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Abstract

There have been few documented extinctions of fished species, but many bioeco-
nomic models predict that open-access incentives make extinction possible. Open-
access multi-species fisheries can cause species' extinction if other, faster-growing
species maintain profits at fatal effort levels. Even target species can be profitably
harvested to extinction if their prices rise sufficiently as they are depleted. Here, we
explore interactions between these potential extinction mechanisms by modelling an
open-access multi-species fishery with one or multiple fleets exploiting two species,
each with different growth rates, ex-vessel prices, and price dynamics. Increases in
the strong stock's (the stock with higher productivity relative to fishing susceptibility)
price as it is depleted increase the range of conditions under which the weak stock can
be driven extinct and shrinks the range of bioeconomic parameters in which both spe-
cies can coexist under open-access. Catch hyperstability - whereby species become
easier to catch as they are depleted - makes the weak stock weaker as it is depleted
and further narrows the scope for coexistence. Fleet diversity in targeting ability can
prevent weak stock extinction, as competition or switching balances species abun-
dances. With few documented global fished-species extinctions, our results raise im-
portant questions, which we discuss. Is the apparent lack of extinctions largely due to
management? Are more species in lightly-managed fisheries threatened with extinc-
tion than previously acknowledged? Have more extinctions than we realize already
happened in data- and management-poor fisheries? Or have fishes' high fecundity
and the oceans' vastness provided protection against extinction that is uncaptured by

existing theoretical models?
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1 | INTRODUCTION

Decades of fisheries economics research have cemented the idea
that fisheries should rarely cause species extinctions, because fish-
ing becomes unprofitable as stocks become depleted. In theory,
this should reduce fishing pressure before stocks are completely
extirpated (Gordon, 1954; Schaefer, 1957). There have indeed been
few documented global extinctions of fish species caused by har-
vesting (Le Pape et al., 2017), and well-managed fisheries have had
many successes in maintaining and rebuilding sustainable harvests
(Cochrane, 2020; Hilborn et al., 2020).

However, there have been numerous severe depletions and local
and regional extinctions of fished species (Dulvy et al., 2003; Webb
& Mindel, 2015). Approximately 30% of global fisheries are consid-
ered to be overfished, and this proportion has grown through time
(FAQ, 2024). These depletions, combined with the lack of assess-
ment information on most marine species, raise the possibility that
extinctions are occurring on a larger scale than has been detected
(McCauley et al., 2015; Webb & Mindel, 2015). Extinction risk seems
to be highest among species with slow intrinsic population growth,
high economic value, and high rates of unintentional or opportu-
nistic catch in fisheries primarily targeting other species (Branch
et al., 2013; Collette et al., 2011; Dulvy et al., 2003).

Recent bioeconomic theory explains how each of these conditions
and others can allow fishing to cause extinction by preventing profits
from dissipating as a species is depleted. For example, in single-species
fisheries, fishing profits can be maintained as the target species' abun-
dance declines if prices increase faster than costs, either due to supply
and demand or rarity effects (Burgess, Costello, etal., 2017; Courchamp
et al., 2006; Dao et al., 2023; Holden & McDonald-Madden, 2017).
Hyperstability of catches can facilitate a similar dynamic, causing catch
and profits to remain high even while abundance declines (Burgess,
Costello, et al., 2017; Harley et al., 2001). Catch hyperstability is es-
pecially common in species with schooling behaviour (see Burgess,
Costello, et al., 2017 for meta-analysis; Rose & Kulka, 1999). Harvest
subsidies can also exacerbate overfishing or extinction threats for tar-
get species by reducing costs or subsidizing increases in fishing power
(Sumaila et al., 2019).

The conditions for extinction may be even more common in
multi-species than single-species fisheries (Berck, 1979; Clark, 1990;
Larkin, 1963; May et al., 1979). Multi-species fisheries also constitute
most global fisheries given the low selectivity of most fishing gears.
In multi-species fisheries, species with higher productivity relative
to their susceptibility to fishing can economically support fishing
efforts that threaten the survival of species with lower productiv-
ity relative to their susceptibility to fishing (Burgess et al., 2013;
Hastings et al., 2017). This dynamic represents a critical threat to
many large-bodied marine species (which tend to have lower pro-
ductivity) caught in multi-species fisheries (Branch et al., 2013), in-
cluding chondrichthyans (sharks, rays, skates, sawfishes, chimeras),
marine mammals, seabirds, turtles, and several species of large bony
fish (Burgess et al., 2018; Dulvy et al., 2021). An analogous threat
of opportunistic harvesting - whereby hunters target an abundant,
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fast-growing species, but will kill a rare, slow-growing species if
they encounter one - affects land animals (Thurner et al., 2021)
and may have contributed to the Pleistocene megafaunal extinction
(Alroy, 2001). Multi-species fisheries can also indirectly cause extinc-
tion threats by affecting species competition (Burgess et al., 2019)
and other interactions.

Theory on extinction threats from fishing has tended to ex-
plore threats to target species in single-species contexts (e.g., from
rising prices or stable costs) separately from threats from multi-
species fishing (e.g., Burgess, Costello, et al., 2017 versus Burgess
et al, 2013). Here, we analyse the interactions between these
threats. We extend the classic Gordon-Schaefer bioeconomic model
to a two-species fishery in which one or both species have increasing
prices or hyperstable catches as they become rarer. We also explore
the effect of fisheries subsidies and fleet diversity on extinction
conditions and equilibrium abundances. We focus on three broad
questions: (1) How do single-species and multi-species extinction
mechanisms interact, and under what conditions are they synergis-
tic or antagonistic? (2) How broad are the sets of conditions that can
cause extinction under open-access management? (3) Does having
multiple fleets exploiting both stocks affect extinction threats from
multi-species fishing? We derive analytical results and perform sim-

ulations to explore these questions.

2 | METHODS
2.1 | The model
We first consider a two-species, open-access, single-fleet fish-

ery, in which one species, s (hereafter ‘stock’), has higher fishing
susceptibility relative to its productivity than another stock, w
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(Zhou et al., 2016). For convenience of terminology, we refer to the
stock with lower susceptibility relative to its productivity as the
‘strong stock’ (hence, s) and the other as the ‘weak stock’ (hence, w),
as is common in the literature (Hastings et al., 2017). However, we do
not intend for this terminology to convey any normative implications
(e.g., a negative one for ‘weak’ stocks).

We assume that both stocks co-occur and are exploited by the
same fishery operating within a single fleet. We explore behaviour
under both open-access and maximum sustainable yield (MSY)-
based management. Both stocks grow according to continuous lo-
gistic growth - governed by a maximum growth rate (r; for stock i)
and a maximum abundance or carrying capacity (K; for stock i). Each
stock has a catchability (g, for stock i) that reflects its susceptibility
to each unit of fishing effort (E). We include an additional parameter,
p; for stock i, that allows catch per unit effort (CPUE) to be non-
linearly related to abundance (N, for stock i) to account for catch
flexibility (Burgess, Costello, et al., 2017; Harley et al., 2001). As g
gets progressively smaller than one, catches become increasingly
hyperstable (i.e., catches remain high despite declining abundance).
The rate of change of abundance of stock i, N, is expressed in contin-

uous time as the following derivative:

% = r,N,.<1 - %) - gN'E, (1)
where i=sorw.

Under open-access conditions, we assume that the dynam-
ics of effort are given by Equation (2), which mirrors the Gordon-
Schaefer model, with the addition of catch non-linearity (8, and the
assumption that price can be non-constant. Specifically, we assume
that there is a constant per-unit-effort fishing cost, ¢, and that the
price of catch is a function of the stock size [p; (N,)], either directly
(Courchamp et al., 2006; Holden & McDonald-Madden, 2017) or
indirectly as a function of catch (Burgess, Costello, et al., 2017).
Fishing revenue from species i is equal to price multiplied by catch
[p; (Ni)q,-N,ﬁ"E]. Profits are equal to revenues from both species added
together, minus fishing costs (cE). The rate of change of effort, E, is
proportional to fishing profits, with a constant, a, determining the

response rate of effort to profits:

Z—f - aE[ps(Ns)qug’s + P (N, )a N — c] 2)
Effort decreases when profits are negative and increases when profits
are positive.

While our analytical evaluations do not specify a form of the
price function [p;(N;)l, one of the simulation scenarios described
below assumes, as in Burgess, Costello, et al. (2017), that price is a
function of catch with a constant price flexibility of demand (Eales
etal.,, 1997; Houck, 1965), f;:

pi(N) =ACT = A(aNAE) " @)

Here, C, denotes catch (per unit time) of stock i, where C; = g;N”E,
according to Equation (1).

Under MSY-based management targeting stock i, we assume that
effort is set to the level that creates MSY-generating fishing mortality
(Fyygy)- This cannot be solved for analytically when CPUE is non-linear
in abundance (f; # 1), but when CPUE is linear in abundance (; = 1):

r:
Fusy = 2—(;1 (4)

To distinguish the strong and weak stocks, we define differences
in vulnerability, where the ‘vulnerability’ of stock i is specified as in
Burgess et al. (2013):

CPUE; q; _
V.= P JiNAL 5
=T , (5)

fi

If CPUE is linearly related to abundance (§; = 1), then V; = %
and the identity of the stock with higher vulnerability is fixed. By
contrast, if g; # 1, then the identity of the more vulnerable stock
can change depending on the relative abundance of each stock.
Therefore, for simplicity, our analyses refer to the ‘weak’ and ‘strong’
stock according to their%" ratios (the weak stock's ratio is set to be
higher: fTW > %’).

We perform analytical evaluations of the model to derive equilib-
ria and extinction conditions and identify synergies or antagonisms
between price-driven and weak-stock-driven extinction conditions.
These analytical solutions are derived in the results Section 3.1.

2.2 | Extension to multiple fleets

To see how multi-fleet competition with malleable selectivities (i.e.,
a situation where fleets can change catchabilities, a;; by changing
their fishing practices) might affect our results, we explore a fishery
with multiple fleets exploiting both stocks at different rates, extend-
ing the results of Burgess (2015). Here, a ‘fleet’ can be thought of as
a distinct combination of timing, location, gear, and target species,
similar to the concept of a ‘fishing opportunity’ (Branch et al., 2005)
or a ‘métier’ (Marchal et al., 2013).

With M fleets, where Ej denotes the effort in fleet j and a; de-
notes the catchability of stock i in fleet j, the dynamics of stock abun-

dance and effort are given by:

dN, N
d_t'zr,.N,.<1—Kf> - ;q,.jNi E, (6)
where i=s or w;
dE;
— = [ps(Ns)qs,fo + Dy (N, )N — c] (7)

For analytical convenience, we assume that all fleets have the
same cost, ¢, and incorporate differences in their catch efficiency
into the g parameters. We also assume that all fleets have the same
response rate to profits, a, since this parameter does not affect the
equilibrium outcomes. Following Burgess (2015), we decompose
each g parameter as:
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g = aim;;g; (8)
Here, g; is a species-specific parameter that represents how easy spe-
cies i is to catch across all fleets; mj; represents the degree to which
fleet j targets species i compared with other species (we therefore
require m; + m,,; = 1 for all fleets j); and e; represents the efficiency
of fleet j (i.e., how much catch does it obtain per unit of effort - and
therefore per unit of cost), all else equal. We now assume that the weak

stock is defined byf—w > :'—5

2.3 | Simulated evaluations of the model

We performed three groups of simulations to examine overexploi-
tation and extinction risk under bioeconomic scenarios in which
equilibria could not be analytically derived. First, we evaluate a
‘constant price’ scenario, which assumes that prices are constant
and CPUE is linearly correlated with abundance. This scenario al-
lows us to implicitly explore interactions between price dynamics
and weak stock dynamics without having to specify the price func-
tion. In this scenario, we simulate weak-stock equilibria - based on
Equations (1) and (2) - over a range of vulnerability ratios (V,/V))

and strong and weak stock prices, with other parameter values

(b)

— 975
o
FISH and FISHERIES A s Wl ] EYJ—

fixed (Figure 1a-d). Second, in a ‘fisheries subsidies’ scenario, we
examine the impact of fisheries subsidies on overexploitation and
extinction risk. This scenario is equivalent to the ‘constant price’
scenario except that we decrease fishing costs by 25% to mimic
fisheries subsidies. We selected 25% because it reflects that mag-
nitude of subsidies for multi-species trawl fisheries in Sumaila
et al. (2010) (Figure 2).

Finally, we evaluate a ‘non-constant price’ scenario in which
we evaluate various combinations of price flexibility and catch
flexibility using Equation (3). This scenario is of special interest
because price flexibility (f) and catch flexibility (8;) can interact
to threaten a target species (Burgess, Costello, et al., 2017). In
the context of weak-stock dynamics, catch flexibility has the ad-
ditional interesting property that it makes both the vulnerabil-
ity ratio of the two stocks and the identity of the weak stock
dependent on the stocks' relative abundance (Figure 3). To ex-
plore these conditions and their interactions, we simulate four
sub-scenarios: (1) a reference scenario with f,=f, =0 (con-
stant prices) and g, = g, =1 (CPUE linear in abundance); (2) a
scenario in which both stocks have positive price flexibilities
(f, =f, = 0.22) and only the strong stock has hyperstable catches
(B, =0.56; B, = 1); (3) the same scenario as (2) where the catch

—
()
-

Weak stock price = 0

Strong stock economic potential

Weak stock price = 1

Weak stock N/Ny gy

1.0 1.5 2.0 25 3.0

—_
(1)
~

1 - MSY Target

Strong stock price = 1

©

~

(2]

o

4

Weak stock economic potential
w

" 0.5 — Overfished
Strong stock price = 2

0 - Extinct

1.0 1.5 2.0 25 3.0 1.0 1.5 2.0 25 3.0
Vulnerability ratios

(VilVs)

FIGURE 1 Equilibrium abundance for the constant price scenario. Weak stock depletion (N/N, ) is shown for a range of vulnerability
ratios and revenue potential for both stocks. The synergy zone that drives the weak stock extinct with higher prices of the strong stock

is shown by the outer convex curve. Higher vulnerability ratios indicate higher vulnerability for the weak stock. Parameter values for all
panels are: g,=q,,=0.02,¢=0.05,K,=4,K =2,r,=1;r,=0.1-0.99 at 0.1 intervals. Parameter values for panels a and b: p,.=0.1 to 10 at 0.2
intervals, p,=0 (a) and 1 (b). Parameter values for panels c and d: p,,=0.1 to 10 at 0.1 intervals, p,=1 (c) and 2 (d).
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flexibilities are reversed and it is now the weak stock with hyper-
stable catches (g, = 1; ,, = 0.56); and (4) the same scenario where
both stocks have hyperstable catches (8, = g, = 0.56). These f;
and g; values are medians from a meta-analysis of actual fisher-
ies (Burgess, Costello, et al., 2017). All parameter values for each
simulation are shown in Table 1. Simulations were run in R version
4.2.3 (R Core Team, 2021) with the deSolve (Soetaert et al., 2010)
package. All code used is available at https://github.com/Imfei

tos/bycatch-bioecon-model.

3 | RESULTS

3.1 | Analytical results

Given an equilibrium effort, E*, the equilibrium abundance of stock i,
N;*, can be found by setting the right-hand side of Equation (1) equal
to zero. This cannot be done analytically when CPUE is non-linear in
abundance (§; # 1). However, with g; = 1, N* is given by:

N,~*=Ki<1_iiE*> =Ki(1-ViE"), ©)

1

where i=s or w.

The smallest equilibrium effort that drives stock i to extinction,
denoted Ex,‘.,
equal to zero:

is found by setting the right-hand side of Equation (9)

Ei= % (10)
where i=s or w.

Extinction of the weak stock occurs at a smaller E*, because it has
greater vulnerability (V,,> V). Therefore, three extinction outcomes
are possible, depending on E*: (1) neither species goes extinct, (2)
only the weak stock goes extinct, or (3) both stocks go extinct. The
strong stock cannot go extinct while the weak stock survives.

Extinction of stock i under open-access requires profits (de-
noted z, for shorthand) to remain positive (z>0) as stock i is
depleted (N,— 0):

N;O limz >0 (11)

Since the weak stock must go extinct at lower effort than the strong
stock, the weak stock will go extinct if the strong stock alone can sup-

port an equilibrium effort greater than the effort that would drive

Weak stock price =0

(2]

o

I

Weak stock price = 1

Weak stock N/Nygy

1 - MSY Target

Strong stock price = 1

w ~ o ) ~

Weak stock economic potential
N

1.0 1.5 2.0 25 3.0 1.0
Vulnerability

" 0.5 - Overfished
Strong stock price = 2

0 - Extinct

15 2.0 25 3.0
ratios

(Vi/Vs)

FIGURE 2 Equilibrium abundance for the constant price with a fishing subsidy scenario. Weak stock depletion (N/Ny,s,) is shown for a
range of vulnerability ratios and revenue potential for both stocks. The synergy zone that drives the weak stock extinct with higher prices of
the strong stock is shown by the outer convex curve. Higher vulnerability ratios indicate higher vulnerability for the weak stock. Parameter
values for all figures are: g,=q,,=0.02,c=0.0375,K.=4,K ,=2,r,=1;r,=0.1to 0.99 at 0.1 intervals. Parameter values for panels a and b:
p,=0.1to 10 at 0.2 intervals, p,,=0 (a) and 1 (b). Parameter values for panels c and d: p,,=0.1 to 10 at 0.1 intervals, p.=1 (c) and 2 (d).
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the weak stock extinct, E, . We can solve for the equilibrium effort Vo<V V,
<V, < —m—
with the strong stock alone, which we denote E, by setting the right- s v [1 __c ] (14)
psasKs

hand side of Equation (2) equal to zero, with N,, = 0, solving for N, in-
serting the result into Equation (9), and solving for E (again assuming
Bs = B,, = 1). This yields the following expression for E:

1 c
Efz— |1 ———— (12)
Z [ pS(N;‘)qSKS]

The weak stock is extinct at equilibrium if E* > E, , (i.e., if the
equilibrium effort the strong stock supports on its own, E, is large
enough to drive the weak stock extinct, E, ). Using Equations (10) and

(12), we can rewrite this extinction condition for the weak stock as:

Vi

- |1 13
vs[ ps(N;)qus] 13

From inequality (13), we can see the potential for the price and
weak stock mechanisms to synergistically cause the weak stock's
extinction under conditions where neither mechanism could cause
the weak stock's extinction on its own. As the strong stock's
decreases and the term

C
ps(N2)asK.
DK ok,

C . .
[1 - W] approaches 1. We can think of === as measuring

the strong stock's economic potential. For example, with constant

. K. . . . ..
prices, % represents the maximum profit margin (revenues divided

by costs) that the strong stock can generate on its own, if its abun-

price, ps(N¥), increases, the term

dance were at carrying capacity, K,. Inequality (13) implies that the
range of vulnerabilities allowing the weak stock to persist shrinks as
the economic potential of the strong stock becomes greater.

If [1 -
Ps(N;)asK;
cause Y 5 1, by the definitions of the weak and strong stocks. With

] =1, then the weak stock must go extinct, be-

a constant (and finite) strong stock price, p, inequality (13) implies
a range of weak stock vulnerabilities that will not cause extinction:

However, increasing p, narrows this range (Figure 1a,b). Therefore,
adding price flexibility of the strong stock increases the range of vul-
nerabilities that cause a weak stock to go extinct and narrows the
scope for co-existence. Indeed, if the strong stock's price flexibility
were large enough to cause its own extinction as a target species (i.e.,
regardless of the profit contributions of the weak stock), then all stocks
in the same fishery having higher vulnerability would go extinct as well.

In contrast, adding price flexibility to the weak stock cannot gener-
ally create a synergistic extinction condition for either stock. The price
of the weak stock does not affect whether it can be driven extinct via
effort supported by the strong stock (Figure 1c,d). Mathematically,
we can see that pW(N;,) (the price of the weak stock) does not ap-
pear in inequality (13) (the extinction condition of the weak stock).
Moreover, price flexibility of the weak stock cannot cause extinction
of the strong stock, because it would first have to cause extinction of
the weak stock at a lower fishing effort. If price flexibility of the weak
stock were sufficiently high to cause the weak stock's extinction as a
target species, then the characteristics of the strong stock would not
matter - the weak stock would go extinct. A synergy - between the
existence of a strong stock and weak-stock price flexibility - causing
the weak stock's extinction, can only occur in the extremely narrow
case of a weak stock with high enough f, to cause its extinction at
low abundance, but where there is also a stable equilibrium at high
abundance and a tipping-point abundance in between (illustrated in
Burgess, Costello, et al.'s, 2017; Figure 1a). In this case, the extra fish-
ing revenue from the strong stock could eliminate the positive equilib-
rium and make extinction the only possible outcome.

With MSY management of the strong stock [from Equation (4)],
E* = -2, the weak stock survives if V,, < 2V, (Burgess et al., 2013).

=
Therefore, if the strong stock is profitable enough to require MSY
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TABLE 1 Parameter values used in each simulation scenario.

Scenarios

Constant Price ~
Parameter prices Subsidy catch
Price, strong 0.1-10 by 0.5 0.1-10 by 0.5 -
stock (p,)
Price, weak 0.1-10 by 0.5 0.1-10 by 0.5 -
stock (p,,)
Carrying capacity, 4 4 4
strong stock (K)
Carrying capacity, 2 2 2

weak stock (K,

Intrinsic growth rate, 0.1-1 by 0.01
strong stock (r,)

Intrinsic growth rate, 0.1-0.9 by 0.01 0.1-0.9 by 0.01 0.99
weak stock (r,)

0.1-1 by 0.01 1

Catchability, both 0.02 0.02 0.02
stocks (qsvw)

Cost per unit 0.05 0.0375 0.05
effort (c)

Price flexibility, - - 0;0.22
strong stock (f,)

Price flexibility, weak - - 0;0.22
stock (f,,)

Catch flexibility, - - 1;0.56
strong stock (p,)

Catch flexibility, - - 1;0.56

weak stock (g,,)

Response rate of - - 1
effort to profits (a)

Price function - - 1
scalar, strong stock
(A)=weak stock (A,)

Note: Values of f=0.22 and f=.56 were chosen based on the median
values obtained by Burgess, Costello, et al. (2017) through a meta-
analysis of such values for aquatic species. Values of growth rate for the
strong stock were always maintained higher than those for the weak
stock since weaker stocks are less productive than stronger stocks by
definition.

management (i.e., if its open-access equilibrium abundance is lower
than its MSY abundance), then the critical weak stock vulnerability
resulting in weak stock extinction must be lower than 2V,. Given the
differences in growth rates (r) among species caught in multi-species
fisheries, which are often much larger than a factor of two (Zhou
et al., 2012), this viability condition under open-access seems poten-

tially quite restrictive.

3.2 | Multiple fleets

So far, we have only considered a scenario with one type of fleet,
whose selectivities for the two species (represented by the g pa-
rameters) are fixed. With multiple fleets, and dynamics governed by
Equations (6) through (9), we find that it matters substantially, for

extinction risk, whether there are selectivity constraints (i.e., con-
straints on m; values) or not.

With no selectivity constraints (i.e., where all mj; values are pos-
sible), it follows from the results of Burgess (2015) that competition
between all possible fleets will result in a competitive equilibrium
where all fleets have the highest possible efficiency (which we de-

note ey, ,,) and where:
Py (Ng) NG = py, (N, ) o Ny (15)

Equation (15) is satisfied at the point where all effort isoclines (i.e., the
sets of points where % = 0) having the same efficiency intersect. The
intuition of Equation (15) is that it represents conditions under which
all fleets having the same efficiency have the same profitability, be-
cause fleet profits are insensitive to which stock they target (deter-
mined by the m;; parameters). See Burgess (2015) for an expanded
demonstration of this result.

Our model explicitly considers, via Equation (7), that fleets - each
with fixed selectivity and targeting - compete for fish and profitability
determines entry or exit. However, Burgess and Plank (2020) show
that the conditions defined by Equation (15) would also be an attrac-
tor in a situation where individual vessels could switch between fleets
by adjusting their targeting (m;). If p,(N,)a;NZ* > p,, (N, )a, Nov, then
vessels would have an incentive to shift their behaviour to target the
strong stock more, and vice versa. The ideal free distribution of ves-
sels among fleets would cause the system to approach Equation (15).
Therefore, whether fleets (i.e., combinations of gear, timing, target
species, etc.) compete for fish or for vessels (via vessels switching be-
tween them), Equation (15) will be an attractor of the dynamics.

Aslongaseachspecies'price hasafinite maximumasitapproaches
extinction (which requires f; < g; if prices follow Equation (3)), the set
of points satisfying Equation (15) goes through the origin. Therefore,
the fact that equilibrium must satisfy Equation (15) implies that fleet
diversity prevents extinction (see Burgess, 2015). For example, if the
weak stock were approaching extinction, vessels would have an in-
centive to shift their behaviour to participate in fleets that targeted
the strong stock more. On the other hand, if f; > g; for one of the
species, then rising prices as stock i is depleted creates incentives
to specialize on it right up until it is extinct. In other words, fleet
diversity prevents extinction from technical interactions, but does
not prevent extinctions from price dynamics.

In practice, however, weak stock problems arise because selec-
tivities are constrained. For example, if it were possible to set mg; = 1
, then there would be no catch of the weak stock, which is not usu-
ally possible in real fisheries. Therefore, assuming all m; values are
possible is unrealistic. Instead, suppose that there was a minimum
m,, for all fleets j, denoted m,,,,,. (There could also be a maximum
m,,; but it would be irrelevant to the resulting competitive equilib-
rium, as we will see). If the weak stock were approaching extinction,
then vessels would have incentives to participate in fleets that tar-

geted the strong stock more - i.e., with higher m_, and consequently

sj
lower m,,. Therefore, assuming the weak stock has a finite maxi-

mum price, the weak stock can only be driven extinct if its one-fleet

95UB01 7 SUOWIWOD 9A 181D 3|qeot[dde 8y} Ag peusenob afe ajole YO 9SO S9|nI Joj Akeigi]8UlJUQ A8]IM UO (SUONIPUD-pUE-SWRILIOO" A8 | 1M ATl 1[Bul [UO//:SANL) SUONIPUOD PUe WS | 81 8eS " [1Z0Z/0T/ST] uo AleiqiTauliuo A8|im eiuiolieD JO AisieAluN Aq 8S82T Je)/TTTT OT/I0p/W00" A8 |1 AReIq Ul juo//:Scny Wouy pepeojumod ‘9 ‘vZ0¢ ‘6.62.9vT



FEITOSAET AL.

extinction conditions, as described above, are satisfied by a fleet, j,
with q,; = a,,m,,ninemax — @ fleet with the highest possible efficiency
and lowest possible targeting of the weak stock. Competition be-
tween all possible fleets would favor this fleet, and therefore this
fleet's parameters would determine the weak stock's viability under
competition (see Burgess, 2015).

The results of the previous paragraph imply that - even if selec-
tivities are constrained - diversity in selectivity among fleets reduces
(but generally does not eliminate) weak stock extinction threats. To
see this, compare the case with competition among all possible fleets
with a particular efficiency (g;) - which would result in a fleet with
Mymin WiNNiNg out - and a case with one fleet with m,; selected at
random, which would target the weak stock to a greater extent, on av-
erage (my; > M, i). The randomly selected fleet will result in a higher
Ay and a lower gy, on average, and therefore a greater chance of weak
stock extinction. As Burgess (2015) shows, increasing the diversity of
fleet efficiencies has the opposite effect - increasing extinction risk
- because competition favours the highest efficiency and diversity

increases the chances of sampling a high-efficiency fleet.

3.3 | Simulation results

In our single-fleet simulations exploring a range of relative stock vul-
nerabilities and prices (Figure 1), we find that the parameter space
allowing coexistence between a strong and weak stock in a multi-
species fishery operating under open-access conditions is quite small,
even if the strong stock's economic potential is small. Any weak stock
that is ~2.5 times more vulnerable than the strong stock would go
extinct given our assumptions and the evaluated parameter values
(Figure 1a). If a strong stock has sufficient economic potential to be
overfished (beyond F,,.,) under open-access, then the weak stock's
critical vulnerability is less than 2V, (Burgess et al., 2013). This vul-
nerability threshold shrinks as the strong stock's economic potential
increases, approaching 1 (i.e., all weak stocks go extinct) as the strong
stock's economic potential or price approaches infinity (Figure 1a,b).
We call this mechanism - whereby the strong stock's economic po-
tential or price reduces the scope of weak stock coexistence - ‘the
synergy of endangerment’, illustrated by the dashed lines in Figure 1a.

With multiple fleets and no selectivity constraints, there would
be no synergy of endangerment, because competition would shift
towards fleets that did not target the weak stock as much. However,
with constrained selectivity, the synergy of endangerment would
still apply to the one-fleet case with a fleet having targeting param-
eter m,,.;, and efficiency e,y

In contrast to the synergy of endangerment, Figure 1c,d illus-
trates how the weak stock's price and economic potential do not
affect the vulnerability threshold at which it is driven extinct. Thus,
there is no synergy between the own-price- and vulnerability-
related extinction conditions for the weak stock, as shown above
analytically. Of course, raising the weak stock's economic potential
does reduce its equilibrium abundance, introducing a ‘synergy of
overfishing’ (Figure 1c,d).
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Figure 2 shows that introducing fishing subsidies increases deple-
tion in all cases and narrows the range of vulnerabilities allowing coex-
istence. The intuition is that subsidies lower costs, which effectively
increases the economic potential of both stocks. In general, a 1% de-
crease in per capita costs results in a 1.2% decrease in the vulnerability
ratio that allows the weak stock to persist (Figure 2), all else equal.

Our simulations in Figure 4 illustrate how realistic values of
price flexibility (f) and catch flexibility () affect the interaction be-
tween price-driven threats and weak-stock threats. Hyperstability
causes a stock's vulnerability to increase as its abundance decreases
(Equation 5). When the strong stock is hyperstable, this reduces the
weak stock's equilibrium depletion by lowering its relative vulnera-
bility as effort increases (Figure 4b vs. a). Conversely, a hyperstable
weak stock is depleted or driven extinct faster and at lower vul-
nerability (g/r), because its relative vulnerability increases as effort
increases (Figure 4c vs. a). When both stocks are hyperstable, the
weak stock's relative vulnerability still increases as it depletes, be-
cause its abundance depletes - and therefore its vulnerability rises -
faster than the strong stock's (Figure 4d vs. a). Price flexibility causes
the weak stock's price to rise quickly when it is very rare. This eco-
nomically powers a temporary increase in effort, and a temporary
decrease in the strong stock's abundance, which subsides when the
weak stock is driven completely extinct (Figure 4c,d).

4 | DISCUSSION

We analyse the interaction between price-related and multi-species
fishery related threats to harvested species under open-access condi-
tions. Our results suggest that these threats can act synergistically,
jointly posing extinction threats to weak stocks under conditions
where neither could pose a threat alone. Our results also suggest
that there is a relatively small range of biological and economic condi-
tions (parameters) under which weak stocks can survive open-access.
Subsidies and catch hyperstability both exacerbate threats and shrink
the parameter range that allows coexistence. Our results further raise
concerns about the detrimental effects of fisheries subsidies beyond
allowing overfishing to continue (Sumaila et al., 2024), since we also
predict a higher risk of fisheries-induced extinctions facilitated by
such subsidies. Indeed, the higher presence of harmful (capacity-
enhancing) subsidies is linked to a higher number of threatened shark
species, with the beneficial (management) subsidies being linked to a
lower number of threatened species (Pacoureau et al., 2023). With
multiple fleets, diversity in their abilities to target the different spe-
cies will tend to prevent extinction, whereas diversity in their efficien-
cies could exacerbate extinction risk (Burgess, 2015).

Although we do not analyse species interactions here, previous
research suggests that introducing ecological competition between
species in multi-species fisheries would further narrow the scope of
conditions under which they could coexist (Burgess et al., 2019). The
same applies to multi-species fisheries systems exploiting species
with trophic interactions (Burgess, 2015), which leads to dispropor-
tionately higher top predator extinction compared with their prey or
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FIGURE 4 Simulations of non-constant price under different hyperstability scenarios. Time series simulations for the equilibria of fishing
effort, strong and weak stock depletion, and profits for different values of price flexibility (f) and catch flexibility (f). Each column represents
a scenario simulation. Dashed and dotted lines in panel A represent commonly used fisheries abundance target (N/K=0.5) and limit
(N/K=0.25) reference points. Parameter values: 4,=q,,=0.02,r=1,r,=099, K =4,K, =2,a=1,A,=A,=1,c=0.05. Initial variable values
for N, and N, equaled their respective K values, and the initial effort E=0.5 for all scenarios.
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higher commercial value to the fishery (Matsuda & Abrams, 2006).
While such consequences are often context dependent, the extinc-
tion of longer-lived taxa, which often exert top-down control in ma-
rine food webs, can amplify fisheries-induced trophic cascades and
destabilize the community trophic structure (Salomon et al., 2010;
Zhou & Smith, 2017).

Our results raise important questions for fisheries science and
management. Perhaps most importantly: if open-access fishing
should so easily cause extinction, why have there been relatively
few documented global extinctions of harvested marine species (Le
Pape et al., 2017; McCauley et al., 2015)?

One possible explanation - for teleost fish - is that they are
protected from extinction by high fecundity: a small number of fe-
males can produce millions of juveniles (Le Pape et al., 2017). This
would protect fish from extinction only if juveniles achieved higher
survival rates at very low abundance, such that species' maximum
growth rates are much higher than they currently appear - a possibil-
ity some scholars find unlikely (Sadovy, 2001). Indeed, studies have
tended to estimate fish species' maximum population growth rates as
similar to those of terrestrial vertebrates (which do not produce mil-
lions of eggs) (e.g., Myers et al., 1999). On the other hand, many fish
species have weak empirical relationships between recruitment and
spawning biomass (Szuwalski et al., 2015) - a pattern more consistent
with the possibility of high fecundity allowing for fast growth from
low abundance. If high fecundity manifested as high steepness (i.e.,
stronger-density-dependence of growth than our logistical model as-
sumes), without affecting apparent maximum growth rates, this could
blunt some price-driven extinction threats, but not multispecies-
harvesting threats (see Burgess, 2014; Burgess et al., 2013; Burgess,
Fredston-Hermann, et al,, 2017). High fecundity would also not
protect large-bodied marine fauna such as chondrichthyans, marine
mammals, and sea turtles caught as bycatch, which do not have simi-
larly high fecundity to teleosts and are often subject to growth over-
fishing (Froese, 2004). Furthermore, it would not protect any fished
species from severe depletion and, if these species have economic
value, they could become trapped in a ‘poaching pit’ (Bulte, 2003).

A second factor that intuitively seems to naturally protect ma-
rine species from extinction is the vastness of the ocean, which con-
tributes to high fishing costs and offers refugia away from fishing.
The vastness of the ocean might protect species against price-driven
extinctions in practice but would not on its own protect against
extinctions driven by multi-species dynamics. Burgess, Costello,
et al. (2017) showed that extinction of a target species from price
dynamics can occur if price flexibility (f) is larger than catch flex-
ibility (3). As the target species' abundance declines, the cost of
catching the next fish increases, approaching infinity as abundance
approaches zero (provided #>0). In their model, harvesting can
remain profitable as abundance declines when f> g, because this
makes the price of the next catch approach infinity faster than the
cost of obtaining it. However, in reality, neither the price of a unit of
catch nor its cost can actually reach infinity. Even the literal last fish
of a species would sell for a finite price, and catching the last fish
would have a finite cost. In a vast ocean, though, it seems likelier
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(than in a river or lake, for example) that the finite maximum cost
would exceed the finite maximum price, thereby preventing extinc-
tion (but not preventing severe depletion). In contrast, a strong stock
can indefinitely support an extinction-threatening effort for a weak
stock. Thus, the vastness of the ocean cannot protect a weak stock
from extinction indefinitely.

Besides the possibility that something (e.g., high fecundity,
ocean vastness) inherently protects fished species from extinction,
even under open-access, the other possibility is that many fished
species would face extinction if subjected to open-access for long
enough. If so, determining which species these are, and how many
there are, is an urgent research question. Implementing manage-
ment in time to prevent these extinctions is of the utmost prior-
ity. These species likely include high-vulnerability bycatch species,
such as sharks (Juan-Jorda et al., 2022), marine mammals, turtles,
and birds (Burgess et al., 2018). The first documented extinction of
a marine fish - the Java stingaree (Urolophus javanicus, Urolophidae)
(Constance et al., 2023), the widespread local extirpations of saw-
fish species (Pristidae spp.) (Yan et al., 2021), and the existence of
several elasmobranchs with high probability of extinction due to by-
catch overfishing already sounds this alarm (Dulvy et al., 2021; Lessa
et al., 2016; Santana et al., 2020). Models such as ours, parame-
trized with real-world data, could help to proactively identify such
species by identifying sets of extinction-threatening bioeconomic
conditions even before depletion materializes (Burgess et al., 2013;
Burgess, Costello, et al., 2017).

We consider that such examples of this dynamic can occurin both
tropical fisheries and those operating under western-style mon-
itoring and management. For example, daggernose (Isogomphodon
oxyrhynchus, Carcharhinidae) and smalltail (Carcharhinus porosus,
Carcharhinidae) sharks were common bycatch in gillnet fisheries
targeting a mix of more productive and valuable teleost species,
mainly the acoupa weakfish (Cynoscion acoupa, Sciaenidae), in the
Brazilian Amazon coast during the 1980s and 1990s (Lessa, 1997;
Stride et al., 1992). Since then, overfishing caused their populations
to respectively decline over 90% and 99% within three generations,
thus becoming some of the most endangered sharks in the world
(Lessa et al., 2016; Santana et al., 2020). Both shark species have
low economic value but are much less productive than the teleost
species targeted by these fisheries (Oliveira et al., 2020). An ex-
ample from a more strongly managed fishery is the threat posted
to smalltooth sawfish (Pristis pectinata, Pristidae) from bycatch in
shrimp trawl fisheries in the southeast USA (Graham et al., 2022).
Abundance of smalltooth sawfish declined substantially in the 1990s
due to high fisheries bycatch, prompting its listing as endangered in
the USA's Endangered Species Act in 2003 due to high extinction
risk (Brame et al., 2019). Recently, stronger fishery management ef-
forts appear to have reversed the decline, but the slow life history
of the species and poor enforcement of the fishing ban are likely to
hamper rebuilding (Carlson, 2023). Both of these represent scarcely
well-documented examples that demonstrate the nefarious effects
that poorly managed multi-species fisheries can have on incidentally
caught weak stocks, with or without economic value.
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A fourth related possibility is that there have already been more
extinctions than we realize. While not clearly indicating extinctions,
the latest global IUCN assessment of sharks and rays found that ~25%
of species previously classified as Data Deficient actually belonged to
one of the threatened categories (Dulvy et al., 2021), thus reinforcing
the existence of undocumented and ongoing declines. Indeed, fisher-
ies science, monitoring, and management often go together, and con-
sequently, many of the most overfished fisheries are also relatively
data poor (Costello et al., 2016). Determining whether there has been
cryptic biodiversity loss is an important research question. These
questions gain urgency as human populations and seafood demands
continue to grow (Costello et al., 2020), and multi-species fishing
technologies, such as fish aggregating devices (FADs), continue to be-
come more efficient (Dagorn et al., 2013). These trends will increase
the economic potential of fisheries, and consequently increase the
number of species that are non-viable without management.

Our model has several limitations that should be noted. As men-
tioned above, we do not consider species interactions, which might
exacerbate threats (Burgess et al., 2019) or high fecundity and survival
at low abundances, which might abate threats (Le Pape et al., 2017).
We model multi-species fisheries with only two species, whereas real
multi-species fisheries often catch dozens of species. Adding more
species to our model - all else equal - would likely exacerbate threats
by improving the economic potential of the fishery and extending
the incentive to keep fishing. We also focused much of our analysis
on equilibrium statics as opposed to transient dynamics. A recent
spatially-explicit simulation study (Thurner et al., 2021), exploring op-
portunistic harvesting combined with a different conceptualization of
price dynamics, found that transient dynamics can make abundance of
a strong stock a more important driver of extinction risk for the weak
stock than its growth rate. Lastly, although our model includes several
interacting features - such as hyperstability, price dynamics, subsidies,
and multi-species catch - it includes each fairly simply (e.g., constant
price flexibility and catch flexibility). Each of these limitations pres-
ents an opportunity for future research. Nonetheless, our results shed
novel and instructive light on how these model components interact.

Our results underscore the importance of fully incorporating by-
catch into fisheries management and treating it under a precaution-
ary approach as done for target stocks. This should occur regardless
of whether such management would prevent extinction or merely
severe depletion. Indeed, where fisheries have been well man-
aged, there is a broad track record of success in rebuilding depleted
stocks and preventing overfishing (Costello et al., 2016; Hilborn
etal., 2020; Juan-Jorda et al., 2022), including for weak stocks caught
as bycatch in multi-species fisheries (Pacoureau et al., 2023; Warlick
et al., 2018). There is a rich literature and history of practice pro-
posing and documenting strategies for successful management of
low or high value threatened species caught in multi-species fisher-
ies (Dulvy et al., 2021; Link & Marshark, 2021; Wallace et al., 2011).
Open-access fisheries can have pervasive ecological and economic
consequences, and successful fisheries management should be a pri-
ority, especially in areas where fishing is a key activity for cultural,
economic, and food security purposes.
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