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Abstract

Current fisheries management pays little attention to fisheries-
induced evolution. Methods of exploitation that have benefits in the
short term, while ameliorating selection in the longer term would
therefore be advantageous. Balanced harvesting (BH) is a potential
candidate. This tries to bring fishing more in line with natural
production, and some short-term benefits for conservation of aquatic
ecosystems and for biomass yield have already been documented.
It is also predicted to be relatively benign as a selective force on
fish stocks, because it keeps the overall distribution of mortality
relatively close to natural mortality.

We test this prediction, coupling an ecological model of ma-
rine, size-spectrum dynamics to an adaptive-dynamics model of life-
history evolution. The evolutionary variable is the reproductive
schedule, set by the maximum body mass and the mass at mat-
uration. The prediction is supported by our numerical analysis:
directional selection under BH is approximately an order of mag-
nitude weaker than in a standard fishery in which fish experience
a fixed rate of fishing mortality after recruitment. The benefit of
BH follows from relatively little fishing on large fish, due to the low
somatic production rates these big fish have. These results therefore
support the general argument for protecting big, old fish, both for
ecological and for evolutionary reasons. Slot fisheries that protect
large fish share some qualitative features with BH, and show similar
evolutionary benefits.

Keywords: adaptive dynamics, ecosystem dynamics, fishing-induced
selection, life-history evolution, production rate, size spectrum
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1 Introduction

Fisheries are potentially important drivers of evolution in fish stocks, be-
cause fishing is often a major cause of mortality once fish reach a size at
which they are harvested (Heino et al., 2015). There is good evidence
for phenotypic change in wild populations consistent with expected effects
of fishing, including the much-discussed case of maturation in North East
Arctic cod (Eikeset et al., 2016; Enberg and Jergensen, 2017). There is
also experimental evidence that such evolution can take place (Haugen
and Vollestad, 2001; Conover and Munch, 2002; van Wijk et al., 2013).
A molecular-genetic basis for such evolution, built on change in gene fre-
quencies at loci linked to traits under selection in the wild, is also being
developed (e.g. Chebib et al., 2016).

The precautionary principle calls for the minimization of risks from
fisheries-induced evolution (FIE). We are the custodians of marine ecosys-
tems, and responsible for leaving them undamaged for the future. This is
enshrined in the Malawi Principle 5 of the Convention on Biological Diver-
sity that motivates the ecosystem-based approach to fisheries management.
However, despite the case for evolutionary impact assessment (Jgrgensen
et al., 2007), the day-to-day reality is that short-term issues of manage-
ment supercede longer-term issues of FIE (Law, 2007). An example is the
plan of the European Union to eliminate discarding of species subject to
quota or minimum landing-size regulations in European waters (Common
Fisheries Policy reform EU Regulation 1380/2013). This is leading to the
development of technical measures that will increase the selectivity of fish-
ing, without consideration of the longer-term consequences for FIE. The
short-term solution comes potentially at the cost of exacerbating another,
longer-term problem.

One way forward would be to develop methods of fishing that help in
the immediate future and, at the same time, ameliorate selection in the
longer term (Law, 2007). Balanced harvesting (BH) is a potential candidate
for this. BH has been proposed as a way of exploiting fish stocks that
would help to maintain the structure and functioning of marine ecosystems,
by bringing fishing mortality more in line with the natural production of
biomass by species and body sizes (Garcia et al., 2012). For clarity, we
define BH at the outset as setting fishing mortality rate to be proportional
to the rate of somatic production (dimensions: mass vol.7! time™!, or mass
area”! time™!). Perfect BH of an ecosystem is probably unachievable, but
it does suggest a direction to go in. The bar for improvement appears to
be low: no relationship could be found between fishing mortality rate and
production rate of species in a recent study on the West of Scotland shelf
ecosystem (Heath et al., 2017). Matters could be improved both by a better
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balance of fishing mortality across species, and also by a better balance
across body sizes within species. These paths towards a better balance are
complementary, and both could bring fishing more in line with production
rates. Both are the subject of research, including the distribution of fishing
among species or functional groups (Garcia et al., 2012; Kolding et al.,
2016a; Heath et al., 2017), and the distribution of fishing over body sizes
(Law et al., 2012; Jacobsen et al., 2014; Kolding et al., 2016b; Law et al.,
2016).

Several short-term benefits of BH have been documented. The open-
access fisheries on the Zambian side of Lake Kariba, with patterns of fishing
mortality closer to BH than the more regulated fisheries of Zimbabwe, give
greater biomass yields with less impact on community structure (Kolding
et al., 2016b). Reducing fishing mortality in species with low production
rate helps to protect those that are rare and vulnerable (Law et al., 2016).
It also reduces ‘longevity overfishing’, aiding the recovery of natural size
structures, by allowing more survival of large individuals (Beamish et al.,
2006). In this way, it improves the resilience of stocks to external pertur-
bations (Hixon et al., 2014).

Here we consider a by-product of BH, that could have longer-term ben-
efits of slowing down FIE. This is motivated by models that suggest BH
keeps total mortality within species closer to natural mortality than do
traditional size-at-entry (SAE) fisheries (Law et al., 2015, 2016). A better
alignment between fishing mortality and natural mortality should reduce
selection on the life-histories of fish stocks, and therefore reduce FIE. This
is primarily a prediction about the distribution of fishing mortality over
body size within species, i.e. about BH across body sizes within species,
rather than about BH across species. The purpose of this paper is to test
this prediction about BH. Our numerical results support it. In other words,
BH has an incidental, longer-term advantage of reducing directional selec-
tion from fishing, in addition to its short-term benefits on structure and
functioning of marine ecosystems.

To do this work, we developed a method to connect the ecological dy-
namics of size spectra to a simple evolutionary model of adaptive dynamics
(AD) (Kisdi and Geritz, 2010; Brannstrom et al., 2013). In technical terms,
the work involves analysis of a transversal eigenvalue (the invasion fitness)
of a high-dimensional Jacobian. The Jacobian can be resolved to a simple
form that will allow broader study of evolution in complex, size-structured,
marine ecosystems in the future.
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2 Theory

The theory is built in three steps (Fig. 1). (Step 1) An ecological model
of the dynamics of coupled size spectra: this is needed because there is no
external notion of fitness in an AD model—fitness of genetically distinct
phenotypes emerges directly from the ecological processes. (Step 2) An
evolutionary model based on AD within which the ecological dynamics are
nested: this moves an ancestral population through a sequence of muta-
tion and selection events, driven by predation in the size spectra, leading
eventually to a singular point at which there is no further evolution. The
system is then at an evolutionarily stable state (ESS), before fishing is
added. Without a separation of this kind, selection from fishing would be
conflated with selection from predation taking place inside the food web.
(Step 3) Calculation of the strength and direction of selection generated by
a range of patterns of fishing at the ESS.

FIGURE 1 NEAR HERE

2.1 Ecological model

Dynamic size-spectrum models of marine ecosystems couple together an
arbitrary number of species through size-dependent feeding (Andersen and
Beyer, 2006; Hartvig et al., 2011; Blanchard et al., 2014; Jacobsen et al.,
2014). Like any model of a complex, real-world marine ecosystems, they
are a simplification. However, they are built up from realistic assumptions
about the frequency of predator-prey interactions between individuals of
a given size (Andersen et al., 2016). First, they assume that body size
is the primary driver of the trophic level at which marine organisms feed.
This property of marine trophic structure is in keeping with empirical re-
search on stable isotopes of nitrogen (Jennings et al., 2001). Second, they
deal explicitly with the growth of individuals as they eat other smaller or-
ganisms, so there is no external growth model, such as a von Bertalanffy
growth equation. Third, they assume that the most common cause of death
is through being eaten by larger organisms, which leaves less uncertainty
about rates of natural mortality. Fourth, they assume that species are
coupled through the body-size dependence of their prey: they are both
predators on other species, and cannibals on themselves. Different species
clearly can specialise in ways that affect their locations in food webs, and
size-spectrum models incorporate some species-dependent feeding param-
eters. Importantly, unlike most models in fisheries science, size-spectrum
models do the bookkeeping of biomass flowing in and out of species and
size categories, as individuals eat one another and grow (e.g. Law et al.,
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2016).

The state variables of size-spectrum models are functions that describe
the density of organisms ¢;(w,t) as functions of body mass w and time ¢,
where 7 is an index for species. The core of such a model is a system of par-
tial differential equations (PDEs), one equation for each species, describing
how the density function ¢;(w,t) of each species unfolds over time through
feeding (and consequent growth, reproduction and death). At their sim-
plest, the PDEs take the form of a McKendrick—von Foerster equation,
with body mass rather than age being the independent variable (Sinko and
Streiffer, 1971; Silvert and Platt, 1978):

(a)
5 —_——~— (b)

_ 5 i 2.1
agbi = 9w [Gi®s) — fso,iPs - (2.1)

To help understand this equation, Fig. 2 shows the meaning of terms on the
right-hand side. Term (a) describes the change in density at body mass w,
due to feeding on smaller fish, contained in the function g;(w,t) the growth
rate of individuals of body mass w at time ¢. This is calculated as a function
of the abundance of smaller, conspecific and heterospecific individuals, of a
suitable size to be prey of a individual of body mass w. Term (b) describes
the change in density at body mass w, due to death; fitor;(w, ) is the total
per capita death rate for individuals of body mass w. This is calculated
as a function of the abundance of larger, conspecific and heterospecific
individuals of a suitable size to be predators of an individual of body mass
w at time ¢, plus other sources of mortality including sensesence and fishing.
See Appendix A for full mathematical details.

FIGURE 2 NEAR HERE

In addition to species-dependent feeding, multispecies size spectra allow
species to have different life histories. Life-history parameters include, for
instance, the asymptotic body mass w; o, and body mass at 50 % mat-
uration wj,,. In non-seasonal, size-spectrum models, individuals allocate
an increasing proportion of incoming biomass towards reproduction and
away from somatic growth as they mature, the proportion reaching 1 at
W; o Where somatic growth ends. For a given egg size, this is enough to
define a schedule of reproduction at the level of species. Predation mor-
tality and growth, which are also components of the life history, are not
set as externalities in size-spectrum models, as they emerge from size- and
density-dependent feeding in the food web. However, some additional death
is incorporated, recognising that predation is not the only reason why or-
ganisms die, and such death may include mortality from fishing. In this
way the life history is defined at the species level.
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Note that the smallest organisms must have food to eat if they are to
grow, so size spectra have to be extended down into the spectrum of uni-
cellular plankton. For simplicity, we used a fixed plankton spectrum, set to
values that correspond approximately to those observed. This is equivalent
to an assumption that the plankton dynamics happen on a faster timescale
and cannot be exhausted by predation, and it has the effct that fish popu-
lation growth is not limited by the plankton. However, the predation and
cannibalism among the fish are enough to hold their population growth in
check, as long as the upper limit of plankton body size is kept sufficiently
small relative to the sizes of maturation in the fish species.

2.2 Evolutionary model

We used adaptive dynamics (AD) to describe phenotypic evolution. AD
was developed in the 1990s to provide a direct link between population
dynamics and phenotypic evolution (Kisdi and Geritz, 2010). The basic
dynamics and their graphical representation were given in some early pa-
pers (Metz et al., 1992; Dieckmann and Law, 1996; Metz et al., 1996; Geritz
et al., 1998), and a review by Brannstrom et al. (2013) gives an overview
of the subject. The idea is that phenotypic traits, such as asymptotic
body mass w;, although fixed in ecological time, have a genetic com-
ponent that is under selection driven directly by the ecological processes.
In the context of multispecies size spectra, AD allows evolution of traits
to emerge from natural selection generated by the multispecies food web
without simplifying the ecology. There is a cost to this in terms of certain
assumptions, the most important being a time-scale separation between the
ecological and evolutionary dynamics: mutations to the trait have to be
infrequent enough for the food web to be at its asymptotic state (typically
an equilibrium point) before the next mutant appears. Other assumptions
to make the dynamics more tractable include small mutational steps, a
simple asexual mutation-selection process (a trait-substitution sequence),
and populations that are dominated by a single phenotype at each step.

The path of evolution is determined by the initial rate of increase (in-
vasion fitness) of mutants as they arise in the resident food web. An evo-
lutionary step starts with the ecological system running to its asymptotic
state with a set of resident trait values s for the species. Having reached
this state, a function (s}, s) defines the invasion fitness of a mutant with
an altered trait value s, in species i. Despite the complexity of the resident
food web, the eigenvalue corresponding to the invasion fitness is found rel-
atively easily from a Jacobian matrix that contains the mutant dynamics
Eq. (B.1) (Appendix B). Evolution of the set of traits is then given by a
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system of canonical equations, with one equation for each evolving species:

dSi 0

ar = ki@Ai(Si’s>

oms; (2.2)
(Dieckmann and Law, 1996), where k; is an evolutionary rate constant for
species i. The core information about selection is carried by the partial
derivative of the invasion fitness in the direction of the mutant when the
mutant is rare (the selection gradient). What happens if the mutant in-
creases would seem to be left unanswered by this, but a theorem gives the
conditions under which invasion implies fixation of the mutant, and these
conditions apply quite widely (Geritz et al., 2002).

2.3 Strength of directional selection from fishing

To examine some basic effects of selective fishing we took just two interact-
ing fish species from the general framework above, and allowed evolution of
one trait on one of them. The evolving trait was the asymptotic body mass
Weo, and the mass at 50 % maturation w,, was assumed to be a fixed pro-
portion of this, so that the whole reproductive schedule would move with
body size as the trait evolved. This is in keeping with the similar length ra-
tios I/l observed in similar-shaped fish species, in taxonomically related
fish species, and in different populations of single species, despite substan-
tial variation in /., (Beverton, 1992; Froese and Binohlan, 2000). (As only
one species is evolving, the species index is omitted below.)

In an evolving system as simple as this, the invasion-fitness surface
AMwl,, ws) is enough to show the qualitative outcome of evolution. An
example is given in Fig. 3: the surface is saddle-like, and has a singular
point of evolution w’, at which the selection gradient in Eq. (2.2) is zero.
The singular point can be seen by taking a section through through the
surface at A = 0 known as the pairwise invasibility plot (PIP) (Fig. 3); the
singular point is at the intersection of the two lines (Geritz et al., 1998;
Brannstrom et al., 2013). In the system described below, the asymptotic
mass evolved to this point and came to rest there. Thus, in this instance,
the singular point is a continuously stable strategy (CSS), i.e. an evolu-
tionarily stable strategy (ESS) (Smith and Price, 1973), to which there
is convergence through evolution (Geritz et al., 1998; Brannstrom et al.,
2013). We take w? as the trait value of the evolved ancestral population,
prior to the introduction of fishing.

FIGURE 3 NEAR HERE

When fishing mortality is added, the shape of the invasion-fitness surface
is distorted, and the singular point at w}  becomes invadable by mutants.

9
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Some examples are shown in Fig. 4a. The gradient at w?  clearly depends
on the fishing mortality, and shows the strength of selection generated by
fishing. Thus we measure the strength of directional selection S as the
slope at the singular point w}_:

0

= - 2 .3
Ologw’ (2:3)

/\<w£>o’w00) wh =wk,’
to compare the selective effects of different patterns of exploitation below.
(Fig. 3 shows the direction along which the slope is measured.) If the slope
becomes negative when fishing is introduced, mutants with smaller w,, can
invade, and those with larger w,, cannot; steeper this slope, the greater
the selective advantage of these mutants.

In due course, a new mortality regime would cause evolution to another
phenotypic state. However, it would be inadvisable to use a simple AD
model to investigate this. The strong selection generated by fishing would
violate the time-scale separation between ecological and evolutionary dy-
namics assumed in the AD model. Other methods avoiding this assump-
tion would be preferred, such as quantitative-genetic and ecogenetic models
(Andersen and Brander, 2009; Dunlop et al., 2009). AD in this paper is
used just to construct an ancestral singular point of evolution, and to mea-
sure the strength of selection generated by patterns of fishing mortality at
that singular point.

FIGURE 4 NEAR HERE

3 Numerical results

3.1 Ancestral singular point of evolution

For numerical analysis, we took an ecological system similar to that of Law
et al. (2016), comprising a fixed plankton spectrum, together with two fish
species, one growing to a small size, and the other to a large size (notionally
mackerel and cod). The parameter values specifying the ecological system
are given in Appendix C. Some effects of different fishing regimes on this
and simpler systems in the absence of evolution have been shown in earlier
papers (Law et al., 2015, 2016), but an evolutionary model is needed to
examine the strength of selection generated by different fishing methods.

Cod was taken as the evolving species, and the evolving trait was we,
with the 50 % maturation as a fixed proportion, 1/15 of w.,. A singular
point of evolution of the ancestral cod was found at w*, ~ 85 kg (Fig. 3),

10
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near the size of the largest cod ever recorded (Kolding personal communi-
cation). Equivalently, mass at 50 % maturity w;, was 5.67 kg. Predation
by mackerel on small cod was the main driver of late maturation in cod in
our numerical model, and the strength of predation was therefore tuned to
obtain the ancestral value (Appendix C). (In the absence of mackerel, evo-
lution of the ancestral cod would bring cod to a singular point of evolution
at w’, = 27 kg in our numerical analysis (results not shown).) The large
asymptotic mass and longevity of ancestral cod can be interpreted as an
evolutionary outcome of the escape that this gives from heavy predation
early in life (Williams, 1966, p.89-91).

The invulnerability of the ancestral cod at w}, ~ 85 kg in the absence
of fishing is evident from the section through the invasion-fitness surface
in the direction of the mutant at w?, (Fig. 4a, heavy dotted curve). This
line reaches its maximum value of zero at w’_ : in other words, w? is
an ESS, uninvadable by any mutant with another trait value w.  in its
neighbourhood. The point w}_ is taken as the state to which cod evolved
prior to the introduction of fishing.

3.2 Patterns of fishing mortality

We considered three ways in which to distribute fishing mortality rate over
body size (Fig. 5). (1) Balanced harvesting (BH) sets the rate to be
proportional to the current rate of somatic production at each size, from
some minimum size of capture onwards (see Appendix D). (2) Size-at-entry
(SAE) fishing has a minimum capture size above which the fishing mortality
is constant irrespective of body size. (3) Slot fishing has constant fishing
mortality like SAE, but has an additional a maximum body size above
which fish are not caught. Each fishing pattern has a parameter controlling
the overall intensity of fishing. Under SAE and slot fishing, this is the
fishing mortality rate, F', within the exploited size range. Under BH, F' is
a function of body size, and the parameter is a constant of proportionality
¢ (units: m® g7!) between the production rate and the fishing mortality at
a given body mass.

FIGURE 5 NEAR HERE

Thus the fishing patterns differ in the fishing mortality above some min-
imum size of capture (assumed to be knife-edge). Notice that the fall in
somatic growth rate and biomass, which typically happens when fish be-
come large for their species, has the effect of making the somatic produc-
tion rate decrease. This is therefore accompanied by a corresponding fall
in fishing mortality under BH. The different fishing patterns distort the
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invasion-fitness surface (Fig. 3) in different ways, generating different se-
lection gradients, which will be described below.

The key to understanding the selection on cod generated by fishing is
through the changing regime of mortality on cod that fishing brings about.
This comes in two parts. First, there is a direct effect on mortality from the
fish that are caught. Second, hidden beneath this, are changes in intrinsic
mortality, predation mortality and cannibalism inside the size-structured
food web, as it adjusts to the fishing. The ecological size-spectrum dynam-
ics automatically keep track of these internal changes, and the effects of
the changes are felt by non-target as well as by target species.

3.3 Mortality from mackerel predation

The hidden effects of predation are important. For instance, mackerel is
not a passive partner in the evolution of cod: predation by mackerel is
part of the mortality experienced by cod. If mackerel are harvested, the
predation by mackerel on cod is reduced, and this leaves a footprint on the
invasion fitness of mutants w’_ in cod, favouring those with lower w’_ (Fig.
4a, dash-dot line), irrespective of any fishing on cod.

We assumed a fixed background of fishing on mackerel, harvested as
a SAE fishery with a fishing mortality rate 0.5 yr~! starting at a body
mass 250 g. We did this because cod could be seriously depleted by the
combined effects of heavy fishing and predation from mackerel, if the latter
was unexploited. So fishing on mackerel here was taken as a fixed part
of the environment of cod, and was not balanced to match fishing on cod
(cf. Law et al., 2016). The selection gradients on cod under fishing should
therefore be taken relative to the selection gradient on cod already caused
by catching mackerel. However, the impact on cod of fishing mackerel at
this level is relatively small, as shown in Fig. 4a.

3.4 Selection in BH and SAE fisheries

A BH fishery on cod leads to much less selection on the life history than a
SAE fishery (Fig. 4a: continuous and dashed lines). This can be seen from
the much steeper gradient in the invasion fitness under SAE (continuous
curve) than under BH (dashed curve), and is consistent with the prediction
that BH is relatively benign in its effects on FIE. Depending on whether
the selective effect of fishing mackerel is allowed for, the selection gradient
in the SAE fishery is from about five to twenty times that in the BH fishery
at the same biomass yield. Fig. 4b extends the comparison of BH and SAE

12
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fisheries to show the relation between selection gradient and biomass yield
as cod fishing mortality increases from zero (the fishing mortality rate on
mackerel is fixed throughout). The major benefits from BH in reducing
selection are clear. Note that the selection gradient on cod is negative even
when there is no fishing on cod, because mackerel fishing automatically
changes the pattern of predation on cod.

Fig. 6 gives a sensitivity analysis of the effect of varying fishing pressure
over a range of minimum capture sizes. This confirms the much weaker se-
lection in BH than in SAE fisheries as the minimum capture size is varied:
for a given biomass yield, the selection gradient is substantially closer to
zero in BH than in SAE fishing. Yield rises to a peak as fishing increases
and then falls until extinction occurs. BH gives the greatest benefits to re-
ducing selection with moderate levels of fishing, well before the maximum
yield is reached. The yield does not return smoothly to zero as fishing
increases; instead there is a threshold when the combined effects of fish-
ing, cannabilism, and predation by mackerel reach a point at which cod
collapses.

FIGURE 6 NEAR HERE

The main benefit of BH comes from bringing fishing in line with pro-
duction rates of large (not small) fish. This is evident from the fact that
the minimum capture sizes in the BH fisheries in Fig. 6a have relatively
little effect on the selection gradients as the biomass yield is growing. In
contrast, in the SAE fisheries (Fig. 6b), selection for earlier maturation
becomes stronger (i.e., S becomes more negative), as fishing becomes more
concentrated on adults. In the BH fisheries, the selection gradients in fact
get slightly closer to zero as the minimum capture size increases (Fig. 6a),
thereby countering the effect of mackerel fishing.

3.5 Selection in slot fisheries

A detailed balancing of fishing to production rate by species and body size
would be hard to achieve in practice. Evidently, low fishing mortality on
the big fish that have low production rates is the key to reducing fisheries-
induced selection on the reproduction schedule. We therefore examined the
sensitivity of selection to a range of slot fisheries, as a first approximation
to BH (Fig. 7), using two fixed ratios of maximum/minimum capture
size of 5 and 10. Like BH and SAE, the yield rises to a peak as fishing
increases. But unlike BH, the extinction point can be close to the peak
unless the mininum capture size is large. Since collapse could occur with
little warning, slot fisheries on small fish would need to be implemented
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FIGURE 7 NEAR HERE

The effect of sliding the slot fisheries across the life history of cod is
consistent with a basic notion of life-history theory, that organisms evolve
to avoid states where they are at their most vulnerable (Williams, 1966).
When small cod are caught (minimum capture sizes: 30, 100, 300 g), the
ancestral advantage in large body size as an escape from predation weakens
and, as in BH, relatively weak selection for earlier maturation occurs. Such
fishing is undoing part of the ancestral selection pressure for late matura-
tion. When intermediate-sized cod are caught (minimum capture size: 1
kg), delayed maturation allows faster growth through the vulnerable size
range, pushing the selection gradient a little in the opposite direction, even
to the point of reversing the direction of selection (Fig. 7b). When large
cod are caught (minimum capture size: 3 kg), delaying maturation carries
the heavy cost of potentially not reproducing at all, and, as in SAE fishing,
there is strong selection for early maturation.

The reversal of fisheries-induced selection is remarkable (Fig. 7b, fishing
from 1 to 10 kg). We interpret it in part as an interaction with the mackerel
fishery, since this slot size range would include cod that would otherwise
be eating the exploited size range of mackerel to a major degree. Catching
these cod thus allows more of these mackerel to escape predation, despite
the fishery on them (and also more escape from predation by cod of a
similar size). The outcome is heavier predation on cod still earlier in life,
and overall selection for later maturation.

4 Discussion

Our results support the prediction that BH is a good deal more benign
than traditional SAE fisheries as a selective pressure on the life histories of
fish. This is contingent on fishing mortality being set at a moderate level.
Although the ecological context of multispecies size spectra is different from
previous work, the basic feature, that organisms evolve not to linger in
vulnerable states, is congruent with earlier work on life-history evolution
(Williams, 1966; Edley and Law, 1988), suggesting a robustness of the
results that goes beyond particular model structures. The simple message
is that, to keep fishing-induced selection small, it helps to protect big fish
with low production rates.

Importantly, BH is as much about reducing fishing on components of
ecosystems that have low production, as it is about fishing on those that
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have high production. Fish that are big for their species typically have
relatively low somatic production rates, (a) because they have low mass-
specific somatic growth rates, and (b) because a history of fishing tends to
truncate size structures, leaving the remaining big fish with low biomass
densities. The somatic production rate is simply the product (a) x (b),
and BH therefore calls for correspondingly little fishing on these big fish.
BH thus aligns with a major stream of thinking that big, old fish need
protection both for ecological and for evolutionary reasons (Beamish et al.,
2006; Hsieh et al., 2006, 2010; Hixon et al., 2014). BH contributes to this
literature in suggesting somatic production rate as a quantitative guide for
setting relative levels of fishing mortality.

A precise balancing of fishing mortality to production rate by body
size would be hard to achieve in practice. Slot fisheries that select an
intermediate range of body size resemble BH at a qualitative level, as they
create a refuge for large fish. Our results on fisheries-induced selection
caused by slot fishing are consistent with those of a recent study on the
use of gillnets in NE Arctic cod (Zimmermann and Jgrgensen, 2017). Slot
fishing deserves attention in the drive for increased selectivity to reduce
discarding (Common Fisheries Policy reform EU Regulation 1380/2013).
Selectivity per se is not the issue—it is what is being selected that matters.
To get the evolutionary benefits from slot fisheries, their upper limits should
not extend too far into adult life, as that would generate a strong selective
advantage for early reproduction. Slot fisheries involving juveniles have to
be implemented with caution because of the clear danger that stocks could
collapse from over-exploitation.

Taking a multispecies, size-spectrum model as the ecological input into
a model of AD provides a new route into life-history evolution and FIE. It
deals internally with all the density-dependent growth and mortality gener-
ated by predation and cannibalism in the size-structured, food-web model.
In this way, it removes an artificial separation of natural mortality from
fishing mortality. This has some interesting consequences. For instance,
it shows how fishing on one species generates selection on another (unex-
ploited) species, as the food web adjusts to the fishing. It also shows that a
fishing regime, appropriately chosen, could change the predation mortality
generated within the food-web, reversing the direction of selection caused
by fishing. This would be system specific, and would require a detailed un-
derstanding of how the food web works. The framework we have developed
offers a route to exploring the selection pressures generated by fishing on
multiple species within a marine ecosystem.

Quite apart from the context of FIE, coupling size-spectrum dynamics to
AD should facilitate research into broader issues about evolution in aquatic
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food webs. Current models of size spectrum dynamics contain a number of
parameters that could be evolutionary variables, such as how far down the
food web predators are feeding, how broad their diets are, and how active
they are. Further ecological parameters are likely to become part of the
language of size-spectrum models as the research field develops, and AD
provides a flexible framework for studying their evolution.

One general evolutionary issue is whether there is a simple maximisation
principle at work. Such a principle, that species evolve to reproduce at the
body size at which cohort biomass is greatest, has been been suggested
by Froese et al. (2016) as an argument for the implausability of peaks in
biomass at small body size (Law et al., 2016). Our evolutionary analysis
does not support this maximum-biomass principle: irrespective of biomass
peaks, predation by mackerel on small cod generates an advantage for late
maturation in cod. Peaks and troughs in cohort biomass (and equivalently
somatic production rate) occur at body sizes where mass-specific growth
rate and death rate intersect (Law et al., 2016, Appendix E). These rate
functions are nonlinear and rather labile as they are strongly affected by
the prevailing predation in the food web. We would therefore expect the
peaks of cohort biomass to move around during the course of evolution.
Until more is known about such evolution, it is probably sensible to keep
an open mind about where peaks in cohort biomass are located with respect
to body size, and to try to understand more about the location of peaks
from empirical work.

Among the caveats about this study is the reduction of the life history
to a single scalar measure of reproduction, to allow the whole reproduction
schedule to shift to smaller or larger body sizes. This allows some basic
calculations, but it simplifies the multidimensional, phenotypic structure of
the life history. For instance, there is special interest in probabilistic matu-
ration reaction norms (PMRNSs) as sensitive indicators of FIE (Heino et al.,
2002; Heino and Dieckmann, 2008). The ecological, size-spectrum dynam-
ics do carry dependence of growth on food, so there is an implied PMRN,
which would be seen as prey densities change; this PMRN would depend
on age (not body size) with the size-spectrum model as implemented here.

A second caveat is that we have not dealt with the rate at which FIE
takes place. This is because it would be hard to justify AD’s time-scale
separation between ecological and evolutionary dynamics in contemporary
fisheries. Our results say only that, for a given biomass yield, the strength
of selection could be brought down by roughly an order of magnitude by
moving from SAE fishing to BH and appropriate slot fisheries. The rate of
evolutionary change caused by fishing is widely discussed (e.g. Jorgensen
et al., 2007; Andersen and Brander, 2009; Audzijonyte et al., 2013a; Heino
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et al., 2015), but has not gained traction in the practical management of
fisheries. This is unfortunate because the longer, decadal time-scale of FIE
does not absolve managers of marine ecosystems from responsibility for
such changes. One reason for linking FIE to BH is that, as well as helping
to resolve some short-term issues, BH can evidently also assist conservation
of fish stocks in the longer term.

A third caveat is that fishing gear obviously has many selective effects
other than changing the mortality rate, for instance on behaviour or repro-
ductive phenology (Heino et al., 2015; Andersen et al., 2018; Tillotson and
Quinn, 2018). Such selective effects of fishing gear can be quite different
from those generated by natural predators. The prediction in this paper is
simply about the distribution of mortality on the evolution of life histories
under different schemes of fishing.

Our main result, that fisheries-induced selection would be reduced by
lowering fishing mortality on fish that are big for their species, should be
robust. However the fine details of feedbacks within food webs are bound
to be context dependent. Feedbacks in multispecies, size-structured food
webs are intricate, and the challenge as fisheries science moves towards an
ecosystem approach is to see what, if any, broad robust patterns emerge
from the fine details (Audzijonyte et al., 2013b).
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« Tables

Table 1: Model parameters and values.

Parameter Mackerel Cod Unit Comments
Fish life histories:

woers0 0.001 0.001 g mass of fish egg

woerHm 200 evolving g mass at 50% maturity

woerie 650 evolving g asymptotic mass

Pim 15 8 - controls the body-size range over
which maturation occurs

p 0.2 0.2 - exponent for approach to asymp-
totic body size in reproduction
funcion
Dynamic size spectra of fish
species:

K 0.2 0.2 - food conversion efficiency

o 0.8 0.8 - search rate scaling exponent

A; 750 700 md yrt g feeding rate constant

Bi 6 4.5 - natural log of mean predator prey
mass ratio

o; 2.5 1.9 — diet breadth

,ug?i) 0.1 0.1 yr! intrinsic mortality rate at birth

3 -0.15 -0.15 - exponent for intrinsic mortality
Fized plankton size spectrum.:

woeTomin 4.8 x 1071 g lowest body mass of plankton

woeromaez 0.03 g greatest body mass of plankton

U0 100 m~3 plankton density at 1 mg

vy 2 — exponent of plankton spectrum
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« Figure legends
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Figure 1: Road map of modelling steps. Boxes are cartoons of size spectra; with
two species (filled and empty), and shapes depicting different phenotypes. The
ecological model is run to determine the equilibrium state of the two species
(STEP 1). New phenotypes are generated by mutation (STEP 2). The fate of
a new phenotype is decided by the ecological dynamics (STEP 1). These steps
are iterated as shown by the arrows until eventually the system reaches a state
at which no further mutant can invade, an evolutionarily stable state (ESS).
Contemporary fishing at this ancestral ESS generates new selection on the life
history (STEP 3). The paper contrasts the strength of selection generated by
balanced harvesting (BH) with size-at-entry and slot fishing.
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Figure 2: Processes acting on fish of body mass w. Growth comes from feeding
on smaller fish of the same and other species, given by rate term (a) in Eq. (2.1).
The main cause of death is predation and cannibalism by larger fish, a component
of the rate term (b) in Eq. (2.1). Feeding is set by a preference function for
prey relative to size w, determined by a species-specific predator:prey mass ratio.
Heavy lines are examples of size spectra on log-log axes; these lines can change in
shape over the course of time, as fish grow and die. Dashed lines show biomass
flows from prey to predator.
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Figure 3: An example of an invasion fitness surface A for a mutant with trait value
w! as it enters a resident population with trait value ws, and its corresponding
pairwise invasibility plot (PIP), the section through the surface at A = 0. Filled
circles mark the singular point of evolution, w},. Signs show the sectors of
the PIP in which the invasion fitness of mutants is positive and negative, with
boundaries given by the dash-dot line. The dotted line shows the direction in
which selection gradient, Eq. (2.3), is measured.
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Figure 4: Invasion fitnesses and selection gradients S of cod mutants, under
fishing schemes defined in the text. (a) Sections through invasion-fitness surfaces
A in the mutant direction wl, at w), (the direction of the dotted line in Fig. 3).
The ancestral, unexploited system has a singular point of evolution w}_ at 85 kg
(S = 0). The selection gradient on cod from fishing is measured by the gradient
S at w¥ , Eq. (2.3), as shown in the inset. Fishing mackerel, and not cod, leads
to some selection on cod: S = -0.0051 yr~!. Adding balanced harvesting (BH)
on cod to the background fishing of mackerel, slightly increases selection on cod:
S = -0.0067 yr~! (cod minimum capture size 100 g, ¢ = 11.0 m® g~!). Adding
size-at-entry (SAE) fishing on cod to the background fishing of mackerel, gives
much stronger selection on cod: S = -0.0392 yr~! (cod minimum capture size
1 kg, F = 0.2 yr!). (b) Effects of increasing cod fishing on selection gradients
S and biomass yields (minimum capture sizes remain as in (a)). Arrows show
the direction of increasing fishing on cod, starting from 0 and ending close to
extinction of cod (near ¢ = 70 m? kg~ in the case of BH, and F = 0.32 yr—! in
the case of SAE). Filled circles mark the selection gradients of the cod BH and
SAE fisheries shown in panel (a).
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Figure 5: Three kinds of fishing mortality F: balanced harvesting (BH), size-
at-entry (SAE), and slot. Each fishing pattern has a parameter controlling the
overall fishing intensity, which moves the fishing mortality rates up or down; here
their values are: BH ¢ = 30 m® g7!, SAE F = 0.22 yr~!, slot F = 0.65 yr— .
These parameter values were chosen to generate biomass yields near to 0.01 g
m~3 yr~! at steady state. They give selection gradients S (yr—!): BH —0.008,
SAE —0.045, slot —0.014.
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Figure 6: Selection gradients S and biomass yields of cod as fishing mortality on
cod increases in: (a) balanced harvesting (BH) fisheries; (b) size-at-entry (SAE)
fisheries. Each line describes a different minimum capture size, as shown in the
keys. Lines end where fishing mortality rate causes extinction of cod; this is
close to the value given in brackets, ¢ (m3 kg™!) in the case of BH, and F (yr—1!)

in the case of SAE.
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Figure 7: Selection gradients S and biomass yields of cod obtained as fishing
mortality on cod increases in slot fisheries: (a) maximum capture size at 5 times
the minimum; (b) maximum capture size at 10 times the minimum. Each line
describes a different minimum capture size, as shown in the keys. Lines end
where fishing mortality rate F' causes extinction of cod close to the value (yr—!)
given in brackets, except for minimum capture size 30 g, which is off the scale.
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Appendices

A Multispecies dynamics

It is convenient to work in terms of the logarithmic body mass variable,
x = In(w/wp), where wy is an arbitrary body mass. This gives a state
variable u;(z,t)dr = ¢;(w,t)dw, with dimensions L3, which corresponds
to the density of individuals of type ¢ with log body mass in the range
[z, x4+ dx] at time t. ‘Type’ may be a species or a mutant within a species.
The dynamics of u;(x) are given by the partial differential equation (Law
et al., 2016):

growth diffusion reproduction
% N > —— mortali
ous "0y 100 o T BR o A1)
= T 1GGiU| T oo |6 5 (6l — ¢ iU, .
ot oz 20x ox 2 Hrot,

where the arguments x and ¢ have been omitted from each function. The
functions ¢;(z,t), G;(z,t) and puei(,t) respectively represent the rates of
mass-specific prey biomass assimilation, diffusion and mortality for type ¢
at log body mass x and time ¢. The function R;(¢) is the reproduction rate
(number of eggs produced per unit volume per unit time) of type i at time
t. The function ¢;(x) is the proportion of assimilated prey biomass that is
used for somatic growth by individuals of type ¢ and log body mass x. Each
of these functions will be defined below. The function b;(x) represents the
mass distribution of eggs of type ¢. This is assumed to be a Dirac-delta
function, corresponding to a unique log mass ;o for type i. Eq. (A.1) is an
extension of the size-based McKendrick—von Foerster equation to include
a second-order diffusion-like term. This allows for demographic variability
in size-at-age trajectories (Datta et al., 2010, 2011), although in practice
this is small.

The model assumes that a predator of type ¢ and log body mass x
searches a volume of water A;e®® per unit time, and has a relative pref-
erence for prey that is given by a function s;(r) of the predator:prey mass
ratio r. The relative encounter rate between individuals of type ¢ and indi-
viduals of type j is denoted 6;;. The mass-specific prey biomass assimilation
rate g;(x) is calculated as an integral over the abundance of potential prey:

gi(z) = A el DTS, / (e sV, (A2)
=0
Similarly, the rate function for the second-order diffusion term G;(z) is
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given by (Law et al., 2016)

Gi(z) = AjK el Z 0, / 2 s, (e Yu,(2)dx’ (A.3)
=0

Three sources of mortality are included: predation mortality, natural
non-predation mortality (referred to as intrinsic mortality) and fishing mor-
tality

frot,i(2) = pi(T) + 1o () + prri().
The predation mortality rate u;(z) is calculated as an integral over the
abundance of potential predators:

pi(x) = ZAjGﬂ/eajx/sj(e‘”lx)uj(:r;')d:c’. (A.4)
j=1

The intrinsic mortality rate p,;(z) accounts for sources of mortality other
than predation and fishing. We assume that this is proportional to the
mass-specific needs for metabolism, relative to the mass-specific rate at
which food becomes available at size x. These rates are set relative to their
values at egg size, S0 (i, (Ti0) = M(o(,)z‘) is a fixed baseline intrinsic mortality at
birth for type ¢. The metabolic need should scale with body mass, and we
write this as exp(—&(x — z,)), using the same exponent for all types. The
mass-specific prey intake rate at size x relative to size ;¢ is g;(z)/gi(2:0)-
Thus

o () = 1) exp(—€(w — 10))gi(i0)/9i(x), (A.5)
which is also a function of time because it depends on the mass-specific
prey intake rate g;(x).

The feeding kernel for type ¢ is a Gaussian function of log predator-to-
prey mass ratio r, with mean f; and standard deviation o;. The feeding
kernel is assumed to be 0 when r < 1 so that predators are always larger

than their prey:
_ >—m>2> >
2 ) rzl } | (A.6)

0 r<l

v2)
s
—~
=
N~—
——
qQ
—
&)
3
[©]
e
o
VS
5
N3
= |

The function ¢;(z) the proportion of incoming prey biomass that is al-
located to reproduction, using a form suggested by Hartvig et al. (2011):

1 —€(x) =[1 4 exp(—pim(x — xi,m))]_l exp(p(z — Tio0))- (A.7)

Here wope*i™ is the body mass at which 50 % of the fish of type i are mature,
and p; ., defines the body-mass range over which fish are maturing. The
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asymptotic body mass wge* >~ is the size at which all incoming mass is
allocated to reproduction and no further somatic growth is possible, the
approach to this size being scaled by a parameter p common to all types.

The egg size x; ¢ and asymptotic size z; o, together give boundary condi-
tions for Eq. (A.1), over which there is no flux of individuals. For simplicity,
we do not deal with the dynamics of the plankton. This can be thought
of as an assumption that the plankton operate on a short timescale rel-
ative to the fish community. The fixed plankton spectrum was taken as
uo(7) = ugpexpt =% where ugp is the abundance of plankton of mass 1
mg, giving a power-law relationship between body mass and abundance.
Parameter values are given in Table 1.

B Invasion fitness

We consider a resident community consisting of two species coexisting at
a stable equilibrium (though the following easily generalises to more than
two species). The discretised version of the size-spectrum model consists of
the abundance w; of each species in size classes 2y, (k= 1,..., N) with step
size Ax. The Jacobian matrix of the two-species system takes the form

Jll J12
Jres =
{ Jor Jao ]

where J;; is the N x N matrix describing the dependence of species ¢ on
species j. We require that this two-species system has a stable equilibrium
in which both species are non-zero, so that all eigenvalues of the Jacobian
evaluated at this equilibrium, J7 ., have negative real part.

res’

Now suppose the community is augmented by a mutant of species 2
indexed 2. The expanded system has a Jacobian matrix of the form

Ju Ji Ju
Jang = | Jor Jo2 Joo
Jonn Jon Joo

The state at which the resident species 1 and 2 are at the two-species equi-
librium and the mutant 2’ is absent is also an equilibrium of the augmented
system. When the Jacobian matrix J,,, is evaluated at this equilibrium,
the submatrices Jo; and Joo are zero. Hence the Jacobian is

Jll J12 J12’
J;ug = J21 J22 J22’ (Bl)
0 0 T
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The eigenvalues of this matrix consist of the eigenvalues of J7 ., which all
have negative real part, together with the eigenvalues of J%,,,, which is Joror

evaluated at the coexistence equilibrium of 1 and 2, with 2" at zero.

The elements of the Jacobian Jo9 can be obtained from the discretised
version of the PDE, Eq. (A.1), for the mutant. For brevity, we drop the
mutant index by using uy to denote uy (xy), and similarly gx, Gy, €k, fiot k-
The discretised version of the PDE is then:

% _ Ck—10k—1Uk—1 — €xGrUL
dt Ax

€h—1Gr_1Uk—1 + €1 Grp1Upg1 — 26.Gruy,
2Ax2

+e Tk

€b—1Gr—1Up—1 — eGruy

+e vk

2Aw
01 Re™™0
. L B.2
Hiot, k Uk -+ Aa’,’ ( )
where dy; is the Kronecker-delta symbol.
From Eq. (B.2), the elements of J%,,, are:
I e SIS
Ak Ay e "FerGy (AxQ + 9AL Motk
_ €k-19k-1 oy a 1 1
A k-1 TAr te Tep1Gra (—Qsz + oAz )
a _ e epy1Gryt
k’,k‘+1 2A1’2 )
Te—T0 (] —
aly = € (2 €k)gk (Bg)

All other elements of J3,,, are zero because terms of the form 9/0u;(gruy)
are all zero when evaluated at the equilibrium u, = 0. The functions gy,
G and pior . depend on the resident abundances via Eqgs. (A.2)-(A.4).
In the special case considered in this model, where the only difference
between the mutant 2’ and the resident 2 is in its reproduction schedule
(€x), the functions gy, Gy and fier, Will be identical to those for the resident
2. In other words, the mutant experiences the same size-dependent food
intake and mortality rates as the resident, but differs in the proportion of
incoming biomass that is allocated to reproduction. In the simpler case
of the McKendrick—von Foerster equation without diffusion, the Jacobian
elements above omit all terms containing Gy.
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The two-species coexistence equilibrium is stable to introduction of the
mutant (i.e. a rare mutant will die out) if all eigenvalues of J3,, have
negative real part. If J3, has an eigenvalue with positive real part, the
two-species equilibrium is unstable to the introduction of the mutant (i.e.
a rare mutant will increase in abundance). The eigenvalue with largest real
part A is the rate of increase of the mutant population when the mutant is
rare, i.e. the invasion fitness.

C Numerical methods

We took a community of two fish species, one growing to a small size, and
the other to a large size, together with a fixed plankton spectrum. This
was based on Law et al. (2016), the two species having parameter values
motivated by mackerel and cod (Table 1) as described in Law et al. (2016).
The dynamics were described by Eqns (A.1), with mackerel indexed i = 1,
and cod i = 2. The asymptotic body mass of cod, 7., = In(w ), was set to
evolve, and the mass at 50 % maturation, x,, = In(w,,), evolved with it as
fixed proportion In(1/15) of this. The matrix of preferences 6;; of predators
of type 7 for prey of type j was:

0 0 0 O
1 1 02 02

O=11 02 1 1| (C.1)
1 02 1 1

The first three rows of 6, indexed i = 0, 1,2, refer respectively to: (0)
plankton, (1) mackerel, and (2) cod with resident trait value z,,. The final
row refers to predation by mutant cod z_, with predation preferences set
to be the same as resident cod. The cross-species predation parameters,
t;; = 0.2, were chosen to take cod’s z, to a singular point of ancestral
evolution z%_  near that of the largest recorded cod.

TABLE 1 NEAR HERE

For numerical analysis, the continuous equations were discretized to
a system of ordinary differential equations using as small a step size as
practicable (Ax = 0.05). For given parameter values, we obtained a close
approximation to the steady state from a numerical integration over a 100
yr time period, using a time step At = 0.0005, based on the Euler method.
The Gaussian feeding kernel s;(r) Eq. (A.6) was truncated at +3c0, and
normalised to sum to 1. Fast Fourier transforms were used to compute
the convolution integrals. In cases where convergence to the steady state
was slow, the time period of integration was extended. We terminated
sequences of increasing fishing mortality at extinction of the cod.
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Having reached the steady state of an arbitrary resident community
(with cod’s trait value at x,), we constructed the life history of a rare mu-
tant with an altered trait value z’_. The Jacobian matrix of the resident
community, augmented by the rare mutant, could then be built, with ele-
ments as given in Eqgs (B.3). The invasion fitness, A(2,, o), of the mutant
cod in the resident community is the real part of the leading eigenvalue of
this matrix.

A singular point of evolution z%_ occurs at

0= 8:10)\@;0’%0) R (C.2)

obtained numerically from a pairwise invasibility plot, using a grid of values
(2!, Too) of invasion fitness (Fig. 3). The strength of directional selection
generated by fishing on cod at the singular point x_, was measured as

Azl + oz, xt)) — Mol — oz, )

5= 2Azx

(C.3)

We checked the integrations by running two independently constructed
versions of the code. We also checked the eigenvalue measure of invasion
fitness by direct measurement of the rate of increase of rare mutants.

D Fishing mortality under balanced harvest-
ing

Balanced harvesting, as defined in this paper, sets the fishing mortality
rate on species ¢ at time ¢t in proportion to the current rate of somatic
production at each body mass z, from some mininum capture size ..,
onwards. Production rate is measured as

pi(z,t) = €(z) gi(z,t) ui(x,t) wee”, (D.1)

where g¢;(x,t) is the mass-specific assimilation rate of prey biomass Eq.
(A.2), €(x) is the proportion of this prey biomass allocated to somatic
growth, u;(x,t) is the the density of individuals with log body mass in
the range [z, z + dz], and wee® is the predator mass. This gives a fishing
mortality rate Fj;(z,t)

Fi(z,t) = (D.2)

0 if ¢ < ZTyun
cpi(z,t) if @ >= T
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Here c is a constant of proportionality with dimensions vol. mass™! or

area mass~!, and can be thought of as a mass-specfic exploitation ratio.
Production rate changes over time as the density functions w;(x,t) change.
Balanced harvesting tracks the changing production rate until the ecosys-
tem reaches its ecological steady state. The calculations in this paper use

the fishing mortalities at this steady state.
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