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Abstract
The management of harmful species, including invasive species, pests, parasites, and

diseases, is a major, global challenge. Harmful species cause severe damage to ecosys-

tems, biodiversity, agriculture, and human health. The control of harmful species

is challenging and often requires cooperation among multiple agents, such as land-

owners, agencies, and countries. Agents may have incentives to contribute less, leav-

ing more work for other agents, which can result in inefficient treatment. Here we

present a dynamic game theory model and we show that slow treatment may promote

a stable solution (Markovian Nash equilibrium) where all agents cooperate to remove

the harmful species. The efficiency of this solution depends critically on the life his-

tory of the harmful species that determines the speed of optimal treatment. Further-

more, this cooperative equilibrium may coexist with other Nash equilibria, including

one dictating no treatment of the harmful species, which implies that coordination

among agents is critical for successful control.

K E Y W O R D S
dynamic games, ecosystem management, harmful species, multiple agents, optimal control

1 INTRODUCTION

Harmful species, among which are invasive species,

pathogens and various pests, threaten ecosystems worldwide

and are a major cause of biodiversity loss. Specifically, inva-

sive species may displace key native species, alter ecosystem

function, and cause significant biodiversity loss (Chapin III

et al., 2000; Liebhold & Tobin, 2008; Pimentel, Zuniga, &

Morrison, 2005; Sala et al., 2000); pathogens may damage

trees and destroy forests (Rohr et al., 2011; Sturrock et al.,

2011) and threaten other key species such as bees (Potts

et al., 2010); other pests may damage agriculture (Brewer

& Goodell, 2012; Lefebvre, Langrell, & Gomez-y Paloma,

2015; Luck et al., 2011); and diseases may threaten human

well-being (Barrett & Hoel, 2007). Cost-effective manage-
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ment of harmful species may lead to their eradication or to

the control of their population at some low density (Barrett,

2004; Bomford & O'Brien, 1995; Clark, 2010; Liebhold &

Tobin, 2008). Several studies used bioeconomic models,

assuming a single manager (social planner) whose objective

is to minimize the net cost over time (Barrett & Hoel, 2007;

Born, Rauschmayer, & Bräuer, 2005; Clark, 2010; Epanchin-

Niell & Hastings, 2010). Incorporated in this cost are the

expenses incurred by the treatment of the harmful species

as well as the damage done by the harmful species to both

market and nonmarket goods. Some of these studies consider

implicit spatial models and focus on how to allocate a budget

over time (Clark, 2010; Lampert & Hastings, 2014), while

others utilize spatially explicit models and search for strategic

loci to prioritize restoration or eradication (Crossman, Bryan,

Conservation Letters. 2018;e12568. wileyonlinelibrary.com/journal/conl 1 of 8
https://doi.org/10.1111/conl.12568

http://creativecommons.org/licenses/by/4.0/


2 of 8 LAMPERT ET AL.

Ostendorf, & Collins, 2007; Moody & Mack, 1988; Thomson,

Moilanen, Vesk, Bennett, & Mac Nally, 2011; Wilson et al.,

2011).

In practice, however, harmful species management often

entails investments by multiple agents, such as land-owners,

corporations, public agencies, and even countries (Coutts,

Yokomizo, & Buckley, 2013; Dockner, Jørgensen, Long, &

Sorger, 2000; Epanchin-Niell & Wilen, 2015; Lampert, Hast-

ings, Grosholz, Jardine, & Sanchirico, 2014; Sims, Finnoff,

& Shogren, 2016). Specifically, because harmful species can

migrate across borders between lands that have distinct own-

ers, a treatment implemented by one agent may have a marked

effect on the efficiency of his/her neighbor's treatment. There-

fore, cooperation between stakeholders is often critical to the

outcome of efforts implemented to control harmful species.

For example, the control of agricultural pests and invasive

species, which may migrate readily or disperse over long dis-

tances, often entails the coordinated effort of multiple farmers

and land-owners (Brewer & Goodell, 2012; Epanchin-Niell &

Wilen, 2015; Lefebvre et al., 2015). Likewise, thwarting the

spread of forest diseases necessitates the cooperation of the

different managers that own the different areas of the forest

(Macpherson, Kleczkowski, Healey, Quine, & Hanley, 2017).

On a larger scale, harmful species can also migrate on inter-

national scales, meaning that countries can be affected by how

their neighbors manage invasive species, pests, and diseases

(Berlinguer, 1999; Genovesi & Shine, 2004) as well as by their

neighbors' import/export regulations (Brewer & Goodell,

2012; Karesh, Cook, Bennett, & Newcomb, 2005; Lefebvre

et al., 2015). For example, countries that invest less in

biocontrol to prevent invasive species may become hot spots

that spread these species globally (Drake & Lodge, 2004). In

all these cases, each agent may aim to maximize his/her own

net benefit while putting little or no weight on the benefits

accrued or costs borne by other agents. That is, the contri-

bution by a given agent has some beneficial consequences

(positive externalities) for other agents, who may experience

lower future damage from the harmful species. Therefore,

agents may have an incentive to free ride, contributing

less to the control effort while waiting for other agents to

contribute. Consequently, treatment may be underprovided

from a social planner's point of view. Namely, the aggregate

contribution to harmful species eradication by a group of

agents is likely to be less than that made by a single manager

in the same system. In some cases, free-riding may result in a

“tragedy of the commons (TOC),” where the harmful species

proliferates.

One possible method to prevent the TOC in general is to

impose enforcement mechanisms, such as punishment (e.g.,

taxation, penalties) for agents that do not control the harmful

species or rewards (e.g., subsidies) for agents that control it

(Barrett, 1994; Brewer & Goodell, 2012; Lefebvre et al., 2015;

Ostrom, 1990). Enforcement, however, may also incur costs

and other negative consequences. Specifically, punishment

mechanisms may necessitate the implementation of costly

actions and institutions to monitor the actions of agents and to

enforce the punishment (Benhabib & Radner, 1992; Kaitala

& Pohjola, 1988; Nikiforakis, 2008). Moreover, laws that

involve penalties often incur negative side effects (Lampert

et al., 2014) and may encounter political and social restrictions

(Dietz, Ostrom, & Stern, 2003). Subsidies, at the same time,

may incentivize agents to care less about preventing degrada-

tion from occurring and also to exaggerate their true costs to

obtain higher subsidies (Dockner et al., 2000). Also, subsidies

that apply collectively may not suffice to prevent free-riding,

while subsidies directed toward contributing agents may again

entail costly monitoring.

In this article, we address the basic question of whether and

under what conditions a group of agents will be more likely

to voluntarily cooperate (i.e., without the need for enforce-

ment) to eradicate and/or control a harmful species (or, more

broadly, restore ecosystems). Specifically, we use a dynamic

game theory model and focus on the following questions:

(1) Are there stable solutions where sufficiently many agents

contribute without enforcement or subsidy (Markovian Nash

equilibria)? (2) How efficient are these solutions (compared

with the socially optimal solution)? and (3) Are there cooper-

ative solutions that coexist with a “TOC” solution, such that

communication and coordination may lead agents to adopt

more desirable solutions?

The problem of harmful species eradication and/or ecosys-

tem restoration has received surprisingly little attention in

the dynamic game theory literature. The majority of dynamic

game theory literature on environmental management has

focused on the harvesting of common resources by multiple

agents (e.g., fisheries) (Dockner et al., 2000; Ostrom, 1990).

Some previous studies used agent-based simulation to study

harmful species eradication by multiple agents (Coutts et al.,

2013; Epanchin-Niell & Wilen, 2015), but these approaches

often take the behavior of the agents for granted and do

not examine whether alternative equilibria could coexist.

Other studies used a dynamic game approach to examine

the general economic problems inherent in the establish-

ment of a common project (or in the dynamic provision

of a public good) (Admati & Perry, 1991; Fershtman &

Nitzan, 1991; Itaya & Shimomura, 2001; Marx & Matthews,

2000; Wirl, 1996). These models, however, are neither moti-

vated by environmental management nor do they incorpo-

rate biological constraints. Specifically, harmful species con-

trol is inherently dynamic and is constrained by the life

cycles of the harmful species population and by other nat-

ural processes that may play out over years or decades. In

the following, we focus on harmful species control as a case

study, although the model is general and may apply broadly

to investment in restoration of an ecosystem following its

degradation.
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F I G U R E 1 Illustrated is the model configuration where a common

harmful species population threatens multiple agents.

2 MODEL

We consider a harmful species population that causes damage

to 𝑁 agents (Figure 1). This harmful species may be char-

acterized by a species that disperses rapidly between sites

(e.g., locusts, scorpions, and diseases) or by a species that

occupies a common habitat in which it affects all agents

(e.g., pests in sewer systems, mosquitos in water ponds). Each

agent, 1 ≤ 𝑖 ≤ 𝑁 , uses a state-dependent (Markovian) strat-

egy, 𝑅𝑖(𝑛) ≥ 0, which dictates how much he/she contributes

to species removal over time as a function of species density,

𝑛(𝑡) (Dockner et al., 2000; Mehlmann, 1988). The underly-

ing assumption is that agents know 𝑛(𝑡) at all times, but they

do not observe the actions of the other agents. Consequently,

the agents' strategies, 𝑅𝑖(𝑛), do not depend explicitly on the

present and past investments by other agents.

We assume that the dynamics of the harmful species pop-

ulation density are given by

𝑑𝑛

𝑑𝑡
= 𝑓 (𝑛) − 𝑔(𝑛,𝑅tot), (1)

where 𝑓 (𝑛) is the natural growth rate of the harmful species,

𝑔 is the rate at which the population of the harmful species

declines due to the treatment, and 𝑅tot is the instantaneous

aggregate contribution by all agents at time 𝑡,

𝑅tot(𝑛(𝑡)) =
𝑁∑
𝑖=1

𝑅𝑖(𝑛(𝑡)).

We assume that 𝑔 is nondecreasing and concave with respect

to 𝑅𝑡𝑜𝑡 (𝜕𝑔∕𝜕𝑅tot ≥ 0 and 𝜕2𝑔∕𝜕𝑅2
tot

≤ 0). The concavity

means that treatment efficiency (marginal return on invest-

ment) at a given time 𝑡 decreases as 𝑅tot(𝑡) increases. These

diminishing returns on instantaneous aggregate contributions

are an expected consequence of the fact that treatment is

often targeted at particular life stages of the harmful species.

Therefore, treatment efficiency is constrained by the harm-

ful specie's life cycle (Balaban, Merrin, Chait, Kowalik, &

Leibler, 2004; Clark, 2010; Lampert et al., 2014).

We assume that each agent minimizes his/her net present

cost, which comprises both private damage and treatment

costs over time. Namely, the objective of agent 𝑖 is to choose

a strategy, 𝑅𝑖(𝑛), that maximizes his/her net present value, 𝑖,

given by minus the net present cost,

𝑖(𝑅𝑖, 𝑅tot, 𝑛0) = −∫
∞

0

(
𝐶𝑖(𝑛) +𝑅𝑖(𝑛)

)
𝑒−𝛿𝑡𝑑𝑡, (2)

where 𝐶𝑖(𝑛) is the damage inflicted per-unit time by the harm-

ful species on agent 𝑖 (monotone increasing with 𝑛), 𝛿 is the

discount rate (all agents have the same discount rate), and

the initial conditions are 𝑛(0) = 𝑛0.1 Each agent considers the

costs of his/her own damage while ignoring externalities that

reduce the costs to other agents. As such, the model incorpo-

rates the idea that, when managing a common project, each

agent has an incentive to contribute less and wait for the con-

tribution by the other agents. Note that the model allows het-

erogeneous agents, each of which has his/her own cost func-

tion, 𝐶𝑖. The cost function may incorporate both the expected

damage and the cost due to risk of unexpected damage. We

assume that each agent knows the damage cost functions,

𝐶𝑖(𝑛), of all the agents (“complete information”). Also note

that we do not distinguish between the cases in which agent

𝑖 contributes a given amount and those in which he/she pays

an equivalent amount to another agent or to a third party to do

the job. Consequently, the treatment cost is the same for all

agents (the coefficient of 𝑅𝑖 in Equation (2) is 1, independent

of 𝑖), and moreover, only the aggregate investment, 𝑅tot, and

not the cost per-agent, is assumed to incur diminishing returns

(Equation (1)).

To solve the model, we find pure-strategy Markovian Nash

equilibria, each of which defines a strategy for each agent

such that, if used by all agents, no agent can increase his/her

net present value by unilaterally changing his/her strategy.

Namely, we find a set of strategies, 𝑅∗
1, 𝑅

∗
2,… , 𝑅∗

𝑁
, such that

for all 𝑖 (𝑖 = 1, 2,… , 𝑁), 𝑅𝑖(𝑛) = 𝑅∗
𝑖
(𝑛) is the strategy that

maximizes 𝑖 given that for all 𝑗 ≠ 𝑖, agent 𝑗 uses the strat-

egy 𝑅∗
𝑗
(𝑛). Note that the strategy of a given agent at time 𝑡

may affect the state of the system, 𝑛(𝑡′) at any time 𝑡′ > 𝑡, and

thereby affecting the future contributions of the other agents,

𝑅𝑖(𝑛(𝑡′)). Therefore, a reduced contribution by a given agent

affects the state 𝑛 and may be compensated for by a greater

contribution from the other agents. Consequently, cooperation

in a Markovian Nash equilibrium (where strategies depend on

𝑛), it is generally harder to achieve than in an open-loop Nash

equilibrium where the agents do not know the state 𝑛 (Fersht-

man & Nitzan, 1991).

Finally, to examine the efficiency of harmful species

eradication by multiple agents, we examine how the

Nash equilibria differ from the socially optimal solution,

opt, that maximizes the sum of the net present val-

ues of all agents. Equivalently, opt is given by the net
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Nash Optimal

Species popula�on, ( )
Aggregate contribu�on, ( )

Cumula�ve cost

�me, t 
0 1 2 3 4 5 6 7

F I G U R E 2 Demonstrated are the dynamics of the harmful species

population in a common yard, subject to control by the agents. Specifi-

cally, we compare the dynamics subject to optimal treatment (blue lines)

to the dynamics where treatment is given by a Nash equilibrium in which

all agents contribute (orange lines). Solid lines show the harmful species

density, 𝑛(𝑡), dashed lines show the aggregate contribution, 𝑅tot, and dot-

ted lines show the cumulative cost until time 𝑡. Control that follows Nash

equilibrium may result in successful eradication of the harmful species.

This solution is not as efficient as the socially optimal solution, but it

is still more desirable for all agents than the absence of any treatment

(which also comprise a Nash equilibrium in some parameter regions, as

shown in Figure 3).

present value for the social planner (sole-owner) that uses

tot that maximize

(𝑅tot, 𝑛0) = −∫
∞

0

(∑
𝑖

𝐶𝑖(𝑛) +𝑅tot(𝑛)

)
𝑒−𝛿𝑡𝑑𝑡, (3)

where dynamics of n are given by Equation (1). Accordingly,

solution inefficiency is given by opt −
∑

𝑖 𝑖.

3 RESULTS

Our results show that, under certain conditions, there exist

Markovian Nash equilibria where multiple (or all) agents

simultaneously remove the harmful species (Figure 2 and

Theorem 1). Cooperative eradication can be achieved via

contributions by all agents simultaneously throughout the

project, by a few agents simultaneously, or by different groups

of agents in different stages (Figure 3). Removal rates in these

equilibria are generally slower than the optimal rates. Specif-

ically, the harmful species exhibits slow population decline,

such that each agent benefits from maintaining his/her

contribution to promote or accelerate removal. In Theorem 1

(Supporting Information), we specify sufficient conditions for

the existence of these cooperative Nash equilibria. The first

condition, Equation (S1), implies that the harmful species

population either does not decline or is slow to decline nat-

urally. (Otherwise, agents will not contribute since recovery

proceeds rapidly enough without intervention (Lampert

& Hastings, 2014).) The second condition, Equation (S2),

implies that the cost to a given contributing agent due to the

pest, 𝐶𝑖, is not much lower than that cost to the other agents.

Finally, we assume that the discount rate is sufficiently low

and that complete eradication can be achieved within a

finite time via investment of a finite cost (see Supporting

Information).

Furthermore, our results show that the efficiency of the

cooperative Nash equilibria depends largely on how fast the

returns on investment diminish with the aggregate contribu-

tion (Figure 3). If returns diminish slowly (𝑔 is approximately

linear with respect to 𝑅tot), then the difference between the

Nash equilibrium under which agents eradicate the harm-

ful species and the optimal solution is large (Figure 3A,B).

But if returns diminish fast, Nash equilibria in which several

agents contribute are much closer to the optimal solution (Fig-

ure 3B,D). The underlying mechanism is that, in Nash equi-

librium, each agent has an incentive to eradicate more slowly

to allow other agents to do the job, and therefore, eradication

proceeds more slowly than in the optimal solution. In turn, if

returns diminish fast, the optimal solution also dictates slow

eradication because fast treatment (large 𝑅tot) would result in

a much lower marginal harmful species removal per unit of

investment. Nevertheless, if returns diminish slowly with𝑅tot,

the optimal solution is to eradicate faster as there is no reason

to postpone the treatment, while fast treatment would mini-

mize the net cost due to the harmful species.

Another result is that the cooperative solutions may coex-

ist with the TOC solution, in which no agent contributes to

eradication (Figure 3). Namely, in some parameter regions,

the TOC solution as well as some solutions dictating contri-

bution by several or all agents are all Markovian Nash equi-

libria. The stabilities of both the cooperative and the TOC

solutions depend, to a large extent, on the discount rate and

on the ratio between the cost of investment and the cost due

to the pest, as given by the nondimensional discount rate,

𝛿 = 𝛿𝑐𝑛∕max{𝐶𝑖}, where 𝑐 is the marginal cost of eradica-

tion, 𝑐−1 = 𝑑𝑔(𝑛, 0)∕𝑑𝑅tot. Specifically, as 𝛿 increases, fewer

cooperative Nash equilibria remain. Moreover, if agents are

identical, then the higher the number of agents that contribute,

the further along the Nash solution exists as 𝛿 increases.

4 DISCUSSION

We showed that selfish agents can cooperatively eradi-

cate a common harmful species population. Each agent
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F I G U R E 3 Demonstrated are the net present costs to the agents (−𝑖) for several control strategies. Each curve demonstrates a certain solution by

the agents, including (i) the tragedy of the commons (TOC) Nash equilibrium where no agent contributes (red), (ii) the socially optimal solution (lowest

curve, light blue), and (iii) several Nash equilibria where 𝑘 agents contribute to eradication, for various values of 𝑘 (solid lines demonstrate the cost for

the 𝑘 agents that contribute, while dashed lines with respective colors demonstrate the average cost per-agent including the cost for the𝑁 − 𝑘 free riders.

Each Nash equilibrium exists in a certain region of the nondimensional discount rate, 𝛿. Moreover, there may be multiple Nash equilibria for the same

parameter value. In particular, at some parameter regions, the TOC solution coexists with solutions where some or all agents collectively contribute to

eradication. This implies that an agent may benefit from joining a group of agents already engaged in eradication to accelerate the process, even where

it is not profitable to eradicate alone. Moreover, note that if diminishing returns on investment in eradication are low (a,c), the differences between the

cooperative Nash equilibria and the optimal solution are large; conversely, if diminishing returns are high (b,d), the cooperative Nash equilibria are

much closer to the optimum. Here panels a and b show the results for “case 1,” in which 𝑔(𝑅, 𝑛) = 𝑅𝛼 if 𝑛 > 0 and 𝑔(0, 𝑛) = 0, with 𝛼 = 0.8 and 𝛼 = 0.2,

respectively; c and d show the results for “case 2,” in which 𝑔(𝑅, 𝑛) = 𝑅 − 𝛼𝑅2 if 𝑛 > 0 and 𝑔(0, 𝑛) = 0, with 𝛼 = 0.1 and 𝛼 = 0.7, respectively. Note

that panels a–d show the results for 𝑁 = 6 but the results for 𝑁 = 30 are qualitatively similar (e). Also note that panels a–e show the results when

𝑘 agents contribute simultaneously until eradication is complete. But there are additional solutions (f). For example, there exists a Nash equilibrium

where one agent does the first half of the job and the another agent does the second half (iterated 1), and a solution where one agent is responsible for

for the first third of the job, another agent performs the second third, and all agents contribute simultaneously to complete the final third of the job

(iterated 2). Parameters: we considered 𝑓 (𝑛) = 𝑛(1 − 𝑛), initial conditions 𝑛0 = 1, and identical agents with, 𝐶𝑖(𝑛) = 𝑛 for all 𝑖. (Therefore, the TOC

solution dictates 𝑛(𝑡) = 1 for all 𝑡, which implies 𝑖 = −1∕𝛿 for all 𝑖.)
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eradicates slowly, which incentivizes the other agents to main-

tain their contributions. This results in a collective removal of

the harmful species, but at a rate that is lower than the socially

optimal one (Figures 2 and 3 and Theorem 1 (Supporting

Information)). The magnitude of the inefficiency resulting

from the slower removal depends largely on the biological

factors that constrain the speed at which the harmful species

can be removed. If the biological constraints are significant,

then optimal eradication, which aligns with natural processes,

is also slow. Therefore, the inefficiency is small and enforce-

ment or subsidy may not be needed. Otherwise, optimal eradi-

cation is fast and the slow removal by the agents is highly inef-

ficient, in which case some form of enforcement is essential

for efficient treatment. In addition, we showed that although

inefficiency increases with the number of agents 𝑁 (Admati

& Perry, 1991; Fershtman & Nitzan, 1991), agents can still

cooperate when𝑁 is large (Figure 3E). This suggests that sub-

sidy is more beneficial when the same harmful species popu-

lation threatens many agents.

Our results also imply that agent coordination is critical for

successful management. Specifically, cooperative Nash equi-

libria that promote eradication may coexist with a noncoop-

erative Nash equilibrium that results in the TOC (Figure 3).

Namely, if rational agents agree to contribute at the rates deter-

mined by a Nash equilibrium, even if the agreement is non-

binding, each agent will honor the agreement to maximize

his/her profit. In contrast, if all agents believe that the other

agents are not going to contribute, it will be in their best inter-

est to avoid any contribution as well. Therefore, communica-

tion among the agents (cheap talk) may lead to a more efficient

treatment and prevent the TOC, even without enforcement.

Furthermore, we showed that achieving eradication is fea-

sible even if not all agents contribute. Specifically, harmful

species eradication is successful if the number of agents that

contribute is above some critical mass, which depends, in par-

ticular, on the relative costs of the damage and treatment, 𝛿

(Figure 3). The greater 𝛿 is, the greater the number of agents

that need to contribute to enable effective treatment and

thereby prevent the TOC (Figure 3). The fact that coopera-

tion by some of the agents is sufficient is positive and makes

successful management more plausible, but at the same time,

it may lead to unfair solutions where some agents do the job

for the others. To offset such unfairness, the government can

use subsidies that are directed exclusively to the contributors

(e.g., reimbursement), although these may entail monitoring

and may be costly to implement.

The mechanism underlying the promotion of multiple Nash

equilibria in our model is that the diminishing returns are on

the aggregate contribution. Such diminishing returns char-

acterize constraints on treatment efficiency that may result

from biological factors, such as the life history of the harmful

species, and how it is affected by the treatment. In contrast,

most previous studies demonstrating cooperative Markovian

Nash equilibria in dynamic contribution of public goods

games have focused on cases where only individual agent's

investments (not aggregate investment) are subject to dimin-

ishing returns (Dockner et al., 2000). Diminishing returns on

individual investment characterize limits on individual expen-

ditures. For example, Fershtman and Nitzan (1991) assumed

that the return on investment by a given agent diminishes

when the agent invests more, but the individual costs do not

depend on the investments by other agents. The authors also

assumed that the marginal cost is zero when an agent's con-

tribution is zero, and therefore, each agent contributes until

it reaches the unique level where the agent's marginal benefit

equals his/her marginal cost. This leads naturally to a unique

Nash equilibrium where all agents contribute with no coexist-

ing Nash equilibria. In our model, each agent can stably con-

tribute more, but only slower contributions incentivize others

to contribute, thereby stabilizing cooperation. Namely, slower

contribution leads to alternative Nash equilibria where more

agents contribute. The uniqueness of our results compared

to previous studies indicates that there is a true need to use

dynamic game theory to further explore across broader sets

of problems in environmental management.

Although our study focuses on eradication of harmful

species, it is also broadly applicable to restoration and con-

servation in general (the variable 𝑛 may incorporate any kind

of degradation in habitat quality). Invasive species, pests, and

diseases spread over long distances that cross national bound-

aries, and therefore, inadequate control by some nations may

promote the invasion of harmful species to other countries

around the globe (Brown & Hovmøller, 2002; Drake & Lodge,

2004). Similarly, natural habitats of threatened species often

expend spatially across multiple countries or reside in interna-

tional waters (Hannah, 2010; Mittermeier et al., 2005). This

necessitates transboundary management, in which multiple

nations invest in harmful species control, habitat restoration,

and other conservation activities. In particular, global climate

change causes the natural habitat regimes of both invasive

and native species to constantly shift, a scenario that will fur-

ther necessitate transboundary conservation management in

the future. Our results suggest that investment in transbound-

ary conservation is underprovided, but at the same time, they

show how coordination among nations could result in greater

investment and better conservation outcomes.

E N D N O T E
1 If the integral diverges for all 𝑅𝑖, then the objective of agent i

is to choose 𝑅𝑖 = lim𝑇→∞ 𝑅𝑇
𝑖

where 𝑅𝑇
𝑖

maximizes − ∫ 𝑇

0 (𝐶𝑖(𝑛) +
𝑅𝑖(𝑛))𝑒−𝛿𝑡𝑑𝑡.

R E F E R E N C E S
Admati, A. R., & Perry, M. (1991). Joint projects without commitment.

Review of Economic Studies, 58(2), 259–276.



LAMPERT ET AL. 7 of 8

Balaban, N. Q., Merrin, J., Chait, R., Kowalik, L., & Leibler, S. (2004).

Bacterial persistence as a phenotypic switch. Science, 305(5690),

1622–1625.

Barrett, S. (1994). Self-enforcing international environmental agree-

ments. Oxford Economic Papers, 46, 878–894.

Barrett, S. (2004). Eradication versus control: The economics of global

infectious disease policies. Bulletin of the World Health Organiza-
tion, 82(9), 683–688.

Barrett, S., & Hoel, M. (2007). Optimal disease eradication. Environment
and Development Economics, 12, 627–652.

Benhabib, J., & Radner, R. (1992). The joint exploitation of a productive

asset: A game-theoretic approach. Economic Theory, 2(2), 155–190.

Berlinguer, G. (1999). Globalization and global health. International
Journal of Health Services, 29(3), 579–595.

Bomford, M., & O'Brien, P. (1995). Eradication or control for vertebrate

pests? Wildlife Society Bulletin, 23(2), 249–255.

Born, W., Rauschmayer, F., & Bräuer, I. (2005). Economic evaluation of

biological invasions—A survey. Ecological Economics, 55(3), 321–

336.

Brewer, M. J., & Goodell, P. B. (2012). Approaches and incentives to

implement integrated pest management that addresses regional and

environmental issues. Annual Review of Entomology, 57, 41–59.

Brown, J. K. M., & Hovmøller, M. S. (2002). Aerial dispersal of

pathogens on the global and continental scales and its impact on plant

disease. Science, 297(5581), 537–541.

Chapin, F. S., III, Zavaleta, E. S., Eviner, V. T., Naylor, R. L., Vitousek,

P. M., Reynolds, H. L.,…Diaz, S. (2000). Consequences of changing

biodiversity. Nature, 405(6783), 234–242.

Clark, C. (2010). Mathematical bioeconomics: the mathematics of con-
servation. New York, NY: John Wiley and Sons Inc.

Coutts, S. R., Yokomizo, H., & Buckley, Y. M. (2013). The behavior

of multiple independent managers and ecological traits interact to

determine prevalence of weeds. Ecological Applications, 23(3), 523–

536.

Crossman, N. D., Bryan, B. A., Ostendorf, B., & Collins, S. (2007).

Systematic landscape restoration in the rural–urban fringe: Meeting

conservation planning and policy goals. Biodiversity Conservation,

16(13), 3781–3802.

Dietz, T., Ostrom, E., & Stern, P. C. (2003). The struggle to govern the

commons. Science, 302(5652), 1907–1912.

Dockner, E., Jørgensen, S., Long, N. V., & Sorger, G. (2000). Differen-
tial games in economics and management science. New York, NY:

Cambridge University Press.

Drake, J. M., & Lodge, D. M. (2004). Global hot spots of biological inva-

sions: Evaluating options for ballast-water management. Proceedings
of the Royal Society B, 271(1539), 575–580.

Epanchin-Niell, R. S., & Hastings, A. (2010). Controlling established

invaders: Integrating economics and spread dynamics to determine

optimal management. Ecology Letters, 13, 528–541.

Epanchin-Niell, R. S., & Wilen, J. E. (2015). Individual and coop-

erative management of invasive species in human-mediated land-

scapes. American Journal of Agricultural Economics, 97(1), 180–

198.

Fershtman, C., & Nitzan, S. (1991). Dynamic voluntary provision of pub-

lic goods. European Economic Review, 35(5), 1057–1067.

Genovesi, P., & Shine, C. (2004). European strategy on invasive alien
species: Convention on the Conservation of European Wildlife and
Habitats (Bern Convention) (Number 18-137). Council of Europe

Publishing.

Hannah, L. (2010). A global conservation system for climate-change

adaptation. Conservation Biology, 24(1), 70–77.

Itaya, J., & Shimomura, K. (2001). A dynamic conjectural variations

model in the private provision of public goods: A differential game

approach. Journal of Public Economics, 81(1), 153–172.

Kaitala, V., & Pohjola, M. (1988). Optimal recovery of a shared resource

stock: A differential game approach with efficient memory equilibria.

Natural Resource Modeling, 3, 91–119.

Karesh, W. B., Cook, R. A., Bennett, E. L., & Newcomb, J. (2005).

Wildlife trade and global disease emergence. Emerging Infectious
Diseases, 11(7), 1000–1002.

Lampert, A., & Hastings, A. (2014). Optimal control of population recov-

ery – the role of economic restoration threshold. Ecology Letters,

17(1), 28–35.

Lampert, A., Hastings, A., Grosholz, E. D., Jardine, S. L., & Sanchirico,

J. N. (2014). Optimal approaches for balancing invasive species erad-

ication and endangered species management. Science, 344(6187),

1028–1031.

Lefebvre, M., Langrell, S. R. H., & Gomez-y Paloma, S. (2015). Incen-

tives and policies for integrated pest management in Europe: A

review. Agronomy for Sustainable Development, 35(1), 27–45.

Liebhold, A. M., & Tobin, P. C. (2008). Population ecology of insect

invasions and their management. Annual Review of Entomology, 53,

387–408.

Luck, J., Spackman, M., Freeman, A., Griffiths, W., Finlay, K., &

Chakraborty, S. (2011). Climate change and diseases of food crops.

Plant Pathology, 60(1), 113–121.

Macpherson, M. F., Kleczkowski, A., Healey, J. R., Quine, C. P., & Han-

ley, N. (2017). The effects of invasive pests and pathogens on strate-

gies for forest diversification. Ecological Modelling, 350, 87–99.

Marx, L. M., & Matthews, S. A. (2000). Dynamic voluntary contribution

to a public project. Review of Economic Studies, 67(2), 327–358.

Mehlmann, A. (1988). Applied differential games. New York, NY:

Plenum Press.

Mittermeier, R. A., Kormos, C. F., Gil, P. R., Mittermeier, C. G., Sand-

with, T., & Besancon, C. (2005). Transboundary conservation: A
new vision for protected areas. Arlington, VA: Conservation Inter-

national.

Moody, M. E., & Mack, R. N. (1988). Controlling the spread of plant

invasions: The importance of nascent foci. Journal of Applied Ecol-
ogy, 25, 1009–1021.

Nikiforakis, N. (2008). Punishment and counter-punishment in public

good games: Can we really govern ourselves? Journal of Public Eco-
nomics, 92(1), 91–112.

Ostrom, E. (1990). Governing the commons. Cambridge, UK: Cam-

bridge University Press.

Pimentel, D., Zuniga, R., & Morrison, D. (2005). Update on the environ-

mental and economic costs associated with alien-invasive species in

the United States. Ecological economics, 52(3), 273–288.

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger,

O., & Kunin, W. E. (2010). Global pollinator declines: Trends,



8 of 8 LAMPERT ET AL.

impacts and drivers. Trends in Ecology & Evolution, 25(6), 345–

353.

Rohr, J. R., Dobson, A. P., Johnson, P. T. J., Kilpatrick, A. M., Paull,

S. H., Raffel, T. R., … Thomas, M. B. (2011). Frontiers in climate

change–disease research. Trends in Ecology & Evolution, 26(6), 270–

277.

Sala, O. E., Chapin, F. S., Armesto, J. J., Berlow, E., Bloomfield, J.,

Dirzo, R., … Wall, D. H. (2000). Global biodiversity scenarios for

the year 2100. Science, 287(5459), 1770–1774.

Sims, C., Finnoff, D., & Shogren, J. F. (2016). Taking one for the team:

Is collective action more responsive to ecological change? Environ.
Resource Econ., 1–27.

Sturrock, R. N., Frankel, S. J., Brown, A. V., Hennon, P. E., Kliejunas, J.

T., Lewis, K. J., … Woods, A. J. (2011). Climate change and forest

diseases. Plant Pathology, 60(1), 133–149.

Thomson, J. R., Moilanen, A. J., Vesk, A., Bennett, A. F., & Mac Nally,

R. (2011). Where and when to revegetate: A quantitative method for

scheduling landscape reconstruction. Ecological Applications, 19(4),

817–828.

Wilson, K. A., Lulow, M., Burger, J., Fang, Y. C., Anderson, C., Olson,

D., … McBride, M. F. (2011). Optimal restoration: Accounting for

space, time and uncertainty. Journal of Applied Ecology, 48(2), 715–

725.

Wirl, F. (1996). Dynamic voluntary provision of public goods: Exten-

sion to nonlinear strategies. European Journal of Political Economy,

12(3), 555–560.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Lampert A, Hastings A,

Sanchirico JN. Slow treatment promotes control of

harmful species by multiple agents. Conservation Let-
ters. 2018;e12568. https://doi.org/10.1111/conl.12568

https://doi.org/10.1111/conl.12568



