

capelin) and invertebrates (e.g., shrimps, crabs). Under the strong mitigation scenarios  (RCP2.6), 

the declines in biomass at higher TLs are less pronounced (Figure 6b and black line in Figure 7b). 

Faster biomass flow (i.e., larger flow kinetic) projected under climate change produces a nearly 

uniform ~10% reduction in biomass across TLs  by the end of the 21st  century relative  to 1986-2005 

(Figure 6c). However, the decrease in transfer efficiency at higher TLs causes a more  pronounced 

decline in biomass  at  higher TLs. Since the  higher TLs represent only a small fraction of total 

biomass, the changes  in biomass at higher TLs have relatively small effect on total consumer 

biomass (Figure. 6a). However, species at higher TLs include some of the  most valuable species, 

thus  the impacts for global fisheries may be exacerbated where the transfer efficiency at  higher 

TLs is the most affected by ocean warming. 

The changes in trophic structure  differ from one  ecosystem type  to the other, for both RCPs 

(Figure 7a and b). The differences in biomass decline between low and high TLs are particularly 

important in  upwelling, temperate and  Arctic ecosystems (Figure 7a and b) where  the warming-

induced changes in transfer efficiency of higher TLs are the highest (see Figure 2h). 

3.4. Changes in ecosystem production 

While our projections indicate a decline in total  consumer biomass by, on average, 18.4%, total 

consumer production is projected to decrease by 12.0% “only”, by 2090–2099 relative to 1986– 

2005 under RCP8.5 (Figure 8a). The lower decrease in production is mechanistically due to the 

warming-induced increase in flow kinetic (+11.8% under RCP8.5) since production is the  product 

of biomass and flow kinetic. Hence, we projected that total consumer production may increase in 

the Arctic and Antarctic ecosystems by, on average, 1.7% and 1.8%, respectively, by 2090–2099 
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despite the great inter-ESM uncertainty (blue bars in Figure 8b). In the other ecosystem types 

(Figure 8b), the declines in total consumer production are projected to be attenuated compared to 

those in biomass with differences in change of about 10% (e.g., in tropical ecosystem, the projected 

decrease in the ensemble mean total consumer biomass reaches 28.3% while total consumer 

production is projected to decrease by 18.4%). Similar to the trend in biomass, production of higher 

TLs is projected to be more affected than lower TLs (Figure 8c). Specifically, EcoTroph projects, 

on average, a 16.3% decline in predator production (TLs between 3.5 and 5.5) while prey 

production (TLs between 2.5 and 3.5) is projected to decrease by 13.1% (Figure 8c). 
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4. DISCUSSION 

Through modeling marine ecosystems as trophic spectrum, we project a drastic decline in consumer 

biomass and production throughout the 21st century under the “no mitigation policy” scenario 

(RCP 8.5) driven by a change in the biomass flow in marine food webs. The projected changes in 

biomass also vary widely spatially because of regional differences in changes in ocean 

biogeochemical and physical conditions and the characteristics of the ecosystems. In addition, we 

found an amplification of climate-induced changes in biomass and production at higher TLs 

relative to lower TLs in various ecosystems (temperate, upwelling and Arctic), potentially leading 

to pronounced declines of highly commercially valuable large fish species. 

4.1. Drivers of changes in consumer biomass 

This study shows that changes in net primary production, flow kinetics and transfer efficiencies 

drive changes in global ocean biomass and production. Specifically, we highlighted that the 

changes in total consumer biomass and production are largely driven by the balance between the 

effects of trophodynamic constraints (imposed by net primary production) and the temperature-

dependent flow kinetic and transfer efficiencies (at higher TLs). At global scale, the main driver of 

the changes of total consumer biomass is the flow kinetic which is directly affected by global ocean 

warming. In other words, in a warming ocean which favors short-living species, each unit of 

biomass spends less time at a given TL and subsequently at all TLs, which leads the total biomass 

to decrease (Gascuel et al., 2008). In parallel, the warming-induced decrease in transfer efficiency 

of higher TLs affects both consumer production and biomass due to larger energy losses between 

each TL (du Pontavice et al., 2019). The increase in sea water temperature affects both the quantify 

of matter and energy which is transferred through the food (decrease in trophic transfer efficiency) 

and the speed at which biomass transfer occurs (increase in flow kinetic). Thus, temperature-
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421 induced changes in flow kinetic and trophic transfer efficiency may contribute independently and 

cumulatively to the decline in consumer biomass. 

Previous  studies suggest that changes in these trophodynamic processes  are caused by changes in 

species assemblages  induced by the increase in sea water temperature (du Pontavice  et al., 2019; 

Gascuel et al., 2008; Maureaud et al., 2017). Hence biomass  transfers tend to be faster but less 

efficient at each TL  in warmer waters (du Pontavice  et al., 2019; Gascuel et al., 2008) due to species 

assemblages more and more dominated by fast-growing, short-living, early-maturing species  as 

suggested by Beukhof et al. (2019). 

4.2. Trophic amplification induced by less efficient transfer 

Our findings suggest an amplification of the changes in biomass from low to high TL  components 

of the ecosystem, with a more  pronounced decrease in high TLs. This process describes the 

propagation of the climate signal from low to upper TLs through the decline (or increase) of 

biomass along the food web. Trophic amplification has been previously shown for phytoplankton 

and zooplankton using different planktonic food web models and  different Earth system models 

(Chust et  al., 2014; Kwiatkowski  et al., 2019; Stock  et al., 2014b). At  the  upper  trophic levels, 

Petrik et al. (2020), based on a spatially explicit  mechanistic model of three  functional  types of 

fish, showed the  amplification of the projected changes in productivity by grouping functional 

types by trophic level. In a complementary way and using a trophic-level-based model, our 

projections highlighted a continuous  and progressive amplification of changes in biomass and 

production when moving up the food web. This process  arises from the cumulative  effect all along 

the food web of the warming-induced decline in transfer efficiency at each trophic level. The 

alteration  of the trophic structure of marine ecosystems supports  the concerns regarding the 

consequences of trophic downgrading (Estes et al., 2011) which  can be characterized by trophic 
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444 cascades due to the decrease in predator biomass. Indeed, several studies showed the impacts of 

top predators depletion on marine ecosystem functioning (Baum  & Worm, 2009; Estes  et al., 2016; 

Ferretti et al., 2010; Heithaus et al., 2008) and stability (Britten et al., 2014; Rasher et al., 2020). 

Despite their low  biomass (compared to the lower TLs), predators  at TL higher than 3.5 currently 

support more than 35% of the world fisheries (Branch et al., 2010). Therefore, our results suggest 

that changes in transfer efficiencies induced by climate change may be a  key player in the expected 

decrease of the word potential fisheries catch (Bindoff et al., 2019; FAO, 2018). 

In a recent compilation of marine ecosystems models (the  FISH-MIP  model  intercomparison 

project; Lotze et al., 2019), a trophic amplification process was highlighted with combined biomass 

of higher trophic levels  declining more strongly than lower trophic levels. While this  amplification 

was consistent across the majority of FISH-MIP models, differences in fundamental structures and 

ecological processes lead to large differences in the projected shifts in total consumer biomass, 

with global  declines by 2100 ranging from ~12% to ~20% in RCP8.5. The trophodynamic 

constraints due to changes in ocean conditions filtered through EcoTroph support the high end of 

this response (Appendix S6).  

4.3. Toward a global decline in fisheries catch? 

While FISH-MIP  results focused on biomass (Lotze et al., 2019), our results also highlighted the 

significant impact of climate change on the gross natural production of marine ecosystems. This 

result is a key issue for fisheries  whose sustainability is not directly related to biomass, but more 

to production and to the exploited part of production. The EcoTroph approach reveals that  

production may be impacted by lower NPP, and less efficient trophic transfers along the food web. 

However, the expected faster energy flow may not  have any effect on production, but a large impact  

on the biomass. In other words, using projections changes in biomass to infer the coming effect of 
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climate change on catch potential may lead to an overestimation of this effect. The loss in biomass 

will be partially counterbalanced by faster turnover which makes each unit of biomass more 

productive. Considering predator at TLs higher than 3.5, the projected change in potential catch 

(by 2100 under RCP8.5) would be closer to 16.3%, based on production, than to 21.3% as expected 

from biomass. Trophic amplification in production (and not in biomass) is consistent with the 

projections based on a mechanistic model resolving trophic interactions and basic life cycle 

processes (Petrik et al., 2020). Interestingly, while we projected a decrease of 12.0% in total fish 

production, Petrik et al. (2020) projected total fisheries yield declines by 11.8% using a simple 

representation of fishing (constant over space, time and TL). However, they projected larger 

differences in fisheries yield between the low and the high TLs. 

Our projections imply potential repercussions on the global catch potential and on its distribution, 

with different consequences in the different ecosystem types. Tropical ecosystems would be the 

most impacted (-28.3% and -18.4% in biomass and production, respectively) but with a low 

amplification due to low changes in transfer efficiency. Thus, large decreases in fisheries yield 

would be experienced at all TLs from forage fish to predator species in these regions where many 

nations show a high socioeconomically dependency on fisheries (Bindoff et al., 2019; Golden et 

al., 2016). Conversely, in temperate and polar ecosystems, the decline in fisheries yield may be 

lower especially if we consider the projected decline in production (instead of biomass). However, 

in these ecosystems we projected large changes in food web structure (through trophic 

amplification processes) which may result in major changes in catch structure. While fisheries 

targeting low and mid TLs species may be moderately affected by climate change, fisheries 

targeting upper TLs species may be much more impacted. To mitigate socioeconomically impacts 

of these changes, fisheries management should adapt its methods to address declines in total catch 

but also changes in catch structure. 
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4.4. Modelling considerations and sources of uncertainties 

Our modelling approach is the first application of EcoTroph linking the trophic ecology and the 

projected changes in ocean conditions. Within the TL-based models (e.g., Ecopath with Ecosim), 

EcoTroph may be viewed as a synthetic approach in the use of the TL concept for ecosystem 

modelling in which individual species are combined into classes. Therefore, EcoTroph does not 

explicitly resolve the climate-induced impacts on individual species and population. Instead, the 

model assumes that the shifts in environmental conditions will lead to the emergence of new 

biomass transfer features in theoretical steady state ecosystems. 

So far, in our implementation of EcoTroph, the model accounts for steady states (see equations 2 

and 4). Hence, one of the challenges in future studies will be to develop a new generation of the 

model, integrating time dynamic processes in order to analyze the propagation of impacts and their 

aggregation on a larger scale. Such a dynamic EcoTroph model may, for instance, allow at 

exploring the expected effects of widespread increases in marine heat waves frequency and 

intensity which is a major source of concern for the future productivity and stability of marine 

ecosystems. A recent modeling work focusing on the northeast Pacific has showed that by 2050 

marine heat waves could more than double the magnitude of the impacts on fish stocks biomass 

and spatial distribution due to long-term climate change (Cheung & Frölicher, 2020). 

Although EcoTroph can include top-down effects induced by fishing pressure (e.g., Gasche et al., 

2012; Halouani et al., 2015), in the present implementation of the model the effects of trophic 

cascades are not included, thus the model is only driven by bottom-up processes. Since we 

projected that the largest species are the ones most affected, the release of top-down predation 

pressure may induce an increase in production of the smaller prey species. Hence, the introduction 

of top-down effects should exacerbate the projected changes in trophic structure. 
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The major source of uncertainty in our projections of production and biomass is due to a large inter-

model variability in NPP projections (Appendix S5; Bopp et al., 2013; Laufkötter et al., 2015). As 

in EcoTroph, ocean primary production (or the related phytoplankton biomass) is a pivotal 

component of several marine ecosystem models by sustaining and limiting the biomass of higher 

TLs (e.g., Blanchard et al., 2012; Carozza et al., 2016; Cheung et al., 2011; Jennings & 

Collingridge, 2015). Hence, identifying the sources of the current uncertainty associated with 

future NPP and constraining estimates is one of the major challenges in understanding the 

responses of marine food web to climate change (Kwiatkowski et al., 2017; Vancoppenolle et al., 

2013). These variations in NPP projections are particularly large in Arctic ecosystems with 

substantial differences in the direction of changes among the ESMs (see Appendix S5). In contrast 

to NPP, the projections in flow kinetic and transfer efficiency of the higher TLs, which are 

functions of temperature, appear relatively consistent across the three ESMs. 

In our study, we considered variations in planktonic food web structure through the estimates of 

transfer efficiency of low TLs. Accounting for these variations is essential to understand biomass 

and production dynamics in marine ecosystems, since transfer efficiency of low TLs constraints 

the fraction of energy available for the upper TLs (Friedland et al., 2012; Petrik et al., 2019). The 

introduction of transfer efficiency of low TLs is expected to provide more realistic estimates of 

climate change effects, though we recognize that it does not capture the full diversity of pathways 

connecting phytoplankton and fish. While this study considered variations in the pelagic plankton 

food web transfer efficiency across trophic gradients, future efforts could consider more complete 

pelagic, benthic and mesopelagic pathways (Friedland et al., 2012; Petrik et al., 2019; Stock et al., 

2017). 

Moreover, the flows of detritus biomass are not considered in this study. In open ocean, the bulk 

of the transfer of energy occurs between phytoplankton and zooplankton but, in continental shelf 
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ecosystems, NPP also fuels benthic pathway through downward coupling (Cresson et al., 2020; 

Duffill Telsnig et al., 2018; Woodland & Secor, 2013). Hence, by considering only the pelagic 

energy transfer in plankton food web, we have likely underestimated the fraction of energy which 

fuel the food web. 

The projected changes in transfer efficiency of higher TLs and flow kinetic can be a result of 

changes in species assemblages under ocean warming (du Pontavice et al., 2019; Gascuel et al., 

2008), but other negative climate-induced biological responses at individual (e.g., decrease in body 

size; Cheung et al., 2012) and population levels (e.g., change in phenology; Thackeray et al., 2016) 

that may amplify the overall climate change impacts on flow kinetic and trophic transfer efficiency, 

are not represented. Thus, our approach can be considered conservative and the decline in the global 

marine biomass and production we projected is likely to be underestimated. 

Overall, our modelling approach signal the significant impact of climate change on marine animal 

biomass but also on production over the 21st century. The latter, which is a key issue for fisheries, 

is projected to decline but to a lesser extent than biomass due to a compensation effect induced by 

faster trophic transfer under ocean warming. Hence, we emphasize the importance of considering 

production to provide insights regarding the future catch potential. Furthermore, the projected 

changes in trophic structure through a trophic amplification process show that marine predator 

(TL>=3.5) may be particularly affected by climate change. 
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LIST OF LEGENDS 

FIGURE 1: Conceptual design of the  EcoTroph model and forcing used. The trophic 
functioning of marine food webs is  represented by a biomass flow, with biomass entering the 
system at trophic leve  l 1 due to net primary production, NPP.  Biomass flow reaching each trophic 
level is then defined by the trophic transfer efficiency at low and high trophic  level, TE  LTL  
(derived from  the plankton food web model COBALT) and TE HTL  (estimated from the sea 
surface temperature (SST) according to du Pontavice  et al. (2019)), respectively. The flow kinetics, 
which is also forced by SST (Gascuel  et al., 2008), is a key parameter to derive biomass at  each 
trophic level of the model from the biomass flow (Gascuel & Pauly, 2009). One EcoTroph model 
is  implemented each year within each cell of the global ocean, forced by NPP and SST from Earth 
system models’ projections. 

FIGURE 2: Projected changes in biomass flow  processes between 1950 and  2100 relative to 
1986–2005. The changes in net primary production, NPP, (a, b, c), transfer efficiency of low trophic 
levels, TE LTL, (d, e, f), transfer efficiency of higher trophic  levels, TE HTL, (g, h, i) and flow 
kinetic (j, k, l) are  represented on this  figure. Panels (a), (d), (g) and (j) represent the changes at 
global scale for RCP2.6 and RCP8.5. Panels  (b), (e), (h) and (k) represent the changes in each 
ecosystem type under RCP8.5. The shaded areas around the curves in these panels indicate  the 
inter-model variability (i.e., the variability given by the inputs of the 3 different Earth system 
models) and the color bars outside  the box indicate  the range of averaged changes of the three Earth 
system  models over 2090–2099. Panels (c), (f), (i) and (l) represent  the changes over the period 
2090–2099 in each 1°x1° grid cell. 

FIGURE 3: Changes in  total consumer biomass over the period 1950–2100. (a) Changes in 
total consumer biomass for RCP2.6 and RCP8.5 relative to the  reference period 1986–2005. (b) 
Mean changes  in total consumer biomass for RCP8.5 relative to 1986–2005 in which  the 
contribution of net  primary production (NPP), transfer efficiency of lower trophic level  (TE LTL), 
transfer efficiency of higher trophic level (TE HTL) and flow kinetic are isolated. The shaded areas 
around the curves  indicate  the inter-model variability and the color bars indicate the ranges of 
averaged changes of three Earth system models over 2090–2099. 

FIGURE 4: Maps  of the ensemble  mean projections  for the three Earth system models of 
changes in total consumer biomass by 2090–2099 relative to 1986–2005 under (a) RCP2.6 and 
(b) RCP8.5.  Panel (c) represents the changes in consumer biomass by latitude for RCP2.6 and 
RCP8.5. 

FIGURE 5: Changes in total consumer  biomass in each ecosystem type  as well  as the 
processes  at play for  RCP8.5. Panel (a) represents the changes in total consumer biomass for 
RCP8.5 in each ecosystem type relative to the reference period 1986–2005. Panel (b)  represents 
the mean contribution of the four processes in each ecosystem type (net primary production (NPP), 
transfer efficiency  of lower  trophic level  (TE LTL), transfer efficiency of higher trophic level (TE  
HTL) and flow kinetic). The  contribution is framed in red color if biomass projections with one of 
the three models predicts changes  in the opposite direction to those predict with the  two other 
models. 
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FIGURE 6: Changes in trophic structure under RCP2.6 and 8.5. (a) Biomass trophic spectra 
for RCP2.6 and RCP8.5 in 2090–2099 and the reference period in 1986–2005, while (b) 
Changes in biomass for each trophic class of width 0.1 trophic level (TL) between TL = 2 and 
TL = 5.5 under RCP2.6 and RCP8.5 relative to the reference period 1986–2005. (c) The ratio 
of biomass trophic spectra in 2090–2099 for RCP8.5 and for the reference period 1986–2005 
derived from EcoTroph projections in which each flow parameter is successively isolated (net 
primary production (NPP), transfer efficiency of lower trophic level (TE LTL), transfer efficiency 
of higher trophic level (TE HTL) and flow kinetic). 

FIGURE 7: Changes in trophic structure in each ecosystem type for RCP2.6 and 8.5. The two 
panels show the ratio of the biomass spectrum in 2090-2090 to the reference period 1986–2005 for 
RCP2.6 (a) and RCP8.5 (b) for each ecosystem type. 

FIGURE 8: Changes in production at global scale and in each ecosystem type over the 21st 

century. Panel (a) represents the changes in total consumer production and biomass and in kinetic 
under RCP8.5 by 2100 relative to the reference period 1986–2005 while panel (b) represents the 
changes in total consumer production for RCP8.5 in each ecosystem type. Panel (c) represents the 
changes in prey (between trophic level (TL) = 2.5 and TL = 3.5) and predator (up to TL = 3.5) 
under RCP2.6 and RCP8.5. 
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Figure 1: Conceptual design of the EcoTroph model and forcing used. The trophic functioning of marine food 
webs is represented by a biomass flow, with biomass entering the system at trophic level 1 due to net 

primary production, NPP. Biomass flow reaching each trophic level is then defined by the trophic transfer 
efficiency at low and high trophic level, TE LTL (derived from the plankton food web model COBALT) and TE 

HTL (estimated from the sea surface temperature (SST) according to du Pontavice et al. (2019)), 
respectively. The flow kinetics, which is also forced by SST (Gascuel et al., 2008), is a key parameter to 
derive biomass at each trophic level of the model from the biomass flow (Gascuel & Pauly, 2009). One 

EcoTroph model is implemented each year within each cell of the global ocean, forced by NPP and SST from 
Earth system models’ projections. 
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FIGURE 2: Projected changes in biomass flow processes between 1950 and 2100 relative to 1986–2005. The 
changes in net primary production, NPP, (a, b, c), transfer efficiency of low trophic levels, TE LTL, (d, e, f), 
transfer efficiency of higher trophic levels, TE HTL, (g, h, i) and flow kinetic (j, k, l) are represented on this 
figure. Panels (a), (d), (g) and (j) represent the changes at global scale for RCP2.6 and RCP8.5. Panels (b), 
(e), (h) and (k) represent the changes in each ecosystem type under RCP8.5. The shaded areas around the 
curves in these panels indicate the inter-model variability (i.e., the variability given by the inputs of the 3 

different Earth system models) and the color bars outside the box indicate the range of averaged changes of 
the three Earth system models over 2090–2099. Panels (c), (f), (i) and (l) represent the changes over the 

period 2090–2099 in each 1°x1° grid cell. 
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FIGURE 3: Changes in total consumer biomass over the period 1950–2100. (a) Changes in total consumer 
biomass for RCP2.6 and RCP8.5 relative to the reference period 1986–2005. (b) Mean changes in total 

consumer biomass for RCP8.5 relative to 1986–2005 in which the contribution of net primary production 
(NPP), transfer efficiency of lower trophic level (TE LTL), transfer efficiency of higher trophic level (TE HTL) 
and flow kinetic are isolated. The shaded areas around the curves indicate the inter-model variability and 
the color bars indicate the ranges of averaged changes of three Earth system models over 2090–2099. 
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FIGURE 4: Maps of the ensemble mean projections for the three Earth system models of changes in total 
consumer biomass by 2090–2099 relative to 1986–2005 under (a) RCP2.6 and (b) RCP8.5. Panel (c) 

represents the changes in consumer biomass by latitude for RCP2.6 and RCP8.5. 
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FIGURE 5: Changes in total consumer biomass in each ecosystem type as well as the processes at play for 
RCP8.5. Panel (a) represents the changes in total consumer biomass for RCP8.5 in each ecosystem type 

relative to the reference period 1986–2005. Panel (b) represents the mean contribution of the four 
processes in each ecosystem type (net primary production (NPP), transfer efficiency of lower trophic level 

(TE LTL), transfer efficiency of higher trophic level (TE HTL) and flow kinetic). The contribution is framed in 
red color if biomass projections with one of the three models predicts changes in the opposite direction to 

those predict with the two other models. 
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FIGURE 6: Changes in trophic structure under RCP2.6 and 8.5. (a) Biomass trophic spectra for RCP2.6 and 
RCP8.5 in 2090–2099 and the reference period in 1986–2005, while (b) Changes in biomass for each trophic 
class of width 0.1 trophic level (TL) between TL = 2 and TL = 5.5 under RCP2.6 and RCP8.5 relative to the 
reference period 1986–2005. (c) The ratio of biomass trophic spectra in 2090–2099 for RCP8.5 and for the 

reference period 1986–2005 derived from EcoTroph projections in which each flow parameter is successively 
isolated (net primary production (NPP), transfer efficiency of lower trophic level (TE LTL), transfer efficiency 

of higher trophic level (TE HTL) and flow kinetic). 
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FIGURE 7: Changes in trophic structure in each ecosystem type for RCP2.6 and 8.5. The two panels show 
the ratio of the biomass spectrum in 2090-2090 to the reference period 1986–2005 for RCP2.6 (a) and 

RCP8.5 (b) for each ecosystem type. 
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FIGURE 8: Changes in production at global scale and in each ecosystem type over the 21st century. Panel 
(a) represents the changes in total consumer production and biomass and in kinetic under RCP8.5 by 2100 

relative to the reference period 1986–2005 while panel (b) represents the changes in total consumer 
production for RCP8.5 in each ecosystem type. Panel (c) represents the changes in prey (between trophic 

level (TL) = 2.5 and TL = 3.5) and predator (up to TL = 3.5) under RCP2.6 and RCP8.5. 
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