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Abstract

1. The unsustainable harvest of species for the global wildlife trade is a major cause

of vertebrate extinction. Through the anthropogenic Allee effect (AAE), overex-
ploitation to extinction can occur when a species' rarity drives up its market price,
enabling profitable harvest of all remaining individuals. Even in the absence of rar-
ity value, however, the harvest of other species can subsidize the overexploitation
of a rare species to the point of extinction, a phenomenon termed opportunistic
exploitation. These two pathways to extinction have been considered indepen-

dently, but many traded species experience them simultaneously.

. In this study, we develop a simple model that incorporates these mechanisms
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Handling Editor: Kulbhushansingh simultaneously and demonstrate that including multiple harvest strategies with

Suryawanshi market-based feedbacks fundamentally alters rare species extinction risk and the
rate at which overexploitation occurs. As a pertinent case study, we consider the
harvest of ground pangolins Smutsia temminckii.

3. Our results show that pangolin extinction was generally associated with high rar-
ity value, the use of multiple harvest strategies and the simultaneous harvest of
a common species that has a fast life history. Pangolin population depletion and
short-term extinction risk were greatest when harvesters used a combination of
pursuit and opportunistic (i.e. multi-species) harvest strategies.

4. Policy implications. Our results suggest that feedbacks between multiple financial
incentives to overharvest can exacerbate the risk of extinction of rare species.
As a result, continuing to address AAE and opportunistic exploitation as sepa-
rate extinction pathways may insufficiently capture extinction risk for many ex-
ploited species. Criteria for assessing extinction risk or harvest sustainability of
exploited species should incorporate multiple drivers of harvest pressure, with an
expanded focus on including species with high rarity value that are exploited in

multi-species harvest regimes.
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1 |[INTRODUCTION

Wildlife trade threatens terrestrial vertebrate species with extinc-
tion, primarily via overexploitation (Maxwell et al., 2016). In the case
of commercial trade, extinction risk often depends on whether har-
vest remains profitable as populations are depleted, since labour and
opportunity costs associated with locating scarce prey impose finan-
cial burdens on harvesters preventing harvest to extinction (Branch
et al., 2013; Chang & Drohan, 2018; Fa et al., 2002). When species
have high enough market value, however, a plausible pathway to ex-
tinction via overexploitation is the anthropogenic Allee effect (AAE),
which is a positive feedback loop whereby there is financial incen-
tive to harvest a species as it becomes increasingly rare (i.e. rarity
value; Courchamp et al., 2006). For an AAE to occur, a species must
garner exorbitant selling prices when rare (Courchamp et al., 2006;
Hall et al., 2008) since even moderately high rarity value can still
result in a sustainable harvest (Holden & McDonald-Madden, 2017).
This outcome suggests that for most species there is not sufficient
financial payout for harvesters to justify investing resources into
harvesting a population to extinction. However, rare species are
seldom harvesters' exclusive target. Instead, flexibility and adapt-
ability in species targeted can allow harvesters to ensure a steady
source of income, often only including a rare species as opportu-
nity arises (Branch et al., 2013; Clayton et al., 1997). Opportunistic
exploitation can deplete populations at low abundances (Branch
et al., 2013) providing another mechanism for exploitation to drive a
species to extinction (Branch et al., 2013; Thurner et al., 2021). How
feedbacks between the financial subsidy provided by opportunistic
exploitation and rarity value impact rare species' extinction risk are
unresolved. Here, we account for the ability of harvesters to employ
both single-species and multi-species hunting strategies in a single
model to assess whether multiple financial incentives to overharvest
(i.e. both rarity value and opportunistic exploitation simultaneously)
fundamentally alters the extinction risk of rare species compared to
a single mechanism alone.

Harvest costs can increase with rarity because individuals
that are scarce within a landscape require more effort, time or
labour to catch (Grafton et al., 2007), or rare species may be put
under law enforcement protection increasing costs to harvesters
in avoiding enforcement efforts or paying fines (Milner-Gulland
& Leader-Williams, 1992). The AAE helps explain how, if a rare
species is valuable enough, financially motivated harvesters can
swiftly deplete a population to extinction despite high harvest
costs (Courchamp et al., 2006; Holden & McDonald-Madden, 2017;
Siriwat et al., 2019). Species are only threatened with an AAE, how-
ever, when rarity value is high enough to offset rising harvest costs
associated with increased rarity (Angulo et al., 2009; Courchamp
et al., 2006; Holden & McDonald-Madden, 2017). In the absence
of rarity value, profits from selling multiple common species can
subsidize opportunistic harvest that would not be financially tena-
ble when hunting only a single rare species. Because multi-species
harvest is widespread, opportunistic harvest is likely the dominant
threat to commercially exploited populations (Branch et al., 2013), as

only the most valuable of species are profitable enough to be hunted
alone.

When assessing the extinction risk of exploited species, these
two mechanisms (the AAE and opportunistic exploitation) have typ-
ically been considered as separate pathways to extinction. However,
for species at risk of an AAE, it is likely inevitable that high rarity
value will incentivize hunters to opportunistically poach. Hunter be-
haviour can be fluid, and hunters use multiple strategies, gears and
techniques to increase their probability of capturing a specific spe-
cies or increase the range of species they target in pursuit of higher
profits (Branch etal., 2013; Dobson et al., 2019). Additionally, species
that are relatively easy to capture may be exploited by both single-
species and multi-species hunters at the same time. Opportunistic
exploitation may cause hunters to deplete populations of species
that exhibit modest rarity value but would have been too expen-
sive to harvest below the anthropogenic Allee threshold using
only a single-species approach (Courchamp et al., 2006; Holden &
McDonald-Madden, 2017). This feedback could widen the range of
species at risk of an AAE, as opportunistic exploitation would in-
crease the number of species that can be profitably hunted at low
abundances. Alternatively, sudden increases in market value could
incentivize opportunistic poaching of species that otherwise might
not typically be worth a hunters' effort, thus triggering an additional
source of harvest pressure that can accelerate the effects of AAE.
This feedback suggests that, while AAE and opportunistic exploita-
tion theory may sufficiently explain extinction risk on the margins,
for some species extinction risk can depend on feedbacks between
these two mechanisms.

We explore this middle ground between the AAE and opportu-
nistic exploitation by integrating these two mechanisms of extinc-
tion into a single simple model of exploitation. Importantly, because
multi-species harvest is pervasive (Branch et al.,, 2013; Thurner
et al.,, 2021) and international consumer demand for high value
wildlife continues to grow ('t Sas-Rolfes et al., 2019), the dynam-
ics captured by this model could apply to many species with rarity
value that are hunted alongside other species and/or hunted using
multiple techniques. As a demonstrative case study, we parameter-
ize our model to the harvest of ground pangolins Smutsia temminckii
and explore the influence of harvester strategy and bioeconomic
feedbacks on its extinction risk. Pangolins (order: Pholidota)
are among the most heavily exploited animals on the planet and
sold within legal and illegal markets (Heinrich et al., 2016; Ingram
et al., 2018). Due to lack of breeding programmes, pangolin trade
is fuelled entirely by wild-sourced animals (Challender et al., 2019;
Hua et al., 2015), and international trafficking of the declining
wild populations to meet consumer demand has driven up selling
prices in the past 20years. Additionally, because most populations
exist at low densities and pangolins are typically nocturnal and shy
(Heinrich et al., 2016), flexibility in harvest strategy is essential to
successful hunting (e.g. Aisher, 2016; D'Cruze et al., 2018; Ingram
et al., 2018), with shotgun pursuit, hand harvest and trapping/
snaring being the most popular techniques used to hunt pangolins
(Ingram et al., 2018).
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2 |MATERIALS AND METHODS
2.1 | General harvest model

We adapt a framework used by Holden and McDonald-
Madden (2017) to describe human harvest effort/pressure, E, on a
focal species population of size N;, and a common species popula-
tion of size N,. In our version of the model, a population of harvest-
ers can engage in a mix of two harvest strategies: pursuit harvest
and opportunistic harvest (Figure 1). Pursuit harvest means that
only the focal species is being harvested, and thus harvester effort
and costs are tied only to the dynamics of that single species. By
contrast, opportunistic harvest means that the focal species is not
the harvester's only target; rather, the harvester exploits both the
common and focal species, and only harvests the focal species if en-
countered; but continues to do so as it becomes increasingly rare.
We assume that opportunistic harvest leads to roughly a constant
income gained from harvesting and selling the common species
over time, with some variation from year to year (see Incorporating
variability).

Our model linking the dynamics of the focal species to the total
effort a harvester devotes to both pursuit and opportunistic harvest
follows the equations:

dN,(t N
1()=r1N1 1- 1) —sqyN.E — (1 = s)yN,E, (1)
dt K,

dNy(t) N,
it _r2N2<1— K_2> —(1-15)g,N,E, 2)

dE(t
_d(t )~ afs(P(Ny)asNsE — cE) + (1 = 5)(P(Ny ) 7N E + podaNoE — o).

©)]

The first term in Equation (1) represents population growth for the
focal species at a maximum rate r;, with limitations imposed by a car-
rying capacity K;; the second and third terms represent pursuit and
opportunistic harvest, respectively, with s being the proportion of ef-
fort dedicated to pursuit harvest in a year (and, thus, a fraction 1-s to
opportunistic harvest). It is important to note that s simply represents
the average proportion of effort the population of hunters placed ex-
clusively on the focal species over a certain time period, and therefore
some variation is possible at the level of individual hunters year after
year (see section Incorporating variability below). Similarly, the first
term in Equation (2) represents population growth for the common
species, with a maximum growth rate of r, and a carrying capacity of
K,, and the second term represents targeted harvest for the common
species (which may lead to opportunistic hunting of the focal species).

Equation (3) represents changes in total population effort over
time, where the first term represents the net income (i.e. gross in-
come minus costs) obtained from pursuit harvest, and the second
term represents the net income obtained from the combination of
income from the focal species, income from the common species
and costs of opportunistic harvest. P(N,) is the price function for
the focal species, which here depends on the population size (see
below). The sale of the common species, on the other hand, provides
the harvester with an additional income, p,,. It is important to note
that, while the assumption of a constant income source ignores po-
tential price-abundance dynamics associated with hunting the com-

mon species, it allows easy exploration of how opportunistic harvest

| Harvest effort at time ¢ + 1 ‘

&

Opportunistic harvest earnings:
(1-8)(P(N,)yN/E + poq,N,E- c,E)

Opportunistic harvest

s

Focal species harvested at rate:
(1-s)yN;E

. 8

Pursuit harvest earnings:
S(P(N;)q;N,E — cE)

Focal species harvested at rate:
sq,N,E

‘ Harvest effort at time ¢

FIGURE 1 Conceptual framework describing the contributions of harvest strategy to harvest effort. In our model, harvest strategy

s determines the partition of total effort between pursuit harvest (occurring at a proportion of total effort s) and opportunistic harvest
(occurring at a proportion of total effort 1-s). The net income earned from harvesting and selling species using these two strategies is pooled
and used to fund the harvesters' next harvest expedition. When s = 0, the harvester engages in opportunistic harvest, whereas whens =1
the harvester engages only in pursuit harvest. We symbolize pursuit harvest with gun hunting and opportunistic harvest with trapping as
these are two common techniques used to harvest pangolins (see Section 2.4).
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can directly subsidize overexploitation, as described by theory
(Branch et al., 2013). The effect of market information on harvester
effort is encoded using a constant conversion factor «, where higher
values indicate that total harvest effort is more sensitive to changes
in market dynamics. We assume that pursuit harvest leads to greater
yield of the focal species than opportunistic harvest (g, >7), but the
cost per unit effort is also higher (c>c,) (Branch et al., 2013). See

Table S1 for parameter values and units.

2.2 |Incorporating an AAE

When market price is insensitive to rarity, P(N,) = p, that is,
there is no AAE. We incorporate the AAE into our frame-
work by assuming a price-abundance relationship (Holden &
McDonald-Madden, 2017):

P(N;) =a+ : (4)

_b
N5 +1

where a represents the minimum price paid per individual of the focal
species, b+a is the price of individuals of the focal species at a quasi-
extinction threshold (P(N, = N,)) and higher values of z increase the
sensitivity of market price to changes in the focal species' abundance.
Harvest regimes with both high z (e.g. z> 1) and b indicate a strong AAE
(Holden & McDonald-Madden, 2017).

This price-abundance relationship makes calculating general-
ized expressions for the equilibria of the model more complicated.
Although analytical solutions can be determined for select values of
7 (e.g. Holden & McDonald-Madden, 2017), for our pangolin harvest
example (which includes stochasticity as explained next) we anal-
ysed our model numerically using a customized forward Euler inte-

gration scheme in R (R Core Team, 2022).

2.3 |Incorporating variability

While several of our parameters are assumed to be constant over
time, it is reasonable to expect variation in certain parameter val-
ues at short time-scales. For example, we assume the partitioning
of harvest effort among the two harvest strategies (s) to be con-
stant over time but, in reality, there is likely variation in harvest-
ers' strategy choices within and throughout the years (Dobson
etal., 2019). Likewise, we assume a constant stream of income from
harvesting a common species (p,) over the course of the dynamics
but, within any given year, this alternative source of income can
vary with several socioeconomic and ecological factors (e.g. local
market volatility, competition from other hunters). In our study, we
incorporated modest stochasticity in these two key components of
opportunistic harvest to capture this variation. To do so, we ran-
domly drew parameter values at each timestep from a normal dis-
tribution whose mean is the parameter value presented in Table S1

(see next section).

An additional source of stochasticity is environmental variability,
which can cause a rare species' population dynamics to differ con-
siderably from baseline equilibrium predictions (e.g. Melbourne &
Hastings, 2008). In the case of ground pangolins, numerous population-
level threats including habitat loss, electrocution via electric fences and
gin traps that may cause population sizes to fluctuate outside of har-
vest and natural population dynamics (Pietersen et al., 2014a). Here,
we captured the influence of non-harvest threats and environmental
variability generally by incorporating a simple additive noise term to
both the focal and common species' population sizes,

N o(t), (5)

where g is a constant and o is a random number that follows the stan-

dard normal distribution.

2.4 | Ground pangolin parameter estimates

We parameterized our model to the poaching of the South African
ground pangolin Smutsia temminckii population to demonstrate how
opportunistic harvest and the AAE can influence the dynamics of an
exploited species in tandem. We used recent estimates of ground
pangolin population size and demography derived from field re-
search in South Africa (Pietersen et al., 2014a, 2014b, 2016, 2020;
Table S1). We paired these data with market and socioeconomic sur-
veys of pangolin harvest (Boakye et al., 2016; D'Cruze et al., 2018;
Ingram et al., 2018, 2019; Table S1). For parameters where pangolin-
specific data are lacking, we derived estimates from previous mod-
els and socioeconomic harvest studies that focus on similar taxa,
regions and markets (e.g. Damania et al., 2005; Holden & McDonald-
Madden, 2017; Rogan et al., 2018; Rowcliffe et al., 2003; Table S1).
Similarly, while detailed life-history and harvest data exist for
many species, little is known about the biology and harvest dynam-
ics of the vast majority of species threatened with overexploitation
in the wildlife trade (Fukushima et al., 2020; Scheffers et al., 2019;
't Sas-Rolfes et al., 2019). Additionally, while opportunistic har-
vest is often framed as a ‘two-species’ system, harvesters in this
system often hunt several common species at once (Martins &
Shackleton, 2019; Rogan et al., 2018), and can switch between focal
species, making identifying a single common species that subsidizes
opportunistic ground pangolin harvest a challenge. As a result, we
elected to use generalized vertebrate life-history parameters (e.g.
Pearson et al., 2014; Rowcliffe et al., 2003) to explore the dynam-
ics of the common species (Table S1). We parameterized our model
using two life-history categories (e.g. Rowcliffe et al., 2003): a slow-
reproducing species with slow growth rate, and a fast-reproducing
species with rapid population growth rate. While it is unclear exactly
which species are subsidizing ground pangolin harvest in reality, slow
life-history species could represent large ungulates such as African
buffalo or blue wildebeest, a common target of bushmeat hunters,
while fast life-history species could include prolific species that are
commonly sold in markets, such as duikers (e.g. Hayward, 2009;
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Martins & Shackleton, 2019). We analysed our model numerically for
both pangolin and common species harvest dynamics, focusing our
analyses primarily around the dynamics of the pangolin population,
since it is the species of conservation concern.

For two parameters associated with rarity value, selling price at
extinction (b) and the price-abundance scaling factor (z), virtually no
data are available, as little is known about the realized relationship be-
tween selling price and abundance for most commercially harvested
species (Holden & McDonald-Madden, 2017). When z and b are rel-
atively large values (e.g. z> 1), price is highly sensitive to changes in
abundance, and species are likely to be harvested to extinction as de-
scribed by AAE theory (Courchamp et al., 2006; Holden & McDonald-
Madden, 2017). While the selling price of pangolin scales and meat is
rising (Challender et al., 2015), assessing the sensitivity of the price-
abundance relationship for pangolin species is a challenge due to the
lack of reliable abundance estimates across time (Heinrich et al., 2016).
Thus, we explored both low sensitivity (i.e. low rarity value) and high

sensitivity (i.e. high rarity value) price-abundance scenarios.

2.5 | Equilibrium analysis

We simulated ground pangolin population size and harvest effort for
a range of s values between solely opportunistic (s = 0) and solely
pursuit (s = 1) harvest strategies. The solely opportunistic harvest
(s = 0) scenario represents opportunistic exploitation as described
by Branch et al. (2013) and Thurner et al. (2021), while the solely
pursuit harvest scenario (s = 1) corresponds to classical AAE theory
(Courchamp et al., 2006). Intermediate values of s represent har-
vest scenarios where both opportunistic and pursuit harvest are
used. For each of these harvest scenarios, we simulated pangolin
harvest dynamics that co-occurs with harvest of either a slow life-
history common species or a fast life-history common species, until
the system reached stationarity under three price conditions: con-
stant price (i.e. Equation (4) with z = 0, b = 0), low rarity value (i.e.
Equation (4) with z = 0.5, b = 3.8x10% and high rarity value (i.e.
Equation (4) with z = 1.5, b = 9.2 x 108). Under a constant price sce-
nario, pangolin selling price does not vary with abundance (i.e. no
rarity value, P(N) = a, Courchamp et al., 2006). Alternatively, under
low and high rarity value scenarios, ground pangolin selling price
rises as the population is depleted, presenting the possibility of an
AAE (Equation (3); Figure S1). For this and all subsequent analyses,
we run n = 1000 simulations, assume a quasi-extinction threshold
Ne = 10, and no stochasticity. For scenarios that led to extinction,
we calculated an average time to extinction by averaging number of
years it took the pangolin population to cross our quasi-extinction

threshold (i.e. N(t) <N,) across all simulations.

2.6 | Pangolin short- term extinction risk

For each s value, we calculated a probability of extinction (p,)

for ground pangolins, defined as the proportion of simulations

(n.. = 1000) in which the population crosses our quasi-extinction

sim
threshold, N,. We repeated these calculations for the two common
species life-history types, and for each of the three price-abundance
scenarios. We also measure population depletion by calculating the
proportion of the starting population size remaining at the end of
each simulation, with values of 1 indicating N, (t)> N,(t = 0), and val-
ues less than 1 indicating N, (t) <N, (t = 0). We allow the simulations
to run for 50years and allow a modest amount of stochasticity in
harvest strategy (i.e. s is a random Gaussian number with mean s and
variance 0.15). Exploring short-term dynamics (as opposed to only
equilibrium states) is important from a conservation perspective,
as identifying which harvest strategies and other drivers of over-
exploitation accelerate rates of population depletion can inform the
prioritization of conservation efforts and policy. We chose a 50-year
time window to capture a snapshot of short-term dynamics; while
50years of harvest is an arbitrary benchmark, restricting our analy-
ses to a much shorter time-scale (e.g. 25years) may fail to capture
any extinctions that may occur. Alternatively, increasing this time-
scale will capture more extinctions, but would be less illustrative in

showing which strategies pose the most immediate extinction risk.

2.7 | Model sensitivity

Because there is a considerable amount of uncertainty in published
data on pangolin biological and harvest parameters, we also ex-
plored how short-term extinction risk varies across a large range
of values for our parameters. For each parameter, we took the low
rarity value scenario and slow life-history common species scenario
parameter values (Table S1) used in our short-term extinction risk
analysis and multiply them by factors ranging from 0.001 to 1000
according to a logarithmic scale (e.g. 0.001, 0.01, 0.1) to obtain a new
parameter value. For each of these new parameter values, we then
determined p, after 50years of simulations across a range of differ-
ent s values while keeping all other parameters constant as listed in
Table S1. In all sensitivity simulations, we also assumed g = 0.05, and
stochasticity in both p, and s (see above). The complete results of
our sensitivity analysis are shown in Appendix Sé6 of the Supporting
Information (Figure S7).

3 |RESULTS
3.1 | Equilibrium analysis

When harvester used only a single harvest strategy (i.e. s = 0, pure
opportunistic harvest, or s = 1, pure pursuit harvest), stationary
states were largely dependent on the life-history type of the com-
mon species and the strategy used. Pure opportunistic harvest led
to sustainable harvest of both the pangolin and the common spe-
cies when the common species exhibited a slow life-history type,
regardless of rarity value (Figure S3). When the common species was

a fast life-history type, pure opportunistic harvest led to extinction
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of both species regardless of rarity value (Figure S4). Alternatively,
when harvesters used pure pursuit harvest, pangolin harvest was
sustainable when pangolins had a constant selling price or exhibited
low rarity value, while high rarity value was unprofitable for harvest-
ers (Figures S3 and S4). In all cases, pure pursuit harvest allowed the
common species to reach carrying capacity, since only the pangolin
was being harvested.

When harvesters engaged in both opportunistic and pursuit
harvest (i.e. values of s between 0 and 1), stationary states varied
depending on the extent to which each strategy was used and the
life-history type of the common species (Figure 2). With a constant
price (i.e. no AAE), pangolin were driven extinct when the common
species exhibited a fast life history regardless of the harvest strat-
egy, except for pure pangolin pursuit harvest (i.e. s = 1, no harvest
of common species). When price was held constant and the common
species had a slow life-history type, pangolin populations persisted,

with strategies incorporating both pursuit and opportunistic harvest

Constant price

Low rarity value

leading to the lowest pangolin population sizes (Figure 2). When in-
corporating a modest price-abundance relationship (i.e. low rarity
value), equilibrium pangolin population sizes were generally lower
than the constant price scenario. Otherwise, the qualitative pattern
of dynamics with respect to harvest strategy and common species
life-history remained consistent between no rarity value and mod-
est rarity value. When selling price was highly sensitive to abun-
dance (i.e. high rarity value), however, pangolin extinction was far
more common. When harvesters hunted pangolins and a slow life-
history common species, pangolins were driven extinct for a range
of s-values incorporating both opportunistic and pursuit harvest
(0.22<5<0.97). For pure or nearly pure pursuit harvest (s> 0.98),
however, pangolin harvest was not profitable (i.e. harvest effort
was driven to zero), and pangolins persisted at carrying capacity.
When the common species exhibited a fast life history, pangolins
were driven extinct for all values of s; except for pure pursuit harvest

(s = 1), which was unprofitable for harvesters (Figure 2). Stationary

High rarity value
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states for the common species exhibited qualitatively similar pat-
terns to the pangolin population with respect to bioeconomic sce-

nario (Figure S5).

3.2 |Short- term extinction risk

Analysis of short-term pangolin extinction probabilities (50years)
revealed differing effects of harvest strategy, price variability and
common species life-history type on extinction risk. When harvest-
ers exploited both pangolins and a fast life-history common species,
pangolins were not driven extinct. When the common species ex-
hibited a slow life history, however, extinction risk was dependent
on harvest strategy and price variability (Figure 3). When price was
held constant, the pangolin population was not driven extinct in the
short term, but population depletion occurred for increasing effort
devoted to pursuit harvest, s. The most severe depletion occurred
when harvesters engaged in a combination of opportunistic and
pursuit harvest (Figure 3, ‘Constant price’; s = 0.68; mean popula-
tion reduction = 94.18%). This pattern remained when pangolins ex-
hibited low rarity value, with the most severe population depletion
occurring at s = 0.70 (Figure 3, ‘Low rarity value’; mean population
reduction = 99.40%). When pangolins exhibited high rarity value,
extinction occurred for intermediate s values (Figure 3, ‘High rarity
value’; 0.09 <5s<0.82), with extinction risk being highest when har-
vesters engaged in a relatively similar amount of pursuit and oppor-
tunistic harvest (P, = 1 for 0.35<5<0.62). Extinction occurred in an

average of 39.15years, and harvest strategies that led to the highest

Constant price

Low rarity value

extinction risk corresponded with the fastest extinction times (mean
time to extinction = 34.93years for 0.35<5<0.62).

4 |DISCUSSION

Previous attempts to model overexploitation to extinction have
treated the AAE and opportunistic harvest as independent mech-
anisms, reducing harvester behaviour to a single aspect (Damania
et al., 2005; Holden & McDonald-Madden, 2017; Rowcliffe
et al., 2003). However, this assumption is likely too narrow given
that many species are exploited in multi-species harvest systems (Bi
et al., 2017; Chang & Drohan, 2018). Focusing on the harvest and
sale of ground pangolins as a case study, we show that, when con-
sidered in tandem, AAE and opportunistic harvest lead to increased
and accelerated extinction risk compared to either mechanism
alone. When selling prices remained constant or varied modestly
with pangolin population size, opportunistically harvesting pango-
lins alongside a fast life-history common species enabled harvesters
to exploit pangolins to extinction over long time-scales, supporting
prior research (Branch et al., 2013; Thurner et al., 2021). Conversely,
pure pursuit harvest or opportunistic harvest alongside slow life-
history common species did not lead to pangolin extinction. When
pangolin selling price was highly sensitive to abundance (i.e. AAE
conditions), pure opportunistic harvest or strategies incorporating
both opportunistic and pursuit harvest led to pangolin extinction
over long time scales. Critically, combining opportunistic and pur-

suit harvest drove pangolins extinct over relatively short time scales
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50vyears of simulated harvest. Extinction probability is the proportion of simulations (n = 1000) that end in extinction after 50years of
simulated harvest under constant and variable price scenarios. Complete list of parameter values is listed in Table S1.
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when rarity value was high. Furthermore, strategies relying on rela-
tively equal amounts of pursuit and opportunistic harvest posed the
highest short-term extinction risk to pangolins, and drove pangolins
extinct at the shortest time-scales. Our results suggest that assess-
ing rare species extinction risk according to either the AAE or oppor-
tunistic exploitation alone can underestimate the rate and severity
of decline caused by harvest.

Numerical analysis of our model demonstrated that pangolin ex-
tinction risk was primarily associated with high rarity value and the
use of multiple harvest strategies. In the absence of rarity value, op-
portunistic harvest could still lead to pangolin extinction if harvest-
ers obtained sufficient subsidy from harvesting common species.
Even in the case where a species exhibits rarity value, the question
of how populations reach a sufficiently low population size to trigger
the Allee effect. In the absence of a non-harvest related driver of
population decline, Holden and McDonald-Madden (2017) suggest
that a sufficient minimum selling price can enable harvesters to de-
plete a population below the AAE threshold. We build on this finding
by demonstrating that when this minimum selling price is low, profits
from hunting other species can provide an alternative financial sub-
sidy that allows harvesters to drive an abundant population below
the AAE threshold. These results add to a growing body of evidence
that opportunistic exploitation is a viable threat to harvested spe-
cies, supporting both bioeconomic theory (Branch et al., 2013) and
previous modelling studies incorporating opportunistic exploita-
tion (Thurner et al., 2021). Moreover, our model follows previous
approaches in portraying opportunistic harvest as a ‘two-species
system’, where the harvest of a single common species subsidizes
the opportunistic harvest of a rare species. In reality, however, har-
vesters can hunt and sell substantially more than two species (Chang
& Drohan, 2018; Damania et al., 2005; Rowcliffe et al., 2003). While
we addressed this uncertainty by exploring dynamics where the
common species followed one of two life-history types, our model
structure is most well suited to situations where harvest dynamics
are known to be closely tied to two species, such as the opportu-
nistic snaring of babirusa during wild pig hunts in Sulawesi (Clayton
et al.,, 1997). We suggest that elaborations of models of opportu-
nistic harvest should explore how the dynamics of several common
species impact the exploitation of a rare species.

By employing both opportunistic and pursuit harvest strate-
gies, harvesters in our model were able to sustain higher levels
of harvest effort (i.e. higher profits) than either strategy alone
could support. This increased harvest effort increased the mag-
nitude and the rate of overexploitation, highlighting the potential
for interactions between multiple bioeconomic drivers of extinc-
tion risk. In our model, we chose to exogenously define a (fixed)
average proportion of time/effort that harvesters devoted to one
versus the other harvest strategy, s, which represents an annual
average of the hunter's strategy, with allowing some within-year
variation. This assumption may be most appropriate to conserva-
tion policy scenario planning (Peterson et al., 2003) when con-
sidering large populations of hunters, or if the motivation for

hunters to use one or the other strategy is unknown. However, in

reality, financially motivated hunters are far more likely to alter-
nate between harvest strategies until settling on a strategy that
optimizes their hunting profits depending on market conditions
and the species being hunted (i.e. variable s, with changes being
motivated by the optimization of effort and profits). Future stud-
ies are needed to understand how financially motivated, forward-
looking hunters alter harvest strategy in response to market and
ecological feedbacks (Dobson et al., 2019). In biodiverse regions
where many species are sold for profit, protecting an imperilled
species from overexploitation could require regulating the harvest
of co-occurring species (Branch et al., 2013). However, the effi-
cacy of such regulations remains unresolved, and likely depends
heavily on the behavioural responses of hunters to new regulation
and subsequent downstream effects on the hunters' payout for
harvest.

To our knowledge, ours is the first attempt to use harvest mod-
els to assess the sustainability of the international pangolin trade.
This gap is likely due to the paucity of published data on pangolin
population dynamics and trade, especially among the four African
species. For example, opportunistic harvest catchability is challeng-
ing to assess in situ, as illicit poaching behaviour is often clandes-
tine (Barber-Meyer, 2010), harvest yields depend heavily on the
harvest technique used (Dobson et al., 2019), and capture success
likely varies with the behaviours and perceptions of individual hunt-
ers (Thurner et al., 2021). However, our model is relatively robust
to changes in opportunistic harvest catchability, with pangolins'
short-term extinction risk only modestly changing following a 100x
increase in this catchability parameter. As a result, only a rough
approximation of opportunistic harvest catchability may suffice to
assess pangolin harvest dynamics. Comparatively, our model was
more sensitive (although still relatively robust) to the parameteriza-
tion of market traits such as the selling price of pangolins and other
species. These findings underlay the importance of conducting mar-
ket surveys to track selling prices of harvested species (e.g. Boakye
et al., 2016; Challender et al., 2015; Nijman et al., 2016). Data from
these local studies should be collated to develop accurate price es-
timates (e.g. Ingram et al., 2018) when using models to inform man-
agement and specific policy recommendations.

We chose pangolin harvest for our analysis because they
are highly exploited, potentially at risk of an AAE (Aisher, 2016;
Challender et al., 2015), and hunted using several different har-
vest strategies (D'Cruze et al., 2018; Ingram et al., 2018; Pietersen
etal,, 2014a). It is likely that there are many exploited species shar-
ing these characteristics, and as a result our findings may be gen-
eralizable to species that share a consumer base (e.g. ivory, tiger
parts), display rarity value, co-occur with other highly exploited
species (e.g. in biodiverse regions) and/or have slow life-history
characteristics (e.g. elephants, rhinoceroses). We recognize that
exploitation alone does not a priori drive species to extinction,
and, when managed within a robust evidence-based governance
structure, can provide positive incentives for conservation and
contribute to recovery of imperilled populations (Challender
et al., 2021; Hutton & Leader-Williams, 2003). However, our
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results show that whether commercial harvest leads to extinction
depends on a suite of factors, including the degree of flexibility in
strategy choice exhibited by the harvester, species-specific rarity-
price relationships, and the profit gained from the capture and sale

of co-occurring species.
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