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1. Scaling model-based fish biomass estimates to a common size range 

The biomass estimates summarized in Fig. 1 and Supplementary Table 1 report biomass for 
different consumer size classes. To facilitate a comparison, we rescale the original values to 
provide an approximate estimate of the biomass within a common size range appropriate for 
marine fish and other animals, 1g to 1000kg. To this end, we assume that the consumer size 
spectrum can be described by a power-law distribution, in agreement with theoretical (64) and 
observational evidence (65). Accordingly, the fish size spectrum can be represented as: 
&(() = &"(#$ 
Where f(m) is the biomass of consumers of mass m, &" is the spectrum intercept, and ) the 
exponent of the power law. 
We estimate the biomass between size classes (%	and (&	(the original range) by integration as: 
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and the biomass between size classes ((	and ()	(the new range) as: 
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We can rearrange equations (1) and (2) to express the biomass in the new range as a function of 
the biomass in the original range, the size limits, and the exponent of the power-law, all of which 
are known: 
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Note that in the special case of an exponent ) = 1 the equation above is ill-posed, but can be 
rewritten in the form: 
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For the rescaled estimates in Supplementary Table 1, we adopt the new range from our model, 
that is (( = 100 and () = 10010, and a constant power-law exponent of ) = 1.05, in line with 
observations (66), and close to the commonly adopted ) = 1.0 exponent of the “Sheldon 
spectrum” suggested in the early literature (67). Note that the results are not strongly sensitive to 
exponents in the range ) = 1.0 to ) = 1.1. 
Note also that some of the original estimates in Fig. 1a consider a wider size range than 1g to 
1,000kg (20). Hence, for these estimates the conversion to the new size range in Fig. 1b reduces 
the total biomass. Other estimates (including ours, labeled as “this work”), consider a smaller size 



 

  

range (in our case 10g-100kg). In this case, the conversion to the new size range increases the 
total biomass. 

2. Model formulation 

2.1 Model rationale 

The BiOeconomic mArine Trophic Size-spectrum (BOATS) model is organized around the mass 
of an individual organism, with the underlying assumption that many biological traits depend on 
size, including metabolic rates, life history attributes, individual interactions, and other aspects of 
population dynamics (64, 68, 69).  

The ecological component of BOATS (Carozza, Bianchi, and Galbraith 2016) represents all 
potentially-targeted species with individual mass between 10 g and 100 kg, as three continuous, 
independent size spectra. These fish groups differ only in the asymptotic size, provide a crude 
representation of diversity (70, 71), and are defined consistently with the sizes used in aggregated 
catch data (72). Accordingly, the asymptotic masses off small, medium, and large fish are 0.3, 
8.5, and 100 kg respectively (33). The temporal evolution of consumer biomass follows the 
McKendrick-von Foerster equation (70, 71), which describes processes of fish growth and 
mortality in size space.  

Fish population dynamics such as life history, growth, mortality, reproduction and recruitment 
are parameterized based on relationships that draw from macroecological theory and syntheses 
of observational datasets. The growth rate of individual fish is equal to the photosynthetically-
derived energy available to their size class via trophic transfer (18, 64), divided by the number of 
individuals in the size class, and is capped by a temperature-dependent maximum physiological 
growth rate that follows well-established empirical relationships (70, 73). Implicitly, the surplus of 
energy available to the ecosystem that is not utilized by the resolved fish spectra is assumed to 
be redirected to non-targeted fish groups. 

Natural mortality, which includes all losses from predation, disease, parasitism and old age, 
but excludes fishing mortality, is a function of individual size, asymptotic size, and temperature, 
and follows (74) and (75). Recruitment provides the boundary condition for fish biomass spectra 
at their initial size, and is parameterized as a stock-recruitment relationship (76) that calculates 
the number of new recruits entering the smallest size-class as a function of primary production 
and the production of eggs by spawners (70).  

The ecological model is coupled to an open-access representation of fishing effort and catch 
(Carozza, Bianchi, and Galbraith 2017) based on the Gordon-Schaefer fishery economics model 



 

  

(77, 78). Fishing catch in each size class is proportional to the fish biomass and the fishing effort 
through a catchability constant, and is further modulated by a size-dependent selectivity function. 
The catchability relates fishing catches to biomass and effort, and encapsulates the efficiency of 
the technology applied to fishing (79, 80). Catches enter the fish equation as an additional 
mortality. Fishing effort evolves in time in response to catches and net revenues. The open access 
dynamic tends to drive the system to a state of zero net profit, where all gross revenues are 
dissipated to balance costs (34), and is a good approximation to the dynamics of fisheries under 
weak regulation that has characterized historical fisheries up to the period of peak catch 
considered here (23), up to the recent decades where management measures have become 
widespread. 

2.2 Main model equations 

The following is a summary of the main equations and parameters of BOATS. A complete 
description of the equations, and the details of the numerical implementation are provided in (33) 
and (Carozza, Bianchi and Galbraith, 2017. Supplementary Table 2 includes a list of variables 
and parameters entering the main equations. Supplementary Table 3 includes a list the parameter 
values used in the Monte Carlo and optimized ensembles, including name, symbol, units, and the 
parameter values expressed as mean +/- SD. 

The model solves the equations for fish biomass (f) and fishing effort (E) as a function of space 
and time over a two-dimensional grid for the global ocean. Fish and fishing effort are divided into 
three groups that differ in the asymptotic size (m∞), and are indicated with the subscript k in the 
model equations. Biomass in each group k is a function of the individual size m. We refer to the 
initial size of each size spectrum, m0, as the size of recruitment. We adopt the equivalency 
between biomass and energy, and assume that they are related by a constant conversion factor 
(81).  
 The governing equation for each group biomass size spectrum (fk) is: 

-

-.
&/((, 4) = − -

-*
5/((, 4)&/((, 4) + 0)(*,.)')(*,.)

*
− [8/(() + 9/(4):/(();/(4)] ∙ &/((, 4) (5) 

The first term on the right-hand side represents growth of biomass into larger size classes; the 
second term the increase of biomass in each size class due to individual growth, and the third 
term the sum of natural and fishing mortality.  
The individual growth rate 5/((, 4) for each group at a size m is calculated as: 

5/((, 4) = =1 − >/(() %#4*
(* *+⁄ ),$##4*
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In this equation, the second term in the first parenthesis represent the fraction of energy allocated 
to reproduction, and the two terms in the second parenthesis represent respectively the energy 
available from primary production, and the maximum potential growth rate (73). The energy 
available from primary production is calculated following (64) according to: 

C((, 4) = :/(.)
;/(.)

D *

;/(.)
E
<#%

         (7) 

where ΠΨ(t) is the vertically integrated primary production (mmolC m-2 s-1), mΨ(t) the 
representative size of phytoplankton, and τ the the trophic scaling exponent, which controls how 
efficiently energy and biomass are transferred through the trophic web. The value of τ is 
calculated as log(α)/log(β) where α is the trophic efficiency and β is the predator-prey mass ratio 
(64). This equation is based on the assumption of an average predator-prey mass ratio, implying 
that size is equivalent to trophic level, a good assumption for heavily size-structured marine food 
webs (82). We take a single global value for the transfer efficiency, the proportion of energy 
available to each size class through predation that can be turned into new biomass. We assume 
that only a fraction !!,/ of primary production is available to each commercial fish group. This 

fraction is equally partitioned among the model fish groups, such that the total fraction of primary 
production available to commercial fish, !! = ∑ !!,// , is always between 0 and 1. 

Natural mortality is a function of both individual and asymptotic size (74, 75), and follows: 

Λ/(() = H(#=(>,/
=?8#%         (8) 

The term: 

ℎ/((, 4) = 9/(4):/(();/(4)&/((, 4)        (9) 

represent the catch of fish group k at the size m, and is a function of fish biomass and effort, as 
well as the catchability parameter q, a measure of the technological efficiency of fishing gear to 
capture fish biomass, a selectivity function σ(m), which varies between 0 and 1 and expresses 
the intrinsic ability of a given gear to target a given size class m. In BOATS, we assume that 
selectivities have a sigmoidal shape, with a sharp transition at the smallest size that can be caught 
(34, 70). 
The boundary condition at the initial size class is given by the recruitment equation (70): 

&/((", 4)5/((", 4) = @0,)(*!,.)∙@1,)(*!,.)
@0,)(*!,.)?@1,)(*!,.)

       (10) 



 

  

where Re is the recruitment from the survival of larvae, calculated from the product of egg 
production, a function of spawner biomass, and the larvae survival probability, while Rp is a 
potential recruitment rate, determined by the maximum energy available from primary production.   
All terms expressing rates, including growth and mortality rates, depend on temperature according 
to the van’t Hoff-Arrhenius equation: 

J(K) = LMN OA*
/2
= %
B3
− %

B
?P         (11) 

where (ωa) is the activation energy, (T) the absolute temperature, (Tr) a reference temperature of 
283 K, and (kB) the Boltzmann constant. According to this formulation, for example, the allometric 
growth parameter is expressed as a function of temperature following: 

B = B"J(K)           (12) 

The governing equation for the fishing effort Ek on each group is: 

C

C.
;/(4) = QD D9/(4) ∫ N/(():/(()&/((, 4)S( −*+,)

*!
T/(4)E     (13) 

where the first term on the right-hand side represent the catch integrated across all size classes, 
and the second term the cost per unit effort. 

The model is solved with a forward in time, upwind in size numerical scheme, and is applied 
to a one-degree resolution global grid of the ocean, forced with monthly climatological 
temperature from the World Ocean Atlas (83), averaged between 0-75m, and satellite-derived 
primary productivity from three different algorithms (48). 

3. Monte Carlo ensemble formulation 

We perform a set of 10,000 Monte Carlo simulations in which 13 model parameters are 
randomly drawn from distributions estimated from the literature (34). These parameters (listed in 
Supplementary Table 3) have the largest impact on the predicted pristine biomass. Each 
simulation is run for 100 years with constant low catchability and negligible catches, followed by 
200 years under an increase in catchability at a specific rate of 7% y-1, in rough agreement with 
historical reconstructions that indicate values between 3 and 8% y-1  (23, 79, 80). 

The 10,000 simulations produce pristine commercial fish biomass values over LMEs that 
spans 5 orders of magnitude, varying between zero to nearly 19Gt, with an average of 0.56Gt. 
Similarly, global peak catches range from zero to more than 1,000Mt y-1. Half of the runs produce 
less than 16Mt y-1, a gross underestimate compared to reconstructions. The low pristine biomass 
in the majority of the runs is hardly capable of sustaining peak catches in the range of 



 

  

observations. To reduce these biases, we turn to catch reconstructions and C:B ratios from stock 
assessments, and select an optimized ensemble of 31 simulations that best reflect the 
observational constraints. 

4. Constraining model catches with SAUP data, and extrapolation to the whole consumer 
community 

In the model, a fraction !! = ∑ !!,//  of the energy available to consumers from trophic transfer 

of primary production is made available to the resolved spectrum of commercial fish (see also 
equation 6). Note that the fate of the energy coming from NPP is mostly dissipation at each trophic 
level, since the energy available to consumers in different size classes is scaled according to 
equation 7). In the model runs of the optimized ensemble, we prescribe this fraction so that the 
global peak catch, integrated over LMEs, matches the reconstruction from the SAUP database. 
To this end, we calculate the global catch from the large ensemble of 10,000 simulations (where 
by default 	!! = 1.0), and we reassess !! with: 

!! = Catch(SAUP)

Catch(model)
          (14) 

We then run two instances of the optimized ensemble of simulations with identical parameters, 
except for !!. In the first instance, we use variable !! based on equation 14, representing our 
best guess for the commercial fish fraction. In the second instance, we set !! = 1.0, meaning that 
the model represents the entirety of the food web fueled by NPP.  
The extrapolation obtained by setting !! = 1.0 provides only an approximated representation of 
the consumer size spectrum. While the biomass of commercial fish and other consumers is 
calibrated against catch and biomass observations, no such observational syntheses exist at the 
global scale to constrain non-commercial consumers. Additionally, the model has only a limited 
representation of the diversity of consumers, which is tied to their asymptotic size, as commonly 
done in size-based models (84). Within each asymptotic size class, consumers are treated 
identically, i.e., they share physiological, life history and ecological traits. This may lead to 
approximations when the model is scaled up from commercial fish and other consumers to the 
whole animal community spectrum. As an example, the model does not distinguish between 
ectothermic and endothermic organisms. Because endotherms experience higher body 
temperatures and metabolic rates than ectotherms, the extrapolation would represent an upper 
boundary on consumer biomass, while providing a closer representation of consumer cycling 
rates, which are ultimately limited by NPP. 



 

  

5. Biomass cycling rate of fish 

We estimate the biomass cycled by an individual fish and returned directly to the environment 
US,/(() by starting from the new biomass production	V,D. (that is, somatic growth plus generation 

of reproductive material) of an individual fish in a given size class. In order to obtain the total 
amount of biomass that was ingested by the individual fish to generate new biomass we divide 
	V,D. by the assimilation efficiency W, to obtain the gross ingestion, and subtract from it the new 
biomass production V,D., so that: 

US,/(() = T415
U
−	V,D. = V,D. %#UU         (15) 

where, consistent with equation (6): 

V,D. = 	(@A =6-,)∙!(*,.)∙*
')(*,.)

, B(8 − 19(?       (16) 

Note that we subtracted the production of new biomass, because it represents biomass that 
remains within the size spectra, through a combination of somatic growth, predation, reproduction 
and recruitment. The resulting US,/(() thus provides an estimate of the biomass “processed” by 

each fish, and returned directly to the environment, as a combination of organic (e.g. fecal pellets, 
excretion) and inorganic (respiration) fluxes, but not including recycling through predation within 
the total fish population. 
To scale up the biomass cycled by fish to the entire population, we integrate the individual 
metabolic demand US,/(() over the size spectrum, separately for each group k, and we sum over 

all groups, so that: 

∁.V.9+= ∑ ∁// = ∑ ∫ US,/(()A/(()S(*+,)
*!/ = ∑ ∫ US,/(() ')(*,.)*

S(*+,)
*!/    (17) 

We express ∁.V.9+ in units of wet biomass processed by fish per unit area per unit time (i.e. t km-

2 y-1). This quantity is directly comparable to the generation of new biomass from net 
photosynthesis, and can be expressed in units of carbon by using the conversion factors: 10g wet 
biomass = 1 g C = 1/12 mol C (18, 85). 

6. Comparison of particle export and fish-mediated export at depth 

Organic particles sink and remineralize in the ocean interior producing a depth-dependent flux of 
organic carbon, ΦW(Z), that is well described by the widely-used power-law (“Martin curve”) of the 
form: 

ΦW(Z) = Φ"
W = X

X1
?#86          (18) 



 

  

Where Φ"
W is the particle flux leaving the euphotic zone, ZD, and [W is the power law exponent, 

also known as the attenuation coefficient (86). The attenuation coefficient reflects the magnitude 
of the particle specific remineralization rate, and their sinking speed, so that faster speeds and 
slower rates would result in smaller attenuation coefficients (87). 

We assume that fish-produced fecal pellets flux, Φ'(Z), follows a similar dynamic, but with a 
different (and presumably smaller in absolute value) attenuation coefficient [', and a different flux 

at the base of the euphotic zone, Φ"
':  

Φ'(Z) = Φ"
' = X

X1
?#87          (19) 

We compare the fish-mediated particle flux to the bulk particle flux by taking the ratio of (17) and 
(19): 

Y7(X)
Y6(X)

= Y!
7

Y!
6 = X

X1
?86#87          (20) 

Thus, at any given depth z, the ratio of these two fluxes only depends on their ratios at the surface, 
and a function of the respective attenuation coefficients and depth: 

\' = = X
X1
?86#87           (21) 

We compare three cases, that we label as “typical”, “weak” and “strong”. The “typical” case 
assumes that bulk particle fluxes remineralize with an attenuation coefficient [W = 0.7, a typical 

ocean average (50), and that fish-produced particles sink at an average speed 10 times larger 
than bulk particles, resulting in a smaller attenuation coefficient for fish-produced particles, [' =
0.07. The “weak” case assumes a that all particles remineralize at a slower rate, and sets [W =
0.6 and [' = 0.06. The “strong case” assumes a more rapid remineralization of bulk particles ([W =
0.8), and a negligible attenuation of fish-produced particles (corresponding to sinking speed of the 
order of 1000m per day, the upper range of observations), obtained by setting [' = 0. The results 

of this comparison, for a range of depths, are summarized in Supplementary Table 5. 

7. Calculation of the organic particle remineralization signal from the ocean circulation 
inverse model 

We estimate the three-dimensional distribution of the carbon released in the ocean interior by 
particle remineralization by solving the following equation: 

-Z

-.
= `U − -Y

-X
           (22) 



 

  

where C is the dissolved inorganic carbon (in units of mmol	m#() resulting from remineralization 
of the particulate organic carbon flux below the euphotic zone (here 74 m), Φ, and T is the 
transport operator matrix from the ocean circulation inverse model (88). Because C only tracks 
the products of remineralization, the boundary condition for C is set equal to zero at the surface. 

Equation 22 is solved for steady state (-Z
-.
= 0) by matrix inversion.  

We solve two instances of equation (22). In the first instance we set the particle flux Φ equal to 
the flux of all sinking particles (equation 18), with a power-law exponent [W = 0.7, a typical ocean 

average (50), and use particle fluxes from the euphotic zoneΦ", from the data-based estimate of 
ref. (48). In the second instance we set the particle flux Φ equal to the flux of fish-produced 
particles (equation 19), with a power-law exponent [' = 0.07, mimicking the more rapid (here by 

a factor of 10) sinking speed of fish fecal pellets (Saba and Steinberg 2012). In this case, we set 
the particle flux from the euphotic zone, Φ", equal to the particle produced by fish, which we 
estimate as Φ" = 0.2 ∙ ∁.V.9+ where 0.2 reflect the proportion of the biomass processed by fish that 
is returned to the environment as fecal pellets (49), and Ctotal is the biomass processed by fish 
calculated by equation (17). For simplicity, we use the estimate of Ctotal representative of the 
unfished ocean (Fig. 4A). We then estimate the oxygen utilization (OU, in units of mmol	m#() 
caused by particle remineralization as OU=C*150/106, where 150:106 is a typical stoichiometric 
ratio for oceanic particulate organic matter (58). 

The distribution of the OU estimated by this model is shown in Supplementary Fig. 4, where it is 
compared with a data-based estimate of the in situ OU, which includes a correction for the oxygen 
undersaturation observed in surface waters, which is propagated into the interior ocean along 
isopycnal surfaces (89). The spatial pattern of OU estimated by the model compares well with 
observations, but the overall magnitude of OU is smaller than observed by ~25%, with some 
larger biases in the upper ocean. This is expected since the export product that we use (48) does 
not include export due to migrating organisms or dissolved organic matter, which account for 
~30% of global organic carbon export (51). Our simple particle flux formulation also neglects 
regional variability in particle flux attenuation due to variations in temperature, oxygen, or particle 
size (e.g. (90, 91)) which can further influence the distribution of OU. We note that this bias does 

not affect our conclusions, because we focus our analysis on the effect of fish-mediated export 

on the component of the biological pump that we resolve, i.e. sinking particles. Indeed, analysis 
of different simulations with our model in which the remineralization profiles are varied, indicates 
that the fraction of OU caused by fish-produced particle remineralization, versus the OU produced 



 

  

by all particles (Fig. 5), is robust to these biases, as long as the difference in sinking speed (the 
factor 10) is maintained between the two types of particles.  

8. Assumptions and limitation of the work 

A summary of the various assumptions and limitations of the work is presented in Supplementary 
Table S6. 

9. Data and code 

The data and code used to run the BOATS model, including parameter values for the model 
ensemble and forcing files is included under the Supplementary Material folder BOATS_CODE/. 

Processed model output and code used to generate the paper figures is included under the 
Supplementary Material folder MAKE_FIGURES/.  



 

  

Supplementary Table S1. Summary of model-based estimates of the biomass of fish and 
other consumers in the ocean, used to generate Fig. 1 in the paper. We report both the 
original biomass from the papers, and an estimate of the biomass for consumers between 
1g and 1000kg, the range used in this study (see Note 1 and Supplementary Information 
Section 1). 

Reference Consumer group Model approach  Global biomass 
 (Gt) 

(as reported) 

Global biomass 
(Gt) 

(sizes between 1 g 
to 106g) 

(18) All marine animals (10-

5g to 106g) 
Global size-
structured 

macroecological 
model  

2.6 1.0 

(18) Teleost and 
elasmobranch fish (10-

5g to 106g) 

Global size-
structured 

macroecological 
model  

1.0 0.4 

(14, 18) Teleost fish  
(1g to 106g) 

Global size-
structured 

macroecological 
model  

0.9 0.9 

(14) Teleost fish Global food-web 
model (Ecopath) 

referenced to 1950 

2.1 - 

 (60) Teleost and 
elasmobranch fish 

LME-scale, food-
web model 
(Ecopath) 

referenced to 1950 

1.1 - 

(61) All marine animals 
(trophic level > 2)  

Global energy 
transfer model  

(Ecotroph) 
referenced to 1950 

11.8 - 

(61) Marine predators 
(trophic level > 3.5) 

Global energy 
transfer model  

(Ecotroph) 
referenced to 1950 

1.6 - 

(62) Fish and other 
predators 

(1g to 105g) 

Global size-
structured food web 

model 

2.8 3.2 
(Note 1) 

 (20) 
 

All marine animals (10-

5g to 108g) 
Global individual-

based model 
(Madingley Model), 
between 65ºS and 

65ºN 

57 
(Note 2) 

20.1 
(Notes 1,3) 



 

  

 (43) Mesopelagic fish 
(trophic level between 

3 and 3.5) 

Global energy 
transfer model 

(Ecotroph), between 
40ºS and 40ºN 

12.2 
(Note 4) 

- 

(19) All marine animals (10-

5g to 106g) 
global size-
structured 

macroecological 
model  

14 5.5 
(Note 1) 

(19) All marine animals (1g 
to 106g) 

global size-
structured 

macroecological 
model  

4.9 4.9 
(Note 1) 

(59) All targeted marine 
species 

Analysis of stock 
assessment data 

0.84 - 

(21) All marine animals 
(multicellular only) 

Meta-analysis of 
published values 

13.3 
(Note 5) 

 

(21) All marine fish Meta-analysis of 
published values 

4.7 
(Note 5) 

4.7 
(Note 6) 

(63) Mesopelagic fish Extrapolation of 
acoustic data 

4.6 - 

(42) Mesopelagic fish Food web model 2.4 
 

- 

(21) Humans Direct calculation 0.4 
(Note 7) 

- 

(53) Phytoplankton Satellite-based 
estimate 

10 
(Note 8) 

- 

This study All commercial marine 
animals  

(10g to 105g) 

global size-
structured 

ecological-economic 
model 

3.3 5.0 

This study All marine animals 
(10g to 105g) 

global size-
structured 

ecological-economic 
model 

6.9 
(Note 9) 

10.5 
(Note 9) 

Notes: (1) Obtained by rescaling the values in column 1, and assuming a size spectrum following a power-
law distribution with a slope of -1.05, based on (Boudreau and Dickie 1992), see details in Supplementary 
Information Section 1. (2) Estimated by spatial integration of the global average biomass density (1.67⋅105 
kg km-2) reported in the paper, assuming an area for the ocean between 65ºS and 65ºN of 3.4⋅1014 m2. (3) 
Rescaled to a global area of 3.6⋅1014 m2. (4) Based on Table 1 of the referenced paper, central value 
assuming trophic efficiency of 10%, and 80% of primary production entering the food chain. (5) Using a 
conversion between g C to g wet biomass of 6.67, as in the original publication. (6) Obtained assuming that 
all fish in the referred paper span the biomass range 10g-106g. (7) Assuming 50kg/human, and a population 
of 7.8 billions as of 2020. (8) Using a conversion factor of 10g biomass : g C  (9) Values for all marine 
animals (commercial and non-commercial) calculated from a version of the optimized ensemble where 
100% of the net primary production is available to the fish size spectra. 
  



 

  

Supplementary Table S2. List of model terms. 

Symbol Name Units 

&/((, 4) Fish biomass spectrum gwB m-2 g-1 

"!($, &) Individual fish growth rate g s-1 

8/(() Natural mortality rate s-1 

(!(&) Catchability parameter m2 W-1 s-1 

)!($) Selectivity function non-dimensional 

*!(&) Fishing effort W m-2 

+" Fleet dynamics parameter W $-1 s-1 

,!($) Ex-vessel price $ gwB-1 

-!(&) Cost per unit effort  $ W-1 s-1 

.!($) Fraction of energy to 
reproduction  

non-dimensional 

/#,! Fraction of primary production 
available to fish 

non-dimensional 

0($, &) Fish production spectrum gwB m-2 s-1 g-1 

1%,!($&, &) Recruitment determined from 
primary-production 

gwB m-2 s-1 

1",!($&, &) Recruitment determined from 
egg production and survival 

gwB m-2 s-1 

  



 

  

Supplementary Table S3. List of model parameters used for the large and optimized ensembles, 
with the associated statistics (mean±SD). 

Parameter Symbol units Large ensemble 
mean and SD 

Optimized 
ensemble mean 

and SD 

References 

Activation energy 
for growth 

!8,9 eV 0.44±0.09 0.41±0.08 (1) 

Activation energy 
for mortality 

!8,: eV 0.45±0.09 0.47±0.08 (1) 

Allometric 
scaling exponent 

" non-dimensional 0.70±0.05 0.65±0.03 (2) 

Allometric growth 
constant  

#; g1-b s-1 4.47±0.50 4.42±0.48 (3) 

Trophic 
efficiency 

$ non-dimensional 0.13±0.04 0.15±0.03 (4) 

predator-prey 
mass ratio 

% non-dimensional 4491±2507 5484±2347 (4) 

Eppley constant &< ℃-1 0.06±0.01 0.06±0.01 (5) 

Nutrient 
concentration 

Π∗ mmol C m-3 d-1 0.37±0.10 0.35±0.09 (6) 

Mortality 
constant 

(> non-dimensional 0.55±0.57 0.01±0.40 (7) 

Allometric 
mortality scaling 

ℎ non-dimensional 0.54±0.09 0.49±0.08 (7) 

Egg survival 
fraction 

*< non-dimensional 0.03±0.01 0.02±0.01 (8) 

Selectivity 
position scaling 

+?@ non-dimensional 1.00±0.29 0.88±0.29 (9) 

Selectivity slope ,A non-dimensional 18.0±3.47 17.8±3.46 (9) 

References: (1) (92); (2) (64, 92, 93); (3)(93); (4) (18, 43, 94); (5)(95); (6)(48); (7)(74); (8)(96–
98)(Dahlberg 1979, Andersen and Pedersen 2009, Pulkkinen, Mäntyniemi et al. 2013); (9)(34). 
  



 

  

Supplementary Table S4: List of LMEs for the catch to biomass (C:B) ratio analysis from the 
RAM stock assessment database (28). The number of stocks per LME corresponds to the stocks 
with a spatial distribution that falls by 99% within the boundaries of each specific LME. For each 
LME, we calculated the total C:B ratio from the summed catch and summed biomass, and 
averaged the values for the 5 years corresponding to the peak catch. 

LME Number of 
stocks 

Total LME C:B ratio 
(year-1) 

SD 
(year-1) 

Agulhas Current 2 0.1244 0.0855 
Antarctica 1 0.0282 - 
Baltic Sea 4 0.1580 0.1982 
Benguela Current 4 0.0518 0.0352 
Black Sea 7 0.0863 0.1351 
California Current 31 0.0861 0.0815 
Canary Current 3 0.2041 0.2481 
Celtic-Biscay Shelf 11 0.2342 0.1115 
East Bering Sea 6 0.0875 0.1184 
East China Sea 2 0.3744 0.0892 
Gulf of Alaska 38 0.1680 0.1079 
Gulf of Mexico 13 0.3949 0.2518 
Humboldt Current 2 0.6833 0.3503 
Kuroshio Current 4 0.3678 0.0628 
Labrador - Newfoundland 16 0.3100 0.5632 
Mediterranean Sea 58 0.0953 0.3916 
New Zealand Shelf 43 0.0459 0.3970 
North Sea 8 0.2902 0.1700 
Northeast U.S. Continent Shelf 27 0.2208 0.2638 
Patagonian Shelf 2 0.1057 0.3959 
Scotian Shelf 2 0.1566 0.0141 
Sea of Japan 2 0.8184 0.2573 
Sea of Okhotsk 1 0.0629 - 
South West Australian Shelf 3 0.0367 0.0220 
Southeast Australian Shelf 2 0.3694 0.1983 

 
  



 

  

Supplementary Table S5. Amplification of fish-mediated particle export fluxes with depth (\'), 

relative to a reference euphotic zone depth of 74m, for different values of the particle flux 
attenuation coefficients bp and bf. 

Depth (z, meters) Export amplification factor 2' 

“Typical” case 

bp=0.7, bf=0.07 

“Weak” case 

bp=0.6, bf=0.06 

“Strong” case 

bp=0.8, bf=0 

100 1.2 1.2 1.3 

200 1.9 1.7 2.2 

500 3.3 2.8 4.6 

1000 5.1 4.1 7.9 

2000 7.9 5.9 13.8 

4000 14.1 8.6 24.1 

 

  



 

  

Supplementary Table S6. List of assumptions and limitations that contribute to uncertainty in the 
estimate of global fish biomass, biogeochemical cycling rate, and impact on ocean 
biogeochemistry discussed in this study. The list is not exhaustive, and its purpose is to highlight 
potential theoretical, observational, and model elements that require additional research and 
improvement. 

Factor considered Examples and effects 

Observations and model calibration 
Uncertainties in catch 

data 

Catch data are reconstructed from limited and uncertain landing data, and include data-poor 
regions and fisheries. Different methods are applied to “fill in” the gaps in landing data (32, 99).  

Uncertainties in stock 

assessments 

Not all stocks are assessed. Biases exists towards data rich (e.g., European and North American) 
fisheries . Stock assessments are inherently uncertainty, depending on statistical models 
constrained by in-situ observations.  

Aggregation level of 

observations 

Catch and stock assessment have been aggregated at the level of LMEs for model evaluation. This 
overlooks local heterogeneity within individual LMEs. Variations at scales smaller than LMEs are 
not considered by this approach. 

Limited model 

predictive power 

The model only explains a fraction of observed variability in fish catches, and catch to biomass 
ratios by LMEs (Supplementary Figure S2), although to a degree very similar to other marine 
ecosystem models, e.g. (37).  

Ecosystem model formulation 
Structural model 

uncertainty 

The model is size-based, but other approaches have been developed, e.g. trait-based, species-
based, etc. Many aspects of fish and food web dynamics are highly parameterized (see below). 
See ref. (26) for a list of different approaches to marine ecosystem modeling. 

Coarse model 

resolution 

The model runs on a 100km x 100km grid, with day timestep. The model poorly resolve fine scale 
features such as narrow shelves, islands, coastal upwelling systems, etc. Likewise, temporal 
variations less than 1 day (e.g., day-night cycles) are not represented, but they may be relevant to 
feeding and diel vertical migrations. 

Simplified 2D dynamics The model represents vertically integrated fish dynamics and is thus two-dimensional, lumping 
together pelagic and demersal species. There is no representation of water column variations, or 
characteristics of benthic habitat. 

Marine consumer 

diversity 

The model is parameterized using general characteristics of fish. It implicitly assumes that 
invertebrates of similar size (e.g. cephalopods, crustaceans) follow similar dynamics, e.g. growth 
and mortality rates. Vertebrates, in particular marine homeotherm (mammals and birds), are not 
represented. 

Fish diversity  The model represents fish diversity as three groups with different asymptotic size (small, 
medium, and large fish). Other axes of fish diversity or “traits” are not included, e.g., functional, 
community, habitat, taxonomic diversity, etc. 

Fish size range The model explicitly represents the range of fish between 10g to 100kg size. Extrapolation to 
larger sizes is conducted by applying size spectrum theory. 

Targeted vs. non-

targeted species 

The model represents fish targeted by fisheries, because they can be directly constrained by 
catch and stock assessment data. Extrapolation to non-targeted species is performed based on 
the total amount of energy available from NPP, and assuming similar dynamics. 

Fish life history The model represents growth from the stage of recruit to the adult stage, using the same 
dynamics. Thus, it overlooks egg and larval stages, ontogenetic changes in dynamics, feeding 
strategies, habitat etc.  

Explicit movement There is no transport of biomass between grid cells, as caused by ocean currents, fish swimming, 
and long-range migrations. The coarse resolution of the model (100km x 100km) likely reduces 
the impact of missing movement.  



 

  

Food web dynamics Energy transfer is implicit in the model, and does not attempt to resolve specific predator-prey 
interactions. Transfer of energy is parameterized following macroecological principles (64). 
Energy transfer is only a function of NPP, T and trophic level, follows the same dynamics globally, 
and does not change in response to biomass depletion. 

Fishing effort formulation 

Effort dynamics The model represents a single fishing effort per fish group. Each effort uses a size-dependent gear 
selectivity with sigmoidal shape. A globally constant catchability is used to determine catch from 
effort and selectable biomass. 

Fisheries economics A globally constant and uniform cost per unit effort is used. A constant price is used for all fish 
sizes and groups. 

Management Model effort follows an open access dynamic, and does not account for management and 
regulation. Note, however that the model is calibrated with observations from the 1990s, when 
management was limited.  

Model forcing uncertainties 

Physical and 

biogeochemical 

forcings 

The model is forced with climatological T and NPP reconstructions, representative of the recent 
observational period (late 20th to early 21st century). Interannual variability is ignored, and 
conditions both for the modern and preindustrial periods are approximated by climatological 
present-day conditions.  

Fishing effort scenarios The model’s fishing effort is forced by a continuous, exponential increase in catchability 
(representing technological progress). Spatial and species-dependent variations in catchability, 
price or cost are not included. Note that price and cost are likely minor drivers over the period 
considered (23).   

Pollution, 

eutrophication, habitat 

degradation 

The model assumes the environment was static, and does not explicitly represent anthropogenic 
impacts other than fisheries, e.g., pollution, eutrophication and habitat degradation, and their 
changes over time. These effects likely altered biomass, distribution, and diversity of fish over 
time. 

Early fisheries and 

defaunation 

The model explicitly represents commercial fisheries. Early (prehistoric to preindustrial) fisheries 
and species declines are not explicitly represented. These include early loss of anadromous 
species, preindustrial subsistence and artisanal fisheries. The impacts of early fisheries and 
defaunation on the food web are not represented (e.g., removal of marine mammals and 
anadromous species).  

Anthropogenic climate 

change 

The model as used here does not explicitly represent the effects of climate change, although this 
has been done elsewhere (23, 26). Model forcings are based on NPP and T from the recent 
observational period, thus they implicitly include current climate conditions. The historical 
evolution of this change, and climate change-related stressors (physical and biogeochemical) are 
not included.  

Biogeochemical processes 

Mass conservation The model parameterizes growth (a function of NPP, T and trophic level); other biomass 
processing rates (respiration, fecal pellet production) are estimated from growth and trophic 
efficiency. Because only the commercial portion of the ecosystem is resolved, mass conservation 
is only approximate. 

Fecal pellet production The model parameterizes fecal pellet production as a constant fraction of biomass processed. 
However, fecal pellet production varies as a function of taxonomy, feeding rate, physiological 
state, environmental variables, etc. Fecal pellet properties (e.g., size, density, sinking speed) also 
depend on fish size, taxonomy, etc. 

Fish movement and 3D 

habitat 

The model does not represent fish movement and 3D habitat. Movement would impact 
biogeochemistry via horizontal and vertical migrations (9). 3D habitat would impact the location 
of biogeochemical impacts (e.g., pelagic vs. mid-water vs. benthic fish). 



 

  

Fish-biogeochemistry 

coupling 

The model does not resolve feedbacks between fisheries and lower trophic levels. E.g. trophic 
cascades in response to biomass depletion and their impacts on zooplankton, phytoplankton, and 
nutrients (100). These impacts would in turn affect NPP, particle production, and remineralization 
(15).  

Earth system coupling The model represents fish dynamics and biogeochemical impacts as separate components of the 
Earth System. However, multiple interactions and feedbacks exists between physical, chemical, 
and biological Earth System components. 

 
  



 

  

 
Supplementary Figure S1. Schematic of the steps for the selection of the optimized ensemble 
model runs. The different steps of the procedure are shown in the colored bubbles. The number 
of runs remaining after each selection step are shown next to each arrow. 
  



 

  

 

Supplementary Figure S2. Observational and model estimates of catch and catch to biomass 
(C:B) ratios. (a) Model ensemble catches vs estimates from the SAUP database (Mt y-1). 
Uncertainty on the SAUP catches encompasses a 50% uncertainty range on the estimates, based 
on the global peak catch uncertainty from ref. (32). Uncertainty on the model catches 
encompasses 90% of the runs (5% to 95% percentiles). The red line is the one-to-one line. Mean 
temperatures (℃) averaged across LMEs are shown in colors. The area of each dot is 
proportional to the primary productivity integrated across the corresponding LME. (b) C:B ratios 



 

  

from stock assessments (red dots) and from the model ensemble (blue squares, with 90% 
confidence range shown as vertical lines), calculated over 24 LMEs, plotted against averaged 
surface (0-100m) LMEs temperature. (c) Probability distribution of C:B ratios from stock 
assessments, calculated over LMEs. (d) As in (c) but for all members of the optimized model 
ensemble.  

 
  



 

  

 
Supplementary Figure S3. Fraction of biomass cycling rate of commercial fish relative to net 
primary production, versus net primary production. Each dot shows the average over an individual 
LME region. Colors show average LME temperatures. Model values are means from the 
optimized ensemble of simulations. 
  



 

  

 
Supplementary Figure S4. Ocean oxygen utilization (OU, in mmol	m#() estimated from 
observations (upper two panels), and from the remineralization of all particles in the ocean inverse 
circulation model (lower panels). The left panels show the average for the 1000m-4000m depth 
layer, and the right panels a zonal mean. 
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