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Can aregulated, legal market for wildlife products protect species threatened by poaching? It is one of the
most controversial ideas in biodiversity conservation. Perhaps the most convincing reason for legalizing
wildlife trade is that trade revenue could fund the protection and conservation of poached species. In this
paper, we examine the possible poacher-population dynamic consequences of legal trade funding conser-
vation. The model consists of a manager scavenging carcasses for wildlife product, who then sells the pro-
duct, and directs a portion of the revenue towards funding anti-poaching law enforcement. Through a
global analysis of the model, we derive the critical proportion of product the manager must scavenge,
and the critical proportion of trade revenue the manager must allocate towards increased enforcement,
in order for legal trade to lead to abundant long-term wildlife populations. We illustrate how the model
could inform management with parameter values derived from the African elephant literature, under a
hypothetical scenario where a manager scavenges elephant carcasses to sell ivory. We find that there
is a large region of parameter space where populations go extinct under legal trade unless a significant
portion of trade revenue is directed towards protecting populations from poaching. The model is general
and therefore can be used as a starting point for exploring the consequences of funding many conserva-
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tion programs using wildlife trade revenue.
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1. Introduction

Illegal harvest of plants and animals (also known as poaching) is
one of the greatest threats to biodiversity (Maxwell et al., 2016).
One of the most commonly proposed solutions to reduce poaching
is to ban wildlife trade and punish those who break the law (IUCN,
2000; Sadovy de Mitcheson et al., 2018). Yet, trade bans have failed
to stem the poaching crisis for several species (Conrad, 2012).
Some scientists, governments, and managers have argued that
the solution is to lift bans and introduce a highly regulated, legal
trade of wildlife products. Theoretically, legal trade could increase
poached species population sizes by (1) flooding an, otherwise ille-
gal, market with legal product, driving down prices and therefore
decreasing the financial incentive to poach (Walker and Stiles,
2010; Biggs et al., 2013) and (2) by generating sales revenue to
fund the conservation of poached species (Stiles, 2004; Di Minin
et al,, 2015; Smith et al., 2015). It is one of the most controversial
theories in conservation biology (Biggs et al., 2017; Sekar et al.,
2018; Eikelboom et al., 2020), eliciting strong supporting (Cooney
and Jepson, 2006) and opposing arguments (Litchfield, 2013;

* Corresponding author.
E-mail address: m.holden1@ugq.edu.au (M.H. Holden).

https://doi.org/10.1016/j.jtbi.2021.110618
0022-5193/© 2021 Elsevier Ltd. All rights reserved.

Lusseau and Lee, 2016; Sekar et al., 2018). While mathematical
models have been used to demonstrate why flooding the market
with legal products may benefit (Gentry et al., 2019) or harm
(Crookes and Blignaut, 2015) different types of poached species,
the potential use of legal trade revenue to fund conservation has
largely been ignored by mathematical biologists, despite the
unique nonlinear feedbacks this policy would create.

These nonlinear feedbacks can be explained by thinking about
how wildlife products gaining in value affect poaching. When
products command high prices, poachers make more money,
increasing their incentive to harvest more organisms. But if the
government is also selling the product and using the revenue to
fund conservation, the government is also able to sell the product
for higher prices as well. This generates extra conservation fund-
ing, which may benefit the species. Alternatively, poachers have
less financial incentive to poach when prices are low, but low
prices also mean smaller conservation budgets. Without the aid
of mathematical models, this trade-off could be spun negatively
or positively for those who argue for legal trade. In one sense, if
conservation funding went towards anti-poaching law enforce-
ment, the opposing forces could help prevent increased poaching
when prices increase. But, in many models, forces that appear to
be stabilizing can lead to periodic orbits, where populations cycle
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between high and low sizes, risking extinction during bad years,
due to random effects. This is why it is important to rigorously ana-
lyze explicit mathematical models of legal trade funding
conservation.

In this paper, we propose a simple system of ordinary differen-
tial equations that captures the essence of legal trade funding bio-
logical conservation. Because, in many instances, it is morally and
politically infeasible for a government to harvest live charismatic
animals (Biggs et al., 2017), we consider a mathematical model
where the manager can only sell wildlife product derived from ani-
mals who die naturally. If governments could find animal carcasses
fast enough, this is potentially feasible for many non-perishable
wildlife products, such as, teeth, bones, ivory, scales, and horns.
Once the legal product is scavenged from carcasses it is then sold
alongside the illegal product derived from animals killed by poach-
ers. The price of the product is determined by the supply of the
product on the market, and poachers increase their poaching effort
when it is profitable, and decrease effort when poaching is unprof-
itable. The government uses a portion of their sales revenue to
increase anti-poaching law enforcement, which increases the
expected cost of poaching, decreasing poaching profitability. In this
paper, we examine the long-term population consequences of this
potential policy and derive the critical proportion of legal trade
revenue to be allocated towards increasing law-enforcement in
order for the population to no longer be threatened by poaching.

2. Poacher-population dynamic model

Let x(t) be the population density or abundance of the harvested

species at time t. Note, from now on we will frequently omit the “
(t)” to make the equations cleaner. Population size changes
through time according to the model,
%: (b—m)x —qxy, (1)
with intrinsic population growth rate, b — m, which is the difference
between a birth rate, b, and a mortality rate, m. It is necessary to
track naturally dying individuals through an explicit mortality rate
because our goal is to examine the population dynamics of poached
species when a manager scavenges deceased organisms to sell wild-
life product. The second term on the right denotes that poachers
decrease the population size of the poached species by illegally har-
vesting individual organisms, where y(t) is a measure of poaching
effort, at time t, and the parameter q is the catchability of organisms
by poachers. We assume the rate, at which poachers change their
effort, is proportional to the profitability of poaching,

% = a[p(x,y)qxy — c(x,y)y], @

where p(x,y) is the price paid to poachers per poached individual
and c(x,y) is the cost of poaching per unit poaching effort. Eq. (2)
is the standard way of modeling harvest effort in theoretical popu-
lation biology (Hilborn et al., 2006; Mansal et al., 2014; Holden
et al., 2018; Crookes and Blignaut, 2019). It says poachers increase
effort when poaching is profitable and decrease effort when it is
unprofitable, with the parameter o controlling how fast poachers
adjust effort. We assume price, p(x,y), declines with increased wild-
life product on the market, through a demand curve (Marshall,
1890), from economics,

. Do
px.y) = 1+ a(gxy +smx)’ (3)
The parameter py is the maximum price any buyer is willing to pay
for the product, and a determines how much the price decreases
with increased product on the market (solid black curve in Fig. 1).
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Price

Market supply

Fig. 1. Price as a function of supplied wildlife product on the market for Eq. (3)
(solid black curve), for linear price, according to Eq. (13), (dashed red curve), and
price according to the Hill equation, (y/[smx + qxy])’ (dash-dotted blue curve).
Parameters are po=3,a=1,7y=9/4, = 1/2.

Market supply consists of product entering the market from poach-
ing, gxy, and legal sales, smx, where s is the proportion of carcasses
the manager is able to scavenge for legal trade. We assume both
illegal and legal products command the same price, to simplify
the analysis. The functional form of Eq. (3) is different from most
price models in the literature. Price is more commonly assumed
to decrease linearly with increasing supply (Clark, 1990; van
Kooten, 2008; Auger et al., 2010; Chen, 2016). While this linear
curve is appropriate in some cases, it can lead to negative prices
(dashed red curve in Fig. 1), because the government may sell pro-
duct even when it is unprofitable for poachers to poach. While this
is unrealistic, we derive analogous results for our model if Eq. (3)
was replaced with a linear price function, in the supplement, with
a summary in Section 4. Another standard approach is modeling
price as a function of one over the supply (Ly et al., 2014; Burgess
et al., 2017; Fryxell et al., 2017), for which the Hill equation, one
over the supply raised to a fixed power, is the most common choice
because it guarantees fixed price elasticity of demand (Fryxell et al.,
2017). Unfortunately, the specific nonlinear structure of the Hill
equation equation makes a global analysis of the model presented
in this paper analytically intractable, and additionally, in such a
model, prices grow to infinity as the supply approaches zero (dot-
dashed blue curve in Fig. 1). Our alternative price curve (3), which
captures many features of the Hill equation, namely strictly posi-
tive, convex, decreasing price as a function of supply is, therefore,
an ideal substitute (solid black curve in Fig. 1). While (3) is less
commonly used in the literature than the Hill equation, it is often
presented in introductory economics textbooks (Sydsaeter et al.,

2002).
The cost per unit of poaching effort is modeled as,
C(X7y) =Co + CF/‘L(X,y), (4)

where, ¢y, is the opportunity cost of poaching, [e.g. lost income from
not doing other activities]. The second term is the expected cost of
getting caught poaching, which is proportional to the density of law
enforcement, A(x,y). The parameter ¢ can be thought of as the
expected rate of money paid by poachers, per unit poaching and
law enforcement effort, from being caught poaching. Note the pay-
ment rate could be from explicit fines, or nonmonetary costs, such
as jail terms, but converted into dollars. We assume law-
enforcement effort is

AX,Y) = o + gfsmxp(X.y). ()
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where, Z9, is some baseline level of law-enforcement the manager
deploys from an external budget and where the second term repre-
sents the increase in law-enforcement due to legal trade revenue.
Because s is the proportion of naturally deceased organisms legally
scavenged, smx is the rate of individual organisms legally being sup-
plied to the market. Therefore, smxp(x,y) is the rate of money flow-
ing to the government from legal sales. The parameter f is the
proportion of that money the government chooses to allocate to
enforcement, and, g, converts the money into additional enforce-
ment, via enforcement costs. Note that species body size is implic-
itly accounted for in parameters, b, m, and po as larger-bodied
organisms tend to have lower birth and death rates and produce
more wildlife product per individual. However, explicit body size
and age structure effects are ignored here as a simplifying
assumption.

In the previous model, to simplify the analysis, we assumed lin-
ear population growth in the absence of harvest. But in reality,
populations do not grow to infinity. Therefore, we introduce a
model where population growth slows as the population exhausts
its resources,

dx bmk

dat |mk+(b_mpx ¥R ()

where, k is the carrying capacity of the population. Here, the per-
capita birth rate (the first term in the bracket) is equal to b at
zero population density, and then monotonically decreases to
zero as population density goes to infinity, according to a hyper-
bolic function. The parameterization of the hyperbolic decline is
chosen such that the birth rate equals the death rate when
x = k. In other words, it is a model that generates a stable equi-
librium population abundance equal to carrying capacity, in the
absence of harvest. As is standard in ecology, we include
density-dependence in the birth rate, since, for the vast majority
of species, newborns are the most vulnerable life stage (Quinn II
and Deriso, 1999). Most mathematical biologists will be more
familiar with the logistic equation, rx(1 —x/k), as a way to incor-
porate density-dependent population growth. This equation will
not work for our purposes, because we must tease apart the mor-
tality rate from the birth rate, in order to track wildlife products
created from deceased organisms. While (b —m)x(1 — x/k) might
appear reasonable, in such a model, the mortality rate is actually
m + bx/k. Since we are interested in tracking mortality, Eq. (6) is
preferable, because m maintains its interpretation as the natural
mortality rate, as in the linear population growth model.

Assumption Al. parameters b,m,q,a,co,Cr,8,Dg,k and a, are
strictly positive real numbers and additionally, .o > 0, b > m, and
f,se€(0,1].

This assumption guarantees that the population grows in the
absence of harvest, that poachers can successfully catch some indi-
viduals from the population, and that poachers always increase
poaching effort when profitable and decrease poaching effort when
unprofitable. It also guarantees positive prices for the wildlife pro-
duct, and some non-zero cost of poaching. The case, a = 0, corre-
sponds to a fixed price, p,, per unit of wildlife product, meaning
price does not change with respect to market supply. In such a sce-
nario, the model reduces to the classic Lotka-Voltera model, where
poachers are the predators and the harvested population is the
prey. The dynamics of the Lotka-Voltera model, closed periodic
orbits (Kot, 2003), are well known, and hence we restrict our study
to the case where a > 0.
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3. Nondimensionalized models

The linear population growth model (Egs. (1)-(5)) can be non-
dimensionalized, and written more simply as

dX

T =X-XY, 7)
dy uX

E:<l+wX+XY_”>Y’ ®)

which has only three parameters, u, w, and v, and three nondi-
mensionalized state variables X ,Y, and 7, which are all given as
follows,

—alb— _ L
X =a(b - m)x, Y_b—m’ T=(b-m)t
_ “Pold—cilgms) -, ms_ -, (o +Cro)

u Cw= -
a(b — m)? b—m

b-m

Note an alternative rescaling of the model would leave a param-
eter on the XY term in the denominator, rather than the w, on
the X term. We chose the above rescaling because when w = 0,
one recovers the model under the case where s and f are zero. A
similar non-dimensionalization of the nonlinear population
growth model (Eqgs. (2)-(6)) yields,

dX 1-X
% (m)x _ XY, 9)
dY yX
E*<l+wx+zxy_v>y’ (10)
where,

X ~b-m _ okpy(q — cefgms)
X - E7 n= m E] lﬁ - b —m )

w = amsk, z=ak(b-m),

with Y, 7 and » the same as in the linear case.

4. Poacher-population dynamics

In this section, we highlight the possible population and poa-
cher dynamics in each of the models. We demonstrate that if a con-
dition on the parameters is satisfied, the harvested population
either grows to infinity, in the linear population growth model,
[Egs. (7) and (8)], or to carrying capacity, in the nonlinear model,
[Egs. (9) and (10)]. If the condition is not satisfied, poacher and
population numbers approach a stable equilibrium. Therefore,
the condition on the parameters provides a useful management
tool for projecting the effects of using legal trade to fund anti-
poaching law-enforcement on wildlife populations. The key results
for managers and conservation biologists are Eqs. (11) and (13),
which translate the condition on the parameters into a critical pro-
portion of legal trade revenue that must be allocated to anti-
poaching law enforcement to achieve abundant wildlife
populations.

The advantage of the linear population model is that it leads to
mathematically tractable dynamics. In this model, not only can we
classify population dynamic behavior near equilibria, but also clas-
sify the global behavior of trajectories given any initial condition
and parameter combination. While a global analysis is less tract-
able for the nonlinear population growth model in Eq. (9), we illus-
trate, numerically, and through local linear stability analysis, that
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Fig. 2. The three types of possible dynamics, in the phase plane, given Egs. (7) and (8). a) In the case where, 0 < u— v[1 +w] < 2%, there is a stable spiral attracting all

4u

strictly positive initial conditions. b) When u — 2[1 +w] > 2%, the equilibrium is a stable node. c) When u — #[1 + w] < 0, the nontrivial equilibrium vanishes and population

4u

size grows indefinitely, to infinity. The parameters are w = 0 for all plots. In a) u = 2.768, v = 2.353,inb) u = 768, v = 2.353,and in c) u = 1.814, v = 1.905. These parameters
correspond to q=py=cCo+Crlo=a=1, and f=s=0, in the original dimensional model, Eqgs. (1)-(5), and additionally with, «=1,b—m=0.25 in a) and
a=2,b—m=0.85inb)and « =2,b—m=1.05 in c). The dotted, red curve is the non-trivial, dy/dt = 0, nullcline, and the blue dashed curve is the non-trivial, dx/dt = 0,
nullcline. All values in the plot are of the dimensional system, Egs. (1)-(5), for ease of biological interpretation.

this model produces qualitatively similar dynamics to the linear
population growth model in Eq. (7).

In the linear model, Egs. (7) and (8), with assumption A1, there
are three possible types of qualitative dynamics, as depicted in
Fig. 2. If v < {4, there is a stable positive equilibrium

XY = (m,l), where population size and poacher effort

approach (X*,Y"), given any initial condition with some non-zero
poaching effort and population size (Fig. 2ab). Otherwise, if
v > 14, the population grows to infinity for any non-zero initial
population size (Fig. 2c). The stability condition, v < -, can be

T+w
rewritten as u—v[14+w] < 0. If, u—o[1 +w| > ”Z‘l’fz, then the
stable equilibrium, (X*,Y"), is a spiral, (see Fig. 2a), whereas if,
0 < u—v[1+w < 2" then (X',Y") is a stable node, (see
Fig. 2b). When, u — v[1 + w] = 0, there is a bifurcation where the
denominator of X* is zero, denoting the loss of the non-trivial equi-
librium from the positive quadrant.

The only other equilibrium is a trivial equilibrium (0,0), which is
always a saddle. It has a stable manifold corresponding to an initial
population size of zero, where poaching effort then decreases to
zero because it is always unprofitable to try and poach a non-
existent species. The unstable manifold of (0,0) corresponds to zero
initial poaching, where the population grows indefinitely in the
absence of harvest. The possible dynamics, described above, can
be summarized more formally by the following theorem.

Theorem 1. For any initial condition
(X(0),Y(0)) € {(X,Y) : X > 0,Y > 0}, and given ¥ and 4¥ according

to equations (6,7), and assumption Al, if v<gi; then
TILTQOX(T) = il and TIL@ Y(1) = 1. If v > & then tlirgX(t) =00
and tlim Y(t)=4%—w.

Proof. Let v < %, then the non-negative equilibria are (0,0) and

(W’;W}, 1). It is straightforward to show, through a standard lin-

ear stability analysis, that (0,0) is an unstable saddle with stable
manifold {(X,Y):X =0} and unstable manifold {(X,Y):Y =0},

and that <Wli+w]l) is a stable node for 0 < u — 2[1 +w] <2

4u ’

See Appendix 1 for
calculations. Therefore,

and stable spiral for u-— 2[1 +w] > ”Z‘l""z.
detailed linear stability analysis

<W”HW] 1) is locally stable if v < . The Bendixon-Dulac theo-

rem can be used to show there are no periodic orbits in the positive

quadrant, by choosing B(X,Y):=3, and noting that
2 (BE) + 2 (BL) :_7(1+w§)iXY)Z’ which is always negative

for X > 0. Therefore, {(X,Y) : X > 0,Y > 0} is the basin of attraction
for (Wyww]’ 1).

If v > %, the saddle (0,0) is the only equilibrium satisfying
X>0 and Y >0. Additionally, K <0 for all

X(1).Y(1)) € {X,Y): Y > max(0,% —w—1), X > 0}. Since & > 0,
for all (X(7),Y(1)) e {(X,Y):X>0,Y <1} and L —w—$ <1, for
all X > 0, it follows, from the continuity of the vector field, that
tliigX(t) = oo and !g)}o Y(t)=%4-—w.O

Theorem 1 allows us to analyze the dynamics in the rescaled,
dimensional model, Egs. (1)-(5), which are easier to interpret bio-
logically. For example, in the case where there is no legal trade,
f=s5s=0, the dynamics presented above can be written in terms
of the population growth rate, b — m. Low population growth rates,

_ Poq 4poq
b-m < ac (aac2+4poq

), produce the stable spiral (Fig. 2a), interme-

diate population growth rates, 2o ( = ) < b-m <®9lead to

? ac \ oacZ+4pyq ac’
the stable node (Fig. 2b), and large population growth rates,
b —m > B, cause the nontrivial equilibrium to vanish, with popu-
lation size growing to infinity (Fig. 2¢). This makes sense, as we
would expect larger long-term population sizes for more quickly
growing species.

Theorem 1 also allows us to derive the critical law enforcement
funding rate, in order for legal trade of naturally deceased organ-
isms to produce abundant wildlife population sizes in the long-
term. This is summarized in the following corollary.

Corollary 1. Define,

fe Poq — a(b —m)(co + Crio) _a(co+cpio) a1
. Cr8MpyS Cr8Po

and

X Co + Crlo
" a(co + Crio)(b — m 4 ms) 4 po(cefgms —q)

(12)
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For any initial condition (x(0),y(0)) € {(x,y) :x >0,y > 0}, and
given % and %, according to equations (1-5), and assumption Al, if
f > f" then [limx(t) =oo,forall0<s < 1.Iff < f" then, [lim x(t) = x*.

and the

equation for the equilibrium, (WM’ 1), in Theorem 1. O

Proof:. Follows from rescaling the condition v > 34,

In the case where 0 <f" <1, then tlim‘x(t) =00, as long as

f>f.1If f > 1, then it is impossible, regardless of the choice of
the funding proportion, for legal sales to lead to infinite population
sizes. If f* < 0, then the population grows to infinity, even if none
of the revenue from legal sales funds anti-poaching law enforce-
ment. This means that either flooding the market with legal pro-
duct drives the product price down low enough for poaching to
be unprofitable, or poaching was never profitable enough to harm
the population, even in the absence of legal sales. In Fig. 3, we plot
the bifurcation diagram in the system with respect to the two
parameters the manager controls, f and s. The black curve denotes
the critical f, f*, as a function of s. The white region below the curve
is the region of parameter space where the population approaches
the stable equilibrium. The light grey region above the curve is the
region where introducing some positive value for f, above the
curve, causes infinite growth. The darker grey region, to the right
of the intersection of the curve, with f = 0, denotes the region
where the population would grow to infinity regardless of whether
legal sales funded enforcement or not. For example, with parame-
ters as in Fig. 3, when scavenging 20 percent of dead organisms for
wildlife products, s = 0.2, increasing the percentage of revenue
towards law-enforcement funding from zero to 100 percent does
not lead to infinite population sizes (circle a, and d, in Fig. 3, and
plots a and d in Fig. 4). However, when s = 0.5, moving from
f=0,tof=1,leads to infinite populations sizes, as f crosses the crit-
ical f* value (circle b, and e, in Fig. 3, and plots b and e in Fig. 4).

o %
< o
c
e
t o
O o
Q
)
a

<
o o X({t)-x*
=
o
S o
L o

S @ oa ® g

Scavenging proportion (s)

0.8

Fig. 3. Bifurcation diagram for the ODEs described in Eqgs. (1)—(5). Other parameters
areb=2,p, =3.5,m=q =c, = cr = 4o = g = a = 1.In the white region, the popu-
lation approaches a stable equilibrium. In the light grey region (f, as a function of s
above the critical black curve, f*) the population size approaches infinity. In the dark
grey region, the population grows to infinity, regardless of the choice of f. The phase
diagrams for the corresponding circles in this bifurcation diagram are plotted in
Fig. 3. For example, for s = 0.5 and f = 0, see Fig. 3b. At the same scavenging
efficiency, s = 0.5, but allocating all revenue to buying extra law-enforcement, f = 1,
see Fig. 3e, where the extra funding leads to population sizes which grow to infinity.
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Alternatively, the population always goes to infinity if s = 0.9, no
matter the value for f (circle ¢, and f, in Fig. 3, and plots ¢ and f
in Fig. 4).

We show in the supplement that replacing Eq. (3) with a price
function that decreases linearly with supply,

p(x,¥) = po[1 — a(gxy + smx)], (13)

produces similar dynamics to those shown above, and there is an
analogous condition to that presented in corollary 1 for the critical
funding proportion which guarantees infinitely growing popula-
tions, namely,

fooo Poq —4a(b —m)(co + crdo)  4a(co + Crlo)
firear = CrgMPoS CrgPo

The only difference between Eqs. (11) and (14) is the multipli-
cation by four in the terms on the right. This means we require a
smaller proportion of legal revenue allocated towards enforcement
to guarantee infinitely growing populations if we assume price
declines linearly with supply. Therefore, Eq. (11) can be thought
of as a more conservative condition.

There is one major difference between the qualitative dynamics
when the nonlinear price Eq. (3), is replaced by the linear Eq. (13),
in our model. This is the introduction of a second equilibrium, a
saddle, for the case where f < f"j.qo- The saddle equilibrium
occurs at a larger population size than the stable positive equilib-
rium. So for linear price curves, large initial population sizes grow
to infinity, while small initial populations flow towards the smaller
equilibrium. This is mostly due to the possibility of negative prices
(see the grey area in Fig. S1 in the supplement). If the government
scavenges from populations growing indefinitely, negative prices
are guaranteed as the market supply approaches infinity. So poach-
ers rapidly decrease poaching to avoid negative revenue. The intro-
duction of negative prices is unrealistic, as the government would
surely stop selling the scavenged product if prices went negative.
Therefore, we prefer the price curve in Eq. (3) as a more theoreti-
cally justified model for our particular application.

All previous results assumed that the population growth rate
was linear with respect to population size in the absence of poach-
ing. The linear population model was especially useful because we
could prove the global behavior of all trajectories, analytically,
including ruling out periodic orbits. Adding nonlinearity to popula-
tion growth makes proofs of the global dynamics less tractable.
However, it is possible to explain some of the long-term qualitative
behavior in this model, both analytically and numerically. There
are potentially three biologically relevant equilibria in this model.
The zero-poacher zero-population size equilibrium still exists and
continues to be a saddle. The nullcline, where dx/dt is zero (no
population growth), now declines with population size and inter-
sects the x-axis at carrying capacity, which is rescaled to be one
in the non-dimensionalized model (see blue dashed curve in Fig. 5-
a-c). This intersection corresponds to an equilibrium where there is
no poaching and the population is at its maximum sustainable size.

A particular relevant goal from a management perspective is
whether we can eliminate poaching by introducing legal trade. For-
tunately, even though the complete global dynamics are difficult to
prove mathematically, we can prove a sufficient condition for the
existence of this important equilibrium being globally stable in
the relevant positive quadrant.

(14)

Theorem 2. For any initial condition (X(0),Y(0)) € {(X.,Y):
X>0,Y >0}, and % and g—’{ according to equations (8,9), and given

assumption Al, if v > le then TILTCX(T) =1 and _!L@ Y(t)=0.



M.H. Holden and ]. Lockyer

Journal of Theoretical Biology 517 (2021) 110618

21a) b) c)
ol - ______| P R
e @
ag o
w o
(o)) o
£
S
3 =d) ) f
o
ol __ gzt L4 L ______|
9 |
=} /’_
o / , L ,
S 5 10 15 0 10 15 0 5 10 15

Population Size

Fig. 4. Phase diagrams for the ODEs described in Eqs. (1)-(5) (in the top row, zero legal sales revenue is allocated to funding enforcement, f = 0, bottom row all legal sales
revenue is allocated to law enforcement f= 1). Columns correspond to different scavenging efficiencies (a,d, s = 0.2, b,e, s = 0.5, ¢,f, s = 0.8). The labels correspond to the circles
in (s, f) parameter space labeled on the bifurcation diagram in Fig. 3. Other parameters are.b =2,py =35 m=q=c,=cc =l =g=a=1.

1.0

Poaching Effort

00 02 04 06 038

10 15

Population Size
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Proof. Let v > . Then the only non-negative equilibria are (0, 0)

T+w

and (1,0), because the & =0 nulicline, Y ==X, monotonically
decreases from (1, 0) to (0, 1) and the 9=0 nullcline,
Y =uw_ 1 is non-positive for all X € (0,1). It is straightforward

74

to show, through a standard linear stability analysis, that (0, 0) is
an unstable saddle with stable manifold {(X,Y):X =0}, and
unstable manifold {(X,Y):Y = 0}. Trajectories on the unstable
manifold of (0,0) flow directly into (1,0). A linear stability analysis
around (1,0) shows it is a stable node because the eigenvalues of
the linear system are, =%, and % — v at (1,0). By index theory,
there can be no periodic orbits in the region
{X,)Y):X>0,Y>0}. By continuity of the vector field
{(X,Y):X>0,Y > 0} is the basin of attraction for (1,0). O

This allows us to derive a critical f, which we will call ¢, for the
nonlinear model, analogous to Eq. (11) in the linear model.

Corollary 2. Define,

_ Pog — (1/k)(co + Crio) _ a(Co + Crlo)
Cr8MPoS CrgPo

¢ (15)

If f>¢ and % and % are according to equations (2-6), and
assumption Al, then for any initial condition
(x(0),y(0)) € {(x,y) : x >0,y > 0}, rlimx(t) =k forall0<s<1If

f < ¢, then there exists a T >0, such that for all t >T, and
(%(0),(0)) € {(x,y) : x> 0,y > 0}, x(t) < k.

Proof. If f > ¢, then tlim x(t) = k follows from Theorem 2, after re-

dimensionalizing the condition vzl‘f—m. Alternatively, if f < ¢,
then (k,0) is an unstable saddle with its stable manifold not in
{(x,y): x>0,y >0}, and because % <0, for all x<k, then
(x(0),y(0)) € {(x,y) : x < k,y > 0} is invariant, and all trajectories
with initial conditions in (x(0),y(0)) € {(x,y) : x > k,y > 0} flow
into the invariant region. O

Note that in corollary 1, given the linear model, we proved that
the population always approaches the stable non-trivial equilib-
rium. In corollary 2, we only proved that the population is eventu-
ally maintained below carrying capacity. The stability of the
nontrivial equilibrium, in the nonlinear model, is difficult to prove
analytically, as the formula for the eigenvalues from linear stability
analysis around the non-trivial equilibrium involve over one hun-
dred nonlinear terms. However, for all parameter values and initial
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dashed red curve, k = 5, dotted green curve, k = 15, dash-dotted blue curve, k = 50,
dashed cyan curve, k = 10,000 dash-dotted magenta curve). The circles a), b) and c)
are the values in (s, f) parameter space whose corresponding dynamics are plotted
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conditions tested in the positive upper half plane, when f < ¢,
numerical solutions did indeed approach the non-trivial equilib-
rium (Fig. 5). In Fig. 6, we compare the bifurcation diagrams
demarcated by the critical funding proportion, ¢, and f*, in the non-
linear and linear models respectively. Note that ¢, and f*, in Egs.
(11) and (13) are similar. Eq. (13) for ¢, only differs from f* by
replacing a(b —m) in Eq. (11) with 1/k. As a result, these critical
curves, that demarcate the different regions in the bifurcation dia-
gram, have the same shape. Large values of k increase the critical
proportion of funding towards law enforcement required to
achieve stable population size at carrying capacity, k. This makes
sense because it is easier for poachers to catch the species if it is
common. Similarly, it can be shown that as long as it is profitable
to poach a population at carrying capacity with no legal sales rev-
enue allocated to enforcement, then d¢/0m, d¢/ocF and
O¢/0a < 0. This means that legally selling product from deceased
animals is most likely to work for species with high death rates
(meaning the population provides more wildlife products to scav-
enge), governments with high anti-poaching enforcement effi-
ciency (meaning funding extra patrols is effective), and high
price sensitivity (meaning flooding the market with product
reduces poacher incentives).

5. Case study: Elephant population dynamics if scavenged ivory
could fund enforcement

We consider the case of a government legally trading ivory
scavenged from Elephant carcasses. The example is illustrative,
based on historical data from the 1990s, and therefore cannot
directly inform management today. For example, we will use val-
ues for the biological parameters, costs of poaching, and probabil-
ity of getting caught corresponding mostly to Luangwa Valley,
Zambia, in 1992 (Milner-gulland and Leader-Williams, 1992) and
assume that this is the only area supplying ivory to the hypothet-
ical market. The region has been extensively used for an array of
theoretical models on elephant poacher dynamics (Lopes, 2015;
Holden and McDonald-Madden, 2017; Holden et al., 2018) and
therefore, observing the dynamics from this parameterization
helps to understand our models in the context of the greater
poacher-population modeling literature.
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Wildlife population size, x(t), is the number of elephants at time
t. We assume an elephant birth rate, 0.33, mortality rate, 0.27
(Conrad and Lopes, 2017), and carrying capacity set to 42,984 ele-
phants, corresponding to 2 elephants per km? in Luangwa Valley
reserves (Milner-gulland and Leader-Williams, 1992). We assume
poaching effort, y(t), is the number of gangs poaching at time t.
We set poacher opportunity cost, co, to 29.37 USD/gang, based on
the daily average sub-Saharan African income of 2.1 USD/person
(Lakner and Milanovic, 2015), 8 poachers per gang, 7 day expedi-
tion time, and 88 USD in expedition expenses (Milner-gulland
and Leader-Williams, 1992). The expected cost of getting caught
per anti-poaching patrol, per day, was set to 4.69 USD/day/gang/-
patrol. This was based on the probability of getting caught of
0.05 per expedition, given 13.97 patrols, a penalty of lost income
during an average 2-year prison term for each gang member, with
discount rate 0.35, and a conviction probability of 0.86 (Leader-
Williams et al., 1990; Milner-gulland and Leader-Williams, 1992;
Mastrobuoni and Rivers, 2016). The catchability coefficient for ele-
phants was set to 2.56 x 10 (Milner-gulland and Leader-
Williams, 1992). The maximum ivory price when there is no ivory
on the market and the sensitivity of price to ivory supply are highly
uncertain parameters, so we varied these parameters between,
1,000 USD —301,000 USD, and 0-5 respectively. Note that in a
study published in 2014, the maximum raw ivory price on the mar-
ket was 3,740 USD/kg or 28,125 USD/elephant (using 1.88 tusks
per elephant). One might typically assume that some of that
money goes to the final seller and not the poaching gang and that
the price might be even higher if ivory was rarer on the market.
Therefore, it is highly likely that the wide range of 1,000 USD —
301,000 USD per elephant captures the true maximum price the
highest bidder would pay for one elephants’ worth of ivory. For
price sensitivity to supply, a, values close to zero represent a shal-
low drop off from the maximum price, with increasing ivory on the
market, and values close to five represent a very steep drop-off. It is
estimated that roughly 55 African elephants were poached per day
from 2007 to 2014 (Chase et al., 2016), so, for example, a = 5 would
represent prices of less than a half of one percent of the maximum
price, at a 55-elephant/day supply. Therefore, it is likely that the
true value of a is somewhere between 0 and 5.

In this example, there is a large region of (a, pg) parameter
space, where some non-zero proportion of sales revenue funding
enforcement (grey area in Fig. 7) is required to save elephants from
poaching. In other regions of (a, pp) parameter space, funding addi-
tional enforcement is not required to save the elephant (white area
in Fig. 7). However, the opposite is also possible; there are regions
of (a, po) parameter space where legal sales will not save the ele-
phant from poaching, even if all legal sales revenue could fund
enforcement (black area in Fig. 7). If the government is inefficient
at scavenging elephant tusks (e.g. s = 0.1, Fig. 7ad), or if ivory price
is not sensitive to the amount of ivory supplied to the market
(small a), legal trade is likely ineffective (black area in Fig. 7ad).
Whereas, legal sales are more likely to achieve positive outcomes
for elephants if scavenging is efficient (e.g. s = 0.5 or s = 1,
Fig. 7cf) or price is sensitive to ivory supply (large a).

6. Discussion

In this paper, we developed and analyzed a population dynamic
model for poached species given a manager scavenging wildlife
product from naturally dying organisms to sell and help fund extra
anti-poaching law enforcement. The strategy allows the species to
benefit from trade, without the manager directly killing any ani-
mals. The analysis reveals a critical proportion of legal sales rev-
enue that must go back into funding additional law-enforcement
in order for legal trade to alleviate the wildlife population from
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Co=29.37, cr =4.69, 1o =13.97, g =1L;, and k = 42,984 for the nonlinear population growth model.

poaching. Trade funding enforcement is most likely to work if the
government can scavenge carcasses efficiently, and if the price of
the wildlife product rapidly declines with the amount of product
supplied to the market.

Perhaps one of the more prominent results is that Eqs. (11) and
(13) show that legal sales funding enforcement will be most bene-
ficial if enforcement efficacy is high. Over the past two years,
Uganda and Kenya have been trialing intelligence-based
approaches to enforcement (Critchlow et al., 2015; Nguyen et al.,
2016) and these countries have seen some rebounds in wildlife
populations during this time (Chase et al., 2016). Such
intelligence-based strategies would work synergistically with legal
sales funding enforcement. However, we must warn that the
increased militarization of conservation, and specifically our focus
on increasing enforcement funding has considerable drawbacks
(Duffy et al., 2019). That said, the models in this paper could be
modified to include alternative conservation actions, such as legal
sales funding community programs, the creation of protected
areas, or ecosystem restoration (Smith et al., 2015).

In our model, scavenging carcasses supplies all legal trade. To
simplify the analysis, we only considered the effects of this on
poaching and the population size of the poached species. We did
not consider effects on humans who live near wildlife (Smith
et al.,, 2015), animal welfare (Derkley et al., 2019), or the ecosystem
effects of scavenging carcasses. The latter could be substantial
because carcasses can be disease sources, food sources for pests,
and even threatened species in need of conservation (O’Bryan
et al., 2019). Also, for many species, scavenging and selling prod-
ucts from carcasses may not be effective enough to influence poa-
cher incentives or produce meaningful conservation revenue (low s
in our model). An alternative approach would be to confiscate
products from arrested poachers to sell and generate conservation
funding. Initial stockpiles of previously confiscated products (Biggs
et al., 2016; Braczkowski et al., 2018) could supplement these sales

further. While biologically, selling confiscated product is a different
management action, including this into our model, and nondimen-
sionalizing the equations, would lead to a structurally similar set of
ODE:s as presented in Egs. (7)-(10) and therefore qualitatively sim-
ilar dynamics.

There are many caveats that must be considered before using
our model to directly support or discount the conservation strategy
of legal trade funding enforcement. Like the majority of literature
in economic theory and wildlife trade, we assumed that a down-
ward sloping demand curve shapes the consumer’s willingness to
pay for wildlife products (Clark, 1990). However, demand curves
aggregated across all potential consumers are difficult to measure,
and therefore their utility is contentious (Nadal and Aguayo, 2014).
Alternative price models exist, such as price as a function of wild-
life population size, rather than the amount of product on the mar-
ket (Courchamp et al., 2006; Mason et al., 2012; Holden and
McDonald-Madden, 2017; Wang and Zhang, 2018). This could be
more accurate if some dealers accumulate wildlife product as an
investment (Mason et al., 2012; Sas-Rolfes et al., 2014), gambling
on high product prices in the scenario where the population even-
tually goes extinct. However, with the exception of a few species,
there is more evidence that price is determined by market supply
rather than population status (Burgess et al., 2017).

The biggest limitation of the current model is that it ignores
corruption. For example, legalizing sales of wildlife products allows
poachers the opportunity to disguise their illegal products as legal
(Bennett, 2015). Additional complexities also include the possibil-
ity of legal trade to reduce the stigma associated with purchasing
wildlife products, thereby increasing demand from law-abiding
consumers (Fischer, 2004), and several other uncertainties in
how human behavior may respond to wildlife trade policies (‘t
Sas-Rolfes et al., 2019). Such models that address more detailed
human behavior may require computer simulation of individual
actors (Haas and Ferreira, 2016; 2018), operating under probabilis-
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tic, game-theoretic rules (Missios, 2004; Joosten and Meijboom,
2018; Glynatsi et al., 2018) and would incorporate poachers com-
peting with the manager by scavenging wildlife product as well.
Despite conservation biologists advocating the possibility for
legal sales to fund conservation (Di Minin et al., 2015; Smith
et al.,, 2015), this is the first dynamic model, to our knowledge, to
project the consequences of such actions. It therefore represents
a new, mathematically well-understood, foundational model for
conservation biologists to build off of, by adding the necessary
complexities to manage environmental systems. This not only
includes poached species, but any species subject to regulated har-
vest, when naturally deceased organisms have economic value.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

We thank Duan Biggs who introduced us to the proposed con-
servation strategy of using legal wildlife trade to increase conser-
vation funding for poached species. Funding was provided to
MHH by an ARC DECRA fellowship (DE190101416).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jtbi.2021.110618.

References

‘t Sas-Rolfes, M., Challender, D.W.S,, Hinsley, A, et al., 2019. Illegal Wildlife Trade:
Scale, Processes, and Governance. Annu. Rev. Environ. Resour. 44, 201-228.
https://doi.org/10.1146/annurev-environ-101718-033253.

Auger, P., Mchich, R, Raissi, N., Kooi, B.W., 2010. Effects of market price on the
dynamics of a spatial fishery model: Over-exploited fishery/traditional fishery.
Ecol. Complex 7, 13-20. https://doi.org/10.1016/j.ecocom.2009.03.005.

Bennett, E.L., 2015. Legal ivory trade in a corrupt world and its impact on African
elephant populations. Conserv. Biol. 29, 54-60. https://doi.org/
10.1111/cobi.12377.

Biggs, D., Courchamp, F., Martin, R., Possingham, H.P., 2013. Legal Trade of Africa’s
Rhino  Horns.  Science (80-) 339, 1038-1039. https://doi.org/
10.1126/science.1229998.

Biggs, D., Holden, M.H., Braczkowski, A., et al., 2017. Breaking the deadlock on ivory.
Science (80-) 358, 1378-1381. https://doi.org/10.1126/science.aan5215.

Biggs, D., Holden, M.H., Braczkowski, A.R., Possingham, H.P., 2016. Elephant
Poaching: Track the impact of Kenya’s ivory burn. Nature 534, 179.

Braczkowski, A., Holden, M.H., O'Bryan, C,, et al., 2018. Reach and messages of the
world’s  largest ivory burn. Conserv. Biol. 32. https://doi.org/
10.1111/cobi.13097.

Burgess, M.G., Costello, C., Fredston-Hermann, A., et al., 2017. Range contraction
enables harvesting to extinction. Proc. Natl. Acad. Sci. U.S.A. 114, 3945-3950.
https://doi.org/10.1073/pnas.1607551114.

Chase, M.J., Schlossberg, S., Griffin, C.R,, et al., 2016. Continent-wide survey reveals
massive decline in African savannah elephants. Peer] 4, https://doi.org/
10.7717[peerj.2354 e2354.

Chen, F., 2016. Poachers and Snobs: Demand for Rarity and the Effects of
Antipoaching  Policies.  Conserv. Lett. 9, 65-69. https://doi.org/
10.1111/conl.12181.

Clark CW (1990) Mathematical Bioeconomics. 2Nd Ed 352. https://doi.org/10.2307/
1936485

Conrad, .M., Lopes, A.A., 2017. Poaching and the dynamics of a protected species.
Resour. Energy Econ. 48, 55-67. https://doi.org/10.1016/].
RESENEEC0.2017.01.005.

Conrad, K., 2012. Trade bans: a perfect storm for poaching?. Trop. Conserv. Sci. 5,
245-254. https://doi.org/10.1177/194008291200500302.

Cooney, R, Jepson, P., 2006. The international wild bird trade: What's wrong with
blanket bans?. ORYX 40, 18-23.

Courchamp, F., Angulo, E., Rivalan, P., et al., 2006. Rarity value and species
extinction: The anthropogenic allee effect. PLoS Biol. 4, 2405-2410. https://doi.
org/10.1371/journal.pbio.0040415.

Critchlow, R., Plumptre, AJ., Driciru, M., et al., 2015. Spatiotemporal trends of illegal
activities from ranger-collected data in a Ugandan national park. Conserv. Biol.
29, 1458-1470. https://doi.org/10.1111/cobi.12538.

Journal of Theoretical Biology 517 (2021) 110618

Crookes, D.J., Blignaut, J.N., 2019. An approach to determine the extinction risk of
exploited populations. J. Nat. Conserv. 52, https://doi.org/10.1016/j.
jnc.2019.125750 125750.

Crookes, D.J., Blignaut, J.N., 2015. Debunking the myth that a legal trade will solve
the rhino horn crisis: A system dynamics model for market demand. J. Nat.
Conserv. 28, 11-18. https://doi.org/10.1016/j.jnc.2015.08.001.

Derkley, T., Biggs, D., Holden, M., Phillips, C., 2019. A framework to evaluate animal
welfare implications of policies on rhino horn trade. Biol. Conserv. 235, 236-
249. https://doi.org/10.1016/j.biocon.2019.05.004.

Di Minin, E., Laitila, J., Montesino-Pouzols, F., et al., 2015. Identification of policies
for a sustainable legal trade in rhinoceros horn based on population projection
and socioeconomic models. Conserv. Biol. 29, 545-555. https://doi.org/
10.1111/cobi.12412.

Duffy, R., Massé, F., Smidt, E., et al., 2019. Why we must question the militarisation
of conservation. Biol. Conserv. 232, 66-73.

Eikelboom, J.A.J., Nuijten, R.J.M., Wang, Y.X.G., et al., 2020. Will legal international
rhino horn trade save wild rhino populations?. Glob. Ecol. Conserv., e01145
https://doi.org/10.1016/j.gecco.2020.e01145.

Fischer, C., 2004. The complex interactions of markets for endangered species
products. ]. Environ. Econ. Manage 48, 926-953. https://doi.org/10.1016/
j-jeem.2003.12.003.

Fryxell, ].M., Hilborn, R, Bieg, C., et al., 2017. Supply and demand drive a critical
transition to dysfunctional fisheries. Proc. Natl. Acad. Sci. 201705525. https://
doi.org/10.1073/pnas.1705525114.

Gentry, R.R,, Gaines, S.D., Gabe, ].S., Lester, S.E., 2019. Looking to aquatic species for
conservation farming success. Conserv Lett 12. https://doi.org/
10.1111/conl.12681.

Glynatsi, N.E., Knight, V., Lee, T.E., 2018. An evolutionary game theoretic model of
rhino horn devaluation. Ecol. Model. 389, 33-40. https://doi.org/10.1016/j.
ecolmodel.2018.10.003.

Haas, T.C,, Ferreira, S.M., 2016. Combating rhino horn trafficking: The need to
disrupt criminal networks. PLoS ONE 11,. https://doi.org/10.1371/journal.
pone.0167040 e0167040.

Haas, T.C,, Ferreira, S.M., 2018. Finding politically feasible conservation policies: the
case of wildlife trafficking. Ecol. Appl. 28, 473-494. https://doi.org/10.1002/
eap.1662.

Hilborn, R., Arcese, P., Borner, M., et al., 2006. Effective enforcement in a
conservation area. Science 314, 1266. https://doi.org/10.1126/science.1132780.

Holden, M.H., Biggs, D., Brink, H., et al., 2018. Increase anti-poaching law-
enforcement or reduce demand for wildlife products? A framework to guide
strategic conservation investments. Conserv. Lett. 0-0. https://doi.org/
10.1111/conl.12618.

Holden, M.H., McDonald-Madden, E., 2017. High prices for rare species can drive
large populations extinct: the anthropogenic Allee effect revisited. ]. Theor. Biol.
429, 170-180. https://doi.org/10.1016/j.jtbi.2017.06.019.

IUCN (2000) The effectiveness of trade measures contained in the Convention on
International Trade in Wild Species of Fauna and Flora (CITES). In: Trade
Measures in Multilateral Environmental Agreements. Economics, Trade and
Environmental Unit, United Nations Environment Programme, Nairobi, Kenya,
pp 1-110

Joosten, R., Meijboom, R., 2018. Stochastic Games with Endogenous Transitions.
Springer, Singapore, pp. 205-226.

Kot, M., 2003. Elements of Mathematical Ecology. Cambridge University Press,
Cambridge, UK.

Lakner, C., Milanovic, B., 2015. Global income distribution: from the fall of the Berlin
Wall to the Great Recession. World Bank Econ Rev 1-50. https://doi.org/
10.1093/wber/lhv039.

Leader-Williams, N., Albon, S.D., Berry, P.S.M., 1990. Illegal exploitation of black
rhinoceros and elephant populations: Patterns of decline, law enforcement and
patrol effort in Luangwa Valley. Zambia. ]. Appl. Ecol. 27, 1087.

Litchfield CA (2013) Rhino poaching: Apply conservation psychology. Science (80-.).
340:1168

Lopes, A.A., 2015. Organized crimes against nature: Elephants in southern africa.
Nat. Resour. Model. 28, 86-107. https://doi.org/10.1111/nrm.12058.

Lusseau, D., Lee, P.C.,, 2016. Can We Sustainably Harvest Ivory? Curr. Biol. https://
doi.org/10.1016/j.cub.2016.08.060.

Ly, S., Auger, P., Balde, M., 2014. A Bioeconomic Model of a Multi-site Fishery
with Nonlinear Demand Function: Number of Sites Optimizing the
Total Catch. Acta Biotheor. 62, 371-384. https://doi.org/10.1007/s10441-
014-9222-z.

Mansal, F., Nguyen-Huu, T., Auger, P., Balde, M., 2014. A Mathematical Model of a
Fishery with Variable Market Price: Sustainable Fishery/Over-exploitation. Acta
Biotheor. 62, 305-323. https://doi.org/10.1007/s10441-014-9227-7.

Marshall A (1890) Principles of Economics. An introductory volume.

Mason, C., Bulte, E.H., Horan, R.D., 2012. Banking on extinction: Endangered species
and speculation. Oxford Rev Econ Policy 28, 180-192.

Mastrobuoni G, Rivers D (2016) Criminal Discount Factors and Deterrence

Maxwell, S.L., Fuller, R.A., Brooks, T.M., Watson, J.E., 2016. Biodiversity: The ravages
of guns, nets and bulldozers. Nature 536, 143-145.

Milner-gulland, E.J., Leader-Williams, N., 1992. A Model of Incentives for the Illegal
Exploitation of Black Rhinos and Elephants : Poaching Pays in Luangwa Valley,
Zambia. J. Appl. Ecol. 29, 388-401.

Missios, P.C., 2004. Wildlife trade and endangered species protection. Aust. J. Agric.
Resour. Econ. 48, 613-627. https://doi.org/10.1111/j.1467-8489.2004.00264.x.

Nadal A, Aguayo F (2014) Leonardo’s Sailors A Review of the Economic Analysis of
Wildlife Trade


https://doi.org/10.1016/j.jtbi.2021.110618
https://doi.org/10.1146/annurev-environ-101718-033253
https://doi.org/10.1016/j.ecocom.2009.03.005
https://doi.org/10.1111/cobi.12377
https://doi.org/10.1111/cobi.12377
https://doi.org/10.1126/science.1229998
https://doi.org/10.1126/science.1229998
https://doi.org/10.1126/science.aan5215
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0030
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0030
https://doi.org/10.1111/cobi.13097
https://doi.org/10.1111/cobi.13097
https://doi.org/10.1073/pnas.1607551114
https://doi.org/10.7717/peerj.2354
https://doi.org/10.7717/peerj.2354
https://doi.org/10.1111/conl.12181
https://doi.org/10.1111/conl.12181
https://doi.org/10.1016/J.RESENEECO.2017.01.005
https://doi.org/10.1016/J.RESENEECO.2017.01.005
https://doi.org/10.1177/194008291200500302
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0070
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0070
https://doi.org/10.1371/journal.pbio.0040415
https://doi.org/10.1371/journal.pbio.0040415
https://doi.org/10.1111/cobi.12538
https://doi.org/10.1016/j.jnc.2019.125750
https://doi.org/10.1016/j.jnc.2019.125750
https://doi.org/10.1016/j.jnc.2015.08.001
https://doi.org/10.1016/j.biocon.2019.05.004
https://doi.org/10.1111/cobi.12412
https://doi.org/10.1111/cobi.12412
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0105
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0105
https://doi.org/10.1016/j.gecco.2020.e01145
https://doi.org/10.1016/j.jeem.2003.12.003
https://doi.org/10.1016/j.jeem.2003.12.003
https://doi.org/10.1073/pnas.1705525114
https://doi.org/10.1073/pnas.1705525114
https://doi.org/10.1111/conl.12681
https://doi.org/10.1111/conl.12681
https://doi.org/10.1016/j.ecolmodel.2018.10.003
https://doi.org/10.1016/j.ecolmodel.2018.10.003
https://doi.org/10.1371/journal.pone.0167040
https://doi.org/10.1371/journal.pone.0167040
https://doi.org/10.1002/eap.1662
https://doi.org/10.1002/eap.1662
https://doi.org/10.1126/science.1132780
https://doi.org/10.1111/conl.12618
https://doi.org/10.1111/conl.12618
https://doi.org/10.1016/j.jtbi.2017.06.019
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0165
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0165
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0170
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0170
https://doi.org/10.1093/wber/lhv039
https://doi.org/10.1093/wber/lhv039
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0180
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0180
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0180
https://doi.org/10.1111/nrm.12058
https://doi.org/10.1016/j.cub.2016.08.060
https://doi.org/10.1016/j.cub.2016.08.060
https://doi.org/10.1007/s10441-014-9222-z
https://doi.org/10.1007/s10441-014-9222-z
https://doi.org/10.1007/s10441-014-9227-7
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0215
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0215
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0225
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0225
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0230
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0230
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0230
https://doi.org/10.1111/j.1467-8489.2004.00264.x

M.H. Holden and ]. Lockyer

Nguyen, T., Sinha, A., Gholami, S., et al., 2016. CAPTURE: A New Predictive Anti-
Poaching Tool for Wildlife Protection. In: Proc 15th Int Conf Auton Agents
Multiagent Syst, pp. 767-775.

O'Bryan, CJ., Holden, M.H., Watson, J.E.M., 2019. The mesoscavenger release
hypothesis and implications for ecosystem and human well-being. Ecol. Lett.
22, 1340-1348. https://doi.org/10.1111/ele.13288.

Quinn II, T.J., Deriso, R.B., 1999. Quantitative fish dynamics. Oxford University Press,
New York.

Sadovy de Mitcheson, Y., Andersson, A.A., Hofford, A., et al., 2018. Out of control
means off the menu: The case for ceasing consumption of luxury products from
highly vulnerable species when international trade cannot be adequately
controlled; shark fin as a case study. Mar Policy 98, 115-120. https://doi.org/
10.1016/j.marpol.2018.08.012.

Sas-Rolfes, M., 't, Moyle, B., Stiles, D., 2014. The complex policy issue of elephant
ivory stockpile management. Pachyderm 55, 62-77.

10

Journal of Theoretical Biology 517 (2021) 110618

Sekar, N., Clark, W., Dobson, A., et al., 2018. Ivory crisis: Growing no-trade
consensus. Science(80-). https://doi.org/10.1126/science.aat1105.

Smith, RJ., Biggs, D., St. John, F.A\V,, et al, 2015. Elephant conservation and
corruption beyond the ivory trade. Conserv. Biol. 29, 953-956. https://doi.org/
10.1111/cobi.12488.

Stiles, D., 2004. The ivory trade and elephant conservation. Environ. Conserv. 31,
309-321. https://doi.org/10.1017/S0376892904001614.

van Kooten, G.C., 2008. Protecting the African elephant: A dynamic bioeconomic
model of ivory trade. Biol. Conserv. 141, 2012-2022. https://doi.org/10.1016/j.
biocon.2008.05.016.

Walker JF, Stiles D (2010) Consequences of Legal Ivory Trade. Science (80-)
328:1633-1634. https://doi.org/10.1126/science.328.5986.1633-a

Wang, C., Zhang, X., 2018. Stability Loss Delay and Smoothness of the Return Map in
Slow-Fast Systems. SIAM ]. Appl. Dyn. Syst. 17, 788-822. https://doi.org/
10.1137/17M1130010.


http://refhub.elsevier.com/S0022-5193(21)00040-0/h0245
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0245
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0245
https://doi.org/10.1111/ele.13288
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0255
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0255
https://doi.org/10.1016/j.marpol.2018.08.012
https://doi.org/10.1016/j.marpol.2018.08.012
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0265
http://refhub.elsevier.com/S0022-5193(21)00040-0/h0265
https://doi.org/10.1126/science.aat1105
https://doi.org/10.1111/cobi.12488
https://doi.org/10.1111/cobi.12488
https://doi.org/10.1017/S0376892904001614
https://doi.org/10.1016/j.biocon.2008.05.016
https://doi.org/10.1016/j.biocon.2008.05.016
https://doi.org/10.1137/17M1130010
https://doi.org/10.1137/17M1130010

	Poacher-population dynamics when legal trade of naturally deceased organisms funds anti-poaching enforcement
	1 Introduction
	2 Poacher-population dynamic model
	3 Nondimensionalized models
	4 Poacher-population dynamics
	5 Case study: Elephant population dynamics if scavenged ivory could fund enforcement
	6 Discussion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


