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. Abstract

10 Fisheries are damaging, and seemingly incompatible with the conservation of marine
1 ecosystems. Yet fish are an important source of food, and support the lives of
12 many people in coastal communities. This paper considers an idea that a moderate
13 intensity of fishing, appropriately scaled across species, could help in maintaining
12 biodiversity, rather than reducing it. The scaling comes from an intuition that rates
15 of fishing mortality of species should be kept in line with production rates of the
16 species, a notion known as balanced harvesting. This places species conservation
17 and exploitation on an equal footing in a single equation, showing quantitatively the
1s relative levels of fishing mortality that species of different abundance can support.
10 Using a dynamic model of a marine ecosystem, we give numerical evidence showing
20 for the first time that fishing, if scaled in this way, can protect rarer species, while
21 allowing some exploitation of species with greater production. This works because
2> fishing mortality rates, when scaled by production, are density-dependent. Such
23 fishing, operating adaptively to follow species’ production rates over time, contains
2o a feedback that would help to protect species from overfishing in the presence of

25 uncertainty about how marine ecosystems work.

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

27 ductivity, size spectrum
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« 1 Introduction

ss  Conservation and fisheries coexist uneasily (Salomon et al., 2011; Garcia et al.,
s 2014). Fisheries have many destructive effects, and make a strong case for reserves
a7 to protect marine ecosystems from fishing (Lubchenco and Grorud-Colvert, 2015).
as The motivation for this paper is not to question the conservation value of marine
a0 protected areas, but rather to consider how fishing could be made more compatible
so with the goals of conservation, where complete closure of fisheries is not an option.
51 This is important because there is potential for serious conflict between the stake-
2 holders of conservation and those of fisheries (Garcia et al., 2003). On one hand,
53 the lives and livelihoods of many people in coastal areas of the world depend on
sa food from the sea. On the other hand, we are the custodians of marine ecosystems,
55 and have a responsibility to leave them undamaged for the future. Schemes that
ss allow moderate exploitation, while assisting the conservation of marine ecosystems,

57 are therefore worth considering.

58 Such fishing schemes need to be organised at the ecosystem level, and the liter-
so ature contains various ideas about fishing at this broad scale. For instance, Larkin
so  (1977) suggested that maximum sustainable yields (MSYs) could be applied to ag-
e1 gregated assemblages of fish species rather than to single species, harvesting all
62 species above a common body size. Variations on the theme of multispecies MSY
63 have subsequently been developed including, for example, ‘a pretty good multi-
s« species yield” (Rindorf et al., 2017). Fowler (1999) argued that natural predators of
es exploited fish stocks could indicate the sustainable ways in which to apply fishing
es mortality; see also Caddy and Sharp (1986). Kleisner and Pauly (2011) proposed
ez ‘fishing in balance’ to deal with fisheries-induced trophic changes in ecosystems
ss (fishing down the food web: Pauly et al., 1998). Rehren and Gascuel (2020) went
eo further, proposing ‘balanced structure harvesting’, to minimise the disruption to

70 trophic structure.

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

72 ecosystems are impacted by fishing. Biodiversity is another, as is size structure
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73 within species. Garcia et al. (2012) suggested ‘balanced harvesting’ (BH) as a
7a guiding principle for exploitation at this more nuanced level. The idea of BH is to
75 bring fishing mortality more in line with natural productivity of species and body
76 sizes (reviewed by Heath et al., 2017; Zhou et al., 2019). This builds on an intuition
77z that the death rate from fishing should correspond to the rate at which species
s and body sizes can replace the biomass extracted by fishing. Fishing in this way
7o should help protect ecosystem components that are rare (low biomass), and those

so that have low somatic growth rates.

81 BH is an ecosystem approach to fishing. Its organising principle, productivity,
s2 depends on fish growth, which comes from fish feeding on one another and on
sz plankton (causing prey death). Such feeding depends first on the size of prey items
s« relative to the consumer, and secondarily on their taxonomic identities (Jennings
ss et al., 2001), thereby coupling species together in a manner that depends on their
s body-size distributions (Persson et al., 2014). There are some tools for studying
g7 ecosystem dynamics at this fine level. These include multispecies, size-spectrum
ss  models which track body-size distributions of species as they change over time,
g0 one size distribution for each species (Andersen and Beyer, 2006; Hartvig et al.,
o 2011; Blanchard et al., 2014), and we use such models here. Importantly they
o1 have, at their heart, the core ecosystem coupling, that fish growth and, to a large
o2 extent death, follows directly from predators feeding on prey. This means that body
o3 growth is determined dynamically within the ecosystem, eliminating the need for
oa an external assumption about growth, such as a von Bertalanffy equation. From
os this coupling, the flow of biomass through components of the ecosystem emerges in

o a quantifiable way (Law et al., 2016).

o7 Widely in marine biology, ‘productivity’ is taken to be a gain in mass per unit
s area per unit time (dimensions: M L=2 T~!); the term ‘primary productivity’ is
9o an instance of this. However, in the BH literature there are currently two different
100 meanings of the term productivity, one being a total rate of production as above (M
101 L72 T71), and the other being a rate per unit biomass (dimensions: T~!) (Heath

w02 et al., 2017; Zhou et al., 2019; Nilsen et al., 2020). The two meanings have entirely
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103 different consequences in the context of BH. This is because the former sets the
was fishing mortality rate F' in proportion to a production rate P (F o P), whereas
s the latter sets /' o« P/B where B is biomass. These two versions of BH need to be
106 treated separately. To avoid confusion in this paper, we distinguish between them

17 using indices BHp, BHp/p, and refer to P as production rate.

108 The results in this paper show for the first time that BH can have clear benefits
1o for the maintenance of biodiversity. These benefits come from setting F' o« P
1o (BHp). They do not come from setting F' o« P/B (BHp,p). BHp thus provides a
1 way to reconcile some objectives of conservation with some of fisheries, and suggests
112 a way in which moderate exploitation of marine ecosystems could be brought better
us in line with the needs of conservation. The distinction between BHp and BHp,p
usa IS important in practice, because traditional fisheries management leans towards
us BHp/p, for instance in the assumption F' = M of the length-based proxy for Fiyssy
ue (ICES, 2021, Annex 3).

117 To get these results, we used dynamic models that hold in place the general
us empirical relationship between B and P in marine ecosystems. The modelling
110 approach is justified by the fact that the basic features of BH should be generic
120 and independent of the exact choice of ecosystem. Moreover, in real-world marine
121 ecosystems, data collection is often focused on the major commercial fish stocks,
122 and not on rarer non-commercial species, some of which may be vulnerable to
123 decisions made about fisheries management. The aim of this work was to put
124 conservation and exploitation on an equal footing, and to investigate management
15 strategies that could potentially deliver benefits for both conservation and fisheries.
126 We therefore needed to give all species the same attention, whether common or
127 rare, and modelling is the best tool for doing so. Model conclusions of course still

128 need to be tested and refined over time in empirical settings.
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» 2 Methods

130 We explain here how we implemented a model of multispecies ecosystem dynamics
131 and the harvesting patterns applied to it. The results can be understood without
132 going into details of the model, but it is important to know they are underpinned
133 by a rigorous mathematical framework. The model was designed to contain a range
14 of taxa from microscopic photosynthetic plankton (primary producers) to large fish
135 species, coupled throughout by feeding, and calibrated to hold in place some basic

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

= 2.1 Life histories

plankton
fish ————————»  (a) growth from feeding
"""""""""""""""""""""""" (e) reproduction
spl .EE: = o<
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Figure 1: Template from which a set of n fish 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 fish 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.

138 We used a common template for fish life histories (Fig. 1). In this template, fish of
130 all species start life as eggs of mass 1 mg, and grow as a result of feeding on smaller

1o organisms, process (a) in Fig. 1, as defined by a feeding kernel. Thus, in their early

7
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11 life stages, the fish feed on plankton. As they grow larger, their diet shifts gradually
12 from plankton towards smaller fish of their own and other species. These fish are
13 themselves at risk of being eaten by larger fish (process b). In addition to death from
s predation, we include a risk of death from other causes (process ¢) which is especially
s high in the larval stage, and death from fishing (process d). Reproduction (process
us e), starts when fish reach a body mass around 10% of their maximum body mass,
17 and entails an increasing transfer of incoming food to egg production, as opposed
s to further somatic growth. The maximum body mass for a given species is reached
10 when all incoming food is allocated to egg production and none to somatic growth.
150 From this template, arbitrary life histories for fish species were created by assigning
151 a random values to the maximum body mass, together with some modest random
152 variation between species in larval death rates. The template could be modified as

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

4 2.2 Size-spectrum dynamics

155 The state variables used in the ecosystem model are densities of individuals. The
156 densities of individuals of type ¢ and body mass w are denoted ¢;(w,t) at time ¢.
157 The fish assemblage is disaggregated to an arbitrary number n of species indexed i =
s 1,...,n. However, the potentially complicated plankton assemblage is amalgamated

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

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

161 size-spectrum dynamics as

06, 0o
0 g~ dig,~ oy~ o+ R fori=1, o (21)
X (b) (c) (d) e)

12 Eq. (2.1) is a multi-species, size-structured form of the McKendrick—von Foerster
163 equation (McKendrick, 1926; von Foerster, 1959; Silvert and Platt, 1978). This
164 equation tracks the evolution of the size structure and biomass of each species

s over time. The terms in Eq. (2.1) represent: (a) somatic growth; (b) predation

8
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166 mortality; (c¢) other natural mortality; (d) fishing mortality; and (e) reproduction.
167 A detailed definition of these terms is provided in Appendix A, here we give an

168 informal description.

169 Eq. (2.1) is derived from a book-keeping of biomass as it moves from one species
7o and size class to another as a result of processes (a)—(e). This means that, as in real
171 marine ecosystems, species are coupled together through their feeding. Growth in
172 body mass or reproduction of a consumer is necessarily accompanied by death of its
s prey. The derivations of the mass-specific food intake rate §;, reproduction rate R;,
w7 and predation mortality rate d; given in Appendix A reflect this fundamental cou-
ws pling: §; and R; are functions of the abundance of prey of suitable size and species;
e d; is a function of the abundance of predators of suitable size and species. The func-
177 tion €; partitions the food between somatic growth and reproduction according to
17s species and body size. In this way fish growth is internalised in the dynamics, and

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

180 In addition to these internal biomass flows, biomass enters the system through
181 primary production by plankton, and leaves the system as a result of inefficient
1.2 feeding, a non-predation natural mortality rate f; and a fishing rate f;. Non-
183 predation natural mortality is assumed to be composed of a general background
18a  mortality rate which includes senescence, and an additional mortality term in the
185 larval stage. This extra term is not usually included in size-spectrum models, but
186 there is an important feedback between larval mortality and body growth which
1e7 needs to be made explicit (Ricker and Foerster, 1948; MacCall, 1980; Canales et al.,
188 2020). The feedback works as follows. When food is plentiful, growth through the
180 larval stage is fast and larval mortality is relatively small. When food becomes
100 scarce, growth through the larval stage slows down, and larval mortality becomes

101 relatively large.

102 Plankton were taken to span a mass range from 1071 g to 1 g, the function
13 ¢o(w,t) being the density at size w and time t. Over most of the size range,

e plankton are unicellular, meaning that a somatic growth process like that in Eq.
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105 (2.1) is not needed. We therefore modelled the dynamics of ¢y(w,t) via a simpler
106 logistic dynamic

(2.2)

17 where term (a) contains the intrinsic rate of increase 7 and carrying capacity a of
s the logistic model, term (b) contains the mortality rate dy due to predation by fish,
100 and term (c) is an immigration rate I independent of local dynamics. These rates

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

201 Together, Egs (2.1) and (2.2) describe the dynamics of an exploited, multi-
202 species, marine ecosystem. The equations disaggregate the ecosystem down to fish
203 species and then down to body mass within fish species, and are built on the book-
204 keeping of biomass as it flows from primary producers up through the food chain.
205 'This means that, as in real marine ecosystems, species are coupled together through
206 their feeding. Once parameter values have been specified (Appendix C), the dy-

207 namics can be simulated numerically.

s 2.3 Patterns of exploitation

200 BH sets fishing mortality rates in accordance with production rate P (dimensions:
20 M L72 T7') and biomass B (dimensions: M L~2), which are species-level properties
a1 of longstanding interest in fisheries science (Allen, 1971; Dickie, 1972). In size-
212 spectrum models, production emerges from body growth of consumers eating prey,
213 and we therefore measured it directly from the dynamic variables which describe this
212 biomass flow (see below). This is in contrast to logistic-like biomass models in which
215 body growth is either absent, or specified by a life history which is independent
216 of the prey needed for somatic growth to take place (de Kerckhove, 2015; Zhou
217 and Smith, 2017; Plank, 2018). It is also in contrast to equilibrium models which
213 use an equality P = ZB (where Z is the total rate of mortality) on the grounds
210 that, at equilibrium, the gain in biomass from production must balance the loss

220 of biomass through mortality (Dickie, 1972). The direct measure of biomass flow

10
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221 needs some care, as it has to deal with: (1) the body-mass range over which B
222 and P are measured; (2) the partition of incoming mass between somatic growth
223 and reproduction; (3) effects on P of biomass flow into and out of the measured
224 body-size range; (4) body-size-dependent variations in growth rate and death rate
25 (natural and fishing). Note that measurements of P and B, when constructed
226 directly from biomass flows described by Eq. (2.1), apply to ecosystems which are

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

228 The biomass per unit area of species 7 at time ¢ in a small range of body mass
2o [w,w + dw], was written as b;(w,t)dw = we;(w,t)dw (dimensions: M L~2). The
230 total biomass per unit area in a range of body mass bounded below and above by

231 w,; and w; respectively is then

Bi(t) = / b, 1), (2.3)

232 Similarly, the somatic production rate P;(t) per unit area per unit time over the

233 same size range was taken as:

Pie) = [ )./ e du (2.4)

+ E(w) gi(w;, t)bs(w;, t) — E(w)gs(Ws, £)bi(w;, t),

23 written in this way to emphasise the fact that production rate depends on biomass.
235 The boundary terms at w,,w; deal with the flow of biomass into and out of the
236 size range over which P; is measured. If the lower bound is at the size of eggs, the
237 flow-in term becomes the rate at which egg mass is produced, which is equal to

238 weggyiéi (t)

239 Yield from fishing had a similar general form
Wi
Yi(t) = filw,t) bij(w,t)dw. (2.5)
Wy s

220 where ﬁ-(w, t) is the rate of fishing mortality on species ¢ at body mass w and time

11
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2 t, as in Eq. (2.1), with minimum and maximum sizes as w 14> Wi respectively for
202 species ¢. For simplicity we assumed that all fish entered a mixed-species fishery at
243 a single size w, and all fish of species ¢ with body mass greater than w, were caught
20 at the same rate Fj(t) from this size onwards (the rate potentially being species-
25 and time-dependent ¢.) Under these conditions, fishing mortality can be factored

226 out of the integral

Yo = £ [ by, t)duw, (2.6)

Wy

2a7 - which becomes Y;(t) = F;(t)B;(t) when B;(t) is measured over the harvested size

248 Trange.

249 Three kinds of fishing were considered:

fixed: Fi(t) = F; (2.7)
BHp: F(t) = c.F(t) (2.8)
BHP/B: E(t) - CP/B‘PZ(t)/BZ(t) (29)

20 For the purpose of defining Fs, we set the body mass range [w;, w;| of P;(t) and B;(t)
251 to match the harvested size range, i.e. w; = wy and W; = We; (i =1,...,n). This
252 is on the grounds that reliable information is most likely to be available over this
253 range. Consistency of Eq. (2.8) requires ¢, to have dimensions L2M~!. Rearranging
24 Eq. (2.9), shows that the dimensionless constant ¢, is equivalent to the exploitation
255 ratio I; = Y;/P; for species i. In other words, cp/p defines a fixed exploitation ratio
256 that applies to all fish species. The exploitation ratio, also written as F = F//M, is
257 widely used in fisheries science as a check on safe levels of fishing (Patterson, 1992),
25 and is taken to indicate overfishing when above 0.5, or more conservatively when

250 above 0.4 (Patterson, 1992; Pikitch et al., 2012).

12
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w0 2.4 Calibration

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

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

263 e It is well established that biomass B and production rate P of species are
264 strongly positively correlated in marine ecosystems, and Eq. (2.4) reflects
265 this. Fig. 2a, gives an example, using data from an Ecopath model of the
266 West Scotland shelf ecosystem (Alexander et al., 2015), built as far as possible
267 on observations of biomass and mortality rates, and assuming that biomass
268 loss is balanced by production. This is in line with results from 110 Ecopath
269 models of marine ecosystems summarised in Heath et al. (2017, Fig. BA2).
270 Any study that intends to bring fishing of multiple species in line with P or
271 P/ B should respect this basic relationship.

272 e Ecological systems have a basic property that most species are rare (Baldridge
273 et al., 2016). This applies to marine ecosystems as much as it does to others
274 (Connolly et al., 2014). Both B and P fall to zero as abundance goes to zero,
275 so there should be a tail of points for rare species going down to the bottom left
276 corner of Fig. 2a. Ecopath models miss much of this tail, omitting most rare
277 species, or aggregating them into broader categories: ‘rays’, ‘sharks’, ‘other
278 small fish” and ‘other pelagics’ in the West Scotland shelf model (Alexander
279 et al., 2015). This paper is especially concerned with the effect of exploitation
280 on rare species, because of the important contribution these species make to
281 biodiversity. We therefore made sure that the model ecosystems would include
282 rare species, despite their omission from empirical studies.

283 e Production rate of consumers is limited ultimately by the rate of primary
284 production. To tie the model to real-world primary production, we calibrated
285 it to Fig. 2 of San Martin et al. (2006), using the plankton carrying-capacity
286 function a(z), Eq. (2.2). This gave a total production rate of plankton of
287 approximately 4000 g m~2 yr=! (or t km™2 yr~'), roughly equivalent to 400

13
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288 g carbon m~2 yr~!. This value is in accordance with the main cluster of
289 observed values of primary production rate in a global analysis of Large Marine
200 Ecosystems (LMEs) (Chassot et al., 2010, Fig. 1).

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

202 The yields aggregated over species in our calibrated model ecosystems were
203 in the range 0.2 — 1.0 g m~2 yr~!, consistent with the main cluster of values
204 in Chassot et al. (2010, Fig. 1c: 0.2 — 1.0 t km™2 yr1).

205 e The search-rate coefficient A; of predators in Eq. (A.2) controls the rate at

206 which fish accumulate body mass, and has usually been derived through a
207 volume searched per unit time (Ware, 1978). It is dealt with differently here,
208 because the measure of density is per unit area (not per unit volume). We
200 calibrated A; so that fish would grow from egg size to a realistic value of
300 approximately 1 g in 1 yr through their feeding activities. We also checked
301 the robustness to departures from this value by introducing an additional
302 species-dependent random factor in A; for the computations used in Figs 5
303 and 6 (Appendix B).

« 3 Results

305 'To examine effects of fishing, we started by constructing unexploited model ecosys-
306 tems. These provided baseline systems with the key empirical ecosystem properties
507 listed above (Section 2.4 Calibration), to which fishing could be subsequently ap-
so8 plied. The effects of different kinds of fishing on such ecosystems are described in
300 detail in the first example below, and we follow this with a summary of three further
si0 examples, to demonstrate that the results have some generality and are not highly

;11 sensitive to a specific model ecosystem.

312 The ecosystems were constructed by sequentially adding fish species to plank-
a1z ton assemblages until 15 species were present (see Appendix B). (The upper limit

sia on species kept computations manageable.) The species were picked with random
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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),
(¢) A model ecosystem with 15 unexploited fish 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 we ;, as shown in (c).
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s15. maximum body masses we; and random larval mortality rates. The model ecosys-
;16 tems always captured the basic relationship between B and P observed in real-life
a7 ecosystems (Alexander et al., 2015) (Fig. 2a). We chose examplars that had tails
s1is Of rare species that must exist in reality, even though they might often be missing
s10 from data collected for fisheries management. Our first example shows these fea-
220 tures (Fig. 2b, ¢). The random wy, ;s of the fish species in this instance spanned a
a1 substantial part of the range of interest for exploitation, with a group of nine com-
;22 mon species with we, ;s from about 0.6 to 10 kg, and a group of six rarer species
;23 With ws ;s from about 4 to 20 kg (Fig. 2c¢). We refer to the two groups as 'com-
32« mon’ and 'rare’ below. In the unexploited state, some species’ biomasses were still
325 changing slowly after 50 years, so the state at this time is best thought of as a

36 (uasi-equilibrium.

327 Fig. 3 compares three contrasting regimes for exploiting the 15-species fish as-
22s semblage: fixed ', BHp, and BHp/p, as defined in Egs (2.7)-(2.9). To show the
30 differences between fishing regimes as simply as possible, we excluded variation
;30 in fishing intensity between species within fishing regimes here. This makes the
331 basic similarities and differences between the fishing regimes clear, although some-
32 what different from current fisheries practice built on maximum sustainable yields
sz (MSYs). (See Discussion for issues about MSY in an ecosystem context). We in-
33 troduce random variation between species in fishing intensities later (Fig. 6), as
;35 a partial check that the effects on rare species are robust. Harvesting was started
336 initially with the ecosystem in its unexploited state (Fig. 2), and continued for 50
;37 years. All species were harvested from a minimum body mass of 400 g upwards (i.e.
338 fl(w) = 0 for w < 400 g). For comparability, the constants ¢, ¢, in Egs (2.8),
330 (2.9) were calibrated against a fixed fishing mortality rate F; = F = 0.1 yr~! Eq.
;a0 (2.7), so that all three regimes would generate similar ecosystem biomass yields
sa after 50 years, around 0.25 g m™2 yr~!. Specifically, BHp took Fj(t) = cpP;(t)
s with ¢cp = 1 m? g7!, and BHp/p took Fi(t) = cp/pP;(t)/Bi(t) with cp/p = 0.25.
sz The ecosystem-level yield is consistent with values regarded as acceptable in large

;s marine ecosystems around the world (Chassot et al., 2010; Link and Watson, 2019).
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Figure 3: Three ways to harvest a multispecies fish assemblage. Fishing
mortality rates (F;) were set: constant over time and species (column 1),
adaptively using BHp (column 2), adaptively using BHp/p (column 3).
Panels a, d and g show the changes in total biomass of species following the
start of fishing in year 0. Panels b, e and h show the F;s. BH is adaptive,
and allows F; to change over time as the ecosystem changes: open circles
in panels e and h show F; in year 0, and filled circles show F; 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 fishing. Numbers 1 to 15 identify fish species in rank order of w., ;, as
given in Fig. 2c.
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345 Fig. 3 shows that only BHp supported the rare species (Fig. 3a, d, g). Moreover,
s BHp differs from fixed F; only in that the fishing mortality rates were weighted
.7 adaptively over time by the current somatic production rates (P,’s) in the exploited
s range of body sizes. The rare species were protected by their low production rates,
19 which made their Fjs much smaller than those of the common species (Fig. 3e). This
350 weighting of fishing mortality rate prevented the decline in the rare species, and kept
351 both the rare and common species quite close to their unexploited biomasses (Fig.
32 3f). (This is with the caveat that harvesting still truncated the size distribution of
53 common species.) The Fjs, being adaptive, allowed species to compensate to some
;s extent for changes in the flow of mass over time caused by fishing, decreasing in
355 species with biomass ratios less than one, and increasing in species with biomass

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

357 The third column of Fig. 3, BHp/p, weights the fishing mortality rates, F;
s adaptively by the ratio P;(t)/B;(t). In this case, the constant ¢, in Eq. (2.9) was
350 set to give an exploitation ratio £ = 0.25, well below the accepted maximum value
w0 for safe fishing (Patterson, 1992). This generated Fjs near the constant value 0.1
s yr ! in Fig. 3b. So the outcome was similar to the fixed fishing strategy shown
362 in column 1, with the rare species collapsing. Although the Fjs could, in principle,
3 adapt to changes in species abundance, in practice they were rather unresponsive
s to the decline of rare species (Fig. 3g), and remained close to those in column 1

365 (Fig. 3h)

366 The cause of the difference between the exploitation methods becomes clear
7 from plotting the log-transformed yields and production rates (Fig. 4). In such
ses  plots, constant exploitation ratios E are isoclines with slope 1. Unsurprisingly,
360 the main contribution to yield came from the high-biomass species in the top-right
a0 corner of the plots. From a fisheries perspective, the other species would likely just

s be a rare by-catch in a mixed-species fishery.

372 The rare species, although of little significance for yield, were very much affected

s73 by how harvesting was done. BHp,p did exactly what it was designed to do, bringing

18


https://doi.org/10.1101/2021.06.27.450047
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.27.450047; this version posted May 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

@ (b)
T T .‘ T T :‘,n
102 | F;s: constant PR 102 |- F;s: BHp P
10t | / 4 10t t ’ ]
R - R ;f
£ & £ ‘
2 6 h 2 s
> 10 | & N > 10 I & —
10° - . 10° - . .
| | ) | |
10 104 102 10 104 1072
2 -1 -2 -1
P (@gm~yr?) P (@m~yr?)
(©)
T T ,
10 |- Fis: BHpj T
10t - / -
s -t
o .
£
R 6 .
5= 10° 1 =
108 - .
| |
10 104 102
2. -1
P (gm*“yr?)

Figure 4: Yields and production rates from a multispecies fish assemblage
exploited in three ways, as described in Fig. 3. Filled circles are values for
15 fish 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 + o = 2.004 (see text), but not near the dotted lines of constant
exploitation ratio £ = 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 P; was
measured, Eq. (2.4), was set to match the harvested size range, i.e. from
400 g to Weo ;-
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wa  the species onto an isocline of constant F, in this instance at F = 0.25 (Fig. 4c).
s7s But, importantly, the resulting assemblage was not in balance: the rare species
a6 simply followed a downward path along the line £ = 0.25. To illustrate this, the
sz trajectory of species 10 is plotted from year 0 to 50 in Fig. 4c. The other five rare
srs species were collapsing in a similar way. (Constant F; led to a similar collapse,
so  as illustrated for species 10 in Fig. 4a.) The reason why BHp/p allows this to
;0 happen is that biomass is a core component of production rate (see Eq. (2.4)), so
ss1 P; and B; rise or fall together, while their ratio P;/B; changes relatively little. So
;2 it is quite possible for species to be on a path to extinction, while the ratio P;/B;
;g3 remains close to constant. The ratio might even increase if low species biomass
sea  reduced competition for food. Like the fixed-fishing regime, BHp,p is not a sensible

35 strategy for maintaining biodiversity.

386 To maintain biodiversity calls for a different relation between yield and produc-
se7 tion (Fig. 4b). BHp makes Y; = F;B; = ¢, P;B;. Since P; and B; are closely related,
sgs  this means yield should have a nonlinear relationship with production. Given a
0 scaling relationship of the form B; ~ P® (e.g. Fig. 2a, b), the relation needed
00 is Y; ~ P! In the model ecosystem (Fig. 2b), a = 1.004 when based on the
31 harvested body-size ranges, so the species were near a line of slope 2 in Fig. 4b. It
302 was harvesting close to this line that kept the species in balance, protecting the rare
303 species, and maintaining biodiversity, while giving a biomass yield similar to the
304 other fishing regimes. The results in Figs 3, 4 therefore suggest that fishing for bio-
ss  diversity calls for F; o< P;, rather than F; o< P;/B;. Put another way, species need

306 increasing protection from fishing through a reduction in the exploitation ratio, as

307 biomass (and hence production rate) goes down.

308 The results are potentially sensitive to assumptions about the life histories of the
300 species. Somatic growth in particular plays a key role in the measure of production
w0 rate, Eq. (2.4), and had relatively little variation between species at early life stages
a1 in Figs 2, 3, 4. As a partial check on robustness of the results, we therefore assembled
a2 further independent ecosystems, with random variation among species in the rate

a3 at which they searched for food (the search-rate coefficient A;, see Appendix B).
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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 fish, 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 fishing.

a4 This allowed fish which searched more actively to grow faster, the benefit of faster
a5 growth being offset by greater intrinsic mortality. Trajectories of somatic growth of
a6 species in three such assemblages are shown in Fig. 5. By age 1 year, body mass
a7 spanned a four- to seven-fold range; growth slowing down later on at maturation, as
a8 food was transferred increasingly to reproduction. We also treated fishing intensity
a0 as a random variable and, at the same time, doubled the baseline fishing mortality
so tate from F; = 0.1 — 0.2 yr~! (Appendix B). The effect of applying fishing to these
an  assemblages is shown in Fig. 6, and leads to the same conclusion as before: fishing by
a2 BHp can maintain biodiversity. Doubling the fishing intensity and introducing the
a3 additional variation in life histories and fishing mortality rates led to more change
a2 in the time series under BHp, and a less faithful match to the natural biomass of
a5 species in the ecosystems than in Fig. 3. Nonetheless, we have found no instance of
a6 exponential decline of species in fisheries under BHp, which was a recurring feature
a7 of constant fishing mortality rates, and of fishing mortality rates set by BHp,p. This
a1 is not surprising. BHp makes fishing density-dependent, since the fishing mortality
a0 rate responds to changes in the production rates, which themselves depend heavily

a0 on biomass (Eq. (2.4)). Clearly, such density dependence was absent when Fis
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Figure 6: Tests of robustness of results in 3 independently-assembled
ecosystems (rows 1,2,3), each containing 15 fish species. These assemblages
contained greater life-history variation between species than the ecosystem
used in Figs 2, 3, 4. Also, the baseline fishing mortality was doubled, and
random variation between species in fishing 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 (Fjs) 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/p.
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421 were held constant, and it was also largely absent when Fjs were set by the ratio

422 B(t)/BZ(t) in BHP/B.

= 4 Discussion

422 The results from this study suggest how fishing mortalities could be arranged across
425 species, to help keep the structure of exploited fish assemblages intact, while allow-
426 ing some exploitation. In particular, the results show that BHp provides a scaling
427 of fishing mortality to production rates that gives some protection to rare species,
a2s thereby helping to maintain biodiversity in fish assemblages. (The scaling of BHp,
220 to a constant exploitation ratio £ does not achieve this.) Such fishing mortality
430 spans a much wider range than would normally be considered, with low-production
431 species experiencing very low fishing mortality. In effect, the rarer the species are,
422 the more protection from exploitation they need. In practical terms, abundant
433 species need to be carefully selected for exploitation, to satisfy simultaneously the

aa  requirements of fisheries and conservation.

435 Setting fishing mortality in proportion to production rate (BHp) is not in gen-
136 eral equivalent to setting a constant exploitation ratio E, which forms the basis of
a7 BHp,p. Equivalence would need P to be independent of B, i.e. a scaling parameter
a8 a = 0in B; ~ P*. Real-world assemblages do not satisfy this condition. This is
439 because they are characterised by a small number of common species and many less
a0 common ones (Connolly et al., 2014). Given the close formal link between biomass
sa1 and production rate (Eqs (2.3), (2.4)), a strong, positive correlation between P and
a2 B should usually be the norm across species in marine assemblages, as is indeed
a3 widely reported in Ecopath models of marine ecosystems (see Heath et al., 2017,
aa Fig. BA2). The value of « is an empirical matter, and it might well differ from
a5 one ecosystem to another, and even change over the course of time. But in any
a6 event, it would be surprising to find @ = 0. Importantly, this means that empir-

aar ical logY—logP plots with slopes close to 1 (i.e. similar exploitation ratios across
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s species), do not indicate good health of exploited ecosystems (Kolding et al., 2016).
a0 The evidence here is that fishing near a constant exploitation ratio does not bring
a0 an assemblage of fish species into balance. Even if this ratio is kept moderate, and
a1 even if the species start relatively abundant, such fishing can still put some species

a2 on a downward path.

453 The results suggest it could help to monitor the impact of exploitation at the
asa ecosystem level through the relationship between fishing mortality and production
w55 species by species, irrespective of any debate about benefits of balanced harvesting
w6 (Froese et al., 2016; Pauly et al., 2016; Rehren and Gascuel, 2020). Monitoring
a7 can be done using estimates of fishing mortality rate, production rate and biomass,
w8 as they become available in real-time. Production rate is especially useful, as it
a0 automatically integrates over all the paths by which biomass flows into components
w0 of an ecosystem (such as a harvested body-mass range of a species). Production
a1 rate can be estimated from somatic growth rate and biomass (Heath et al., 2017),
w62 and can therefore substitute for detailed information on mass flow, when there is
a3 uncertainty about its path through an ecosystem, as there almost certainly will
sa be. Such monitoring provides early feedback on ecosystem effects of fishing on
s6s commercial species, which is important given the complexity of marine ecosystems
s and our limited knowledge of how they work. (This information is less likely to be
w7 available for rare species.) At present, we know of only one published study of the
a8 relationship between fishing mortality and production rate, a report on the west of
a0 Scotland shelf ecosystem, using 1985 data in an Ecopath model (Alexander et al.,
a0 2015). It is notable that study found no relationship between fishing mortality and

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

a2 In fact, Eq (2.4) points to three separate reasons why somatic production rate
a3 might be low, of which this paper has considered just one, that of low biomass lN)Z(w)
aza A second cause is that, as fish mature, incoming biomass is increasingly allocated
a5 to reproduction rather than to somatic growth, as given by the function & (w).
are  Fishing mortality from BHp, if disaggregated to distinguish juveniles from adults,

a7 can therefore be used to protect big old fish (BOFFFFs), and thereby facilitate the
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ars renewal of exploited populations (Hixon et al., 2014). A third cause is a shortage of
aro food, giving a low mass-specific rate of food intake §;(w)/w. The effect of reducing
a0 fishing at a food-limited life stage is entirely different. It increases the biomass,
as1 further depleting the limited supply of food, generating a positive feedback in which
a2 somatic growth slows down even more. The outcome of this could be a population of
a3 stunted fish, like that of the Baltic cod (Gadus morhua L.) (Sveddng and Hornborg,
asa 2017). This emphasizes the need for care in interpreting production rate. If this
ass is falling when biomass of a species is large, scarcity of food is a likely cause, and
ass  potentially a signal of an underlying structural change in a marine ecosystem, which
as7  could be important to know about at this time of rapid climate change (Gaines et al.,

ws 2018).

489 Importantly, checks on production rates and biomasses of species, in their cur-
a0 rent ecosystem setting, are independent of information about an equilibrium, unex-
a1 ploited state of nature which would be needed to underpin a maximum sustainable
a2 yield (MSY). The scientific basis of MSY for single species has long been debated
a3 (Larkin, 1977; Finley and Oreskes, 2013), and becomes especially problematic in a
a0s  multispecies setting, for several reasons. Knowledge of how these complex coupled
a0s Systems operate is incomplete. Exploitation is likely to change the balance among
106 species in ways that would be hard to unravel, and the shifting physical environment
207 leaves its own footprint on the ecosystem. We know of no way to wind the clock
a0 back in these multispecies systems, to infer with precision what the biomasses of
200 species would be in a natural state. From an ecosystem perspective, the unexploited
so0 biomasses of species, which form the basis of the MSY, are a matter of conjecture,
soo and not a starting point for management. So, for instance, a recent suggestion that
so2 exploited species should be brought to around 60 % of their unexploited biomasses
so3 (Pauly and Froese, 2020) begs the question as to what these unexploited biomasses

504 alec.

505 Aligning fishing mortality to somatic production rate (BHp) can be thought of
so6 as a harvest control rule (Punt, 2010; Kvamsdal et al., 2016) for multiple species

sor  coupled together in ecosystems, as opposed to single species living in isolation. Its
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so8 purpose is to set the relative fishing mortality rates across species so that rarer
s00  species get the protection they need, while allowing some exploitation of more com-
s.0 mon species. Counter-intuitive effects from fishing can readily emerge, once the
s coupling of species is allowed for. For instance, exploited piscivores have been seen
512 to benefit from harvesting their forage fish (Soudijn et al., 2021), and we found
513 cases where rare species gained more through release from predation under BHp
sia than they lost from fishing (results not shown). Making management responsive
si5. and adaptive helps to deal with unanticipated changes, and as would be expected,
si6  this worked better at lower, than at higher fishing intensities (compare Fig. 3d with
si7 Fig. 6b, e, h). The harvest control rule avoids the risk that fishing-induced deaths
s18 1N rare species are seen as accidental collateral damage, about which little can be
s10 done. Instead, it places conservation on an equal footing with the fisheries that

s20 exploit an ecosystem.

521 We have not addressed the acceptable intensity at which to exploit marine
s22 ecosystems as a whole (the parameter cp in Eq. (2.8)). This is a societal matter
523 involving the public, together with stakeholders in fishing, conservation, markets
s2a and science (Heath et al., 2017). However, it is clear that conservation of marine
s25  ecosystems has to deal with the way in which fishing is distributed across species,
s26  as well as with the total ecosystem harvest (Link and Watson, 2019). A given total
527 yield of biomass can be obtained with differing degrees of damage to biodiversity
s2s  and ecosystem structure, depending on where that yield comes from (Figs 3, 4, 6).
520 A moderate overall level of fishing is necessary, but how this fishing is distributed
53 across ecosystem components is also a crucial question for meeting the needs of

531 conservation of exploited marine ecosystems.

532 As in all modelling of complex systems, there are caveats to keep in mind.
533 Size-spectrum models as used here, while removing some of the most serious limita-
53 tions built into single-species fishery models, are still gross simplifications of marine
535 ecosystems. The models assume ecosystems are non-seasonal, and the treatment
s3s  of plankton dynamics is much simplified. The models assume the systems are

s37 - well-mixed, and that organisms encounter other organisms in proportion to their
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s38  spatially averaged abundance. Although the models do the bookkeeping of biomass
539 as it flows from prey to predator, we have used simple assumptions about how this
sa0 Ooperates. Note also that the rare species of special importance for conservation,
sa1  are also the species for which information on biomass, production rate and fishing
se2  mortality is most likely to be scarce. For simplicity, we picked a single illustrative
sa3 pattern of fishing in which all species entered a mixed-species fishery at a single
saa body mass, and there are clearly many other possibilities. In particular, we have
ses not attempted to match fishing closely to the range of life histories in a natural
sa6 fish assemblage. While the study can suggest how fishing mortality rates need to
sz be set for conservation of biodiversity, there would be serious practical issues to
sas  Tesolve in making sure these rates are not exceeded in rare species. Moreover, the
sa0 fish assemblage is only a subset of the species present, and we have not considered
sso  the many other species of special concern for conservation, such as seabirds, ma-
ss1. rine mammals, and benthic fauna, all of which can be heavily impacted by fishery

ss2 decisions (Cury et al., 2011; Pikitch et al., 2012).

553 Obviously there is more to conservation of marine ecosystems than maintaining
ssa  biodiversity. Aggregated measures of species biomass hide the truncation of size
ss5  structures caused by fixed fishing mortality rates from recruitment onwards, and
sse  hide the strong directional selection on body size that can lead to fisheries-induced
ss7 evolution (Law and Plank, 2018). Effective functioning of marine ecosystems calls
sss for unconstrained flow of biomass from microscopic phytoplankton to large fish
ss0 - and mammals, and there is a need to understand how fishing can be organised to
sso prevent fisheries-induced bottlenecks in the flow from building up (Svedéng and
ss1  Hornborg, 2017). There is much to learn about how the footprint of fisheries on

se2 marine ecosystems can be reduced.

563 For all the limitations of modelling, aligning fishing mortality rate to production
se« Tate is intuitive, and the evidence is that it is not heavily model-dependent (see
ses Plank, 2018). It points in a direction that could help reconcile fishing with some
se6 Of the concerns of conservation. Given the increasing conflict between conservation

sz and fisheries, the increasing restrictions being placed on fisheries, and the resulting
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ses damage to lives of those who depend on them, we suggest this route is worth

seo considering.
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< lables

Table 1: Plankton parameters.

parameter value interpretation

woe®0o 1079 ¢ minimum body mass

woeroe0 lg maximum body mass

wpe e 0.001 g calibrates a(z) at 1 mg

woe ™! 0.001 g calibrates (z) at 1 mg

70 10 gt~ yr—! sets intrinsic rate to 10 yr~t at 1 g

ao 2000 m~2 g*! sets ‘equilibrium’ density to 2000 m~2 at 1 mg
Iy 2000 m~2 g*! yr~! sets immigration rate to 2000 m~2 yr~! at 1 mg
p 0.15 scales intrinsic rate with respect to x

A 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

wpe! 0.001 g egg mass

wWoeroo random g maximum body mass

Bi 6.908 centre of feeding kernel

lop) 1.535 measure of the width of feeding kernel

A; 37.5 m? yr~! g7 search-rate coefficient

« 0.85 search-rate scaling exponent

K 0.1 ecological conversion efficiency

Hegg,i random yr—* larval death rate at egg size

woe L 0.1g size around which larval death — 0

PL.i D exponent scaling size range as larval death — 0
/‘1(),01') 0.1 yr! background death rate at birth

& 0.15 exponent scaling falling death rate with size
woe®m random g body mass at 50 % maturity: wee®>=/10
Pm 15 exponent scaling size range of maturation
Poo 0.2 exponent scaling approach to z;

€R 0.2 reproductive efficiency

A; was randomised in Figs 5 and 6 (see Appendix B).
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« Flgure Legends

sos Figure 1: Template from which a set of n fish species with a range of life histories
sz was constructed by varying maximum body mass w., and larval death rate. The
sos feeding kernel sets a body mass range of prey items eaten relative to the body mass
soo Of the consumer, and is sketched as the grey bar for a fish at the body mass shown
sio by the black circle. The kernel is tethered to the consumer, and ‘moves’ to the right

g1 as a result of the growth that follows from eating this food.

siz Figure 2: (a) The relationship between production rate and biomass from an
s13  Ecopath model of the West Scotland shelf ecosystem; open circles show values for
s1a individual species, with aggregated categories excluded. (b), (¢) A model ecosystem
s1s with 15 unexploited fish species, supported by a plankton community. (b) Rela-
s16  tionship between total biomass and total production rate of the modelled species

si7  close to equilibrium. Species numbered in rank order of wy ;, as shown in (c).

s1is  Figure 3: Three ways to harvest a multispecies fish assemblage. Fishing mortality
s10 rates (F;) were set: constant over time and species (column 1), adaptively using
s20 BHp (column 2), adaptively using BHp/p (column 3). Panels a, d and g show the
g21 changes in total biomass of species following the start of fishing in year 0. Panels
g2 b, e and h show the F;s. BH is adaptive, and allows F; to change over time as
23 the ecosystem changes: open circles in panels e and h show F; in year 0, and filled
24 circles show Fj in year 50. Panels c, f and i show the ratio of the total biomass in
s2s  year 50 to the total biomass in the unexploited ecosystem in year 0 (Fig. 2b); points
s2s on the dotted lines (ratio = 1) would indicate no change in total biomass caused
s27 by fishing. Numbers 1 to 15 identify fish species in rank order of w.;, as given in

828 Fig. 2c.

s20 Figure 4: Yields and production rates from a multispecies fish assemblage exploited
g0 in three ways, as described in Fig. 3. Filled circles are values for 15 fish species
ss1 after H0 years of harvesting, the species ordered as in Fig. 3. The species are

g3z approximately in balance near the dashed line in (b) with slope 1 + a = 2.004
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s13 (see text), but not near the dotted lines of constant exploitation ratio E = 0.25
s« in (a) and (c¢). As an example of the imbalance in (a) and (c), the trajectory of
s3s species 10 from year 0 (open circle) to year 50 is shown (the continuous line, with
s3s an arrow indicating the direction of change.) The range of body mass over which
s37 the production rate P; was measured, Eq. (2.4), was set to match the harvested size

sss  range, i.e. from 400 g to weo.

s30  Figure 5: Trajectories of somatic growth of 15 species in three independent repli-
sas0  cate assemblages, with random variation among species in food-search activity (Ap-
sa1 pendix B). These trajectories emerge solely from food eaten by the fish, and were
sa2 Obtained by solving Eq. (C.1) in Appendix C. The growth curves were measured

sa3 when the assemblages were close to equilibrium in the absence of fishing.

saa  Figure 6: Tests of robustness of results in 3 independently-assembled ecosystems
sas  (rows 1,2,3), each containing 15 fish species. These assemblages contained greater
sas  life-history variation between species than the ecosystem used in Figs 2, 3, 4. Also,
gaz  the baseline fishing mortality was doubled, and random variation between species
gas  in fishing intensities introduced. The randomisations are described in Appendix B.
se0 Fishing was applied for 50 years, starting in year 0, and all species were harvested
gso  from a minimum body mass of 400 g upwards. Fishing mortality rates (F;s) in
ss1 column 1 (a,d,g) were constant over time, in column 2 (b,e,h) were set by BHp, and

ss2 in column 3 (c,f,i) were set by BHp,p.
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= APPENDICES

= A Mathematical model

sss 1 he ecosystems we studied span approximately 15 orders of magnitude in body mass
gse from the smallest phytoplankton cells to the largest fish. We therefore transformed
ss7 body mass w into a dimensionless logarithm, = = In(w/wg) for the purpose of

gss modelling. The constant wy is an arbitrary body mass, taken as 1 g.

ss0 A.1 Fish dynamics

sso  We write the state variable for fish species i as u;(z,t). Here u;(x,t)dx = ¢;(w,t)dw
ss1 1S the density of individuals with log body mass in a small range [z,z + dz] at
sz time ¢, per unit area of sea surface. The variable u;(x,t) is measured per unit sea
se3 surface area (dimensions: L~?), for consistency with the measure used for plankton

sea production.

865 The dynamical system for n fish species is a system of n partial differential equa-
sss tions describing the flux in densities u;(z,t) (¢ = 1,...,n) generated by biological

g7 processes, given as:

ot oz [€5giu] —@—w—&+&+ 292 [e E [eszuz]} . (A1)

(&) (£)

ss (Law et al., 2016). The function arguments = and ¢ have been suppressed here and
sso are given in full below. Eq. (A.1) equation is a second-order approximation to a
g0 jump-growth model, which itself is a systematic expansion of a master equation
s1 from a stochastic predator-prey process in which organisms grow and die through
sz eating one another (Datta et al., 2010). The terms on the right-hand side of Eq.
sr3 (A.1) describe: (a) somatic growth, (b) death from being eaten, (c) death from

g7+ intrinsic causes, (d) death from fishing, (e) reproduction, (f) second-order diffusion.
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srs ' The lower bound of body size of species i in Eq. (A.1) is given by an egg size g,
ere and the upper bound by the size of the largest individuals . ; defined in Eq. (A.8)

g7z below.

878 (a) Somatic growth. The function g;(x,t) is the mass-specific growth rate (di-
s7o  mensions: T~ 1) of species i at size x and time ¢ from eating prey of all taxa, before

ss0 partitioning incoming food into somatic growth and reproduction:
gi(z,t) = KA;(wee”) Z@U /e si(e@ N, (2', t)da', (A.2)

ss1 Here, the expression A;(wpe”)* is an area over which a consumer of size z and
sz species ¢ feeds per unit time (dimensions: L? T™1), where the term e allows this
ss3  area to scale with body size with allometric exponent «;. It would be more natural
ssa  t0 use volume (Ware, 1978), but area is needed here because plankton production
sss 18 measured per unit sea surface area. The constant A; is a search-rate coefficient
sss for species ¢ (dimensions: L? T~! M%), and is calibrated to ensure realistic rates
ss7 of individual growth. Dividing by the consumer size (e~*) makes the growth rate
ses mass-specific. The integral is a convolution that adds up the gain in mass to the
sso consumer of species i from eating items of species j (dimensions: L~2). This is
so0 a product of prey size e, prey density uj(«’,t), and a dimensionless preference
so1 function for prey items of this size relative to the size of the consumer s;(el®=*"),
sz the product being integrated over prey sizes z’. The factor 6;; allows different
so3  weightings of potential prey species. We adopt the notation that the first index
soa refers to a predator, and the second index refers to a prey. The summation over j
gos adds up the contribution made by all species to the growth of 7. K is an efficiency

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

897 Expression (a) deals only with somatic growth, so g;(x,t) has to be multiplied by
sss a dimensionless proportion of the food allocated to somatic growth €;(z), Eq. (A.8)
oo below. (The contribution of g;(z,t) to reproduction is dealt with separately in Eq.
oo (A.9).) Multiplying by u;(x,t) converts the per capita rate into a population rate.

o1 The partial derivative d/0x, known as an advective derivative, is needed because

43


https://doi.org/10.1101/2021.06.27.450047
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.27.450047; this version posted May 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

o2 the change in density in the small size range [x, x +dx] depends on the rate at which
o3 density increases from growth into the range, and the rate at which density falls

oa from growth out of the range.

905 (b) Death from being eaten. This is the flip side of growth, because it accounts
s for the feeding by other organisms on species i at size x. The function d;(z,t) is
o7 the per-capita death rate (dimensions: T~1) of species i at size z time ¢, due to all

o8 sources of predation:
dila,t) = 36 / A (w0e™ ) 55 (e~ (! ) (A.3)
j=1

o0 The integral is a convolution that integrates over body size z’ of predator species
o10 7 to obtain its contribution to the per-capita predation rate on species ¢ at size z,
o with symbols as defined in Eq. (A.2). The summation adds up the contributions of
o1z the different predator species, starting at j = 1 because plankton (represented by
sz j = () are assumed not to eat fish, the parameter 6;; being the weighting attached
o1a  to predation by species j on species ¢. ¢;; has been interpreted as a measure of the
o5 spatial co-occurrence of species i and j (Blanchard et al., 2014; Spence et al., 2021);
o16 this has a symmetry 0;; = 0,; for ¢, j > 1 which we use here. The total rate at which
o7 density falls due to predation is then the per-capita rate d;(x,t) multiplied by the
ais  density u;(z,t).

919 Feeding kernel. The dimensionless function s;(e* =) describes the preference of
e20 a consumer of size 2’ and species i for prey of size x. It is placed inside the functions
o1 g, d;, Gy, all of which depend on predation. We use a simple box kernel, unselective

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

1
2 — B —30; <x <2 — [+ 30y
60’i

si(e? %) = . (A.4)

0 otherwise
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923 The factor of 1/60; is a normalisation constant chosen such that the feeding kernel
o24 integrates to 1, i.e. ffooo si(e”®)dr = 1. The function is given in this form so
o5 that f(; is the centre of the kernel, representing the mean log consumer:prey body
026 mass ratio, and 6o; is its width. This means that there is no feeding with a log

927 consumer:prey body mass ratio outside the range [5; — 30y, 5; + 303

928 (c) Death from intrinsic causes. We take the per-capita death rate from intrinsic
o0 causes ji;(z,t) (dimensions: T~1) in two parts, comprising a larval and a background

930 component:

pi(z,t) = pui(T) + poi(z, ). (A.5)

o1 The total rate at which density falls due to these intrinsic processes is then the

32 per-capita rate p;(x,t) multiplied by density w;(z,t).

033 Larval mortality rate. We assume the extra risks of mortality at the larval stage
o3¢ are given by a per-capita larval mortality rate py;(z) (dimensions: T™') of species

o35 ¢ at body size x:
exp(pri(zr,; — x)) (A.6)
1+ exp(pri(zn; — x))

K (ZL‘) = Hegg,i

o3¢ This is a reverse-sigmoid function that starts large on eggs, and falls to zero as the
037 fish get big enough to leave the vulnerable stage. The function contains three pa-
o3s rameters which can be species-dependent: (1) the magnitude of the extra mortality
930 Trate flegg ;, as the larval stage begins, (2) the body size x,; at which fish are growing
a0 out of the vulnerable larval stage, and (3) the range of body size pr; over which this
oar  escape takes place. (Large py,; means this contribution to mortality declines sharply
sz as fish leave the larval stage; small p;; means there is a more gradual transition

o3 from high to low larval mortality.)

044 Background mortality rate. The function puy;(z,t) (dimensions: T~') accounts
oas for all intrinsic mortality other than the larval component. To set a level playing-
ae field across species, we assume that this is proportional to the mass-specific needs
oa7 for metabolism, relative to the mass-specific rate at which food becomes available

us at size x, based on a model in Law et al. (2016). These rates are set relative to
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uo their values at egg size, so pp;(vo,,t) = ,uéoi) is a fixed baseline intrinsic mortality at

oso  birth for species i. The metabolic need should scale with body mass, and we write
os1  this as exp(—&(z — z¢;)), using the same exponent parameter ¢ for all species. The
o2 mass-specific rate of food intake at size x relative to size o, is ¢;(z,t)/g:(z04,1).

953 Thus
pni(a,t) = ) exp(—E(z — w0,)) gi(w, 1)/ gi(04.t), (A7)

osa  which is a function of time because it depends on the mass-specific growth rate

955 gi(m, t).

056 (d) Fishing mortality rate. This depends on the rules chosen for fishing. We
os7 write this as a general per-capita death rate, f;(x,t) (dimensions: T~!) for species
oss 1, dependent on body size x and time ¢; the total rate at which density falls as a
o Tesult of fishing is then its product with u;(x,t). The function f;(x,t) can have

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

961 (e) Reproduction. The dimensionless function 1 — ¢;(x) describes the propor-
962 tion of incoming food allocated to reproduction in species ¢ at size x, and uses an
93 expression suggested by Hartvig et al. (2011) and Law et al. (2012)

1—¢€(x) = [1 4 exp(—pm(z — xm,i))]_l exXP(Poo(T — Tooi)) 04 <& < Tooy. (A8)

(.

-~ -~

(a) (b)

sa Part (a) deals with maturation, where x,,; is the body size at which 50 % of the
oes fish are mature in species ¢, and p,, defines the body-size range over which these
ss fish are maturing. Part (b) describes allocation to reproduction once maturity is
o7 reached. The maximum body size x; of species ¢ is typically very close to the
oes size at which all incoming mass is allocated to reproduction and no further somatic

so growth is possible, the approach to z; being scaled by a parameter p.

970 The total rate R;(t) of egg production in species i at time ¢ (dimensions: L2

orn T7!) is then given by:

R;(t) = d(x — x0,) L /(1 —€;(x))gi(z, )u;(z, ) woe dx. (A.9)

Wegg,i
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o2 This takes the mass-specific rate at which reproductive mass is created at size
or3  x, multiplies by density and body mass to convert it to the total rate at which
ora reproductive mass accumulates at body size x, and then integrates over all body
ors sizes x. It then transforms the total mass rate into a rate of egg production by
ors  dividing by the egg mass weg, i, allowing for some inefficiency (ez < 1) in converting
or7  the reproductive mass into eggs. The term 6(z—xy ;) is a Dirac delta function needed

ors S0 that eggs enter the spectrum of species i in Eq. (A.1) only at the egg size x.

079 (f) Diffusion. We included a second-order diffusion term (dimensions: L=2 T~1),
os0 to allow growth trajectories of fish to spread as the fish got older. Otherwise, all
o1 fish born at the same time would have identical trajectories of growth (Datta et al.,

ez 2010). The diffusion term contains a function
Gi(z,t) = K*A;j(wee®) e ™ Z 0; / 2 5;(e "N, (2, t)da, (A.10)
=0

o3 which is similar to the mass-specific growth rate in Eq. (A.2), where the terms it

osa contains are defined.

s A.2 Plankton dynamics

oss ' The plankton assemblage, which in reality could be of great complexity, was simpli-
7 fied to a single density function ug(z,t). Here ug(z,t)dr = ¢o(w,t)dw is the density
sss of individuals with log body mass in a small range [z, + dz| at time ¢, per unit

080 area of sea surface (dimensions: L72).

990 The dynamical system for this aggregated plankton spectrum was written as a

o1 single partial differential equation operating at every body size x:

—:ruo(l—uo/a)—d0u0+ I . (A.11)

o0 The terms on the right-hand side of this equation describe: (a) a core logistic
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o3 function that drives the plankton dynamics, (b) a death rate from planktivory in the
o0a fish assemblage, and (c) an immigration term. There is no process of body growth
o5 here, so there is no direct coupling from one body size to another (in contrast to
ws Fq. (A.1)). This assumption was made on the grounds that the plankton would
907 be unicellular over most of the size range considered. The lower bound of body
ses size in the plankton in Eq. (A.11) is given by the smallest cell size zo, and the
oo upper bound by the size of the largest individuals z 0. Typically, size-spectrum
100 models have used a linear semi-chemostat assumption in plankton to combine local
wor  dynamics and immigration (Hartvig et al., 2011). Eq. (A.11) makes these processes

1002 explicit.

1003 To generate a realistic size spectrum for the aggregated plankton assemblage,
wos the intrinsic rate of increase r(x) (dimensions: T~1!), the carrying capacity a(z)
wos (L7?), and the immigration rate I(z) (L2 T~!) were set to scale with body mass

1006 — woe“’ as:

r(z) = ro(wee®)™" (A.12)
alr) = ag(wee® %)~ M1 (A.13)
I(x) = Iy(wee™ 1)1 (A.14)

w07 The function r(x) gives the cell division rate a scaling with cell size with an exponent
wes p — 1 (Maranon et al., 2013), with the parameter ry setting the overall rate. The
oo function a(x) describes the carrying capacity the plankton would have in the absence
1010 of immigration and planktivory. This ensures that the size spectrum would settle
111 to an equilibrium scaling with cell size with exponent —\+1 in the absence of other
1012 processes. The parameters ag and x, allow a calibration of the plankton spectrum to
113 be made in line with natural plankton size spectra. The function I(x) was assumed
1014 to scale with body size in the same way as the carrying capacity. The function
s do(z,t) is the per-capita death rate at size x and time ¢ caused by planktivory in

w16 the fish assemblage, as given by Eq. (A.3) with ¢ = 0.
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o« B Assembly and parameter randomisations

118 This work needed baseline ecosystems containing multiple size-structured species
1010 populations able to persist over the time scales needed for fishing. This is a subject
1020 of interest in its own right, because species coexistence is a core problem of commu-
1021 nity ecology. Here we outline how we constructed the ecosystems, as our approach

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

1023 Multispecies size-spectrum models have typically added extra stock-recruitment
w24 relationships to species to achieve coexistence (e.g. Blanchard et al., 2014; Scott
w2s et al., 2014). However, the density-dependent feedbacks needed to generate stock-
1026 recruitment relationships are already built into size-spectrum models, and these
w27 relationships emerge naturally in a deterministic setting (Canales et al., 2020).
1028 Here we simply used the internal feedbacks in the models, avoiding the need to
1020 add arbitrary stock-recruitment relationships, and did three things to facilitate

1030 coexistence.

1031 1. We included a key feedback (Ricker and Foerster, 1948; MacCall, 1980; Canales

1032 et al., 2020), which operates at the larval stage in the following way. When
1033 larval density is low relative to plankton food, the abundance of food allows
1034 fast body growth through the vulnerable larval stage, making the risk of death
1035 relatively small. Conversely, when larval density is relatively high, growth is
1036 slower and the accumulated risk of death in the larval stage becomes greater.
1037 This has a strong stabilizing effect when plankton are coupled to single-species
1038 size-spectra of fish (Canales et al., 2020, Fig. 2). It only requires mortality
1039 rate to be falling with increasing body size early in life, which is consistent
1040 with the results of the majority of studies (Sogard, 1997, Table 1). Food-
1041 dependent body growth, standardly built into size-spectrum models, does the
1042 rest.

1043 2. The #-matrix was set to reflect the qualitative structure of 8-matrices used in
1044 size-spectrum models of the North Sea (Blanchard et al., 2014) and Celtic Sea
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1045 (Spence et al., 2021). These matrices were constructed from the spatial overlap
1046 of fish species, and have a property that diagonal elements are larger relative to
1047 off-diagonal ones, because species tend to show some spatial separation. The
1048 effect is to make cannibalism a stronger force relative to predation between
1049 species. Diagonal dominance is known to promote coexistence in simpler
1050 Lotka-Volterra food webs (Hofbauer and Sigmund, 1988, p. 193).

1051 3. The ecosystems were constructed in steps, starting from plankton, adding one
1052 fish species at a time, leaving time for the system to relax before adding the
1053 next species. This reflects the ecological reality that multispecies systems do
1054 not spring into existence in their final form, but come together gradually as
1055 new species arrive, sometimes establishing themselves, and sometimes causing
1056 loss of species already present (Sigmund, 1995). Sequential assembly allows
1057 some sorting to take place, and is known to lead efficiently to the special sets
1058 of species that can persist in unstructured Lotka-Volterra systems (Lewis and
1059 Law, 2007).

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

e with densities close to the plankton carrying capacity function a(z) Eq. (A.13), and

we2 ran as follows.

1063 1. Introduce one fish species, with log maximum body size uniformly distributed
1064 over [log(100/wp) < zoo,; < log(40000/wp)] (i.e. maximum body mass is
1065 between 100 g and 40 kg), and larval mortality uniformly distributed over
1066 28 < fleges < 32] yr~!, other parameters of the life history being held con-
1067 stant. The range for larval mortality was kept small, as species with high larval
1068 mortality tended to be excluded as the number of fish species increased. The
1069 size spectrum was started at a low density on a power law, the egg density
1070 being 0.002 m—2.

1071 2. Allow the augmented ecosystem to relax towards an asymptotic state, by
1072 integrating Eqs (A.1), (A.11) over a 50 yr time period. Since some species
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1073 could still be changing slowly after 50 yrs, the resulting ecosystems were no
1074 more than quasi-equilibrial.

1075 3. After integration, remove all fish species with a total biomass < 2 x 107¢ g
1076 m~2. This extinction threshold was sufficient to allow an assemblage of fish
1077 species to build up, in which species biomasses spanned approximately four
1078 orders of magnitude.

1079 4. If the number of fish species was < 15, and if the number of iterations was
1080 < 40, return to step 1. Otherwise end the assembly. The limit of 15 fish
1081 species was a compromise between the richness of real-world ecosystems, and
1082 a manageable computation time. The limit on the number of iterations was
1083 also to keep the computation time manageable. The limit on iterations also
1084 had the effect of excluding some instances of increasing resistance to invasion
1085 during assembly, accompanied by a sequence of species replacements, leading
1086 towards lower larval mortality.

1087 From the output of the assembly algorithm we selected an ecosystem with 15

1088 fish species for harvesting, satisfying the following criteria before fishing started.
w89 (1) The fish species should be able to coexist over a time period of 50 years. (2)
woo The set of species should tend to a state close to equilibrium. (3) The species
1001 should have a wide range of maximum body mass within the limits 100 g to 40000
w2 g. (4) The species should span approximately 4 orders of magnitude in biomass,
1003 because fishing for biodiversity would need to operate in ecosystems that contained
100s both common and rare species. The algorithm was used to obtain the ecosystem
100s analysed in Figs 2, 3 and 4, which reached the required number of fish species in 25

196 1terations.

1007 For Figs 5 and 6, we introduced more life-history variation between species by
wes making the search-rate coefficient of species i (parameter A; in Appendix Eq. (A.2))
1000 a random variable, A;z;, where z; is a random draw from a normal distribution,
uo N(pu = 1,0 = 0.1). Each search rate was offset by applying the same factor z; to
ua  intrinsic mortality Eq. (A.5) pi(x,t)z; in species ¢ (both the larval and background
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uo2 components). This created a trade-off in which species that searched more actively
uos  for food (and which therefore had faster somatic growth) also experienced a greater
uos  risk of mortality. The number of invasion attempts needed to create the 15-species
uos  assemblags was respectively: 24 (assemblage 1), 19 (assemblage 2), 45 (assemblage
uos  3). (We allowed several extra iterations in assemblage 3, as it was close to 15 species

1107 by iteration 40.)

1108 For Fig. 6, we also introduced random variation between species in the intensity
1o of fishing and doubled the baseline fishing mortality from 0.1 to 0.2 yr=t. The Fjs
o contained a species-dependent random factor, 2., uniformly distributed over a range
un 0.5 to 1.5, and held constant over time. For comparability the same random factor
12 was applied to all three methods of fishing within an assemblage. Thus, under
ws  constant F;, Eq. (2.7) was F; = 0.22); under BHp, Eq. (2.8) was F;(t) = cpPi(t) =
ma 22, P;(t); under BHp g, Eq. (2.9) was Fi(t) = cp/pP;(t)/B;(t) = 0.52,P;(t)/B;(t).

2s C Numerics

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

w7 parameters in Eqs (A.1) and (A.11) were fixed and are described below.

1118 Parameter values for plankton dynamics, Eq. (A.11), are given in Table 1. The
me  lower bound of x, was set near the boundary of micro- and nanoplankton at 1071% g.
120 A scaling relationship for cell division rate with cell size, as in Eq. (A.12), with an
u21  exponent near —p = —0.15 has been described starting near this cell size (Maranon
u2 et al.; 2013). The upper bound of x was set at 1 g, to compensate for the absence
123 of multicellular zooplankton in the model. Although these assumptions are artifi-
124 cial, they gave a total rate of primary production in keeping with observed values,
125 after calibrating the carrying-capacity function of the plankton size spectrum, as

1126 described below.

1127 The plankton carrying-capacity function a(x) was located at 2000 m~2 at a cell
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w2 size 1 mg (using ap = 2000, x, = log(0.001)) from Fig. 2 of San Martin et al.
120 (2006). The rate of primary production at size z was taken as r(z)(woe®)ug(x),
us and the total rate as the integral of this over the range [z00, Zx0]. On this basis,
us1 the total production rate of plankton was the region 4000 g m=2 yr=! (or t km—2
u2 yr 1), roughly equivalent to 400 g carbon m™2 yr~!. This is near the main cluster
us  of observed values of primary production rate given in Chassot et al. (2010, Fig. 1).
13 In Figs 3, 4, this production rate supported a total yield from the fish assemblage
uss of about 0.25 g m™2 yr~!. Values given by Chassot et al. (2010, Fig. 1c), tended
13 to be larger than this, but fishing was deliberately kept to a moderate level here.
usz  Our Fogarty ratio was about 0.06 %o in Figs 3, 4, well below 1 %o, suggested by
uss  Link and Watson (2019) as the threshold for safety. The greater fishing intensities
13 in Fig. 6 took the ratio up to 0.2 %o, still well below the threshold. This suggests
1140 that levels of exploitation deemed safe for an ecosystem, could at the same time be

a1 unsafe for the species assemblages that live in them.

1142 Parameter values for dynamics of fish species, Eq. (A.1), are given in Table 2.
143 Life histories of fish species were constructed from a template common to all species
uas  (Fig. 1), with randomisation of certain parameters to generate differences between
uas  species (Appendix B). The template had a lower bound corresponding to egg mass,
14s Which was fixed for all species at 1 mg, and a random upper bound, as defined in

1147 Appendix B.

1148 We used a box feeding kernel, in which the fish took prey items unselectively
ua  over a range 1/100000 to 1/10 of their own body mass. For instance, a newborn
uso larval fish at 1072 g would take prey items over a range [107%,1074] g. The search-
us1 rate coefficient A; has usually been derived through a volume searched per unit
us2  time, but is dealt with differently here, because the measure of density is per unit
us3 area (not per unit volume). We calibrated it so that fish would grow from egg size
usa to 1 g in approximately 1 yr, with an additional random factor in the computations

uss for Fig. 6 (see Appendix B).

1156 Larval mortality rate peg; Was set to a large value at birth, with fish leaving
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us7 the larval stage zp,; near to 0.1 g. After escaping from the larval stage, only a
uss  background mortality rate dependent on food intake remained. This was set by
uso f1,;(0) to be small at birth, because of the explicit presence of larval mortality.
1e0 In the computations for Fig. 6, an additional random factor was applied to these

ue1  intrinisc components of mortality (Appendix B).

1162 Following a commonly observed feature of fish life histories (Beverton, 1992;
163 Froese and Binohlan, 2000), we assumed maximum body mass and mass at matu-
ues ration were related. Thus maturation was also a random variable, taken as 1/10 of

ues  the random maximum body mass (see Appendix B).

1166 A baseline of weights for predator-prey interactions in the ecosystem was set by
uer an (n+1) x (n+1) matrix 6, with rows and columns indexed 0, 1, . . ., n, correspond-
ues ing to plankton (i = 0) and n fish species (i = 1,...,n). Column 0 had ;9 = 1, for
ueo ¢ = 1,...,n, meaning that all fish species could eat plankton. Row 0 had 6, ; = 0,
uro for 7 = 0,...,n, meaning that plankton could not feed on fish. The submatrix
unn with rows and columns indexed 1,...,n described the fish assemblage, and had
u72  diagonal elements 60;; = 0.5 for cannibalism, and off-diagonal elements ¢;; = 0.2 for
urz @ # j. This made self-limitation stronger than predation between species, giving

uza  some diagonal dominance to promote coexistence.

1175 Egs (A.1), (A.11) have to be discretised for numerical integration. We took a
u7e  body-size step dz = 0.1, and a time step 0t = 0.002 and used the Euler method.
u7z  The speed of computation was increased by applying fast Fourier transforms to the

urs convolution integrals in Eqs (A.2), (A.3), (A.10).

1179 Growth trajectories were obtained by numerical solution of the differential equa-
1180 tion:
L @) (©1)
- = €\2)g;\T), .
dt g

uer  starting from an initial condition set by the egg size z(0) = x,.
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