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Abstract9

Fisheries are damaging, and seemingly incompatible with the conservation of marine10

ecosystems. Yet ősh are an important source of food, and support the lives of11

many people in coastal communities. This paper considers an idea that a moderate12

intensity of őshing, appropriately scaled across species, could help in maintaining13

biodiversity, rather than reducing it. The scaling comes from an intuition that rates14

of őshing mortality of species should be kept in line with production rates of the15

species, a notion known as balanced harvesting. This places species conservation16

and exploitation on an equal footing in a single equation, showing quantitatively the17

relative levels of őshing mortality that species of different abundance can support.18

Using a dynamic model of a marine ecosystem, we give numerical evidence showing19

for the őrst time that őshing, if scaled in this way, can protect rarer species, while20

allowing some exploitation of species with greater production. This works because21

őshing mortality rates, when scaled by production, are density-dependent. Such22

őshing, operating adaptively to follow species’ production rates over time, contains23

a feedback that would help to protect species from overőshing in the presence of24

uncertainty about how marine ecosystems work.25

Key words: balanced harvest, conservation, exploitation, marine ecosystem, pro-26

ductivity, size spectrum27
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1 Introduction44

Conservation and ősheries coexist uneasily (Salomon et al., 2011; Garcia et al.,45

2014). Fisheries have many destructive effects, and make a strong case for reserves46

to protect marine ecosystems from őshing (Lubchenco and Grorud-Colvert, 2015).47

The motivation for this paper is not to question the conservation value of marine48

protected areas, but rather to consider how őshing could be made more compatible49

with the goals of conservation, where complete closure of ősheries is not an option.50

This is important because there is potential for serious conŕict between the stake-51

holders of conservation and those of ősheries (Garcia et al., 2003). On one hand,52

the lives and livelihoods of many people in coastal areas of the world depend on53

food from the sea. On the other hand, we are the custodians of marine ecosystems,54

and have a responsibility to leave them undamaged for the future. Schemes that55

allow moderate exploitation, while assisting the conservation of marine ecosystems,56

are therefore worth considering.57

Such őshing schemes need to be organised at the ecosystem level, and the liter-58

ature contains various ideas about őshing at this broad scale. For instance, Larkin59

(1977) suggested that maximum sustainable yields (MSYs) could be applied to ag-60

gregated assemblages of ősh species rather than to single species, harvesting all61

species above a common body size. Variations on the theme of multispecies MSY62

have subsequently been developed including, for example, ‘a pretty good multi-63

species yield’ (Rindorf et al., 2017). Fowler (1999) argued that natural predators of64

exploited ősh stocks could indicate the sustainable ways in which to apply őshing65

mortality; see also Caddy and Sharp (1986). Kleisner and Pauly (2011) proposed66

‘őshing in balance’ to deal with ősheries-induced trophic changes in ecosystems67

(őshing down the food web: Pauly et al., 1998). Rehren and Gascuel (2020) went68

further, proposing ‘balanced structure harvesting’, to minimise the disruption to69

trophic structure.70

Trophic structure, while important, is one of a number of ways in which marine71

ecosystems are impacted by őshing. Biodiversity is another, as is size structure72
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within species. Garcia et al. (2012) suggested ‘balanced harvesting’ (BH) as a73

guiding principle for exploitation at this more nuanced level. The idea of BH is to74

bring őshing mortality more in line with natural productivity of species and body75

sizes (reviewed by Heath et al., 2017; Zhou et al., 2019). This builds on an intuition76

that the death rate from őshing should correspond to the rate at which species77

and body sizes can replace the biomass extracted by őshing. Fishing in this way78

should help protect ecosystem components that are rare (low biomass), and those79

that have low somatic growth rates.80

BH is an ecosystem approach to őshing. Its organising principle, productivity,81

depends on ősh growth, which comes from ősh feeding on one another and on82

plankton (causing prey death). Such feeding depends őrst on the size of prey items83

relative to the consumer, and secondarily on their taxonomic identities (Jennings84

et al., 2001), thereby coupling species together in a manner that depends on their85

body-size distributions (Persson et al., 2014). There are some tools for studying86

ecosystem dynamics at this őne level. These include multispecies, size-spectrum87

models which track body-size distributions of species as they change over time,88

one size distribution for each species (Andersen and Beyer, 2006; Hartvig et al.,89

2011; Blanchard et al., 2014), and we use such models here. Importantly they90

have, at their heart, the core ecosystem coupling, that ősh growth and, to a large91

extent death, follows directly from predators feeding on prey. This means that body92

growth is determined dynamically within the ecosystem, eliminating the need for93

an external assumption about growth, such as a von Bertalanffy equation. From94

this coupling, the ŕow of biomass through components of the ecosystem emerges in95

a quantiőable way (Law et al., 2016).96

Widely in marine biology, ‘productivity’ is taken to be a gain in mass per unit97

area per unit time (dimensions: M L−2 T−1); the term ‘primary productivity’ is98

an instance of this. However, in the BH literature there are currently two different99

meanings of the term productivity, one being a total rate of production as above (M100

L−2 T−1), and the other being a rate per unit biomass (dimensions: T−1) (Heath101

et al., 2017; Zhou et al., 2019; Nilsen et al., 2020). The two meanings have entirely102
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different consequences in the context of BH. This is because the former sets the103

őshing mortality rate F in proportion to a production rate P (F ∝ P ), whereas104

the latter sets F ∝ P/B where B is biomass. These two versions of BH need to be105

treated separately. To avoid confusion in this paper, we distinguish between them106

using indices BHP , BHP/B, and refer to P as production rate.107

The results in this paper show for the őrst time that BH can have clear beneőts108

for the maintenance of biodiversity. These beneőts come from setting F ∝ P109

(BHP ). They do not come from setting F ∝ P/B (BHP/B). BHP thus provides a110

way to reconcile some objectives of conservation with some of ősheries, and suggests111

a way in which moderate exploitation of marine ecosystems could be brought better112

in line with the needs of conservation. The distinction between BHP and BHP/B113

is important in practice, because traditional ősheries management leans towards114

BHP/B, for instance in the assumption F = M of the length-based proxy for FMSY115

(ICES, 2021, Annex 3).116

To get these results, we used dynamic models that hold in place the general117

empirical relationship between B and P in marine ecosystems. The modelling118

approach is justiőed by the fact that the basic features of BH should be generic119

and independent of the exact choice of ecosystem. Moreover, in real-world marine120

ecosystems, data collection is often focused on the major commercial ősh stocks,121

and not on rarer non-commercial species, some of which may be vulnerable to122

decisions made about ősheries management. The aim of this work was to put123

conservation and exploitation on an equal footing, and to investigate management124

strategies that could potentially deliver beneőts for both conservation and ősheries.125

We therefore needed to give all species the same attention, whether common or126

rare, and modelling is the best tool for doing so. Model conclusions of course still127

need to be tested and reőned over time in empirical settings.128
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2 Methods129

We explain here how we implemented a model of multispecies ecosystem dynamics130

and the harvesting patterns applied to it. The results can be understood without131

going into details of the model, but it is important to know they are underpinned132

by a rigorous mathematical framework. The model was designed to contain a range133

of taxa from microscopic photosynthetic plankton (primary producers) to large ősh134

species, coupled throughout by feeding, and calibrated to hold in place some basic135

properties of biomass and production rate observed in marine ecosystems.136

2.1 Life histories137

  

 plankton

(a) (b) feeding kernel: 
growth and death

(a) growth from feeding

(e) reproduction

(c) background 
death

(c) larval death

body mass  w (g)

10-3 1 103

 sp 1

 sp 2

:    
sp n

:    

10-6

fish

(d) death from 
fishing

….

Figure 1: Template from which a set of n ősh species with a range of life
histories was constructed by varying maximum body mass w∞ and larval
death rate. The feeding kernel sets a body mass range of prey items eaten
relative to the body mass of the consumer, and is sketched as the grey bar
for a ősh at the body mass shown by the black circle. The kernel is tethered
to the consumer, and ‘moves’ to the right as a result of the growth that
follows from eating this food.

We used a common template for ősh life histories (Fig. 1). In this template, ősh of138

all species start life as eggs of mass 1 mg, and grow as a result of feeding on smaller139

organisms, process (a) in Fig. 1, as deőned by a feeding kernel. Thus, in their early140
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life stages, the ősh feed on plankton. As they grow larger, their diet shifts gradually141

from plankton towards smaller ősh of their own and other species. These ősh are142

themselves at risk of being eaten by larger ősh (process b). In addition to death from143

predation, we include a risk of death from other causes (process c) which is especially144

high in the larval stage, and death from őshing (process d). Reproduction (process145

e), starts when ősh reach a body mass around 10% of their maximum body mass,146

and entails an increasing transfer of incoming food to egg production, as opposed147

to further somatic growth. The maximum body mass for a given species is reached148

when all incoming food is allocated to egg production and none to somatic growth.149

From this template, arbitrary life histories for ősh species were created by assigning150

a random values to the maximum body mass, together with some modest random151

variation between species in larval death rates. The template could be modiőed as152

required to represent the life histories of multicellular taxa other than teleost ősh.153

2.2 Size-spectrum dynamics154

The state variables used in the ecosystem model are densities of individuals. The155

densities of individuals of type i and body mass w are denoted ϕi(w, t) at time t.156

The ősh assemblage is disaggregated to an arbitrary number n of species indexed i =157

1, . . . , n. However, the potentially complicated plankton assemblage is amalgamated158

into a single density function indexed 0, and is described separately below.159

The basic processes sketched in Fig. 1 are given in a model of multispecies160

size-spectrum dynamics as161

∂ϕi

∂t
= −

∂

∂w
[ϵ̃ig̃iϕi]

︸ ︷︷ ︸

(a)

− d̃iϕi
︸︷︷︸

(b)

− µ̃iϕi
︸︷︷︸

(c)

− f̃iϕi
︸︷︷︸

(d)

+ R̃i
︸︷︷︸

(e)

for i = 1, . . . , n. (2.1)

Eq. (2.1) is a multi-species, size-structured form of the McKendrickśvon Foerster162

equation (McKendrick, 1926; von Foerster, 1959; Silvert and Platt, 1978). This163

equation tracks the evolution of the size structure and biomass of each species164

over time. The terms in Eq. (2.1) represent: (a) somatic growth; (b) predation165
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mortality; (c) other natural mortality; (d) őshing mortality; and (e) reproduction.166

A detailed deőnition of these terms is provided in Appendix A, here we give an167

informal description.168

Eq. (2.1) is derived from a book-keeping of biomass as it moves from one species169

and size class to another as a result of processes (a)ś(e). This means that, as in real170

marine ecosystems, species are coupled together through their feeding. Growth in171

body mass or reproduction of a consumer is necessarily accompanied by death of its172

prey. The derivations of the mass-speciőc food intake rate g̃i, reproduction rate R̃i,173

and predation mortality rate d̃i given in Appendix A reŕect this fundamental cou-174

pling: g̃i and R̃i are functions of the abundance of prey of suitable size and species;175

d̃i is a function of the abundance of predators of suitable size and species. The func-176

tion ϵ̃i partitions the food between somatic growth and reproduction according to177

species and body size. In this way ősh growth is internalised in the dynamics, and178

is independent of any external model such as a von Bertalanffy growth equation.179

In addition to these internal biomass ŕows, biomass enters the system through180

primary production by plankton, and leaves the system as a result of inefficient181

feeding, a non-predation natural mortality rate µ̃i and a őshing rate f̃i. Non-182

predation natural mortality is assumed to be composed of a general background183

mortality rate which includes senescence, and an additional mortality term in the184

larval stage. This extra term is not usually included in size-spectrum models, but185

there is an important feedback between larval mortality and body growth which186

needs to be made explicit (Ricker and Foerster, 1948; MacCall, 1980; Canales et al.,187

2020). The feedback works as follows. When food is plentiful, growth through the188

larval stage is fast and larval mortality is relatively small. When food becomes189

scarce, growth through the larval stage slows down, and larval mortality becomes190

relatively large.191

Plankton were taken to span a mass range from 10−10 g to 1 g, the function192

ϕ0(w, t) being the density at size w and time t. Over most of the size range,193

plankton are unicellular, meaning that a somatic growth process like that in Eq.194
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(2.1) is not needed. We therefore modelled the dynamics of ϕ0(w, t) via a simpler195

logistic dynamic196

∂ϕ0

∂t
= r̃ϕ0

(
1− ϕ0/ã

)

︸ ︷︷ ︸

(a)

− d̃0ϕ0
︸︷︷︸

(b)

+ Ĩ
︸︷︷︸

(c)

, (2.2)

where term (a) contains the intrinsic rate of increase r̃ and carrying capacity ã of197

the logistic model, term (b) contains the mortality rate d̃0 due to predation by ősh,198

and term (c) is an immigration rate I independent of local dynamics. These rates199

are all body-size dependent. (Details of the terms are in Appendix A.)200

Together, Eqs (2.1) and (2.2) describe the dynamics of an exploited, multi-201

species, marine ecosystem. The equations disaggregate the ecosystem down to ősh202

species and then down to body mass within ősh species, and are built on the book-203

keeping of biomass as it ŕows from primary producers up through the food chain.204

This means that, as in real marine ecosystems, species are coupled together through205

their feeding. Once parameter values have been speciőed (Appendix C), the dy-206

namics can be simulated numerically.207

2.3 Patterns of exploitation208

BH sets őshing mortality rates in accordance with production rate P (dimensions:209

M L−2 T−1) and biomass B (dimensions: M L−2), which are species-level properties210

of longstanding interest in ősheries science (Allen, 1971; Dickie, 1972). In size-211

spectrum models, production emerges from body growth of consumers eating prey,212

and we therefore measured it directly from the dynamic variables which describe this213

biomass ŕow (see below). This is in contrast to logistic-like biomass models in which214

body growth is either absent, or speciőed by a life history which is independent215

of the prey needed for somatic growth to take place (de Kerckhove, 2015; Zhou216

and Smith, 2017; Plank, 2018). It is also in contrast to equilibrium models which217

use an equality P = ZB (where Z is the total rate of mortality) on the grounds218

that, at equilibrium, the gain in biomass from production must balance the loss219

of biomass through mortality (Dickie, 1972). The direct measure of biomass ŕow220
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needs some care, as it has to deal with: (1) the body-mass range over which B221

and P are measured; (2) the partition of incoming mass between somatic growth222

and reproduction; (3) effects on P of biomass ŕow into and out of the measured223

body-size range; (4) body-size-dependent variations in growth rate and death rate224

(natural and őshing). Note that measurements of P and B, when constructed225

directly from biomass ŕows described by Eq. (2.1), apply to ecosystems which are226

not at equilibrium, as well as to those which are at equilibrium.227

The biomass per unit area of species i at time t in a small range of body mass228

[w,w + dw], was written as bi(w, t)dw = wϕi(w, t)dw (dimensions: M L−2). The229

total biomass per unit area in a range of body mass bounded below and above by230

wi and wi respectively is then231

Bi(t) =

∫ wi

wi

bi(w, t)dw. (2.3)

Similarly, the somatic production rate Pi(t) per unit area per unit time over the232

same size range was taken as:233

Pi(t) =

∫ wi

wi

[ϵ̃(w)g̃i(w, t)/w] bi(w, t)dw

+ ϵ̃(w)g̃i(wi, t)bi(wi, t) − ϵ̃(w)g̃i(wi, t)bi(wi, t),

(2.4)

written in this way to emphasise the fact that production rate depends on biomass.234

The boundary terms at wi, wi deal with the ŕow of biomass into and out of the235

size range over which Pi is measured. If the lower bound is at the size of eggs, the236

ŕow-in term becomes the rate at which egg mass is produced, which is equal to237

wegg,iR̃i(t).238

Yield from őshing had a similar general form239

Yi(t) =

∫ wf,i

wf,i

f̃i(w, t) bi(w, t)dw. (2.5)

where f̃i(w, t) is the rate of őshing mortality on species i at body mass w and time240
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t, as in Eq. (2.1), with minimum and maximum sizes as wf,i, wf,i respectively for241

species i. For simplicity we assumed that all ősh entered a mixed-species őshery at242

a single size wf and all ősh of species i with body mass greater than wf were caught243

at the same rate Fi(t) from this size onwards (the rate potentially being species-244

and time-dependent t.) Under these conditions, őshing mortality can be factored245

out of the integral246

Yi(t) = Fi(t)

∫ w∞,i

wf

bi(w, t)dw, (2.6)

which becomes Yi(t) = Fi(t)Bi(t) when Bi(t) is measured over the harvested size247

range.248

Three kinds of őshing were considered:249

őxed : Fi(t) = Fi (2.7)

BHP : Fi(t) = cPPi(t) (2.8)

BHP/B : Fi(t) = cP/BPi(t)/Bi(t). (2.9)

For the purpose of deőning Fis, we set the body mass range [wi, wi] of Pi(t) and Bi(t)250

to match the harvested size range, i.e. wi = wf and wi = w∞,i (i = 1, . . . , n). This251

is on the grounds that reliable information is most likely to be available over this252

range. Consistency of Eq. (2.8) requires cP to have dimensions L2M−1. Rearranging253

Eq. (2.9), shows that the dimensionless constant cP/B is equivalent to the exploitation254

ratio Ei = Yi/Pi for species i. In other words, cP/B deőnes a őxed exploitation ratio255

that applies to all ősh species. The exploitation ratio, also written as E = F/M , is256

widely used in ősheries science as a check on safe levels of őshing (Patterson, 1992),257

and is taken to indicate overőshing when above 0.5, or more conservatively when258

above 0.4 (Patterson, 1992; Pikitch et al., 2012).259
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2.4 Calibration260

To study BH, we constructed model ecosystems from Eqs (2.1), (2.2), to capture261

some basic properties of real-life marine ecosystems. Key properties are as follows.262

• It is well established that biomass B and production rate P of species are263

strongly positively correlated in marine ecosystems, and Eq. (2.4) reŕects264

this. Fig. 2a, gives an example, using data from an Ecopath model of the265

West Scotland shelf ecosystem (Alexander et al., 2015), built as far as possible266

on observations of biomass and mortality rates, and assuming that biomass267

loss is balanced by production. This is in line with results from 110 Ecopath268

models of marine ecosystems summarised in Heath et al. (2017, Fig. BA2).269

Any study that intends to bring őshing of multiple species in line with P or270

P/B should respect this basic relationship.271

• Ecological systems have a basic property that most species are rare (Baldridge272

et al., 2016). This applies to marine ecosystems as much as it does to others273

(Connolly et al., 2014). Both B and P fall to zero as abundance goes to zero,274

so there should be a tail of points for rare species going down to the bottom left275

corner of Fig. 2a. Ecopath models miss much of this tail, omitting most rare276

species, or aggregating them into broader categories: ‘rays’, ‘sharks’, ‘other277

small ősh’ and ‘other pelagics’ in the West Scotland shelf model (Alexander278

et al., 2015). This paper is especially concerned with the effect of exploitation279

on rare species, because of the important contribution these species make to280

biodiversity. We therefore made sure that the model ecosystems would include281

rare species, despite their omission from empirical studies.282

• Production rate of consumers is limited ultimately by the rate of primary283

production. To tie the model to real-world primary production, we calibrated284

it to Fig. 2 of San Martin et al. (2006), using the plankton carrying-capacity285

function ã(x), Eq. (2.2). This gave a total production rate of plankton of286

approximately 4000 g m−2 yr−1 (or t km−2 yr−1), roughly equivalent to 400287
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g carbon m−2 yr−1. This value is in accordance with the main cluster of288

observed values of primary production rate in a global analysis of Large Marine289

Ecosystems (LMEs) (Chassot et al., 2010, Fig. 1).290

• Estimates of total yields from LMEs were also given by Chassot et al. (2010).291

The yields aggregated over species in our calibrated model ecosystems were292

in the range 0.2 → 1.0 g m−2 yr−1, consistent with the main cluster of values293

in Chassot et al. (2010, Fig. 1c: 0.2 → 1.0 t km−2 yr−1).294

• The search-rate coefficient Ai of predators in Eq. (A.2) controls the rate at295

which ősh accumulate body mass, and has usually been derived through a296

volume searched per unit time (Ware, 1978). It is dealt with differently here,297

because the measure of density is per unit area (not per unit volume). We298

calibrated Ai so that ősh would grow from egg size to a realistic value of299

approximately 1 g in 1 yr through their feeding activities. We also checked300

the robustness to departures from this value by introducing an additional301

species-dependent random factor in Ai for the computations used in Figs 5302

and 6 (Appendix B).303

3 Results304

To examine effects of őshing, we started by constructing unexploited model ecosys-305

tems. These provided baseline systems with the key empirical ecosystem properties306

listed above (Section 2.4 Calibration), to which őshing could be subsequently ap-307

plied. The effects of different kinds of őshing on such ecosystems are described in308

detail in the őrst example below, and we follow this with a summary of three further309

examples, to demonstrate that the results have some generality and are not highly310

sensitive to a speciőc model ecosystem.311

The ecosystems were constructed by sequentially adding ősh species to plank-312

ton assemblages until 15 species were present (see Appendix B). (The upper limit313

on species kept computations manageable.) The species were picked with random314
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Figure 2: (a) The relationship between production rate and biomass from
an Ecopath model of the West Scotland shelf ecosystem; open circles show
values for individual species, with aggregated categories excluded. (b),
(c) A model ecosystem with 15 unexploited ősh species, supported by a
plankton community. (b) Relationship between total biomass and total
production rate of the modelled species close to equilibrium. Species num-
bered in rank order of w∞,i, as shown in (c).
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maximum body masses w∞,i and random larval mortality rates. The model ecosys-315

tems always captured the basic relationship between B and P observed in real-life316

ecosystems (Alexander et al., 2015) (Fig. 2a). We chose examplars that had tails317

of rare species that must exist in reality, even though they might often be missing318

from data collected for ősheries management. Our őrst example shows these fea-319

tures (Fig. 2b, c). The random w∞,is of the ősh species in this instance spanned a320

substantial part of the range of interest for exploitation, with a group of nine com-321

mon species with w∞,is from about 0.6 to 10 kg, and a group of six rarer species322

with w∞,is from about 4 to 20 kg (Fig. 2c). We refer to the two groups as ’com-323

mon’ and ’rare’ below. In the unexploited state, some species’ biomasses were still324

changing slowly after 50 years, so the state at this time is best thought of as a325

quasi-equilibrium.326

Fig. 3 compares three contrasting regimes for exploiting the 15-species ősh as-327

semblage: őxed F , BHP , and BHP/B, as deőned in Eqs (2.7)ś(2.9). To show the328

differences between őshing regimes as simply as possible, we excluded variation329

in őshing intensity between species within őshing regimes here. This makes the330

basic similarities and differences between the őshing regimes clear, although some-331

what different from current ősheries practice built on maximum sustainable yields332

(MSYs). (See Discussion for issues about MSY in an ecosystem context). We in-333

troduce random variation between species in őshing intensities later (Fig. 6), as334

a partial check that the effects on rare species are robust. Harvesting was started335

initially with the ecosystem in its unexploited state (Fig. 2), and continued for 50336

years. All species were harvested from a minimum body mass of 400 g upwards (i.e.337

f̃i(w) = 0 for w < 400 g). For comparability, the constants cP , cP/B in Eqs (2.8),338

(2.9) were calibrated against a őxed őshing mortality rate Fi = F = 0.1 yr−1 Eq.339

(2.7), so that all three regimes would generate similar ecosystem biomass yields340

after 50 years, around 0.25 g m−2 yr−1. Speciőcally, BHP took Fi(t) = cPPi(t)341

with cP = 1 m2 g−1, and BHP/B took Fi(t) = cP/BPi(t)/Bi(t) with cP/B = 0.25.342

The ecosystem-level yield is consistent with values regarded as acceptable in large343

marine ecosystems around the world (Chassot et al., 2010; Link and Watson, 2019).344
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Figure 3: Three ways to harvest a multispecies ősh assemblage. Fishing
mortality rates (Fi) were set: constant over time and species (column 1),
adaptively using BHP (column 2), adaptively using BHP/B (column 3).
Panels a, d and g show the changes in total biomass of species following the
start of őshing in year 0. Panels b, e and h show the Fis. BH is adaptive,
and allows Fi to change over time as the ecosystem changes: open circles
in panels e and h show Fi in year 0, and őlled circles show Fi in year 50.
Panels c, f and i show the ratio of the total biomass in year 50 to the total
biomass in the unexploited ecosystem in year 0 (Fig. 2b); points on the
dotted lines (ratio = 1) would indicate no change in total biomass caused
by őshing. Numbers 1 to 15 identify ősh species in rank order of w∞,i, as
given in Fig. 2c.
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Fig. 3 shows that only BHP supported the rare species (Fig. 3a, d, g). Moreover,345

BHP differs from őxed Fi only in that the őshing mortality rates were weighted346

adaptively over time by the current somatic production rates (Pi’s) in the exploited347

range of body sizes. The rare species were protected by their low production rates,348

which made their Fis much smaller than those of the common species (Fig. 3e). This349

weighting of őshing mortality rate prevented the decline in the rare species, and kept350

both the rare and common species quite close to their unexploited biomasses (Fig.351

3f). (This is with the caveat that harvesting still truncated the size distribution of352

common species.) The Fis, being adaptive, allowed species to compensate to some353

extent for changes in the ŕow of mass over time caused by őshing, decreasing in354

species with biomass ratios less than one, and increasing in species with biomass355

ratios greater than one (Fig. 3e, f).356

The third column of Fig. 3, BHP/B, weights the őshing mortality rates, Fi,357

adaptively by the ratio Pi(t)/Bi(t). In this case, the constant cP/B in Eq. (2.9) was358

set to give an exploitation ratio E = 0.25, well below the accepted maximum value359

for safe őshing (Patterson, 1992). This generated Fis near the constant value 0.1360

yr−1 in Fig. 3b. So the outcome was similar to the őxed őshing strategy shown361

in column 1, with the rare species collapsing. Although the Fis could, in principle,362

adapt to changes in species abundance, in practice they were rather unresponsive363

to the decline of rare species (Fig. 3g), and remained close to those in column 1364

(Fig. 3h).365

The cause of the difference between the exploitation methods becomes clear366

from plotting the log-transformed yields and production rates (Fig. 4). In such367

plots, constant exploitation ratios E are isoclines with slope 1. Unsurprisingly,368

the main contribution to yield came from the high-biomass species in the top-right369

corner of the plots. From a ősheries perspective, the other species would likely just370

be a rare by-catch in a mixed-species őshery.371

The rare species, although of little signiőcance for yield, were very much affected372

by how harvesting was done. BHP/B did exactly what it was designed to do, bringing373
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Figure 4: Yields and production rates from a multispecies ősh assemblage
exploited in three ways, as described in Fig. 3. Filled circles are values for
15 ősh species after 50 years of harvesting, the species ordered as in Fig. 3.
The species are approximately in balance near the dashed line in (b) with
slope 1 + α = 2.004 (see text), but not near the dotted lines of constant
exploitation ratio E = 0.25 in (a) and (c). As an example of the imbalance
in (a) and (c), the trajectory of species 10 from year 0 (open circle) to year
50 is shown (the continuous line, with an arrow indicating the direction of
change.) The range of body mass over which the production rate Pi was
measured, Eq. (2.4), was set to match the harvested size range, i.e. from
400 g to w∞,i.
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the species onto an isocline of constant E, in this instance at E = 0.25 (Fig. 4c).374

But, importantly, the resulting assemblage was not in balance: the rare species375

simply followed a downward path along the line E = 0.25. To illustrate this, the376

trajectory of species 10 is plotted from year 0 to 50 in Fig. 4c. The other őve rare377

species were collapsing in a similar way. (Constant Fi led to a similar collapse,378

as illustrated for species 10 in Fig. 4a.) The reason why BHP/B allows this to379

happen is that biomass is a core component of production rate (see Eq. (2.4)), so380

Pi and Bi rise or fall together, while their ratio Pi/Bi changes relatively little. So381

it is quite possible for species to be on a path to extinction, while the ratio Pi/Bi382

remains close to constant. The ratio might even increase if low species biomass383

reduced competition for food. Like the őxed-őshing regime, BHP/B is not a sensible384

strategy for maintaining biodiversity.385

To maintain biodiversity calls for a different relation between yield and produc-386

tion (Fig. 4b). BHP makes Yi = FiBi = cPPiBi. Since Pi and Bi are closely related,387

this means yield should have a nonlinear relationship with production. Given a388

scaling relationship of the form Bi ∼ Pα
i (e.g. Fig. 2a, b), the relation needed389

is Yi ∼ P 1+α
i . In the model ecosystem (Fig. 2b), α = 1.004 when based on the390

harvested body-size ranges, so the species were near a line of slope 2 in Fig. 4b. It391

was harvesting close to this line that kept the species in balance, protecting the rare392

species, and maintaining biodiversity, while giving a biomass yield similar to the393

other őshing regimes. The results in Figs 3, 4 therefore suggest that őshing for bio-394

diversity calls for Fi ∝ Pi, rather than Fi ∝ Pi/Bi. Put another way, species need395

increasing protection from őshing through a reduction in the exploitation ratio, as396

biomass (and hence production rate) goes down.397

The results are potentially sensitive to assumptions about the life histories of the398

species. Somatic growth in particular plays a key role in the measure of production399

rate, Eq. (2.4), and had relatively little variation between species at early life stages400

in Figs 2, 3, 4. As a partial check on robustness of the results, we therefore assembled401

further independent ecosystems, with random variation among species in the rate402

at which they searched for food (the search-rate coefficient Ai, see Appendix B).403
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Figure 5: Trajectories of somatic growth of 15 species in three independent
replicate assemblages, with random variation among species in food-search
activity (Appendix B). These trajectories emerge solely from food eaten by
the ősh, and were obtained by solving Eq. (C.1) in Appendix C. The growth
curves were measured when the assemblages were close to equilibrium in
the absence of őshing.

This allowed ősh which searched more actively to grow faster, the beneőt of faster404

growth being offset by greater intrinsic mortality. Trajectories of somatic growth of405

species in three such assemblages are shown in Fig. 5. By age 1 year, body mass406

spanned a four- to seven-fold range; growth slowing down later on at maturation, as407

food was transferred increasingly to reproduction. We also treated őshing intensity408

as a random variable and, at the same time, doubled the baseline őshing mortality409

rate from Fi = 0.1 → 0.2 yr−1 (Appendix B). The effect of applying őshing to these410

assemblages is shown in Fig. 6, and leads to the same conclusion as before: őshing by411

BHP can maintain biodiversity. Doubling the őshing intensity and introducing the412

additional variation in life histories and őshing mortality rates led to more change413

in the time series under BHP , and a less faithful match to the natural biomass of414

species in the ecosystems than in Fig. 3. Nonetheless, we have found no instance of415

exponential decline of species in ősheries under BHP , which was a recurring feature416

of constant őshing mortality rates, and of őshing mortality rates set by BHP/B. This417

is not surprising. BHP makes őshing density-dependent, since the őshing mortality418

rate responds to changes in the production rates, which themselves depend heavily419

on biomass (Eq. (2.4)). Clearly, such density dependence was absent when Fis420
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Figure 6: Tests of robustness of results in 3 independently-assembled
ecosystems (rows 1,2,3), each containing 15 ősh species. These assemblages
contained greater life-history variation between species than the ecosystem
used in Figs 2, 3, 4. Also, the baseline őshing mortality was doubled, and
random variation between species in őshing intensities introduced. The
randomisations are described in Appendix B. Fishing was applied for 50
years, starting in year 0, and all species were harvested from a minimum
body mass of 400 g upwards. Fishing mortality rates (Fis) in column 1
(a,d,g) were constant over time, in column 2 (b,e,h) were set by BHP , and
in column 3 (c,f,i) were set by BHP/B.
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were held constant, and it was also largely absent when Fis were set by the ratio421

Pi(t)/Bi(t) in BHP/B.422

4 Discussion423

The results from this study suggest how őshing mortalities could be arranged across424

species, to help keep the structure of exploited ősh assemblages intact, while allow-425

ing some exploitation. In particular, the results show that BHP provides a scaling426

of őshing mortality to production rates that gives some protection to rare species,427

thereby helping to maintain biodiversity in ősh assemblages. (The scaling of BHP/B428

to a constant exploitation ratio E does not achieve this.) Such őshing mortality429

spans a much wider range than would normally be considered, with low-production430

species experiencing very low őshing mortality. In effect, the rarer the species are,431

the more protection from exploitation they need. In practical terms, abundant432

species need to be carefully selected for exploitation, to satisfy simultaneously the433

requirements of ősheries and conservation.434

Setting őshing mortality in proportion to production rate (BHP ) is not in gen-435

eral equivalent to setting a constant exploitation ratio E, which forms the basis of436

BHP/B. Equivalence would need P to be independent of B, i.e. a scaling parameter437

α = 0 in Bi ∼ Pα
i . Real-world assemblages do not satisfy this condition. This is438

because they are characterised by a small number of common species and many less439

common ones (Connolly et al., 2014). Given the close formal link between biomass440

and production rate (Eqs (2.3), (2.4)), a strong, positive correlation between P and441

B should usually be the norm across species in marine assemblages, as is indeed442

widely reported in Ecopath models of marine ecosystems (see Heath et al., 2017,443

Fig. BA2). The value of α is an empirical matter, and it might well differ from444

one ecosystem to another, and even change over the course of time. But in any445

event, it would be surprising to őnd α = 0. Importantly, this means that empir-446

ical logY ślogP plots with slopes close to 1 (i.e. similar exploitation ratios across447
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species), do not indicate good health of exploited ecosystems (Kolding et al., 2016).448

The evidence here is that őshing near a constant exploitation ratio does not bring449

an assemblage of ősh species into balance. Even if this ratio is kept moderate, and450

even if the species start relatively abundant, such őshing can still put some species451

on a downward path.452

The results suggest it could help to monitor the impact of exploitation at the453

ecosystem level through the relationship between őshing mortality and production454

species by species, irrespective of any debate about beneőts of balanced harvesting455

(Froese et al., 2016; Pauly et al., 2016; Rehren and Gascuel, 2020). Monitoring456

can be done using estimates of őshing mortality rate, production rate and biomass,457

as they become available in real-time. Production rate is especially useful, as it458

automatically integrates over all the paths by which biomass ŕows into components459

of an ecosystem (such as a harvested body-mass range of a species). Production460

rate can be estimated from somatic growth rate and biomass (Heath et al., 2017),461

and can therefore substitute for detailed information on mass ŕow, when there is462

uncertainty about its path through an ecosystem, as there almost certainly will463

be. Such monitoring provides early feedback on ecosystem effects of őshing on464

commercial species, which is important given the complexity of marine ecosystems465

and our limited knowledge of how they work. (This information is less likely to be466

available for rare species.) At present, we know of only one published study of the467

relationship between őshing mortality and production rate, a report on the west of468

Scotland shelf ecosystem, using 1985 data in an Ecopath model (Alexander et al.,469

2015). It is notable that study found no relationship between őshing mortality and470

production rates of species in the ecosystem (Heath et al., 2017).471

In fact, Eq (2.4) points to three separate reasons why somatic production rate472

might be low, of which this paper has considered just one, that of low biomass b̃i(w).473

A second cause is that, as ősh mature, incoming biomass is increasingly allocated474

to reproduction rather than to somatic growth, as given by the function ϵ̃i(w).475

Fishing mortality from BHP , if disaggregated to distinguish juveniles from adults,476

can therefore be used to protect big old ősh (BOFFFFs), and thereby facilitate the477
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renewal of exploited populations (Hixon et al., 2014). A third cause is a shortage of478

food, giving a low mass-speciőc rate of food intake g̃i(w)/w. The effect of reducing479

őshing at a food-limited life stage is entirely different. It increases the biomass,480

further depleting the limited supply of food, generating a positive feedback in which481

somatic growth slows down even more. The outcome of this could be a population of482

stunted ősh, like that of the Baltic cod (Gadus morhua L.) (Svedäng and Hornborg,483

2017). This emphasizes the need for care in interpreting production rate. If this484

is falling when biomass of a species is large, scarcity of food is a likely cause, and485

potentially a signal of an underlying structural change in a marine ecosystem, which486

could be important to know about at this time of rapid climate change (Gaines et al.,487

2018).488

Importantly, checks on production rates and biomasses of species, in their cur-489

rent ecosystem setting, are independent of information about an equilibrium, unex-490

ploited state of nature which would be needed to underpin a maximum sustainable491

yield (MSY). The scientiőc basis of MSY for single species has long been debated492

(Larkin, 1977; Finley and Oreskes, 2013), and becomes especially problematic in a493

multispecies setting, for several reasons. Knowledge of how these complex coupled494

systems operate is incomplete. Exploitation is likely to change the balance among495

species in ways that would be hard to unravel, and the shifting physical environment496

leaves its own footprint on the ecosystem. We know of no way to wind the clock497

back in these multispecies systems, to infer with precision what the biomasses of498

species would be in a natural state. From an ecosystem perspective, the unexploited499

biomasses of species, which form the basis of the MSY, are a matter of conjecture,500

and not a starting point for management. So, for instance, a recent suggestion that501

exploited species should be brought to around 60 % of their unexploited biomasses502

(Pauly and Froese, 2020) begs the question as to what these unexploited biomasses503

are.504

Aligning őshing mortality to somatic production rate (BHP ) can be thought of505

as a harvest control rule (Punt, 2010; Kvamsdal et al., 2016) for multiple species506

coupled together in ecosystems, as opposed to single species living in isolation. Its507
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purpose is to set the relative őshing mortality rates across species so that rarer508

species get the protection they need, while allowing some exploitation of more com-509

mon species. Counter-intuitive effects from őshing can readily emerge, once the510

coupling of species is allowed for. For instance, exploited piscivores have been seen511

to beneőt from harvesting their forage ősh (Soudijn et al., 2021), and we found512

cases where rare species gained more through release from predation under BHP513

than they lost from őshing (results not shown). Making management responsive514

and adaptive helps to deal with unanticipated changes, and as would be expected,515

this worked better at lower, than at higher őshing intensities (compare Fig. 3d with516

Fig. 6b, e, h). The harvest control rule avoids the risk that őshing-induced deaths517

in rare species are seen as accidental collateral damage, about which little can be518

done. Instead, it places conservation on an equal footing with the ősheries that519

exploit an ecosystem.520

We have not addressed the acceptable intensity at which to exploit marine521

ecosystems as a whole (the parameter cP in Eq. (2.8)). This is a societal matter522

involving the public, together with stakeholders in őshing, conservation, markets523

and science (Heath et al., 2017). However, it is clear that conservation of marine524

ecosystems has to deal with the way in which őshing is distributed across species,525

as well as with the total ecosystem harvest (Link and Watson, 2019). A given total526

yield of biomass can be obtained with differing degrees of damage to biodiversity527

and ecosystem structure, depending on where that yield comes from (Figs 3, 4, 6).528

A moderate overall level of őshing is necessary, but how this őshing is distributed529

across ecosystem components is also a crucial question for meeting the needs of530

conservation of exploited marine ecosystems.531

As in all modelling of complex systems, there are caveats to keep in mind.532

Size-spectrum models as used here, while removing some of the most serious limita-533

tions built into single-species őshery models, are still gross simpliőcations of marine534

ecosystems. The models assume ecosystems are non-seasonal, and the treatment535

of plankton dynamics is much simpliőed. The models assume the systems are536

well-mixed, and that organisms encounter other organisms in proportion to their537
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spatially averaged abundance. Although the models do the bookkeeping of biomass538

as it ŕows from prey to predator, we have used simple assumptions about how this539

operates. Note also that the rare species of special importance for conservation,540

are also the species for which information on biomass, production rate and őshing541

mortality is most likely to be scarce. For simplicity, we picked a single illustrative542

pattern of őshing in which all species entered a mixed-species őshery at a single543

body mass, and there are clearly many other possibilities. In particular, we have544

not attempted to match őshing closely to the range of life histories in a natural545

ősh assemblage. While the study can suggest how őshing mortality rates need to546

be set for conservation of biodiversity, there would be serious practical issues to547

resolve in making sure these rates are not exceeded in rare species. Moreover, the548

ősh assemblage is only a subset of the species present, and we have not considered549

the many other species of special concern for conservation, such as seabirds, ma-550

rine mammals, and benthic fauna, all of which can be heavily impacted by őshery551

decisions (Cury et al., 2011; Pikitch et al., 2012).552

Obviously there is more to conservation of marine ecosystems than maintaining553

biodiversity. Aggregated measures of species biomass hide the truncation of size554

structures caused by őxed őshing mortality rates from recruitment onwards, and555

hide the strong directional selection on body size that can lead to ősheries-induced556

evolution (Law and Plank, 2018). Effective functioning of marine ecosystems calls557

for unconstrained ŕow of biomass from microscopic phytoplankton to large ősh558

and mammals, and there is a need to understand how őshing can be organised to559

prevent ősheries-induced bottlenecks in the ŕow from building up (Svedäng and560

Hornborg, 2017). There is much to learn about how the footprint of ősheries on561

marine ecosystems can be reduced.562

For all the limitations of modelling, aligning őshing mortality rate to production563

rate is intuitive, and the evidence is that it is not heavily model-dependent (see564

Plank, 2018). It points in a direction that could help reconcile őshing with some565

of the concerns of conservation. Given the increasing conŕict between conservation566

and ősheries, the increasing restrictions being placed on ősheries, and the resulting567
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damage to lives of those who depend on them, we suggest this route is worth568

considering.569
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Tables804

Table 1: Plankton parameters.

parameter value interpretation
w0e

x0,0 10−10 g minimum body mass
w0e

x∞,0 1 g maximum body mass
w0e

−xa 0.001 g calibrates a(x) at 1 mg
w0e

−xI 0.001 g calibrates I(x) at 1 mg
r0 10 g1−ρ yr−1 sets intrinsic rate to 10 yr−1 at 1 g
a0 2000 m−2 gλ−1 sets ‘equilibrium’ density to 2000 m−2 at 1 mg
I0 2000 m−2 gλ−1 yr−1 sets immigration rate to 2000 m−2 yr−1 at 1 mg
ρ 0.15 scales intrinsic rate with respect to x
λ 2 scales slope of an ‘isolated’ size spectrum

The term ‘equilibrium’ refers to an isolated plankton assemblage at cell size 1 mg. The term ‘isolated’
refers to a plankton spectrum lacking immigration and predation.
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Table 2: Fish parameters.

parameter value interpretation
w0e

x0,i 0.001 g egg mass
w0e

x∞,i random g maximum body mass
βi 6.908 centre of feeding kernel
σi 1.535 measure of the width of feeding kernel
Ai 37.5 m2 yr−1 g−α search-rate coefficient
α 0.85 search-rate scaling exponent
K 0.1 ecological conversion efficiency
µegg,i random yr−1 larval death rate at egg size
w0e

xL,i 0.1 g size around which larval death → 0
ρL,i 5 exponent scaling size range as larval death → 0

µ
(0)
b,i 0.1 yr−1 background death rate at birth

ξ 0.15 exponent scaling falling death rate with size
w0e

xm,i random g body mass at 50 % maturity: w0e
x∞,i/10

ρm 15 exponent scaling size range of maturation
ρ∞ 0.2 exponent scaling approach to xi,∞

ϵR 0.2 reproductive efficiency

Ai was randomised in Figs 5 and 6 (see Appendix B).
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Figure Legends805

Figure 1: Template from which a set of n ősh species with a range of life histories806

was constructed by varying maximum body mass w∞ and larval death rate. The807

feeding kernel sets a body mass range of prey items eaten relative to the body mass808

of the consumer, and is sketched as the grey bar for a ősh at the body mass shown809

by the black circle. The kernel is tethered to the consumer, and ‘moves’ to the right810

as a result of the growth that follows from eating this food.811

Figure 2: (a) The relationship between production rate and biomass from an812

Ecopath model of the West Scotland shelf ecosystem; open circles show values for813

individual species, with aggregated categories excluded. (b), (c) A model ecosystem814

with 15 unexploited ősh species, supported by a plankton community. (b) Rela-815

tionship between total biomass and total production rate of the modelled species816

close to equilibrium. Species numbered in rank order of w∞,i, as shown in (c).817

Figure 3: Three ways to harvest a multispecies ősh assemblage. Fishing mortality818

rates (Fi) were set: constant over time and species (column 1), adaptively using819

BHP (column 2), adaptively using BHP/B (column 3). Panels a, d and g show the820

changes in total biomass of species following the start of őshing in year 0. Panels821

b, e and h show the Fis. BH is adaptive, and allows Fi to change over time as822

the ecosystem changes: open circles in panels e and h show Fi in year 0, and őlled823

circles show Fi in year 50. Panels c, f and i show the ratio of the total biomass in824

year 50 to the total biomass in the unexploited ecosystem in year 0 (Fig. 2b); points825

on the dotted lines (ratio = 1) would indicate no change in total biomass caused826

by őshing. Numbers 1 to 15 identify ősh species in rank order of w∞,i, as given in827

Fig. 2c.828

Figure 4: Yields and production rates from a multispecies ősh assemblage exploited829

in three ways, as described in Fig. 3. Filled circles are values for 15 ősh species830

after 50 years of harvesting, the species ordered as in Fig. 3. The species are831

approximately in balance near the dashed line in (b) with slope 1 + α = 2.004832
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(see text), but not near the dotted lines of constant exploitation ratio E = 0.25833

in (a) and (c). As an example of the imbalance in (a) and (c), the trajectory of834

species 10 from year 0 (open circle) to year 50 is shown (the continuous line, with835

an arrow indicating the direction of change.) The range of body mass over which836

the production rate Pi was measured, Eq. (2.4), was set to match the harvested size837

range, i.e. from 400 g to w∞,i.838

Figure 5: Trajectories of somatic growth of 15 species in three independent repli-839

cate assemblages, with random variation among species in food-search activity (Ap-840

pendix B). These trajectories emerge solely from food eaten by the ősh, and were841

obtained by solving Eq. (C.1) in Appendix C. The growth curves were measured842

when the assemblages were close to equilibrium in the absence of őshing.843

Figure 6: Tests of robustness of results in 3 independently-assembled ecosystems844

(rows 1,2,3), each containing 15 ősh species. These assemblages contained greater845

life-history variation between species than the ecosystem used in Figs 2, 3, 4. Also,846

the baseline őshing mortality was doubled, and random variation between species847

in őshing intensities introduced. The randomisations are described in Appendix B.848

Fishing was applied for 50 years, starting in year 0, and all species were harvested849

from a minimum body mass of 400 g upwards. Fishing mortality rates (Fis) in850

column 1 (a,d,g) were constant over time, in column 2 (b,e,h) were set by BHP , and851

in column 3 (c,f,i) were set by BHP/B.852
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APPENDICES853

A Mathematical model854

The ecosystems we studied span approximately 15 orders of magnitude in body mass855

from the smallest phytoplankton cells to the largest ősh. We therefore transformed856

body mass w into a dimensionless logarithm, x = ln(w/w0) for the purpose of857

modelling. The constant w0 is an arbitrary body mass, taken as 1 g.858

A.1 Fish dynamics859

We write the state variable for ősh species i as ui(x, t). Here ui(x, t)dx = ϕi(w, t)dw860

is the density of individuals with log body mass in a small range [x, x + dx] at861

time t, per unit area of sea surface. The variable ui(x, t) is measured per unit sea862

surface area (dimensions: L−2), for consistency with the measure used for plankton863

production.864

The dynamical system for n ősh species is a system of n partial differential equa-865

tions describing the ŕux in densities ui(x, t) (i = 1, . . . , n) generated by biological866

processes, given as:867

∂ui

∂t
= −

∂

∂x
[ϵigiui]

︸ ︷︷ ︸

(a)

− diui
︸︷︷︸

(b)

− µiui
︸︷︷︸

(c)

− fiui
︸︷︷︸

(d)

+ Ri
︸︷︷︸

(e)

+
1

2

∂

∂x

[

e−x ∂

∂x
[ϵiGiui]

]

︸ ︷︷ ︸

(f)

, (A.1)

(Law et al., 2016). The function arguments x and t have been suppressed here and868

are given in full below. Eq. (A.1) equation is a second-order approximation to a869

jump-growth model, which itself is a systematic expansion of a master equation870

from a stochastic predator-prey process in which organisms grow and die through871

eating one another (Datta et al., 2010). The terms on the right-hand side of Eq.872

(A.1) describe: (a) somatic growth, (b) death from being eaten, (c) death from873

intrinsic causes, (d) death from őshing, (e) reproduction, (f) second-order diffusion.874
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The lower bound of body size of species i in Eq. (A.1) is given by an egg size x0,i,875

and the upper bound by the size of the largest individuals x∞,i deőned in Eq. (A.8)876

below.877

(a) Somatic growth. The function gi(x, t) is the mass-speciőc growth rate (di-878

mensions: T−1) of species i at size x and time t from eating prey of all taxa, before879

partitioning incoming food into somatic growth and reproduction:880

gi(x, t) = KAi(w0e
x)αie−x

n∑

j=0

θij

∫

ex
′

si(e
(x−x′))uj(x

′, t)dx′. (A.2)

Here, the expression Ai(w0e
x)αi is an area over which a consumer of size x and881

species i feeds per unit time (dimensions: L2 T−1), where the term eαix allows this882

area to scale with body size with allometric exponent αi. It would be more natural883

to use volume (Ware, 1978), but area is needed here because plankton production884

is measured per unit sea surface area. The constant Ai is a search-rate coefficient885

for species i (dimensions: L2 T−1 M−αi), and is calibrated to ensure realistic rates886

of individual growth. Dividing by the consumer size (e−x) makes the growth rate887

mass-speciőc. The integral is a convolution that adds up the gain in mass to the888

consumer of species i from eating items of species j (dimensions: L−2). This is889

a product of prey size ex
′

, prey density uj(x
′, t), and a dimensionless preference890

function for prey items of this size relative to the size of the consumer si(e
(x−x′)),891

the product being integrated over prey sizes x′. The factor θij allows different892

weightings of potential prey species. We adopt the notation that the őrst index893

refers to a predator, and the second index refers to a prey. The summation over j894

adds up the contribution made by all species to the growth of i. K is an efficiency895

with which prey biomass is converted into biomass of the consumer.896

Expression (a) deals only with somatic growth, so gi(x, t) has to be multiplied by897

a dimensionless proportion of the food allocated to somatic growth ϵi(x), Eq. (A.8)898

below. (The contribution of gi(x, t) to reproduction is dealt with separately in Eq.899

(A.9).) Multiplying by ui(x, t) converts the per capita rate into a population rate.900

The partial derivative ∂/∂x, known as an advective derivative, is needed because901
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the change in density in the small size range [x, x+dx] depends on the rate at which902

density increases from growth into the range, and the rate at which density falls903

from growth out of the range.904

(b) Death from being eaten. This is the ŕip side of growth, because it accounts905

for the feeding by other organisms on species i at size x. The function di(x, t) is906

the per-capita death rate (dimensions: T−1) of species i at size x time t, due to all907

sources of predation:908

di(x, t) =
n∑

j=1

θji

∫

Aj(w0e
x′

)αjsj(e
(x′

−x))uj(x
′, t)dx′. (A.3)

The integral is a convolution that integrates over body size x′ of predator species909

j to obtain its contribution to the per-capita predation rate on species i at size x,910

with symbols as deőned in Eq. (A.2). The summation adds up the contributions of911

the different predator species, starting at j = 1 because plankton (represented by912

j = 0) are assumed not to eat ősh, the parameter θji being the weighting attached913

to predation by species j on species i. θji has been interpreted as a measure of the914

spatial co-occurrence of species i and j (Blanchard et al., 2014; Spence et al., 2021);915

this has a symmetry θji = θij for i, j ≥ 1 which we use here. The total rate at which916

density falls due to predation is then the per-capita rate di(x, t) multiplied by the917

density ui(x, t).918

Feeding kernel. The dimensionless function si(e
x′
−x) describes the preference of919

a consumer of size x′ and species i for prey of size x. It is placed inside the functions920

gi, di, Gi, all of which depend on predation. We use a simple box kernel, unselective921

on the log scale of body mass over a chosen range relative to the consumer:922

si(e
x′
−x) =







1

6σi

x′ − βi − 3σi < x < x′ − βi + 3σi

0 otherwise

. (A.4)
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The factor of 1/6σi is a normalisation constant chosen such that the feeding kernel923

integrates to 1, i.e.
∫
∞

−∞
si(e

x′
−x)dx = 1. The function is given in this form so924

that βi is the centre of the kernel, representing the mean log consumer:prey body925

mass ratio, and 6σi is its width. This means that there is no feeding with a log926

consumer:prey body mass ratio outside the range [βi − 3σi, βi + 3σi].927

(c) Death from intrinsic causes. We take the per-capita death rate from intrinsic928

causes µi(x, t) (dimensions: T−1) in two parts, comprising a larval and a background929

component:930

µi(x, t) = µl,i(x) + µb,i(x, t). (A.5)

The total rate at which density falls due to these intrinsic processes is then the931

per-capita rate µi(x, t) multiplied by density ui(x, t).932

Larval mortality rate. We assume the extra risks of mortality at the larval stage933

are given by a per-capita larval mortality rate µl,i(x) (dimensions: T−1) of species934

i at body size x:935

µl,i(x) = µegg,i
exp(ρL,i(xL,i − x))

1 + exp(ρL,i(xL,i − x))
. (A.6)

This is a reverse-sigmoid function that starts large on eggs, and falls to zero as the936

ősh get big enough to leave the vulnerable stage. The function contains three pa-937

rameters which can be species-dependent: (1) the magnitude of the extra mortality938

rate µegg,i, as the larval stage begins, (2) the body size xL,i at which ősh are growing939

out of the vulnerable larval stage, and (3) the range of body size ρL,i over which this940

escape takes place. (Large ρL,i means this contribution to mortality declines sharply941

as ősh leave the larval stage; small ρL,i means there is a more gradual transition942

from high to low larval mortality.)943

Background mortality rate. The function µb,i(x, t) (dimensions: T−1) accounts944

for all intrinsic mortality other than the larval component. To set a level playing-945

őeld across species, we assume that this is proportional to the mass-speciőc needs946

for metabolism, relative to the mass-speciőc rate at which food becomes available947

at size x, based on a model in Law et al. (2016). These rates are set relative to948
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their values at egg size, so µb,i(x0,i, t) = µ
(0)
b,i is a őxed baseline intrinsic mortality at949

birth for species i. The metabolic need should scale with body mass, and we write950

this as exp(−ξ(x− x0,i)), using the same exponent parameter ξ for all species. The951

mass-speciőc rate of food intake at size x relative to size x0,i is gi(x, t)/gi(x0,i, t).952

Thus953

µb,i(x, t) = µ
(0)
b,i exp(−ξ(x− x0,i)) gi(x, t)/gi(x0,i, t), (A.7)

which is a function of time because it depends on the mass-speciőc growth rate954

gi(x, t).955

(d) Fishing mortality rate. This depends on the rules chosen for őshing. We956

write this as a general per-capita death rate, fi(x, t) (dimensions: T−1) for species957

i, dependent on body size x and time t; the total rate at which density falls as a958

result of őshing is then its product with ui(x, t). The function fi(x, t) can have959

different forms, depending on the rules chosen for exploitation of the ecosystem.960

(e) Reproduction. The dimensionless function 1 − ϵi(x) describes the propor-961

tion of incoming food allocated to reproduction in species i at size x, and uses an962

expression suggested by Hartvig et al. (2011) and Law et al. (2012)963

1−ϵi(x) = [1 + exp(−ρm(x− xm,i))]
−1

︸ ︷︷ ︸

(a)

exp(ρ∞(x− x∞,i))
︸ ︷︷ ︸

(b)

x0,i ≤ x ≤ x∞,i. (A.8)

Part (a) deals with maturation, where xm,i is the body size at which 50 % of the964

ősh are mature in species i, and ρm deőnes the body-size range over which these965

ősh are maturing. Part (b) describes allocation to reproduction once maturity is966

reached. The maximum body size x∞,i of species i is typically very close to the967

size at which all incoming mass is allocated to reproduction and no further somatic968

growth is possible, the approach to x∞,i being scaled by a parameter ρ∞.969

The total rate Ri(t) of egg production in species i at time t (dimensions: L−2
970

T−1) is then given by:971

Ri(t) = δ(x− x0,i)
ϵR

wegg,i

∫

(1− ϵi(x))gi(x, t)ui(x, t)w0e
xdx. (A.9)
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This takes the mass-speciőc rate at which reproductive mass is created at size972

x, multiplies by density and body mass to convert it to the total rate at which973

reproductive mass accumulates at body size x, and then integrates over all body974

sizes x. It then transforms the total mass rate into a rate of egg production by975

dividing by the egg mass wegg,i, allowing for some inefficiency (ϵR < 1) in converting976

the reproductive mass into eggs. The term δ(x−x0,i) is a Dirac delta function needed977

so that eggs enter the spectrum of species i in Eq. (A.1) only at the egg size x0,i.978

(f) Diffusion. We included a second-order diffusion term (dimensions: L−2 T−1),979

to allow growth trajectories of ősh to spread as the ősh got older. Otherwise, all980

ősh born at the same time would have identical trajectories of growth (Datta et al.,981

2010). The diffusion term contains a function982

Gi(x, t) = K2Ai(w0e
x)αie−x

n∑

j=0

θij

∫

e2x
′

si(e
(x−x′))uj(x

′, t)dx′, (A.10)

which is similar to the mass-speciőc growth rate in Eq. (A.2), where the terms it983

contains are deőned.984

A.2 Plankton dynamics985

The plankton assemblage, which in reality could be of great complexity, was simpli-986

őed to a single density function u0(x, t). Here u0(x, t)dx = ϕ0(w, t)dw is the density987

of individuals with log body mass in a small range [x, x + dx] at time t, per unit988

area of sea surface (dimensions: L−2).989

The dynamical system for this aggregated plankton spectrum was written as a990

single partial differential equation operating at every body size x:991

∂u0

∂t
= ru0

(
1− u0/a

)

︸ ︷︷ ︸

(a)

− d0u0
︸︷︷︸

(b)

+ I
︸︷︷︸

(c)

. (A.11)

The terms on the right-hand side of this equation describe: (a) a core logistic992
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function that drives the plankton dynamics, (b) a death rate from planktivory in the993

ősh assemblage, and (c) an immigration term. There is no process of body growth994

here, so there is no direct coupling from one body size to another (in contrast to995

Eq. (A.1)). This assumption was made on the grounds that the plankton would996

be unicellular over most of the size range considered. The lower bound of body997

size in the plankton in Eq. (A.11) is given by the smallest cell size x0,0, and the998

upper bound by the size of the largest individuals x∞,0. Typically, size-spectrum999

models have used a linear semi-chemostat assumption in plankton to combine local1000

dynamics and immigration (Hartvig et al., 2011). Eq. (A.11) makes these processes1001

explicit.1002

To generate a realistic size spectrum for the aggregated plankton assemblage,1003

the intrinsic rate of increase r(x) (dimensions: T−1), the carrying capacity a(x)1004

(L−2), and the immigration rate I(x) (L−2 T−1) were set to scale with body mass1005

= w0e
x as:1006

r(x) = r0(w0e
x)−ρ (A.12)

a(x) = a0(w0e
x−xa)−λ+1 (A.13)

I(x) = I0(w0e
x−xI )−λ+1 (A.14)

The function r(x) gives the cell division rate a scaling with cell size with an exponent1007

ρ − 1 (Marañón et al., 2013), with the parameter r0 setting the overall rate. The1008

function a(x) describes the carrying capacity the plankton would have in the absence1009

of immigration and planktivory. This ensures that the size spectrum would settle1010

to an equilibrium scaling with cell size with exponent −λ+1 in the absence of other1011

processes. The parameters a0 and xa allow a calibration of the plankton spectrum to1012

be made in line with natural plankton size spectra. The function I(x) was assumed1013

to scale with body size in the same way as the carrying capacity. The function1014

d0(x, t) is the per-capita death rate at size x and time t caused by planktivory in1015

the ősh assemblage, as given by Eq. (A.3) with i = 0.1016
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B Assembly and parameter randomisations1017

This work needed baseline ecosystems containing multiple size-structured species1018

populations able to persist over the time scales needed for őshing. This is a subject1019

of interest in its own right, because species coexistence is a core problem of commu-1020

nity ecology. Here we outline how we constructed the ecosystems, as our approach1021

was different from those used to construct multispecies size spectra in the past.1022

Multispecies size-spectrum models have typically added extra stock-recruitment1023

relationships to species to achieve coexistence (e.g. Blanchard et al., 2014; Scott1024

et al., 2014). However, the density-dependent feedbacks needed to generate stock-1025

recruitment relationships are already built into size-spectrum models, and these1026

relationships emerge naturally in a deterministic setting (Canales et al., 2020).1027

Here we simply used the internal feedbacks in the models, avoiding the need to1028

add arbitrary stock-recruitment relationships, and did three things to facilitate1029

coexistence.1030

1. We included a key feedback (Ricker and Foerster, 1948; MacCall, 1980; Canales1031

et al., 2020), which operates at the larval stage in the following way. When1032

larval density is low relative to plankton food, the abundance of food allows1033

fast body growth through the vulnerable larval stage, making the risk of death1034

relatively small. Conversely, when larval density is relatively high, growth is1035

slower and the accumulated risk of death in the larval stage becomes greater.1036

This has a strong stabilizing effect when plankton are coupled to single-species1037

size-spectra of ősh (Canales et al., 2020, Fig. 2). It only requires mortality1038

rate to be falling with increasing body size early in life, which is consistent1039

with the results of the majority of studies (Sogard, 1997, Table 1). Food-1040

dependent body growth, standardly built into size-spectrum models, does the1041

rest.1042

2. The θ-matrix was set to reŕect the qualitative structure of θ-matrices used in1043

size-spectrum models of the North Sea (Blanchard et al., 2014) and Celtic Sea1044
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(Spence et al., 2021). These matrices were constructed from the spatial overlap1045

of ősh species, and have a property that diagonal elements are larger relative to1046

off-diagonal ones, because species tend to show some spatial separation. The1047

effect is to make cannibalism a stronger force relative to predation between1048

species. Diagonal dominance is known to promote coexistence in simpler1049

Lotka-Volterra food webs (Hofbauer and Sigmund, 1988, p. 193).1050

3. The ecosystems were constructed in steps, starting from plankton, adding one1051

ősh species at a time, leaving time for the system to relax before adding the1052

next species. This reŕects the ecological reality that multispecies systems do1053

not spring into existence in their őnal form, but come together gradually as1054

new species arrive, sometimes establishing themselves, and sometimes causing1055

loss of species already present (Sigmund, 1995). Sequential assembly allows1056

some sorting to take place, and is known to lead efficiently to the special sets1057

of species that can persist in unstructured Lotka-Volterra systems (Lewis and1058

Law, 2007).1059

The algorithm for assembly started from an ecosystem containing plankton only,1060

with densities close to the plankton carrying capacity function a(x) Eq. (A.13), and1061

ran as follows.1062

1. Introduce one ősh species, with log maximum body size uniformly distributed1063

over [log(100/w0) ≤ x∞,i ≤ log(40000/w0)] (i.e. maximum body mass is1064

between 100 g and 40 kg), and larval mortality uniformly distributed over1065

[28 ≤ µegg,i ≤ 32] yr−1, other parameters of the life history being held con-1066

stant. The range for larval mortality was kept small, as species with high larval1067

mortality tended to be excluded as the number of ősh species increased. The1068

size spectrum was started at a low density on a power law, the egg density1069

being 0.002 m−2.1070

2. Allow the augmented ecosystem to relax towards an asymptotic state, by1071

integrating Eqs (A.1), (A.11) over a 50 yr time period. Since some species1072
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could still be changing slowly after 50 yrs, the resulting ecosystems were no1073

more than quasi-equilibrial.1074

3. After integration, remove all ősh species with a total biomass < 2 × 10−6 g1075

m−2. This extinction threshold was sufficient to allow an assemblage of ősh1076

species to build up, in which species biomasses spanned approximately four1077

orders of magnitude.1078

4. If the number of ősh species was < 15, and if the number of iterations was1079

< 40, return to step 1. Otherwise end the assembly. The limit of 15 ősh1080

species was a compromise between the richness of real-world ecosystems, and1081

a manageable computation time. The limit on the number of iterations was1082

also to keep the computation time manageable. The limit on iterations also1083

had the effect of excluding some instances of increasing resistance to invasion1084

during assembly, accompanied by a sequence of species replacements, leading1085

towards lower larval mortality.1086

From the output of the assembly algorithm we selected an ecosystem with 151087

ősh species for harvesting, satisfying the following criteria before őshing started.1088

(1) The ősh species should be able to coexist over a time period of 50 years. (2)1089

The set of species should tend to a state close to equilibrium. (3) The species1090

should have a wide range of maximum body mass within the limits 100 g to 400001091

g. (4) The species should span approximately 4 orders of magnitude in biomass,1092

because őshing for biodiversity would need to operate in ecosystems that contained1093

both common and rare species. The algorithm was used to obtain the ecosystem1094

analysed in Figs 2, 3 and 4, which reached the required number of ősh species in 251095

iterations.1096

For Figs 5 and 6, we introduced more life-history variation between species by1097

making the search-rate coefficient of species i (parameter Ai in Appendix Eq. (A.2))1098

a random variable, Aizi, where zi is a random draw from a normal distribution,1099

N(µ = 1, σ = 0.1). Each search rate was offset by applying the same factor zi to1100

intrinsic mortality Eq. (A.5) µi(x, t)zi in species i (both the larval and background1101
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components). This created a trade-off in which species that searched more actively1102

for food (and which therefore had faster somatic growth) also experienced a greater1103

risk of mortality. The number of invasion attempts needed to create the 15-species1104

assemblags was respectively: 24 (assemblage 1), 19 (assemblage 2), 45 (assemblage1105

3). (We allowed several extra iterations in assemblage 3, as it was close to 15 species1106

by iteration 40.)1107

For Fig. 6, we also introduced random variation between species in the intensity1108

of őshing and doubled the baseline őshing mortality from 0.1 to 0.2 yr−1. The Fis1109

contained a species-dependent random factor, z′i, uniformly distributed over a range1110

0.5 to 1.5, and held constant over time. For comparability the same random factor1111

was applied to all three methods of őshing within an assemblage. Thus, under1112

constant Fi, Eq. (2.7) was Fi = 0.2z′i; under BHP , Eq. (2.8) was Fi(t) = cPPi(t) =1113

2z′iPi(t); under BHP/B, Eq. (2.9) was Fi(t) = cP/BPi(t)/Bi(t) = 0.5z′iPi(t)/Bi(t).1114

C Numerics1115

See Appendix B for the protocol used to generate random life histories. Other1116

parameters in Eqs (A.1) and (A.11) were őxed and are described below.1117

Parameter values for plankton dynamics, Eq. (A.11), are given in Table 1. The1118

lower bound of x, was set near the boundary of micro- and nanoplankton at 10−10 g.1119

A scaling relationship for cell division rate with cell size, as in Eq. (A.12), with an1120

exponent near −ρ = −0.15 has been described starting near this cell size (Marañón1121

et al., 2013). The upper bound of x was set at 1 g, to compensate for the absence1122

of multicellular zooplankton in the model. Although these assumptions are artiő-1123

cial, they gave a total rate of primary production in keeping with observed values,1124

after calibrating the carrying-capacity function of the plankton size spectrum, as1125

described below.1126

The plankton carrying-capacity function a(x) was located at 2000 m−2 at a cell1127
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size 1 mg (using a0 = 2000, xa = log(0.001)) from Fig. 2 of San Martin et al.1128

(2006). The rate of primary production at size x was taken as r(x)(w0e
x)u0(x),1129

and the total rate as the integral of this over the range [x0,0, x∞,0]. On this basis,1130

the total production rate of plankton was the region 4000 g m−2 yr−1 (or t km−2
1131

yr−1), roughly equivalent to 400 g carbon m−2 yr−1. This is near the main cluster1132

of observed values of primary production rate given in Chassot et al. (2010, Fig. 1).1133

In Figs 3, 4, this production rate supported a total yield from the ősh assemblage1134

of about 0.25 g m−2 yr−1. Values given by Chassot et al. (2010, Fig. 1c), tended1135

to be larger than this, but őshing was deliberately kept to a moderate level here.1136

Our Fogarty ratio was about 0.06 ‰ in Figs 3, 4, well below 1 ‰, suggested by1137

Link and Watson (2019) as the threshold for safety. The greater őshing intensities1138

in Fig. 6 took the ratio up to 0.2 ‰, still well below the threshold. This suggests1139

that levels of exploitation deemed safe for an ecosystem, could at the same time be1140

unsafe for the species assemblages that live in them.1141

Parameter values for dynamics of ősh species, Eq. (A.1), are given in Table 2.1142

Life histories of ősh species were constructed from a template common to all species1143

(Fig. 1), with randomisation of certain parameters to generate differences between1144

species (Appendix B). The template had a lower bound corresponding to egg mass,1145

which was őxed for all species at 1 mg, and a random upper bound, as deőned in1146

Appendix B.1147

We used a box feeding kernel, in which the ősh took prey items unselectively1148

over a range 1/100000 to 1/10 of their own body mass. For instance, a newborn1149

larval ősh at 10−3 g would take prey items over a range [10−8, 10−4] g. The search-1150

rate coefficient Ai has usually been derived through a volume searched per unit1151

time, but is dealt with differently here, because the measure of density is per unit1152

area (not per unit volume). We calibrated it so that ősh would grow from egg size1153

to 1 g in approximately 1 yr, with an additional random factor in the computations1154

for Fig. 6 (see Appendix B).1155

Larval mortality rate µegg,i was set to a large value at birth, with ősh leaving1156
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the larval stage xL,i near to 0.1 g. After escaping from the larval stage, only a1157

background mortality rate dependent on food intake remained. This was set by1158

µb,i(0) to be small at birth, because of the explicit presence of larval mortality.1159

In the computations for Fig. 6, an additional random factor was applied to these1160

intrinisc components of mortality (Appendix B).1161

Following a commonly observed feature of ősh life histories (Beverton, 1992;1162

Froese and Binohlan, 2000), we assumed maximum body mass and mass at matu-1163

ration were related. Thus maturation was also a random variable, taken as 1/10 of1164

the random maximum body mass (see Appendix B).1165

A baseline of weights for predator-prey interactions in the ecosystem was set by1166

an (n+1)×(n+1) matrix θ, with rows and columns indexed 0, 1, . . . , n, correspond-1167

ing to plankton (i = 0) and n ősh species (i = 1, . . . , n). Column 0 had θi,0 = 1, for1168

i = 1, . . . , n, meaning that all ősh species could eat plankton. Row 0 had θ0,j = 0,1169

for j = 0, . . . , n, meaning that plankton could not feed on ősh. The submatrix1170

with rows and columns indexed 1, . . . , n described the ősh assemblage, and had1171

diagonal elements θii = 0.5 for cannibalism, and off-diagonal elements θij = 0.2 for1172

i ̸= j. This made self-limitation stronger than predation between species, giving1173

some diagonal dominance to promote coexistence.1174

Eqs (A.1), (A.11) have to be discretised for numerical integration. We took a1175

body-size step δx = 0.1, and a time step δt = 0.002 and used the Euler method.1176

The speed of computation was increased by applying fast Fourier transforms to the1177

convolution integrals in Eqs (A.2), (A.3), (A.10).1178

Growth trajectories were obtained by numerical solution of the differential equa-1179

tion:1180

dx
dt

= ϵi(x)gi(x), (C.1)

starting from an initial condition set by the egg size x(0) = x0,i.1181
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