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Abstract

Mathematical modeling can achieve otherwise inaccessible insights into bio-

logical questions. We use ODE (ordinary differential equations) and Game Theory

models to demonstrate the breadth and power of these models by studying three very

different biological questions, involving socio-behavioral and socio-economic systems,

conservation biology, policy and decision making, and organismal homeostasis.

We adapt techniques from Susceptible-Infected-Recovered (SIR) epidemiological

models to examine the mental well-being of a community facing the collapse of the

industry on which it is economically dependent. We consider the case study of a

fishing community facing the extinction of its primary harvest species. Using an

ODE framework with a complex contagion process, we track the mental health states

of people as they shift to a sustainable source of income. We find that community

connectivity has a meaningful impact on both the duration and transition dynamics.

Successful preservation of threatened species can depend on the appropriate

deployment of limited resources to combat illegal poaching. Using mathematical

game theory based on the ‘Colonel Blotto Game’, we model the battle between

Conservationists and Poachers. Conservationists must allocate social, political, and

financial resources to curtail poaching while Poachers can expend resources to nullify

Conservationist activities in each of these ‘battlefields’. We analyze payoffs and player

budget distributions to determine overall player success to provide novel tools for

policy/decision support and improve efficacy in planning conservation strategy.
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Recent advances in the field of stress physiology have presented the reactive scope

model: a conceptual theory that extends beyond traditional homeostatic models to

incorporate influences physiological state and life history on an animal’s ability to

respond to stressors. A recently published quantitative model of the reactive scope

model made simplifying assumptions about types of energetic resources and how they

are used and replenished [Wright et al., 2023]. We extend that model meaningfully

by considering a realistic energy budget and the consideration of multiple mediators

simultaneously. This improves the capabilities of the model to predict an animal’s

health outcomes from exposures to stressors over time.

Together, these models demonstrate the power of modeling to advance under-

standing in fields ranging from population health to conservation to physiology.
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3.1 The predictive homeostasis range is for normal activity levels such

as foraging or seasonal stresses. The reactive homeostasis range is

when a stress event causes the mediator to reach non-routine levels,

but are low enough that the animal can still recover enough to avoid

hitting the next category, homeostatic overload. However, if a mediator

reaches that level, then the animal starts to reflect a compromised

state. Homeostatic failure is when an animal can not longer regulate

the mediator at a normal level and is depicted by [118] and [99] as being

below the predictive homeostasis range. The threshold for predictive

homeostasis range is denoted P (t) and the threshold for homeostasis

overload is denoted R(t). We will adopt the same notation in the
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3.2 In (1), two stress events occurred, each with a magnitude of 0.4 and

a duration of 0.1. (a) Represents the first mediator with parameter

values as = 0.2, ac = 0.1, and r1 = r2 = r3 = 0.5. Notice that

homeostatic overload is reached in both stress events. (b) Represents

the second mediator with parameter values as = 0.1, ac = 0.05,

r1 = r2 = r3 = 0.8. Neither stress event reaches homeostatic overload.

(c) Represents the Energy Budget. As in [118], M(t) represents

the maximum value that R(t) can recover to at the conclusion of a

stress event and R(t) is the threshold for homeostatic overload. E(t)

represents the Energy Budget, which decreases due the first and second

stress events, along withM(t) and R(t). In (2), the two mediators have

the same parameters as in 3.1. However, the stressors’ magnitudes

(si) differs. The magnitude of the first stressor is 0.4 while the the

magnitude of the second stressor is 0.7. (a) is the effect the two

stressors have on the first mediator. (b) is the effect the two stressors

have on the second mediator. (c) is the effect the mediators’ response

had on the energy budget. In (3), the two mediators have the same

parameters as 3.1. However, the stressors’ duration (σi) differs. (a)

is the effect two stressors with duration 0.25 and 0.1 respectively have

on the first mediator. (b) is the effect two stressors with duration

0.25 and 0.1 respectively have on the second mediator. (c) is the

effect the mediators’ response had on the energy budget. Note that

in this scenario the second stressor starts before the first stressor has

completely ended. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
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Chapter 1

How an Industry Collapse Affects

Community Mental Health: a

Complex Contagion Model
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1.1 Abstract

We adapt techniques from epidemiological models to examine the mental well-

being of a community facing the collapse of the industry on which it is economically

dependent. We consider the explicit case study of a fishing community facing the

population collapse of its primary harvest species. By using an ordinary differential

equation (ODE) susceptible, infected, recovered (SIR) framework with complex

contagion processes, we track the movement of people through different mental health

states as they shift their efforts to a more sustainable source of income by either

changing harvest species or switching careers entirely. State changes occur due to

either the direct observation of the declining harvest population or by interaction

with other community members. We present three different possible scenarios for the

decline of the harvest species, along with two effort functions to capture how fishermen

may approach harvesting. We also present sensitivity of system behavior to different

underlying mechanisms causing harvest species decline, potential conservation efforts,

and the social connectivity of the community. We find that community connectivity

has a meaningful impact on both the duration and transition dynamics, suggesting

that interventions to support such communities may be most effective by focusing on

socio-behavioral interventions.

1.2 Introduction

There are unique psychological and social stresses associated with changes in the

viability of an industry that supports a community. Previous studies have looked at

small business ownership, threats to the survival of small businesses, and the mental

health of the people involved in the face of crisis [115, 108]. Recent models have

looked at different types of stressors. One paper focuses on business owners during

a crisis (such as the COVID-19 pandemic) and developed a model presenting five

stages of grief [108]. This work demonstrated that although people may experience
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intense psychological stress moving through the stages of denial, anger, bargaining,

depression, and acceptance, people also display resilience and adaptability in the

face of change. [81] instead looked at the resilience of a community in the face

of a natural disaster. Previous studies have also used mathematical epidemiology

models to analyze the mental well-being of communities experiencing the spread of

physiological stress and the impact that it has on people’s happiness. For example,

[57] used a SIR (susceptible, infected, recovered) framework to track how psychological

stress moves through a population in the face of the COVID-19 disaster. The authors

split the stressed class into two states: those who are physically/mentally stressed and

those who are instead financially stressed. A basic reproduction number, disease-free

equilibrium, and endemic equilibrium were calculated and, through numerical results,

it was shown how alteration in parameters could affect recovery. They concluded

that different methods such as yoga, exercise, and meditation could offer effective

interventions to support people’s mental well-being. Another study by [120] looks at

how factors such as exercise, mental resilience, and positive emotions are intertwined.

Here, we explore the linkages between the long-run viability of a renewable

resource based industry and the mental well-being of communities supported by

the resource. We consider a community supported by a biological resource that

is itself facing inevitable extinction. Following [57], the psychological stress facing

the community is modeled as layered simple and complex contagion processes

that consider multiple exposures. Understanding the linkages is important for

the advanced targeting of public health programs in communities facing resource

extinction or transition.

Bio-economic models integrate biological and economic processes to understand

the economic incentives associated with renewable resource exploitation and the key

role of economic institutions in explaining or predicting economic events [24]. They

have been used to examine how a market would be affected by scenarios such as a

crisis, and how policies such as regulation could be used to adjust economic behavior
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in the face of risk [92, 6]. In addition, bio-economic models have looked at how species

extinction and economic incentives are connected [40, 29, 113].

Within the bio-economic literature, there is a long history of attempting to explain

the economic incentives (and disincentives) surrounding extinction in fisheries [22, 23,

25, 15]. There are also numerous examples of how to manage economic incentives and

conserve species such as [90] and [59], based on the application of tools in dynamic

optimization.

Here, we consider a more ecologically relevant scenario through a compromise

between ecological and economic priorities and the introduction of a SMS (safe

minimum standard). We examine how different approaches to the same issues can be

at odds with each other, preventing true optimization in either biology or economics.

However, across studies, even when the stress decreasing natural resource levels can

put on a community’s economic health is considered explicitly, resource preservation

and/or sustainable use is usually the goal. To the best of our knowledge, the mental

well-being of a community facing the unavoidable demise of its primary harvest species

has yet to be studied.

In this paper we consider the mental health of a fishing community that is reliant

on a doomed harvest, meaning the harvest is not recoverable, so long-run conservation

is a fruitless endeavour. People are social creatures whose thoughts and actions are

affected by the interactions they have with others. Other studies have looked at

the spread of ideas similar to how a disease is spread, but including interactions

with multiple people and how these interactions affect idea adoption differently

compared to previous work is a valuable addition [3]. The occurrence of community

stress has been studied in areas such as urbanicity, where biometric data and diary

entries are used to label stress [94]. Also, [4] looks at how life-altering stressors,

such as cancer, impacts a person’s well-being and ability to adjust. Both studies

explicitly consider how stress puts strain on both individuals and the community as a

whole. Communities can experience stress differently depending on how connected the

members of the community are to each other and how strong the sense of community
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is among them. Social connectivity of a community is a strong indicator of the mental

health of the community [100]. Additionally, strongly connected communities have

better success overcoming disasters [81]. We study how social interactions affect

the way people move through different mental states (non-stressed, stressed, and

recovered), explicitly examining the average time a person spends stressed, the peak

number of people stressed at the same time within the community, the duration of

the community transition through the crisis, and how many people were able to avoid

ever passing through the stressed state due to reliance on supportive community

dynamics.

The objective of this paper is to provide insight into how a community could

be affected by the unavoidable exhaustion of a diminishing natural resource (here

specifically, the extinction of a harvested species). We examine how different factors

such as community connectivity, different harvest methods, and different processes

driving the underlying species decline affect the dynamics of the community’s

transition to an alternative income source, along with the mental health of the

population during the transition. This research can provide valuable insight for

policymakers and government agencies looking at how to allocate financial aid to

people in need, and which potential actions might best support a community during

such a transition.

1.3 Methods

Species conservation has been well studied, including many models analyzing

population dynamics and parameters affecting those dynamics [7, 89]. The spread

of contagions can be described as either simple or complex [80]. A simple contagion

only requires one interaction to induce a state change or adopt the contagion, while a

complex contagion requires multiple exposures to induce the same transition. Simple

contagions are common in epidemiological studies and often use the mathematical

techniques of SIR, SIS, and/or SIRS models [12]. The spread of ideas is more
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frequently studied using complex contagion processes. For example, [104] uses a

complex contagion model to study social media interaction on Twitter via retweets.

The model presented here follows the idea of [80] in combining a simple contagion and

a complex contagion to better represent both specific biological and social dynamics.

The complex contagion model considered here analyzes how stress affects the

mental health of a community dependent on a doomed harvest. We consider the

specific case study of a fishing community dedicated to the exploitation of a species

that is on an inevitable trajectory of depletion (or extinction) such that continued

exploitation will provide insufficient income for the fishermen in the community.

Although this model is built around a community supported by a fishery, it can

easily be adapted to other natural resources (as further described in the Discussion

below).

There are a few assumptions critical to the development of the model. The

community exploits the species as a common property resource with a well-defined

sharing rule where each fisherman gets an equal share of the catch. In addition, the

species is on a trajectory of inevitable extinction and it is unrecoverable, meaning that

conservation efforts can delay but not avoid extinction. Due to this, the fishermen

must eventually make a transition to an alternative source of income, whether that

be in the form of shifting to fishing a different species or a complete career change.

Fishermen can enact this shift either by passing through an unhealthy stressed state

themselves, or by interacting with community members and gleaning from the stress

experiences of others the insight that they should anticipate and avoid personal

stress by proactively transitioning income sources. The time unit is chosen to be

in years to approximate transitory dynamics in studies of fish population decline and

economic system dependency transitions in industry [55, 17]. Our model provides an

opportunity to explore how the connectivity of a community affects the mental health

of the community and if conservation or aid should be provided to slow the decline

of the fish population to reduce mental strain on the community.
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1.3.1 Species Population Decline

The fish population is taken to be in a state of decline that will eventually reach

critically low numbers or extinction. We provide three different scenarios in which

this can occur.

First, we consider a scenario in which the lower the fish population gets, the faster

it declines. The population ODE is represented by the following:

dx

dt
= rx

(
1− x

K

)
− qEx (1.1)

where x(t) represents the fish population at time t, K is the carrying capacity

of the habitat, q is the catchability of the species, E is the fishing effort, and

r is the population growth rate which is defined to be negative in this scenario.

This is the only scenario with the requirement that r is negative, which presents a

unique circumstance. The scenario reflects a situation that could occur to a species

affected by a disease impacting reproduction, such as Brucellosis among cattle, which

has been devastating to farmers due to the disease’s high rates of morbidity and

resulting lifetime sterility [62]. This widespread disease causes revenue loss along

with psychological stress for people dependent on the herd. Additionally, in stone

loach, there is evidence of a positive correlation between parasite susceptibility and

reproduction investment, which then leads to a trade-off between reproduction and

immune investment [107].

The second scenario we address is one in which the environmental carrying

capacity is reduced due to a factor such as habitat loss (i.e., reducing the size of the

population the environment can support). The following ODE captures this scenario.

dx

dt
= rx

(
1− x

K(t)

)
− qEx (1.2)

Note that K(t) is a function rather than a value. Different functions can be used

to represent different systems, here we employ K(t) = K0(1 − b)t where K0 is the
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initial carrying capacity and b ≥ 0 is the rate of habitat loss. Unlike Equation 1.1, in

equation 1.2, a growth rate is adopted which allows r > 0.

Lastly, we consider a scenario in which the species faces an exogenous increase in

the rate of mortality which could be caused, for example, by pollution. Equation 1.3

captures this scenario where m is the portion of fish removed.

dx

dt
= rx

(
1− x

K

)
−mx− qEx (1.3)

In this scenario, r > 0 while r
(
1− x

K

)
< m + qE, such that more fish are being

removed than added to the population.

In equations 1.1, 1.2, 1.3, fishing effort (E) is the effort expended by fishermen to

catch fish and can be explicitly defined in many ways. Here we focus on how effort

depends on community characteristics, in terms of the population of non-stressed

fishermen, N(t), the population of stressed fishermen, S(t), and the population of

fishermen that have transitioned to a different form of income, R(t), referred to as

recovered individual moving forward.

We consider a situation in which the exploitation of the species by fishing has

a relatively small effect on mortality in comparison to the pressures leading to the

inevitable decline. In addition, the institutional failures seen in fisheries as a class of

common property problems are assumed to not exist or have been resolved [77]. In

this setting, we do not focus on the incentives facing fishermen to exploit the fishery,

but rather on the effect of different types of fishermen who exploit the fishery. Two

scenarios are considered. In the first, fishing effort is 1.4 which is simply the total

number of people fishing the species, represented by the non-stressed and stressed

fishermen population.

E = N + S (1.4)

Harvests are restricted by the existing population, q(N+S) ≤ 1 =⇒ q ≤ 1
N+S

. In the

second scenario, stressed fisherman are so concerned by the threat to their livelihood

that they (ultimately futility) increase their effort as they realize the severity of the
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situation.

E = N +
ρ(S)

1 + e(λx−µ)
(1.5)

Equation 1.5 allows stressed fishermen to do the work of a maximum of ρ people.

λ is the rate at which more effort is put in as the fish population drops while µ

is the horizontal shift parameter which places half the maximum effort at the fish

population µ
λ
. As with equation 1.4, more fish cannot be harvested than exist, hence

requiring that q N+ρ(S)

1+e(λx−µ)
≤ 1 =⇒ q ≤ 1+e(λx−µ)

N+ρ(S)
.

For each scenario, the decline of the fish population induces stress among the

community dependent on the harvest. As fishermen transition through different states

of non-stressed, stressed, and recovered, the effort the community puts towards fishing

is affected, and in turn, affects further transitions.

1.3.2 Stress Contagion Model

Fishermen can transition between non-stressed (N), stressed (S), and recovered

(R) states by either directly observing the fish decline, where fish population is

denoted as x(t), or by communicating with other members of the community and

choosing to proactively adopt an alternate state based on the interaction. Equations

1.6, 1.7, and 1.8 are combined with specifications of the fish population equations

(equations 1.1, 1.2, and 1.3) to create a full ODE system for how fishermen move

through the different states. The summation terms are the expectations of

dN

dt
=

(
r3x

K
+

N∑
zN=1

γPN

)
S −

(
r1(K − x)

K
+

S∑
zS=1

βPS +
S∑

zS=1

δPS

)
N (1.6)

dS

dt
=

(
r1(K − x)

K
+

S∑
zS=1

βPS

)
N −

(
r2(K − x)

K
+
r3x

K
+

R∑
zR=1

ψPR +
N∑

zN=1

γPN

)
S

(1.7)

dR

dt
=

(
r2(K − x)

K
+

R∑
zR=1

ψPR

)
S +

S∑
zS=1

δPSN (1.8)
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transitioning between states by interacting with people from another state.

Table 1.1 defines parameters that complete the ODE system. Here, r1, r2, and r3

are the rates at which fishermen transition between states by directly observing the

fish population. The terms in the system involving r1, r2, and r3 do not involve any

interaction between humans. This allows for all fishermen to start in the non-stressed

state and the initial transition to the stressed state occurs from observing the fish

population.

The parameters γ, β, δ, and ψ are the effect that a certain number of human

interactions have on a person transitioning states. Each of these follows a logistic

curve represented below.

γ =
1

1 + e−(zN−α1)/ϕ1

β =
1

1 + e−(zS−α2)/ϕ2

ψ =
1

1 + e−(zR−α3)/ϕ3

δ =
1

1 + e−(zS−α4)/ϕ4

Note that α1, α2, α3, α4 are location parameters that govern how many

interactions with people are required to result in a 0.5 chance of changing states.

For example, if interactions of 4 people are required for a 0.5 chance of changing

states, the α value will be set to 4. ϕ1, ϕ2, ϕ3, and ϕ4 are scale parameters which

affect the spread of influence change between the number of people contacted. The

shape of these curves allows us to capture a dynamic in which greater numbers of

people contacted collectively have a greater influence on a fisherman changing states.

The terms PN , PS, and PR are the probabilities of coming into contact with a

specific number of people of a corresponding state. Each of these terms adopt the

Poisson distributions listed below where 0 < c < 1 is the connectivity of the

10



Table 1.1: Parameters and terms incorporated into ODE system

r1 parameter for transmission from non-stressed to stressed
r2 parameter for transmission from stressed to recovered
r3 parameter for transmission from stressed to non-stressed
γ rate of moving from stressed to non-stressed when coming

into contact with zN number of non-stressed people
β rate of moving from non-stressed to stressed when coming

into contact with zS number of stressed people
δ rate of moving from non-stressed to recovered when coming

into contact with zS number of stressed people
ψ rate of moving from stressed to recovered when coming

into contact with zR number of recovered people
PN(zN , N) probability of having contact with zN number of non-stressed people
PS(zS, S) probability of having contact with zS number of stressed people
PR(zR, R) probability of having contact with zR number of recovered people
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community and zi is the number of people in state i that were contacted.

PN = Pois(cN) =
(cN)zN e−cN

zN !

PS = Pois(cS) =
(cS)zSe−cS

zS!

PR = Pois(cR) =
(cR)zRe−cR

zR!

For example, if the community is highly connected, there is a higher probability of

interacting with exactly 20 people from state i than with exactly 3 people, but if

the community is poorly connected, there will be a higher probability of interacting

with exactly 3 people from state i than with exactly 20 people. Summing over the

parameters γ, β, δ, and ψ and terms PN , PS, and PR gives us the expectation of

changing states based on communicating with other community members, creating

the complex contagion aspect of the model.

1.4 Analysis

For each scenario, we look at the stability using Jacobian analysis [19]. The

Jacobian matrices and further details can be found in the appendix. Stress-free

equilibria were found and used in the Jacobian matrix. For all cases, the stress-free

equilibria are unstable due to the criteria of having at least one zero eigenvalue [61].

Combining equations 1.1, 1.2, 1.3 with 1.4 and 1.5, we analyze how the fish

population reacts under different circumstances. Looking at Figure 1.1, the different

specifications of fish population decline are coupled with equation 1.4, which is

the fishing effort representing the total fishermen fishing. For comparison, the

catchability, initial fish population, and human population are kept the same across

all cases. Cases 1.1a and 1.1c have similar shapes, meaning that neither case allows for

a temporary population recovery. Interestingly, case 1.1b, does allow for a temporary
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(a) Uses equation 1.1 and 1.4 with
K = 150, 000, r = −0.01

(b) Uses equation 1.2 and 1.4 with
K0 = 150, 000, b = 0.007, and r = 0.3

(c) Uses equation 1.3 and 1.4 with
K = 150, 000, m = 0.35, and r = 0.3

Figure 1.1: The figures above use a q = 0.001 (catchability), x0 = 100, 000 (initial
fish population), and the community population being 500 with all fishermen starting
as non-stressed
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(a) Uses equation 1.1 and 1.5 with
K = 150, 000, r = −0.01

(b) Uses equation 1.2 and 1.5 with
K0 = 150, 000, b = 0.007, and r = 0.3

(c) Uses equation 1.3 and 1.5 with
K = 150, 000, m = 0.35, and r = 0.3

Figure 1.2: The figures above use equation 1.5 as the fishing effort with ρ = 3,
λ = .07, and µ = x0/2, which shifts the curve to center around half of the initial
fish population. q = 0.001 (catchability), x0 = 100, 000 (initial fish population), and
the community population is 500, with all fishermen starting as non-stressed. The
following are parameters corresponding to 1.5 ρ = 3, µ = 0.5, λ = 0.07.
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population recovery due to a large enough difference in the growth rate of the fish and

the harvest rate. However, as the carrying capacity shrinks, the difference shrinks,

limiting the duration of the effect and resulting in only a temporary recovery in the

fish population. Figure 1.2 has similar shapes as Figure 1.1 indicating that when

stressed fishermen put in more effort as the fish population drops (equation 1.5),

the fish population decline follows similar trajectories as when both non-stressed and

stressed fishermen put in the same effort (equation 1.4).

For further analysis of how different combinations and certain parameters affect

the system, we break the non-stressed class into two subclasses: non-stressed that

has never been stressed, and non-stressed that has moved into the stressed class and

then moved back to the non-stressed class at least once. This allows us to track the

number of people who were never stressed and moved into the recovered class due

to social interaction with stressed people and subsequent proactive avoidance of the

stressed state. Doing that results in the following modification to the equations 1.6,

1.7, and 1.8 where N1 is non-stressed people who have never been stressed and N2 is

non-stressed people who have been stressed.

dN1

dt
= −

(
r1(K − x)

K
+

S∑
zS=1

βPS +
S∑

zS=1

δPS

)
N1 (1.9)

dN2

dt
=

(
r3x

K
+

N1+N2∑
zN=1

γPN1+N2

)
S −

(
r1(K − x)

K
+

S∑
zS=1

βPS +
S∑

zS=1

δPS

)
N2

(1.10)

dS

dt
=

(
r1(K − x)

K
+

S∑
zS=1

βPS

)
(N1 +N2)

−

(
r2(K − x)

K
+
r3x

K
+

R∑
zR=1

ψPR +

N1+N2∑
zN=1

γPN1+N2

)
S (1.11)

dR

dt
=

(
r2(K − x)

K
+

R∑
zR=1

ψPR

)
S +

S∑
zS=1

δPS(N1 +N2) (1.12)
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First, we examine how the different fish population decline scenarios, coupled with

the different fishing effort scenarios, affect the total number of people that become

stressed, the peak number of people stressed simultaneously, the average time a person

is stressed, and the event duration (that is, the time it takes for everyone in the

community to move into the recovered class from the initial stress case). Event

duration is a unitless time variable used for comparison throughout the analysis.

Figures 1.3 and 1.4 go through the different scenarios. We find that the different

effort scenarios (whether stressed people behave differently) overall did not have a

large impact. The most noticeable impact occurred in an event duration difference

of 7.3887 between 1.3b and 1.4b with 1.4b being the lowest. The time spent stressed,

the total number of people that became stressed, and the peak number stressed were

all comparable, with the peak number stressed having the most variation.

Next we will look at how the connectivity of the community affects how stress

moves through the population. Figure 1.5 compares different values of connectivity

across all cases using the same parameters as in figures 1.3 and 1.4. Precise numbers

are found in the captions of figures 1.8- 1.13, which are found in the appendix.

An increase in connectivity across all cases leads to a shorter event time, with

fewer people spending time in the stressed state. Also, more people were able to

avoid the stressed state completely and skip straight to the recovered state through

social interactions leading to informed, proactive decisions. However, this comes at

the cost of an increased peak number of people stressed at one time.
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(a) Uses equation 1.1 and 1.4 with K = 150, 000, r = −0.01 for the fishing
scenario. The average time a person stressed is about 1.5 years, the duration
of the event is 74 years, the total number of people that become stressed is
∼ 394, and the peak number of stressed people is ∼ 52.

(b) Uses equation 1.2 and 1.4 with K0 = 150, 000, b = 0.007, and r = 0.3.
The average time a person stressed is about 1.5 years, the duration of the
event is 65 years, the total number of people that become stressed is ∼ 396,
and the peak number of stressed people is ∼ 49.

(c) Uses equation 1.3 and 1.4 with K = 150, 000, m = 0.35, and r = 0.3.
The average time a person stressed is about 1.5 years, the duration of the
event is 73 years, the total number of people that become stressed is ∼ 394,
and the peak number of stressed people is ∼ 53.

Figure 1.3: The figures use equation 1.4 as the fishing effort along with q = 0.001
(catchability), x0 = 100, 000 (initial fish population), and a community population of
500, in which all people start in theN1 class. Also, c = 0.01 (community connectivity),
α = 4, ϕ = 1, and r1 = r2 = r3 = 0.05 are used across cases.

17



(a) Uses equation 1.1 and 1.5 with K = 150, 000, r = −0.01 for the fishing
scenario. The average time a person stressed is about 1.5 years, the duration
of the event is 73 years, the total number of people that become stressed is
∼ 393, and the peak number of stressed people is ∼ 53.

(b) Uses equation 1.2 and 1.5 with K0 = 150, 000, b = 0.007, and r = 0.3.
The average time a person stressed is about 1.5 years, the duration of the
event is 58 years, the total number of people that become stressed is ∼ 396,
and the peak number of stressed people is ∼ 50.

(c) Uses equation 1.3 and 1.5 with K = 150, 000, m = 0.35, and r = 0.3.
The average time a person stressed is about 1.5 years, the duration of the
event is 73 years, the total number of people that become stressed is ∼ 394,
and the peak number of stressed people is ∼ 53.

Figure 1.4: The figures use equation 1.5 as the fishing effort with ρ = 3, λ = .07, and
µ = x0/2 which shifts curve to center around half of the initial fish population. q =
0.001 (catchability), x0 = 100, 000 (the initial fish population), and the community
population is 500, with all people starting in the N1 class. Also, c = 0.01 (community
connectivity), α = 4, ϕ = 1, and r1 = r2 = r3 = 0.05 are used across cases.
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Figure 1.5: Compares a connectivity value of 0.01 with a connectivity value of 0.1
across equations 1.1, 1.2, and 1.3, while also considering the different effort functions
1.4 and 1.5. In a more connected community, both the average time a person spends
in the stressed state and the total event duration decrease, while both the number
of people able to skip the stressed state and the peak number of people stressed at a
given time increase.
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1.5 Discussion

This paper presents a novel model that can help understand and predict the

dynamics of a community facing the disappearance of their main source of income as

they transition to a new income source, and how stress and social support may play

a role in that transition. We examine different scenarios of species decline and its

impacts on a community dependent on harvest; explore the impact of conservation

efforts on the duration of the transition event and the peak number of simultaneously

stressed individuals; and provide insight into how the connectivity of a community

may affect an individual’s transition to a new income source.

We considered several different scenarios that could cause inevitable species

decline, the most applicable being habitat loss and proportional removal, such as

due to disease. Habitat loss has happened in several cases throughout history and

is still happening currently. In the California Current System (CCS), habitat loss is

occurring due to intensifying hypoxia, which is when oxygen drops to inefficient levels

[54]. This has been found to affect species distribution as it makes previous habitable

regions or depths uninhabitable [54]. Sawfish are also severely threatened due to

a combination of overfishing and habitat loss. Habitat loss occurs directly through

avenues such as commercial development, residential development, and modifications

to natural systems, and overfishing amplifies the issue [122]. Both of these sources

show how the future of a species may be impacted due to human activity directly

or indirectly shrinking the species’ habitat. Disease is another complication that can

cause population collapse. Amphibian chytridiomycosis has caused species decline and

even extinction in several cases [11]. And although species-dependent management

suggestions are given, some species might not survive without intervention [11].

Clearly, species decline can be driven by several different factors. In our research, we

analyze how these situations affect how humans might experience an income transition

if conservation efforts focusing on reversing the underlying (fishing-independent)

drivers of population decrease are either not implemented or not successful. Using
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figures 1.1 and 1.2, we can see that the species population decline varies across

scenarios with habitat loss, allowing for a temporary partial recovery of the species.

Figures 1.3 and 1.4 show that the reason for species decline does not severely alter

the transition humans take to reach the recovered state. However, habitat loss does

lead to a shorter event duration. Also, a fishing effort in which stressed fishermen

put in more effort leads to a shorter event duration than if all fishermen consistently

undertake the same effort. This reinforces statements made in [122] that habitat loss

repercussions can be amplified by fishing efforts. Increased stress and desperation

resulting in increased fishing effort can have negative effects on people’s health, for

example by experiencing anxiety, diminished cognitive functions (such as ability to

focus), and behavioral issues such as sleep disruption and clumsiness [78]. It is

important to consider the effects different decline scenarios present, along with the

potential behavioral changes of fishermen, to adequately predict and prepare for a

community loss of income.

We also considered how conservation efforts affect community members’ transition

through stress states. Note that in cases relevant to this paper, true species

conservation is not attainable, but conservation efforts could delay time to extinction

or near extinction. However, conservation can be an expensive endeavour both

economically and socially [83]. Therefore, any benefit that conservation would have

on the community’s mental health would have to be worth the costs. Figure 1.6

shows that if conservation efforts are used to change habitat degradation to a level

of b = 0.007 from a level of b = 0.1, the number of people able to skip stressed

state stayed the same while the peak number of stressed people went up by 4. The

duration of the event dropped from 65 to 61 years, but the time a person spent

stressed remained comparable. This reveals that conservation efforts that decrease

the rate of habitat loss could make the transition event duration longer, preventing

people from proactively avoiding becoming stressed.

Figure 1.7 reveals how conservation efforts made towards preserving a species that

has proportional removals affects a community. In the case in which a removal rate of
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(a) All parameter values are as in figure 1.3b, except for the rate of habitat decline, which is
here b = 0.007.

(b) All parameters are as in 1.6a with a change in habitat degradation rate to b = 0.1. The
average time a person stressed is about 2 years, the duration of the event is 61 years, the total
number of people that become stressed is ∼ 396, and the peak number of stressed people is ∼
45. The number of people that skipped the stressed state is ∼ 104.

Figure 1.6: Compares how different rates of habitat degradation affects human
transition with the case combination of equation 1.2 and 1.4.
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(a) All parameters are as in figure 1.3c, excepting the proportional removal, which here is
m = 0.35.

(b) Uses the same parameters as 1.7a, except for a change in proportional removal to m = 0.8.
The average time a person stressed is about 1.5 years, the duration of the event is 73 years, the
total number of people that become stressed is ∼ 393, and the peak number of stressed people
is ∼ 54. The number of people that skipped the stressed state is ∼ 107.

Figure 1.7: Compares how different values of proportional removal affects human
transitions with the case combination of equation 1.3 and 1.4.
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m = 0.8 is brought down to m = 0.35, the peak number of stressed people decreased

by 1, but the number of people that skipped the stressed state dropped by 1. The

time a person spent being stressed and the duration of the event were comparable.

Again, in this case, conservation efforts might not be economically worthwhile due

to being able to achieve only minor differences in overall outcomes. However, this

may change under different scenarios which would alter model parametrization or

functional forms.

The model presented in this paper can aid in vital conservation policy decisions

and help reduce expenditures on fruitless conservation efforts.

Lastly, we find that the connectivity of a community can impact how a community

transitions. Figure 1.5 shows how an increase in connectivity values of a community

can lead to an increase in the peak number of stressed individuals, but provides a

decrease in both the time a person spends stressed and the overall event duration.

Also, significantly more people were able to skip over the stressed state due to higher

connectivity in the community. A more connected community can therefore have

a profound impact on population-wide mental health outcomes, with the biggest

impacts deriving from the increase in people leveraging socially derived support

and information about their options to either avoid stress entirely or, at least,

decrease their time spent being stressed. The literature supports that community

connectedness and mental health are intertwined. Particularly, [100] looks at how

connectivity affects mental health and vice versa. It is found that connectedness and

mental health are positively and reciprocally associated. However, connectedness is

a stronger indicator of mental health than mental health is for connectivity. This

reinforces the importance of connecting the community to improve mental health

even in the face of crisis.

Several methods can be used to increase the connectivity of a community. [27]

suggests to improve community connectivity and sense of community, neighborhoods

could be required to apply for government assistance as a group instead of individually,

and support could be given to the development of neighborhood group organizations,
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such as a crime watch, which can foster a sense of shared values and goals, leading to

increased interpersonal support. Additionally, [95] presented the creation of a public

center or “community house” in New Zealand in which community events such as

crafts, hobbies, child care, local movies, etc., were held to foster fulfilling shared

community experience. Government agencies might choose to implement similar

tactics for increasing connectivity to reduce the stress of an inevitable transition

as natural resources become unsustainable sources of community income.

1.6 Current Limitations and Future Work

Although our paper provides valuable additions to community mental health,

there are some limitations to keep in mind. For instance, what is considered the best

option accounting for both mental health and economic budgets is not easily answered.

Therefore, although our model provides clear comparisons among scenarios, we do

not suggest a clear plan of action. Government agencies and policymakers should

consider scenario-specific factors to devise an appropriate plan of action with explicit

consideration of questions such as “Is it better for the mental health of the community

to be more connected and transition more quickly, but at the expense of a higher peak

total in simultaneously stressed individuals, or to ‘flatten the curve’ and transition

over a longer period, but ensure that only relatively few individuals are stressed at

any one time”?

Extensions can also be made to include more nuanced economic, sociological, and

psychological components. Currently, the financial impact on an individual is not

considered past the stress it might induce. Similarly, other factors such as family

history, age, education, and economic status are not considered. However, factors

such as these may affect a fisherman’s choice to continue fishing and incorporating

them could add additional insight [31]. For example, having a lineage of fishermen,

the time spent as a fisherman, or the years lived in the fishing community could

potentially change the decision a person makes to leave the career. Another extension
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could be to allow departure and entrance into the community. A requirement such as

a fishing license, fees, or other documentation might regulate the incoming population

by requiring cost analysis by the individual to determine if the upfront cost of joining

would be outweighed by the payout once joined. The departing population would

have to weigh the cost of leaving the community, such as fees for breaking a contract

or moving costs to determine if the new income source would make up for the financial

loss upfront. Also, the connectedness of the community could affect the decision to

leave. If the community is highly connected, members might be less likely to leave due

to a sense of belonging. Additionally, allowing migration could lead to the complete

abandonment of the community, or the creation of a ghost town, as the livelihood of

the community is put in jeopardy.

The work presented focuses on a fishing community and reveals how ecological,

economic, and social factors impact how a community can expect to be affected by

stress. However, the methods presented here can be extended to many other scenarios.

For example, the U.S. coal industry has been in decline due to rising coal prices,

mechanization of coal mining, and environmental regulations [17]. Additionally, areas

rich in coal resources are unlikely to have a diverse job market due to people forgoing

advanced education for the preference of tapping into the highly unionized, high-

paying jobs of the coal industry [17]. This puts excess strain on coal communities

to adapt and transition. Implementation of the methods found in this paper could

help to plan and assist coal communities by answering questions such as how the

decline trajectory would likely affect the income transition. Additionally, increasing

the connectivity of the community could influence members to proactively forgo the

coal industry completely or transition to a different career path before they reach

financial devastation. In addition to the coal industry, the print newspaper industry is

facing collapse due to an increase in the digital world, putting stress on their current

business model [60]. Although it is less likely to find entire communities reliant

for their economic well-being solely on the production of print media, nonetheless,

the insights from these models apply to a socially (rather than spatially) united
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community of journalists and publishers. The methods in this paper shed light on

the potential timeline and mental repercussions the transition to a different business

model may induce. There are several other cases where the methods in this model

could provide insightful information.

1.7 Conclusion

Here, we have presented a complex contagion model to explore the stress-related

mental health dynamics of a community dependent on a declining industry. We

focused our model on the case study of a fishing community whose harvest species

is on a trajectory to (near)extinction. We explored ecological, economic, and socio-

psychological factors to understand how best to support a community in transition

away from reliance on an inevitably diminishing resource. This work complements

the existing literature that has traditionally focused more on exploring the coupled

dynamics of exploitation and sustainability in resource management. We expect

these results to be especially valuable for consideration of communities relying on

resources that are diminishing not solely as a result of their own practices or factors

that are wholly under their own control. Our model serves both to highlight how

we might begin to study such populations and how we might best inform policies

to support communities facing these circumstances. A diversity of industries, and

the communities that rely on them, face demise from inevitably exhausted resources.

By improving support to populations whose communal livelihoods are threatened,

we may be able not only to avoid negative mental health, physical health, and

socioeconomic impacts in the near term but may be able to avoid generational impacts

on wealth and well-being for entire communities.

27



1.8 Acknowledgments

We appreciate Dr. Justin Wright’s help with the early implementation of the

code.

28



Appendix

Here, we provide the stability analysis of the different equation combinations. Note

that for taking the derivative of summation terms, a difference operator was used if

the variable we were differentiating with respect to was the upperbound. Otherwise,

the summation is a constant based on the other state levels.

1. dx
dt

= rx
(
1− x

K

)
− qEx with E = N + S (Equations 1.1 and 1.4)

J =



r − 2 rxk − q(N + S) −qx

r3S
K + r1N

K
SPN (N,N)

1+e−(N−α1)/ϕ1
− r1 +

r1x
K −

∑S
z=1 βPS −

∑S
z=1 δPS

− r1N
K + r2S

K − r3S
K r1 − r1x

K +
∑S

z=1 βPS − NPS(S,S)

1+e−(S−α2)/ϕ2

− r2S
K

∑S
z=1 δPS

−qx 0

r3x
K +

∑N
z=1 γPN − NPS(S,S)

1+e−(S−α2)/ϕ2
− NPS(S,S)

1+e−(S−α4)/ϕ4
0

NPS(S,S)

1+e−(S−α2)/ϕ2
− r2 +

r2x
K − r3x

K −
∑R

z=1 ψPR −
∑N

z=1 γPN − SPR(R,R)

1+e−(R−α3)/ϕ3

r2 − r2x
K +

∑R
z=1 ψPR + NPS(S,S)

1+e−(S−α4)/ϕ4
SPR(R,R)

1+e−(R−α3)/ϕ3



Stress-free equilibrium: (x,N, S,R) = (K, 0, 0, A), (0, 0, 0, A) where A =

N +R + S is the total human population.

Jacobian at (K, 0, 0, A):
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J(K, 0, 0, A)− Iλ =


−r − λ −qK −qK 0

0 −λ r3 0

0 0 −r3 −
∑A

z=1 ψPR − λ 0

0 0
∑A

z=1 ψPR −λ


Eigenvalues:

Taking the determinant and setting is equal to zero gets you:

λ2

(
rr3 + r

A∑
z=1

ψPR + λ(r + r3 +
A∑
z=1

ψPR) + λ2

)
= 0

which gives the following eigenvalues:

λ1, λ2 = 0

λ3 =
1

2

(r + r3 +

A∑
z=1

ψPR

)
+

√√√√(r + r3 +

A∑
z=1

ψPR

)2

− 4

(
rr3 + r

A∑
z=1

ψPR

)

λ4 =
1

2

(r + r3 +

A∑
z=1

ψPR

)
−

√√√√(r + r3 +

A∑
z=1

ψPR

)2

− 4

(
rr3 + r

A∑
z=1

ψPR

)

Since we have zero eigenvalues, the equilibrium is unstable.

Jacobian at (0, 0, 0, A):

J(0, 0, 0, A)− Iλ =


r − λ 0 0 0

0 −r1 − λ 0 0

0 r1 −r2 −
∑A

z=1 ψPR − λ 0

0 0 r2 +
∑A

z=1 ψPR −λ


Eigenvalues:

λ1 = r, λ2 = −r1
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λ3 = −r2 −
A∑
z=1

ψPR, λ4 = 0

Since we have zero eigenvalues, the equilibrium is unstable.

2. dx
dt

= rx
(
1− x

K

)
− qEx with E = N + ρ(S)

1+e(λx−µ)
(Equations 1.1 and 1.5)

J =



r − 2 rx
k

− qN + qρ(S))
(1+eλ

∗x−µ)+λ∗xeλ
∗x−µ

(1+eλ
∗x−µ)2

−qx

1+eλ
∗x−µ

r3S
K

+
r1N
K

SPN (N,N)

1+e−(N−α1)/ϕ1
− r1 +

r1x
K

−
∑S

z=1 βPS −
∑S

z=1 δPS

− r1N
K

+
r2S
K

− r3S
K

r1 − r1x
K

+
∑S

z=1 βPS − NPS(S,S)

1+e−(S−α2)/ϕ2

− r2S
K

∑S
z=1 δPS

qρx

1+eλ
∗x−µ

0

r3x
K

+
∑N

z=1 γPN − NPS(S,S)

1+e−(S−α2)/ϕ2
− NPS(S,S)

1+e−(S−α4)/ϕ4
0

NPS(S,S)

1+e−(S−α2)/ϕ2
− r2 +

r2x
K

− r3x
K

−
∑R

z=1 ψPR −
∑N

z=1 γPN − SPR(R,R)

1+e−(R−α3)/ϕ3

r2 − r2x
K

+
∑R

z=1 ψPR +
NPS(S,S)

1+e−(S−α4)/ϕ4

SPR(R,R)

1+e−(R−α3)/ϕ3



Stress-free equilibrium: (x,N, S,R) = (K, 0, 0, A), (0, 0, 0, A) where A =

N +R + S is the total human population.

Jacobian at (K, 0, 0, A):

J(K, 0, 0, A)− Iλ =


−r − λ −qK −qK 0

0 −λ r3 0

0 0 −r3 −
∑A

z=1 ψPR − λ 0

0 0
∑A

z=1 ψPR −λ


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Eigenvalues:

Taking the determinant and setting it equal to zero gets you:

λ2

(
rr3 + r

A∑
z=1

ψPR + λ(r + r3 +
A∑
z=1

ψPR) + λ2

)
= 0

which gives the following eigenvalues:

λ1, λ2 = 0

λ3 =
1

2

(r + r3 +

A∑
z=1

ψPR

)
+

√√√√(r + r3 +

A∑
z=1

ψPR

)2

− 4

(
rr3 + r

A∑
z=1

ψPR

)

λ4 =
1

2

(r + r3 +

A∑
z=1

ψPR

)
−

√√√√(r + r3 +

A∑
z=1

ψPR

)2

− 4

(
rr3 + r

A∑
z=1

ψPR

)

Since we have zero eigenvalues, the equilibrium is unstable.

Jacobian at (0, 0, 0, A):

J(0, 0, 0, A)− Iλ =


r − λ 0 0 0

0 −r1 − λ 0 0

0 r1 −r2 −
∑A

z=1 ψPR − λ 0

0 0 r2 +
∑A

z=1 ψPR −λ


Eigenvalues:

λ1 = r, λ2 = −r1

λ3 = −r2 −
A∑
z=1

ψPR, λ4 = 0

Since we have zero eigenvalues, the equilibrium is unstable.
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3. dx
dt

= rx
(
1− x

K(t)

)
− qEx with E = N + S (Equations 1.2 and 1.4)

Same as the corresponding previous case

4. E = ρ(N+S)

1+e(λx−µ)
(Equations 1.2 and 1.5)

Same as the corresponding previous case

5. dx
dt

= rx
(
1− x

K

)
−mx− qEx with E = N + S (Equations 1.3 and 1.4)

J =



r − 2 rx
k −m− q(N + S) −qx

r3S
K + r1N

K
SPN (N,N)

1+e−(N−α1)/ϕ1
− r1 +

r1x
K −

∑S
z=1 βPS −

∑S
z=1 δPS

− r1N
K + r2S

K − r3S
K r1 − r1x

K +
∑S

z=1 βPS − NPS(S,S)

1+e−(S−α2)/ϕ2

− r2S
K

∑S
z=1 δPS

−qx 0

r3x
K +

∑N
z=1 γPN − NPS(S,S)

1+e−(S−α2)/ϕ2
− NPS(S,S)

1+e−(S−α4)/ϕ4
0

NPS(S,S)

1+e−(S−α2)/ϕ2
− r2 +

r2x
K − r3x

K −
∑R

z=1 ψPR −
∑N

z=1 γPN − SPR(R,R)

1+e−(R−α3)/ϕ3

r2 − r2x
K +

∑R
z=1 ψPR + NPS(S,S)

1+e−(S−α4)/ϕ4

SPR(R,R)

1+e−(R−α3)/ϕ3



Stress-free equilibria: (x,N, S,R) = (0, 0, 0, A),
(
K(r−m)

r
, 0, 0, A

)
,(

K,−m
q
, 0, A+ m

q

)
where A = N + R + S. Notice the equilibrium(

K,−m
q
, 0, A+ m

q

)
is not possible since N < 0. is the total human population
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Jacobian at (0, 0, 0, A):

J(0, 0, 0, A)− Iλ =


−r −m− λ 0 0 0

0 −r1 − λ 0 0

0 r1 −r2 −
∑A

z=1 ψPR − λ 0

0 0 r2 −
∑A

z=1 ψPR −λ


Eigenvalues:

λ1 = r −m, λ2 = −r − 1, λ3 = −r2 −
∑A

z=1 ψPR, λ4 = 0

Since we have a zero eigenvalue, the equilibrium is unstable.

Jacobian at
(
K(r−m)

r
, 0, 0, A

)
:

J

(
K(r −m)

r
, 0, 0, A

)
− Iλ

=


m− r − λ − qK(r−m)

r
qK(r−m)

r 0

0 −r1 + r1(r −m)− λ r3(r −m) 0

0 r1 − r1(r −m) −r2 + r2(r −m)− r3(r −m)−
∑A

z=1 ψPR − λ 0

0 0 r2 − r2(r −m) +
∑A

z=1 ψPR −λ


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Eigenvalues: After finding the determinant and setting equal to zero, we get

λ

[
λ3 +

(
mr1 −m−

A∑
z=1

ψPR +mr2 −mr3 + r − rr1 − rr2 + rr3 + r1 + r2

)
λ2

+

(
m

A∑
z=1

ψPR −mr1

A∑
z=1

ψPR − r

A∑
z=1

ψPR + rr1

A∑
z=1

ψPR − r1

A∑
z=1

ψPR

−m2r1 +m2r1r2 −m2r2 +m2r3 + 2mrr1 − 2mrr1r2 + 2mrr2 − 2mrr3 −mr1

+ 2mr1r2 −mr3 − r2r1 + r2r1r2 − r2r2 + r2r3 + rr1 − 2rr1r2 + rr2 + r1r2

)
λ

+

(
m2r1

A∑
z=1

ψPR − 2mrr1

A∑
z=1

ψPR +mr1

A∑
z=1

ψPR + r2r1

A∑
z=1

ψPR − rr1

A∑
z=1

ψPR −m3r1r2

+ 3m2rr1r2 − 2m2r1r2 − 3mr2r1r2 + 4mrr1r2 −mr1r2 + r3r1r2 − 2r2r1r2 + rr1r2

)]
= 0

Using The cubic formula for finding the roots of a cubic polynomial, able to
arrive at the following nonzero eigenvalues (Note we have one λ = 0 eigenvalue):

∆0 =b2 − 3ac

=

(
mr1 −m−

A∑
z=1

ψPR +mr2 −mr3 + r − rr1 − rr2 + rr3 + r1 + r2

)2

− 3

(
m

A∑
z=1

ψPR −mr1

A∑
z=1

ψPR − r

A∑
z=1

ψPR + rr1

A∑
z=1

ψPR − r1

A∑
z=1

ψPR

−m2r1 +m2r1r2 −m2r2 +m2r3 + 2mrr1 − 2mrr1r2 + 2mrr2 − 2mrr3

−mr1 + 2mr1r2 −mr3 − r2r1 + r2r1r2 − r2r2 + r2r3 + rr1 − 2rr1r2 + rr2 + r1r2

)
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∆1 =2b3 − 9abc+ 27a2d

= 2

(
mr1 −m−

A∑
z=1

ψPR +mr2 −mr3 + r − rr1 − rr2 + rr3 + r1 + r2

)3

− 9

(
mr1 −m−

A∑
z=1

ψPR +mr2 −mr3 + r − rr1 − rr2 + rr3 + r1 + r2

)
(
m

A∑
z=1

ψPR −mr1

A∑
z=1

ψPR − r

A∑
z=1

ψPR + rr1

A∑
z=1

ψPR − r1

A∑
z=1

ψPR

−m2r1 +m2r1r2 −m2r2 +m2r3 + 2mrr1 − 2mrr1r2 + 2mrr2 − 2mrr3

−mr1 + 2mr1r2 −mr3 − r2r1 + r2r1r2 − r2r2 + r2r3 + rr1 − 2rr1r2 + rr2 + r1r2

)

+ 27

(
m2r1

A∑
z=1

ψPR − 2mrr1

A∑
z=1

ψPR +mr1

A∑
z=1

ψPR + r2r1

A∑
z=1

ψPR − rr1

A∑
z=1

ψPR −m3r1r2

+ 3m2rr1r2 − 2m2r1r2 − 3mr2r1r2 + 4mrr1r2 −mr1r2 + r3r1r2 − 2r2r1r2 + rr1r2

)

C =
3

√
∆1 ±

√
∆2

1 − 4∆3
0

2

λi = − 1

3a

[
b+ ξiC +

∆0

ξiC

]
where ξ =

−1 +
√
−3

2

λ0 = −1

3

[(
mr1 −m−

A∑
z=1

ψPR +mr2 −mr3 + r − rr1 − rr2 + rr3 + r1 + r2

)
+ C +

∆0

C

]
λ1 = −1

3

[(
mr1 −m−

A∑
z=1

ψPR +mr2 −mr3 + r − rr1 − rr2 + rr3 + r1 + r2

)
+

−1 +
√
−3

2
C +

∆0

−1+
√
−3

2 C

]
λ2 = −1

3

[(
mr1 −m−

A∑
z=1

ψPR +mr2 −mr3 + r − rr1 − rr2 + rr3 + r1 + r2

)
+

−1−
√
−3

2
C +

∆0

−1−
√
−3

2 C

]
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Since we know we have at least one zero eigenvalue, the equilibrium is unstable.

6. dx
dt

= rx
(
1− x

K

)
−mx− qEx with E = N + ρ(S)

1+e(λx−µ)
(Equations 1.3 and 1.5)

J =



r − 2 rx
k

−m− qN + qρ(S) 1+eλ
∗x−µ−λ∗xeλ

∗x−µ

(1+eλ
∗x−µ)2

−qx

1+eλ
∗x−µ

r3S
K

+
r1N
K

SPN (N,N)

1+e−(N−α1)/ϕ1
− r1 +

r1x
K

−
∑S

z=1 βPS −
∑S

z=1 δPS

− r1N
K

+
r2S
K

− r3S
K

r1 − r1x
K

+
∑S

z=1 βPS − NPS(S,S)

1+e−(S−α2)/ϕ2

− r2S
K

∑S
z=1 δPS

qρx

1+eλ
∗x−µ

0

r3x
K

+
∑N

z=1 γPN − NPS(S,S)

1+e−(S−α2)/ϕ2
− NPS(S,S)

1+e−(S−α4)/ϕ4
0

NPS(S,S)

1+e−(S−α2)/ϕ2
− r2 +

r2x
K

− r3x
K

−
∑R

z=1 ψPR −
∑N

z=1 γPN − SPR(R,R)

1+e−(R−α3)/ϕ3

r2 − r2x
K

+
∑R

z=1 ψPR +
NPS(S,S)

1+e−(S−α4)/ϕ4

SPR(R,R)

1+e−(R−α3)/ϕ3



Stress-free equilibria: (x,N, S,R) = (0, 0, 0, A),
(
K(r−m)

r
, 0, 0, A

)
,(

K, −m(1+eλ
∗K−µ)

qρ
, 0, A+ −m(1+eλ

∗K−µ)
qρ

)
where A = N + R + S is the total human

population. Notice the equilibrium
(
K, −m(1+eλ

∗K−µ)
qρ

, 0, A+ −m(1+eλ
∗K−µ)

qρ

)
is

not possible since N < 0

Jacobian at (0, 0, 0, A):

J(0, 0, 0, A)− Iλ =


−r −m− λ 0 0 0

0 −r1 − λ 0 0

0 r1 −r2 −
∑A

z=1 ψPR − λ 0

0 0 r2 −
∑A

z=1 ψPR −λ


Eigenvalues:

λ1 = r −m, λ2 = −r − 1, λ3 = −r2 −
∑A

z=1 ψPR, λ4 = 0
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Since we have a zero eigenvalue, the equilibrium is unstable.

Jacobian at
(
K(r−m)

r
, 0, 0, A

)
:

J

(
K(r −m)

r
, 0, 0, A

)
− Iλ

=


m− r − λ −qK(r−m)

r(1+eλ∗K(r−m)/r−µ)

qρK(r−m)

r(1+eλ∗K(r−m)/r−µ)
0

0 −r1 + r1(r −m)− λ r3(r −m) 0

0 r1 − r1(r −m) −r2 + r2(r −m)− r3(r −m)−
∑A

z=1 ψPR − λ 0

0 0 r2 − r2(r −m) +
∑A

z=1 ψPR −λ



Eigenvalues: After finding the determinant and setting equal to zero, we get

λ

[
λ3 +

( A∑
z=1

ψPR −m+mr1 +mr2 −mr3 + r− rr1 − r1 − rr2 + r2 + rr3

)
λ2

+

(
mr1

A∑
z=1

ψPR −m
A∑
z=1

ψPR + r
A∑
z=1

ψPR − r1

A∑
z=1

ψPR − rr1

A∑
z=1

ψPR −m2r1

−m2r2+m
2r1r2+m

2r3+mr1+2mrr1−mr2+2mrr2−2mr1r2−2mrr3+2mr1r3

− r2r1 − r2r2 + r2r1r2 + r2r3 − rr1 + rr2 − r1r2 − 2rr1r3

)
λ

+

(
mr1

A∑
z=1

ψPR−m2r1

A∑
z=1

ψPR+2mrr1

A∑
z=1

ψPR− r2r1
A∑
z=1

ψPR− rr1
A∑
z=1

ψPR

−m3r1r2+3m2rr1r2−2m2r1r3−3mr2r1r2+mr1r2+4mrr1r3+r
3r1r2−2r2r1r3

− rr1r2

)]
= 0
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Using The cubic formula for finding the roots of a cubic polynomial, able to

arrive at the following nonzero eigenvalues (Note we have one λ = 0 eigenvalue):

∆0 = b2 − 3ac

=

( A∑
z=1

ψPR −m+mr1 +mr2 −mr3 + r − rr1 − r1 − rr2 + r2 + rr3

)2

− 3

(
mr1

A∑
z=1

ψPR −m

A∑
z=1

ψPR + r

A∑
z=1

ψPR − r1

A∑
z=1

ψPR − rr1

A∑
z=1

ψPR

−m2r1 −m2r2 +m2r1r2 +m2r3 +mr1 + 2mrr1 −mr2 + 2mrr2 − 2mr1r2

− 2mrr3 + 2mr1r3 − r2r1 − r2r2 + r2r1r2 + r2r3 − rr1 + rr2 − r1r2 − 2rr1r3

)

39



∆1 = 2b3 − 9abc+ 27a2d

= 2

( A∑
z=1

ψPR −m+mr1 +mr2 −mr3 + r − rr1 − r1 − rr2 + r2 + rr3

)3

− 9

( A∑
z=1

ψPR −m+mr1 +mr2 −mr3 + r − rr1 − r1 − rr2 + r2 + rr3

)
(
mr1

A∑
z=1

ψPR −m

A∑
z=1

ψPR + r

A∑
z=1

ψPR − r1

A∑
z=1

ψPR − rr1

A∑
z=1

ψPR

−m2r1 −m2r2 +m2r1r2 +m2r3 +mr1 + 2mrr1 −mr2 + 2mrr2 − 2mr1r2

− 2mrr3 + 2mr1r3 − r2r1 − r2r2 + r2r1r2 + r2r3 − rr1 + rr2 − r1r2 − 2rr1r3

)
+ 27

(
mr1

A∑
z=1

ψPR −m2r1

A∑
z=1

ψPR + 2mrr1

A∑
z=1

ψPR − r2r1

A∑
z=1

ψPR

− rr1

A∑
z=1

ψPR −m3r1r2 + 3m2rr1r2 − 2m2r1r3 − 3mr2r1r2 +mr1r2

+ 4mrr1r3 + r3r1r2 − 2r2r1r3 − rr1r2

)

C2 =
3

√
∆1 ±

√
∆2

1 − 4∆3
0

2
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λi = − 1

3a

[
b+ ξiC2 +

∆0

ξiC2

]
where ξ =

−1 +
√
−3

2

λ0 = −1

3

[( A∑
z=1

ψPR −m+mr1 +mr2 −mr3 + r − rr1 − r1 − rr2 + r2 + rr3

)
+ C2 +

∆0

C2

]
λ1 = −1

3

[( A∑
z=1

ψPR −m+mr1 +mr2 −mr3 + r − rr1 − r1 − rr2 + r2 + rr3

)
+

−1 +
√
−3

2
C2 +

∆0

−1+
√
−3

2
C2

]
λ2 = −1

3

[( A∑
z=1

ψPR −m+mr1 +mr2 −mr3 + r − rr1 − r1 − rr2 + r2 + rr3

)
+

−1−
√
−3

2
C2 +

∆0

−1−
√
−3

2
C2

]

Since we know we have at least one zero eigenvalue, the equilibrium is unstable.
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(a) This is a repeat of figure 1.3a with a connectivity of c = 0.01. Again, the average time
a person stressed is about 1.5 years, the duration of the event is 74 years, the total number
of people that become stressed is ∼ 394, and the peak number of stressed people is ∼ 52. In
addition, the amount of people that were able to skip the stressed state is ∼ 106.

(b) Uses the same parameters as 1.8a except for a change in connectivity to c = 0.1. The
average time a person stressed is about 1 year, the duration of the event is 20 years, the total
number of people that become stressed is ∼ 267, and the peak number of stressed people is ∼
93. The amount of people that skipped the stressed state is ∼ 233.

Figure 1.8: Compares how a connectivity value of 0.01 compares with a connectivity
value of 0.1 with the case combination of equations 1.1 and 1.4.
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(a) This is a repeat of figure 1.3b with a connectivity of c = 0.01. Again, the average time
a person stressed is about 1.5 years, the duration of the event is 65 years, the total number
of people that become stressed is ∼ 396, and the peak number of stressed people is ∼ 49. In
addition, the amount of people that were able to skip the stressed state is ∼ 104.

(b) Uses the same parameters as 1.9a except for a change in connectivity to c = 0.1. The
average time a person stressed is about 1 year, the duration of the event is 6 years, the total
number of people that become stressed is ∼ 266, and the peak number of stressed people is ∼
92. The amount of people that skipped the stressed state is ∼ 234.

Figure 1.9: Compares how a connectivity value of 0.01 compares with a connectivity
value of 0.1 with the case combination of equations 1.2 and 1.4.
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(a) This is a repeat of figure 1.3c with a connectivity of c = 0.01. Again, the average time
a person stressed is about 1.5 years, the duration of the event is 73 years, the total number
of people that become stressed is ∼ 394, and the peak number of stressed people is ∼ 53. In
addition, the amount of people that were able to skip the stressed state is ∼ 106.

(b) Uses the same parameters as 1.10a except for a change in connectivity to c = 0.1. The
average time a person stressed is about 1 year, the duration of the event is 20 years, the total
number of people that become stressed is ∼ 268, and the peak number of stressed people is ∼
93. The amount of people that skipped the stressed state is ∼ 232.

Figure 1.10: Compares how a connectivity value of 0.01 compares with a
connectivity value of 0.1 with the case combination of equations 1.3 and 1.4.
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(a) This is a repeat of figure 1.4a with a connectivity of c = 0.01. Again, the average time
a person stressed is about 1.5 years, the duration of the event is 73 years, the total number
of people that become stressed is ∼ 393, and the peak number of stressed people is ∼ 53. In
addition, the number of people who were able to skip the stressed state is ∼ 107.

(b) Uses the same parameters as 1.11a except for a change in connectivity to c = 0.1. The
average time a person stressed is about 1 year, the duration of the event is 20 years, the total
number of people that become stressed is ∼ 267, and the peak number of stressed people is ∼
93. The amount of people that skipped the stressed state is ∼ 233.

Figure 1.11: Compares how a connectivity value of 0.01 compares with a
connectivity value of 0.1 with the case combination of equations 1.1 and 1.5.
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(a) This is a repeat of figure 1.4b with a connectivity of c = 0.01. Again, the average time a
person stressed is about 1.5, the duration of the event is 58 years, the total number of people
that become stressed is ∼ 396, and the peak number of stressed people is ∼ 50. In addition,
the amount of people that were able to skip the stressed state is ∼ 104.

(b) Uses the same parameters as 1.12a except for a change in connectivity to c = 0.1. The
average time a person stressed is about 1 year, the duration of the event is 7 years, the total
number of people that become stressed is ∼ 268, and the peak number of stressed people is ∼
93. The amount of people that skipped the stressed state is ∼ 232.

Figure 1.12: Compares how a connectivity value of 0.01 compares with a
connectivity value of 0.1 with the case combination of equations 1.2 and 1.5.
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(a) This is a repeat of figure 1.4c with a connectivity of c = 0.01. Again, the average time
a person stressed is about 1.5 years, the duration of the event is 73 years, the total number
of people that become stressed is ∼ 394, and the peak number of stressed people is ∼ 53. In
addition, the amount of people that were able to skip the stressed state is ∼ 106.

(b) Uses the same parameters as 1.13a except for a change in connectivity to c = 0.1. The
average time a person stressed is about 1 year, the duration of the event is 20 years, the total
number of people that become stressed is ∼ 267, and the peak number of stressed people is ∼
93. The amount of people that skipped the stressed state is ∼ 233.

Figure 1.13: Compares how a connectivity value of 0.01 compares with a
connectivity value of 0.1 with the case combination of equations 1.3 and 1.5.
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Chapter 2

Budget Allocation and Illegal

Fishing: a Game Theoretic

Approach
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2.1 Abstract

Conservation efforts are under constant threat of failure due to poaching. Effort

to combat poaching may take a number of forms, but access to each form depends

on resources, and access to these resources may itself depend on the success of

previous efforts (e.g., monetary donations from supporters could directly combat

poaching, but may be more effective if partially spent on recruiting additional

supporters who then also donate). We adopt a mathematical framework with

inspiration from the famous ‘Colonel Blotto Game’ to model the ongoing battle

between Conservationists and Poachers. Focusing on a marine setting as a case study,

players have budgets consisting of three different types of resources: monetary, non-

monetary, and supporters. The heterogeneous battlefields (laws, marine reserves, and

community) reflect commonly employed conservation tactics meant to limit poaching.

Conservationists allocate resources to limit the success of Poachers, while Poachers

allocate resources to overcome barriers implemented by Conservationists. We assume

that no action can succeed without supporters, and thus whichever player wins over

all the supporters in the community (i.e., the community battlefield), wins the game.

We analyze battlefield payoffs and player budget distributions to determine overall

player success. We demonstrate how initially disadvantaged players may still have an

opportunity to win the game, although we find success in the first few round can be

most critical under certain scenarios. By framing the question in this way, we hope to

provide additional tools for decision support to guide resource allocation, improving

the efficacy of conservation efforts.

2.2 Introduction

Poaching is an ongoing issue threatening endangered species both across land and

water habitats. Previous studies stress the critical status of endangered animals and

their bleak future if poaching continues [69, 38, 46]. Low leopard populations in
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Maputaland are a result of habitat loss, low food levels, and other factors including

poaching [96]. Additionally overharvesting and poaching is contributing to the

depletion of freshwater megafauna such as sturgeons, paddlefish, and the Cuban

Crocodile [49]. Mathematical models provide insight for potential trajectories under

current dynamics, different management strategies, or environmental change. The

literature presents several models predicting future population levels. Some modeling

techniques include statistical models [64], demographic models [110], and behavioral

models [56], and have been used to give insightful information that helps target

conservation efforts [87]. [30] uses Leslie matrices and Monte Carlo simulations to

examine uncertainty in population growth rate. Models can also provide comparisons

for different management strategies or intensities, further providing insight for

implementation [48, 34]. Work presented by [5] creates a model and preforms

sensitivity analysis to conclude “protection of diverse coral communities with the

presence, but not necessarily higher abundance, of thermally tolerant coral species

and symbiont types, mitigation of additional anthropogenic impacts that affect

coral–macroalgal competition, early coral life history stages, and coral survivorship,

and protection of, and connectivity to, locations with oceanographic features that

lead to lower thermal stress.”

Endangered species are often hunted for cultural or religious reasons. Shark finning

is illegal in many countries, but a large black market encourages poaching. The

majority of fin imports go to Hong Kong and other areas of China, where they are

used in culturally significant shark fin soup [32]. Dating back to the Ming dynasty,

shark fin soup has been served as a status symbol. It initially served as a tribute to

the emperor due to the risk involved in catching the shark, but later animals known

as being strong or fierce were additionally thought to strengthen whoever consumed

them [26]. The cultural value of the fins create a market for poaching by having the

potential to result in a large profit. Rhino horns also have an illegal market due to

cultural demand. Vietnamese people value the horns for believed medical properties

surrounding detoxifying [114].
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Several methods are implemented to reduce poaching. Laws or restrictions for

hunting and trading are often put in place to penalize partakers and discourage

participation. However, due to high demand and high prices, poaching still occurs.

The US enacted the 2000 Shark Finning Prohibition Act, the 2009 Shark Conservation

Act, and the Shark Fin Trade Elimination Act in 2017 to reduce finning by

prohibiting discarding finned bodies, requiring sharks to be landed with fins intact,

and prohibiting the sale and possession of fins [41]. However, the US accounts for

only a small percentage of the trade and it is argued that a ban on shark fins would

compromise the US’s influence on other countries’ likelihood to adopt conservation

models [103].

Community outreach and education programs can help in a variety of ways. One

being the allowance of community members to participate in research or volunteer

work, which allows the local community to become invested in the conservation effort

[14, 75]. Additionally, creating advertisements such as billboards, media coverage,

and short videos can help inform the public the critical condition of the species as

well as the possible danger of consumption [39]. Often local communities are not

aware of the damage their actions are doing, making the education of adults and

children critical [71]. Marine reserves restrict human interaction and are used to

protect species by giving them a haven of recovery. They can put quotas on fishing,

limit the number of vessels, limit fishing time, as well as many other restrictions [71].

All of these management strategies can be used simultaneously to give endangered

species a chance at recovery.

Game theory is a mathematical technique that is used to study player interactions

and predict outcomes that depend of the decisions of other player(s). Famously, game

theory is used in finance, economics, military, politics, as well as other fields. One

famous game is the Prisoners Dilemma in which players can choose to betray the

others. Their choice to betray or be loyal to the other prisoner affects the outcome

for them both [16]. Another famous game, and the one that serves as a basis for

the methods in this paper, is the Colonel Blotto game in which two players allocate
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resources to different battlefields in the hopes of either winning the most battlefields

or the most payoff. Battlefields can represent different platforms depending on the

scenario in which the game is applied. The Colonel Blotto game has been used

to explain social scenarios [63], network systems [45], and military strategy [28].

For military scenarios, battlefields can be land regions while for network systems,

battlefields can be transmissions when looking at radio jamming attacks [119].

This paper uses the Colonel Blotto game to address the issue of poaching where

the players are Conservationists and Poachers. Players compete against each other by

allocating a set number of resources to different areas or battlefields that contribute

to the Poachers’ success at undermining conservation efforts and harvesting the

species or the Conservationists’ success at restricting poaching. Extensions have

been made to the basic format of the game to allow asymmetrical budgets [51].

Heterogeneous battlefields in which one battlefield is worth more than others is also

considered. [102] proposes a solution to the case of both asymmetrical budgets and

heterogeneous battlefields under certain conditions. We will adopt this framework

in our model with the addition of sub-battlefields and player budgets consisting

of three different resource types: monetary resources, non-monetary resources, and

supporters. Monetary resources are money or economic resources, non-monetary

resources are items such as boats, nets, and other physical equipment, and supporters

are members of the community that either provide conservation support or a market

for Poachers to sell to. Players distribute each of their resource types by choosing

from nine different strategies to three different battlefields: laws, marine reserves,

and community. Each battlefield contributes to the overall payoff of the game in

varying amounts, depending on the influence it has on the success of the players. To

account for the different resource types in the budget, sub-battlefields corresponding

to the resource types were built into each battlefield category with the weight of each

sub-battlefield depending on the influence of each resource type on the battlefield.

Additionally, institutional memory can be set to either “no memory”, “memory of

last round”, or “memory of all previous rounds”, which determines the information
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the players have when making a current strategy decision. The strategies players

choose from was designed by deciding on actions players may reasonably take in

order to face their opponent.

It is worth mentioning that another resource allocation game is multi-armed

bandit (MAB) problems in which a single player must allocate resources to different

projects to either receive initially high rewards or to potentially have a higher delayed

reward [72]. However, these problems only consists of one player and not two players

competing, differing from the game presented here.

In this paper, we approach the issue of poaching by using the Colonel Blotto Game

framework in a novel approach by introducing a budget involving different resource

types along with battlefields that correspond to impactful areas of conservation.

Additionally, we add sub-battlefields within each battlefield to correspond to the

different resource types and the influence each resource has on that specific battlefield.

We consider how the community support of either conservation or the continuation

of poaching affects the success of each player.

2.3 Methods

The game theory model presented in this paper follows the framework of the

famous Blotto game and explores how different strategies can affect the outcome

of Conservationists fighting against illegal fishing [97, 9]. Both Conservationists

and Poachers have budgets consisting of resources that they allocate to different

battlefields in the hopes of gaining an advantage over their opponent. The budget

resources consist of monetary resources, non-monetary resources, and supporters

while the battlefields are laws, marine reserves, and the community. The game

consists of several rounds, with the budget for the proceeding round reflecting the

outcome of the previous. A round refers to players allocating resources and the

determination of who won each sub-battlefield based on who allocated more resources

to that sub-battlefield. Although evolutionary game theory depends on previous game
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results, it combines population ecology and game theory and makes use of replicator

equations for the evolution of strategies or traits [105, 106]. Here, we have the same

player budgets dependent on previous round payoffs, which differs from traditional

evolutionary game theory approach.

Supporters or the support of the community is the driver of the game. Supporters

for Conservationists are community members that provide aid for conservation efforts

by giving money or spread positive attitudes for conservation. Supporters for Poachers

are community members that provide a market for Poachers to sell to and encouraging

the continuation of poaching because of its cultural or social value. A player has the

community’s support when their supporter budget category consists of the majority

of the community. The winner of the game is the player who wins the entire

community’s support. Once a player has the community’s support, the other player

either loses funding for conservation efforts or a market to sell into, making their

efforts fruitless. Players can increase their number of supporters by allocating their

resources effectively.

There are a few assumptions to the model that must be considered. Firstly, the

budgets of each player are only known to themselves, and therefore they do not know

the budgets of their opponent. Secondly, the community is a fixed value, meaning that

there is no flux of incoming or departing people. Resources such as boats, fishing gear,

etc. are fixed across rounds, meaning that neither player is significantly investing in

the creation of new equipment. Their goal is to use their equipment efficiently. And

lastly, every player must start a game with nonzero values for each budget category.

Our model provides insight to how a budget can be allocated to give the best

chance of winning the game.

2.3.1 Player Budgets

Conservationists and Poachers have a variety of different resources that collectively

contribute to their goal. As described earlier, resources can be described as monetary,
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non-monetary, and supporters. We reflect the different resource categories through

designing player budgets to reflect the three categories. The players’ budgets

are expressed as three-dimensional vectors (C⃗, P⃗ ) containing values for monetary,

non-monetary, and supporters resources. The non-monetary category, containing

resources such as ships, fishing gear, and equipment is a fixed value across rounds

since it is assumed neither player is creating or destroying a significant amount of

equipment. The supporters category is the proportion of the community that supports

the efforts of the prospective player. Since every member of the community has to

be accounted for, if Conservationists have the support of 40% of the community,

Poachers have the remaining 60%. The monetary resources are dependent on how

many supporters the player has. For Conservationists, monetary resources come from

supporter donations, tax collection, or other money collection methods. For Poachers,

monetary resources come from the market supporting the harvest of the illegal species.

If the Poachers do not have a market to sell to, they lose all their funding to continue

with the illegal activity.

Equations 2.1 and 2.2, show how the budgets of each player is calculated. The

components of the vectors are [monetary, non-monetary, supporters]. An example

scenario is described in the following parameters. c1 = .4, meaning Conservationists

have 40% of the community population as supporters. a1 = 8, meaning each supporter

contributes an average of $8.00. Meanwhile, the Poachers have the remaining 60%

of the population, making c2 = 1− c1 = 0.6. Each Poacher supporter contributes an

average of $5.00, making a2 = 5. b1 = 200 and b2 = 150, which are the non-monetary

resources of Conservationists and Poachers respectively.

C⃗ = [a1(c1(population)), b1, c1(population)] (2.1)

P⃗ = [a2(c2(population)), b2, c2(population)] (2.2)

After each round is won, the budgets are reevaluated based off of the payoff of the

previous round, with the redistribution of the community being the driving factor.
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2.3.2 Battlefield Operation and Payoff

Although there are many different areas where Conservationists could make

an impact, and different areas Poachers must navigate in order to continue their

practice, we have chosen to focus on three main categories: laws, marine reserves,

and community. Therefore, we designed three battlefields corresponding to laws,

marine reserves, and community. Laws encompass policy creation and enforcement

for the Conservationists and encompasses policy repeal and ramification avoidance

for Poachers. Marine Reserves include the creation and patrolling of areas deemed a

marine reserve for Conservationists, while for Poachers, it includes police avoidance

and the ability to operate effectively in the protected area. The community battlefield

involves winning over supporters through campaigning, education, emphasis on

traditions, or other outreach techniques. A payoff bank is set at the beginning of the

game assigning each battlefield a percentage according to the contribution it has on

the system. Ultimately, the player with the highest payoff wins the round. Equation

2.3 gives a vector representing a payoff distribution. The components correspond to

laws, reserves, and community respectively. So, for example, if p1 = 0.15, p2 = 0.3,

and p3 = 0.55, then laws have a payoff of 15% of the payoff bank, reserves have 30%

of the payoff bank, and community 55% of the payoff bank. It is a requirement that

all the probabilities sum to one so the entirety of the payoff bank is accounted for

without allotting more than exists.

Payoff Distribution = [p1, p2, p3] (2.3)

Within each battlefield, there are three sub-battlefields corresponding to the

players’ monetary, non-monetary, and supporter resources. This is to ensure budget

categories are compared in comparable terms since, for example, is it not known how

one non-monetary resource compares to one supporter. Additionally, one resource

type may affect one battlefield category more than the other resource types. To

account for this, each sub-battlefield contains a proportion of the battlefield’s payoff
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corresponding to how much effect it would have its parent battlefield. This creates

a payoff matrix found in expression 2.4. The columns are the laws, reserves,

and community battlefields while the rows are the monetary, non-monetary, and

supporters sub-battlefields. Equation 2.5 gives the payoff matrix parameter values

used for analysis. It assigns 55% of the laws battlefields to the monetary sub-

battlefield, 20% to the non-monetary sub-battlefield, and 25% to the supporters sub-

battlefield. Similar assignments are made for reserves and community battlefields.

The monetary sub-battlefield holds the most for laws, non-monetary for the marine

reserves sub-battlefield, and supporters for the community sub-battlefield. These

could be altered to be scenario specific, however we believe this gives a useful

representation. It is required that the percentages on the sub-battlefields with its

parent battlefield sum to one. Unlike player budgets, battlefield payoffs do not depend

on previous rounds. The payoff matrix set at the beginning of the game remains fixed

through the duration of the game.


laws payoff reserves payoff community payoff

monetary lm rm cm

non-monetary ln rn cn

supporters ls rs cs

 (2.4)


laws payoff reserves payoff community payoff

monetary 0.55 0.3 0.3

non-monetary 0.2 0.5 0.1

supporters 0.25 0.2 0.6

 (2.5)
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The implementation of the payoff matrix allows for the battlefield to distribute

it’s payoff to both players according to the resources they allocated to it.

2.3.3 Strategies

Both players have the ability to choose from nine different strategies. They

are listed below with supplementary examples as needed. Although the different

strategies players can implement may exceed the ones listed here, we have chosen the

following strategies by evaluating logical choices the player may make. We do not

consider all possible options since some allocations do not provide a viable strategy

for reasonable players to make. Depending on the application of this model, some

strategies can be removed or different strategies may be added. The players know the

payoff distribution and may make decisions reflecting battlefield and sub-battlefield

influences or payoff weights. Players may choose to allocate the majority of their

resources to the battlefield or sub-battlefields containing the potential for the most

payoff. Additionally, since the community battlefield ends the game once a player

wins the community’s support, players may choose to allocate more resources to the

community battlefield. However, players may also attempt to predict what their

opposition might do and allocate resources to battlefields they think their opposition

might neglect. For example, they may anticipate their opposition allocating most

resources to the highest paying battlefield or sub-battlefield and, therefore, allocate

most of their resources to one or both the other battlefields or sub-battlefields.

1. Even: Allocate resources evenly across all battlefields and sub-battlefields

2. Dominant Sub-Battlefield: Allocate all resources of a particular type to

the sub-battlefield that contributes the most payoff for that battlefield. If the

same sub-battlefield type contributes the most in two different battlefields, then

the resources are split according to how much more one battlefield contributes

than the other. If all three battlefields have the same top contributing sub-

battlefields, distribute resources evenly across battlefields
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• Ex: If the sub-battlefield in the battlefield laws that contains the most

payoff contribution is monetary (0.55) and if the sub-battlefield in the

reserves battlefield that has the most payoff contribution is monetary (0.5)

then .55
.5

= 1.1 more resources would go towards the laws battlefield. So

if the budget is 100, 1.1x + x = 100 =⇒ x = 100/2.2 = 47.619 would

go towards the laws battlefield and 52.381 would go to reserves battlefield.

The category not accounted for is distributed across battlefields according

to the contribution of the battlefields

3. Proportional Non-dominant Sub-battlefields: Allocate resources of a

particular type to the sub-battlefields that do not contribute the highest payoff.

That way, they can win the most payoff from that battlefield without winning

the highest paying sub-battlefield. If two battlefields share the same sub-

battlefield as the second(third) most contributing, then split the resources

proportionally to how much they contribute similar to the example in Strategy 2.

If all three share the same second(third) contributing sub-battlefield, distribute

evenly across battlefields. If one battlefield shares a second highest contributing

sub-battlefield with a third contributing sub-battlefield in a different sub-battle

field, then all the resources go to the battlefield that has the second highest

contributing sub-battlefield

4. Disproportional Non-dominant Sub-battlefields: Allocate resources of a

particular type to the sub-battlefields that do not contribute the most payoff,

but if two battlefields share a second(third) sub-battlefield, then the majority

(90-95%) goes the the battlefield that contributes the most while a minority

(5-10%) go to the other.

5. Dominant Battlefield: If the payoff of the battlefield with the most payoff

contribution is greater than the sum of the payoff contributions from the two

remaining battlefields, then allocate all resources of all types to the battlefield

that contributes the most.
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If the payoff of the battlefield with the most contribution is less than the sum

of the contributions from the two remaining battlefields, then split all resources

proportionally (same as in the example of Strategy 2) of all types to the two

battlefields that do not contribute the most payoff.

6. Proportional Battlefields: Distribute resources accordingly to how much

payoff contribution the battlefield holds.

• Ex: If the laws battlefield hold 15%, the reserves battlefield 30%, and the

community battlefield 55%, then 15% of the monetary, non-Monetary, and

supporter budgets would go to the laws battlefield, 30% of the monetary,

non-monetary, and supporter budgets would go to the reserves battlefield,

etc.

7. Community:Always allocate all resources to the community battlefield because

the more supporters a player has, the larger their supporter and monetary

budgets will be for the next round.

8. Dominant Two Battlefields: Allocate resources proportionally to the the top

two battlefields with the highest payoff similarly to the method in the Strategy

2 example. If all battlefields have equal payoff, allocate resources evenly across

battlefields

9. Dominant and Community Battlefields: Allocate resources proportionally

to the battlefield with the highest payoff and the community battlefield similarly

to the method in the Strategy 2 example. If all battlefields have equal payoff,

allocate resources evenly across battlefields
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2.3.4 Institutional Memory

Since humans have the ability to retain information which can influence their

decisions, game theory approaches commonly involve memory attributes where

players can remember a capacity of previous results and adapt their decision

accordingly [79]. We have incorporated three different scenarios of institutional

memory to analyze three different application instances introduced in the following

descriptions. Institutional memory can be set at the beginning of the game to be

either “no memory”, “memory of last round”, and “memory of all previous rounds”.

Players are the Conservationist and Poacher groups, so while individual members

make up the groups, the groups as a whole hold the institutional memory setting.

Both players are required to have the same institutional memory.

If “no memory” is selected then, in every round, both players have equal

probability of selecting any of the nine strategies. A scenario such as this represents

a case where the turnover for either Poachers, Conservationists, or both correspond

with the time frame of the rounds. This means that there is a new group of Poachers

or Conservationists each round. Since there is no one left from the previous round to

share which strategy was used, the current members only know the outcome, not the

method, and therefore has to make a decision independent of the strategy chosen in

the previous round.

If “memory of last round” is selected, then the results of the previous round

influence the strategy decision. Similar to the “no memory” scenario, there could

exist a turnover in at least one of the player categories. However, the turnover is

longer than the time frame of a round and shorter than the time frame of two rounds.

This means there exists people from the previous round to inform which strategy led

them to the current results and current budgets. After one round, the information is

lost as the people present during two rounds ago are replaced by new members. If

the player won the previous round, then the player has a predetermined probability

of adopting the previous strategy. Equation 2.6 illustrates how the probability of
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adoption is calculated.

P (adopting previous strategy) =
payoff won in previous round

Payoff Bank
(2.6)

If the previous strategy is not adopted then, then players have equal probability of

choosing any of the nine strategy, as they would if they had “no memory”.

Lastly, if “memory of all previous rounds” is selected, then players remember the

outcomes of all previous rounds, giving them the option of replaying the strategy

that awarded them the highest payoff. A case of “memory of all previous rounds”

represents a scenario where Poacher and Conservationist members maintained

excellent records of previous strategies used and the corresponding results for current

members to refer to when approaching a new round. The probability of adopting the

most successful previous strategy is found by using equation 2.6. No matter which

institutional memory scenario is chosen, the game is over when one player wins the

support of the entirety of the community. The winner being the player with the

highest payoff from the last round.

2.3.5 Playing the Game

A game is made up of one or more rounds in which each player chooses a strategy

and allocates their budget. The outcome determines who won the round, or if one

player has collected the entire community as supporters, who won the game. If the

community is still split between players, the budgets for the next round are determined

by the outcome of the previous round. The winner of the round is the player with

the highest awarded payoff.

2.4 Results

In order to understand the outcome of the game and potentially aid in decision

making, the results from a single round played with budgets adopting extreme cases
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are compared. Extreme cases are where players have a budget containing a large

amount of one resource and a minimal amount of the other two. The values selected

as the large and small amounts are arbitrary and could have been chosen differently

as long as they are sufficiently large or small respectively.

The different extreme player budget cases account for different applicable

scenarios. For example, if Conservationists have high monetary resources and

Poachers have high supporters, then this could represent a case where poaching has

cultural or religious value, but a portion of taxes go toward methods to reducing illegal

fishing. An example of this is the importance of sharks in Chinese and Hawaiian

cultures. For the Chinese, it originated as a delicacy reserved for the emperor or the

wealthy, while in Hawaii, sharks are rarely eaten, but hold religious significance such

as being influential spirits [32].

If Conservationists have high supporters and Poachers have high monetary

resources, then it could mean that Conservationists have a lot of supporters, but do

not have effective fund raising methods or governmental aid. Community conserved

areas (CCAs) are areas that are protected via community based rules and regulations

and are most common among indigenous or rural communities [88]. Meanwhile,

Poachers are selling the illegal species at an inflated price so not many customers are

required. Whale Sharks are a highly conserved species of shark with consequences

such as high fees and imprisonment for poaching or market participation, but areas

such as Indonesia still have issues with poaching due to the high price of the fish [85].

We are assuming that if either player has high non-monetary resources, it is due to

a previous acquirement of the resources. Non-monetary resources are fixed throughout

the game meaning that a significant amount of equipment or other non-monetary

resources is not gained or lost throughout the game.

Additional to single round results with extreme player budgets, heatmaps of full

game outcomes give results of player wins according to how many rounds the game

consisted of and the institutional memory setting. Together these analyses provide a

basis for predicting player outcomes and strategy suggestions for desirable results.
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2.4.1 Single Round Comparisons of Player Budget Extremes

In order to predict a player’s outcome after one round of play, each player’s

possible strategies are played against all the other player’s strategies and the payoff

distribution is depicted by heatmaps. Figure 2.1 provide the distributions for

each player in the extreme scenarios. That is, when a player has a large amount

of one resource and minimal amount of the other two. Since all people in the

community must be accounted for, if one player has the majority of the population as

supporters, then the other player must have the minority. This reduces the number of

combinations significantly. Figures 2.2-2.4 provide the same information as in figure

2.1 scaled to allow examination of each plot in greater individual detail rather than

focusing on comparative outcomes. Further, box plots of single round comparisons

can be found in the Appendix (figures 2.9 - 2.20). In addition to the consideration

of budget extremes, different battlefield payoff distributions are considered, including

even battlefield payoffs, the majority going to the community battlefield with the

resources battlefield having twice the payoff as the laws battlefield, and the majority

going to the community battlefield with the resources battlefield having half the payoff

as the laws battlefield. The community battlefield carries the most contribution in

the non-equal battlefield payoff scenarios due to the community being the driving

factor for both the game termination and the next round monetary budget. The

Payoff Bank value is 100 and the community population is 100 persons.

Assuming the players do not know the budgets of the other player but do know

the battlefield payoff distribution, then we can analyze which strategies would give

optimal results for each of the players. Figure 2.1(1) gives battlefield payoff vector

as [Laws, Marine Reserves, Community]=[.15 .3 .55]. If Conservationists have high

supporters, then they should either play the ‘Even’, ‘Proportional Battlefields’,

‘Dominant Two Battlefields’, or ‘Dominant and Community Battlefields’ strategy

with ‘Even’ and ‘Proportional Battlefields’ having the potential for the highest

payoff. Meanwhile if Poachers have high supporters, they should also play either
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Figure 2.1: Column 1 represents when battlefield payoff distribution is (Laws, Marine Reserves,
Community)=(.15 .3 .55). Column 2 represents when battlefield payoff distribution is (Laws, Marine Reserves,
Community)=(.3 .15 .55). Column 3 represents when battlefield payoff distribution is even. That is, (Laws,
Marine Reserves, Community)=(.3333 .3333 .3333). For row (a) and (b), the budget for Conservationists is (Low,
Low, High)=(1*(People), 10, .9(Population)) and the budget for Poachers is (High, Low, Low)=(20*(People), 10,
.1*(Population)) in (a) and (Low, High, Low)=(1*(People), 200, .1*(Population)) in (b). For row (c) and (d),
the budget for Poachers is (Low, Low, High)=(1*(People), 10, .9(Population)) and the budget for Conservationists is
(High,Low, Low)=(20*(People), 10, .1*(Population)) in (c) and (Low, High, Low)=(1*(People), 200, .1*(Population))
in (d).
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(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (High,Low, Low)=(20*(People), 10,
.1*(Population)) on the left and (Low, High, Low)=(1*(People), 200, .1*(Population))
on the right. Strategies 1 and 6 give Conservationists the highest winning payoff
difference while 1, 6, 8, and 9 give Poachers the highest chance of winning the round
when they have high non-monetary resources. Strategies 6, 8, and 9 give Poachers the
highest chance of winning when they have high monetary resources. Negative values
represent Poachers winning while positive values represent Conservationists winning
the round.

(b) The budget for Poachers is (Low, Low, High)=(1*(People), 10, .9(Population))
and the budget for Conservationists is (High,Low, Low)=(20*(People), 10,
.1*(Population)) on the left and (Low, High, Low)=(1*(People), 200, .1*(Population))
on the right. Strategies 1, 6, 8, and 9 give Poachers the highest winning payoff
difference when Conservationists have high non-monetary resources while 1 and 6 give
Conservationists the highest chance of winning. When Conservationists have high
monetary resources, strategies 8 and 9 give Poachers the highest chance of winning.
No strategy will guarantee Conservationists will win. However, strategy 6 has the
highest chance of giving Conservationists a winning payoff. Negative values represent
Poachers winning while positive values represent Conservationists winning the round.

Figure 2.2: Battlefield payoff distribution is [Laws, Marine Reserves, Commu-
nity]=[.15 .30 .55]
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(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (High,Low, Low)=(20*(People), 10,
.1*(Population)) on the left and (Low, High, Low)=(1*(People), 200, .1*(Population))
on the right. Strategies 1 and 6 give Conservationists the highest winning payoff
difference when Poachers have high non-monetary resources while 1 and 6 give
Poachers the highest chance of winning. When Poachers have high monetary resources,
strategies 1 and 6 give Conservationists the highest chance of winning. No strategy
will guarantee Poachers will win. However, strategy 8 and 9 has the highest chance of
giving Poachers a winning payoff. Negative values represent Poachers winning while
positive values represent Conservationists winning the round.

(b) The budget for Poachers is (Low, Low, High)=(1*(People), 10, .9(Population)) and
the budget for Conservationists is (High,Low, Low)=(20*(People), 10, .1*(Population))
on the left and (Low, High, Low)=(1*(People), 200, .1*(Population)) on the right.
Strategies 1, 6, 8, and 9 give Poachers the highest winning payoff difference when
Conservationists have high non-monetary resources while 1 and 6 give Conservationists
the highest chance of winning. When Conservationists have high monetary resources,
strategies 8 and 9 give Poachers the highest chance of winning. No strategy will
guarantee Conservationists will win. However, strategy 6 has the highest chance of
giving Conservationists a winning payoff. Negative values represent Poachers winning
while positive values represent Conservationists winning the round.

Figure 2.3: Payoff distribution is [Laws, Marine Reserves, Community]=[.30 .15 .55]

67



(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (High,Low, Low)=(20*(People), 10,
.1*(Population)) on the left and (Low, High, Low)=(1*(People), 200, .1*(Population))
on the right. Strategies 1, 6, 8, and 9 give Conservationists the highest winning
payoff difference when Poachers have high non-monetary resources while 1, 6, 8,
and 9 give Poachers the highest chance of winning although no strategy guarantees
they will win. When Poachers have high monetary resources, strategies 1, 8, and
9 give Conservationists the highest chance of winning. Strategies 1, 8, and 9 has the
highest chance of giving Poachers a winning payoff. Negative values represent Poachers
winning while positive values represent Conservationists winning the round.

(b) The budget for Poachers is (Low, Low, High)=(1*(People), 10, .9(Population)) and
the budget for Conservationists is (High,Low, Low)=(20*(People), 10, .1*(Population))
on the left and (Low, High, Low)=(1*(People), 200, .1*(Population)) on the right.
Strategies 1, 6, 8, and 9 give Poachers the highest winning payoff difference
when Conservationists have high non-monetary resources while 1, 6, 8, and 9 give
Conservationists the highest chance of winning although no strategy will guarantee
Conservationists will win. When Conservationists have high monetary resources,
strategies 1, 8, and 9 give Poachers the highest chance of winning. No strategy will
guarantee Conservationists will win. However, strategies 1, 8, and 9 has the highest
chance of giving Conservationists a winning payoff. Negative values represent Poachers
winning while positive values represent Conservationists winning the round.

Figure 2.4: Payoff distribution is even ([Laws, Marine Reserves, Community]=[.3333
.3333 .3333])
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the ‘Even’, ‘Proportional Battlefields’, ‘Dominant Two Battlefields’, or ‘Dominant

and Community Battlefields’ strategy. If Conservationists have high monetary

resources, Poachers have the advantage, but Conservationists should play the

‘Proportional Battlefields’ strategy to have the highest change of winning the round.

If Poachers have high monetary resources, they are at a disadvantage but should

play ‘Proportional Battlefields’, ‘Dominant Two Battlefields’, or ‘Dominant and

Community Battlefields’ strategy to have the highest change of winning the most

payoff. If Conservationists have high non-monetary resources, then they should play

either the ‘Even’ or ‘Proportional Battlefields’ strategy to have the potential for

the highest payoff and the highest probability of winning the game. If Poachers

have high non-monetary resources, they should play either the ‘Even’, ‘Proportional

Battlefields’, ‘Dominant Two Battlefields’, or ‘Dominant and Community Battlefields’

strategy to have the highest chance of winning the most payoff.

In the scenario that the battlefield payoff distribution is [Laws, Marine Re-

serves, Community]=[.3 .15 .55] (Figure 2.1(2)), then if Conservationists have high

supporters, then they should either play the ‘Even’, ‘Proportional Battlefields’,

‘Dominant Two Battlefields’, or ‘Dominant and Community Battlefields’ strategy

to ensure winning the round while if Poachers have high supporters, then they

should either choose the ‘Even’, ‘Dominant Two Battlefields’, or ‘Dominant and

Community Battlefields strategy’. If Conservationists have high monetary resources,

then the ‘Proportional Battlefields’ strategy gives them the highest chance of winning,

while if Poachers have high monetary resources, then the ‘Proportional Battlefields’,

‘Dominant Two Battlefields’, and ‘Dominant and Community Battlefields’ strategies

give the highest chance of winning the round. If Conservationists have high

non-monetary resources, then the ‘Even’ and ‘Proportional Battlefields’ strategies

give the highest chance of winning the round and the potential for the highest

payoff. If Poachers have high non-monetary resources, then similarly, the ‘Even’ and

‘Proportional Battlefields’ strategies would give them the highest chance if winning

the round.

69



Lastly, if the battlefield payoff is equally distributed ([Laws, Marine Reserves,

Community]=[.3333 .3333 .3333]) (Figure 2.1(3)), then the ‘Dominant Battlefield’

strategy cannot be played due to constraints on that strategy. If Conservationists

have high supporters, then the ‘Even’, ‘Proportional Battlefields’, ‘Dominant Two

Battlefields’, or ‘Dominant and Community Battlefields’ strategies gives the highest

chance of winning the round along with the highest potential payoff. If Poachers

have high supporters, then the ‘Even’, ‘Dominant Two Battlefields’, or ‘Dominant

and Community Battlefields’ strategies will almost guarantee Poachers win the round.

Otherwise, the Poachers have a high chance of winning the round. For both players, if

they have high monetary resources, then the ‘Even’, ‘Dominant Two Battlefields’, or

‘Dominant and Community Battlefields’ strategies will give them the highest chance

of winning the most payoff. Additionally, for both players, if they have high non-

monetary resources, then the ‘Even’, ‘Proportional Battlefields’, ‘Dominant Two

Battlefields’, or ‘Dominant and Community Battlefields’ strategies give the highest

chance of winning the round.

2.4.2 Comparisons of Memory and Round Quantity

In order to analyze how different institutional memory and the number of rounds

affect the winner of the game, figure 2.5 show heatmaps of win frequency based

on institutional memory and the number of rounds in the game. Figures 2.6-2.8

reproduce the heatmaps in 2.5 to show greater detail, while 2.5 provides easier

comparison among the outcomes. Additionally, histograms of player win distribution

and number of rounds can be found in the Appendix (figures 2.21 - 2.38). Each

scenario runs 1,000 games and plots which player won the most rounds and indicate

by how much. The negative values indicate Poachers winning more games than

Conservationists while positive values indicate Conservationists winning more games

than Poachers. Larger relative numbers show a larger difference in the number of
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Figure 2.5: Column 1 represents when battlefield payoff distribution is (Laws,
Marine Reserves, Community)=(.15 .3 .55). Column 2 represents when battlefield
payoff distribution is (Laws, Marine Reserves, Community)=(.3 .15 .55). Column
3 represents when battlefield payoff distribution is even. That is, (Laws, Marine
Reserves, Community)=(.3333 .3333 .3333). Row (a) is when the budget for
Conservationists is (Low, Low, High)=(1*(People), 10, .9(Population)) and the
budget for Poachers is (High, Low, Low)=(20*(People), 10, .1*(Population)). Row
(b) is when the budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (Low, High, Low)=(1*(People),
200, .1*(Population)). Row (c) is when the budget for Conservationists is (High,
Low, Low)=(20*(People), 10, .1(Population)) and the budget for Poachers is (Low,
Low, High)=(1*(People), 10, .9*(Population)). Row (d) is when the budget
for Conservationists is (Low, High, Low)=(1*(People), 200, .1(Population)) and
the budget for Poachers is (Low, Low, High)=(1*(People), 10, .9*(Population)).
Negative values represent Poachers winning more games and Positive values represent
Conservationists winning more rounds.
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(a) The budget for Conservationists is (Low,
Low, High)=(1*(People), 10, .9(Population))
and the budget for Poachers is (High, Low,
Low)=(20*(People), 10, .1*(Population)).

(b) The budget for Conservationists is (Low,
Low, High)=(1*(People), 10, .9(Population))
and the budget for Poachers is (Low, High,
Low)=(1*(People), 200, .1*(Population)).

(c) The budget for Conservationists is (High,
Low, Low)=(20*(People), 10, .1(Popula-
tion)) and the budget for Poachers is (Low,
Low, High)=(1*(People), 10, .9*(Popula-
tion)).

(d) The budget for Conservationists is (Low,
High, Low)=(1*(People), 200, .1(Popula-
tion)) and the budget for Poachers is (Low,
Low, High)=(1*(People), 10, .9*(Popula-
tion)).

Figure 2.6: Heatmap of the number of games won based on memory and the
number of rounds in the game when the payoff distribution is (Laws, Marine Reserves,
Community)=(.15 .3 .55). Negative values represent Poachers winning more games
and Positive values represent Conservationists winning more rounds.
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(a) The budget for Conservationists is (Low,
Low, High)=(1*(People), 10, .9(Population))
and the budget for Poachers is (High, Low,
Low)=(20*(People), 10, .1*(Population)).

(b) The budget for Conservationists is (Low,
Low, High)=(1*(People), 10, .9(Population))
and the budget for Poachers is (Low, High,
Low)=(1*(People), 200, .1*(Population)).

(c) The budget for Conservationists is (High,
Low, Low)=(20*(People), 10, .1(Popula-
tion)) and the budget for Poachers is (Low,
Low, High)=(1*(People), 10, .9*(Popula-
tion)).

(d) The budget for Conservationists is (Low,
High, Low)=(1*(People), 200, .1(Popula-
tion)) and the budget for Poachers is (Low,
Low, High)=(1*(People), 10, .9*(Popula-
tion)).

Figure 2.7: Heatmap of the number of games won based on memory and the
number of rounds in the game when the payoff distribution is (Laws, Marine Reserves,
Community)=(.3 .15 .55). Negative values represent Poachers winning more games
and Positive values represent Conservationists winning more rounds.
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(a) The budget for Conservationists is (Low,
Low, High)=(1*(People), 10, .9(Population))
and the budget for Poachers is (High, Low,
Low)=(20*(People), 10, .1*(Population)).

(b) The budget for Conservationists is (Low,
Low, High)=(1*(People), 10, .9(Population))
and the budget for Poachers is (Low, High,
Low)=(1*(People), 200, .1*(Population)).

(c) The budget for Conservationists is (High,
Low, Low)=(20*(People), 10, .1(Popula-
tion)) and the budget for Poachers is (Low,
Low, High)=(1*(People), 10, .9*(Popula-
tion)).

(d) The budget for Conservationists is (Low,
High, Low)=(1*(People), 200, .1(Popula-
tion)) and the budget for Poachers is (Low,
Low, High)=(1*(People), 10, .9*(Popula-
tion)).

Figure 2.8: Heatmap of the number of games won based on memory and the number
of rounds in the game when the payoff distribution is even ((Laws, Marine Reserves,
Community)=(.3333 .3333 .3333)). Negative values represent Poachers winning more
games and Positive values represent Conservationists winning more rounds.
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games won. The same three different battlefield payoff distributions used in figure2.1

are considered in figures 2.5 comparisons. That is, one where the the community

battlefield holds over half of the payoff bank while the non-monetary battlefield holds

twice as much as the monetary battlefield, another where the monetary and non-

monetary battlefield switch payoffs, and one where all battlefields have the same

distribution. Additionally, the extreme cases of the players’ budgets are compared.

Figure 2.5(1) shows when the battlefield payoff vector is [Laws, Marine Reserves,

Community]=[.15 .3 .55]. Across memory cases, whoever holds high supporters

has the highest chance winning the game if few rounds occur. However, as

rounds accumulate, the game favors the opposing player. This makes the first few

rounds imperative to the player with low supporters. If Conservationists have high

supporters, then they have the most advantage if the game ends in one round with

the memory of all previous rounds having the most advantage. Players must choose a

strategy that would allow the game to continue to a favorable number of rounds based

on their resource distribution. Figure 2.1(1) reveals which strategies could give the

high supporter player the best chance of winning by ending the game in few rounds.

The battlefield payoff vector [Laws, Marine Reserves, Community]=[.3 .15 .55] is

shown in figure 2.5(2). Again, across memory cases, the player with high supporters

has an advantage when round numbers is low. As rounds accumulate, the player

with low supporters is favored. If Poachers have high monetary resources and

Conservationists have high supporters, then the Poachers only have an advantage

with games lasting around 2 rounds. Figure 2.1(2) reveals which strategies could

give the high supporter player the best chance of winning by ending the game in few

rounds.

Figure 2.5(3) shows scenarios when the battlefields have an even distribution

([Laws, Marine Reserves, Community]=[.3333 .3333 .3333]). Poachers have a

significant advantage across memory cases with the ability to ensure winning

the game if they have high supporters and Conservationists having high non-

monetary resources. Otherwise, the first one or two rounds is the most critical for
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Conservationists. When Conservationists have high supporters and Poachers have

high non-monetary resources, then Conservationists have the highest likelihood of

winning the game across memory cases. However, memory of the last round has the

most potential for a favorable outcome. Figure 2.1(3) provides valuable information

for strategy selection in an even battlefield scenario.

2.5 Discussion

The goal of this paper is to give insightful information on which strategies could

give the desired results relating to illegal fishing using a game theoretic method

following the famous Colonel Blotto game framework. Although in the results section,

we consider what each player could play to potentially improve their chances of

winning the game, here we will only consider what would improve the Conservationists

chances of winning and reducing illegal fishing practices. We shift to a bias of

Conservationists since our goal is to reduce illegal fishing, bringing concentration

to the decisions Conservationists can make to prevail over the Poachers. We present

different scenarios where players hold different budget distributions with having a

majority of one resource. The resources are monetary, non-monetary, and supporters.

We also consider different institutional memory along with different battlefield payoff

distributions where the battlefields are laws, marine reserves, and the community.

The different memory cases did not have a large effect on the winner distribution,

showing that the book keeping or institutional turnover does not impact the long

term winner. However, memory does have a large impact of the duration of the game,

allowing some games to reach over 4000 rounds. This is due to players repeatedly

playing strategies that gave them the most success, so it takes longer for the winner

to gain precedence over the other player. Additionally, this could mean that Poachers

and Conservationists are locked in an impasse for such an extended period of time,

that it would be unreasonable to deem one a winner since other factors such as the
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demise of the species, climate change, or societal changes may occur to invalidate the

time frame.

The game ends when one player wins the full support of the community. In the

model, this is done by one player obtaining all persons as supporters. In application,

this means that overall, the community supports either Conservationists or Poachers

so drastically that the opposition does not either have the funds or the market to

continue their effort. In other words, it is either not feasible for Conservationists

to continue to attempt to conserve the species or it is not economic for Poachers to

continue the illegal activity.

The most critical battlefield is the community battlefield since the game is

over when a player wins the support of the community. However, a player can

still win the game even if they start with a low number of supporters. Figure

2.5(1(c),1(d),2(c),2(d)) show that Conservationists can win the game even though

they start with a small amount of supporters. This shows that with other resources,

players can accumulate supporters.

Regardless of institutional memory, when the battlefield payoff distribution

emphasizes the community battlefield, if Conservationists have high monetary

resources, then they would most likely prevail over the Poachers if more than one

round occurs. This occurs even with few supporters. Tactics could be used that

follow strategies such as the ‘Proportional Battlefields’ strategy (figure 2.1(1)-(2))

that would allocate the majority of all resources to the community battlefield.

If Conservationists have high non-monetary resources the ‘Even’ or ‘Proportional

Battlefield’ strategy would give the best chance of extending the rivalry past one

round, hence giving Conservationists an edge. The ‘Even’ strategy allocates all

resources evenly across battlefields. If Conservationists have a high number of

supporters, they have the highest chance of winning the game if few rounds are

played and the ‘Even’, ‘Proportional Battlefields’, ‘Dominant Two Battlefields’, and

‘Dominant and Community Battlefields’ strategies will give them the highest chance

of succeeding in their conservation goals.
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The bleakest case for Conservationists is when the battlefields have an even payoff

distribution, which can represent a case where laws, marine reserves, and community

support are interconnected in such a way that one category does not have significantly

more impact on the system as a whole. For example, the community promotes laws

for the reduction of poaching along with the creation of marine reserves, laws are

made to protect marine reserves, and the public being able to enjoy protected areas

further recruits supporters. Regardless of memory, if Conservationists have a high

number of supporters, then they have the highest, or only, chance of reducing poaching

when the rivalry consists of one round, meaning allocating resources aligning with

the ‘Even’, ‘Proportional Battlefields’, ‘Dominant Two Battlefields’, or ‘Dominant

and Community Battlefields’ strategies(figure 2.1(3)) would give the highest chance

of Conservationists reaching their conservation goals. If Conservationists have high

monetary resources, they have the highest chance of reducing poaching if less than

two rounds occur. The ‘Even’, ‘Dominant Two Battlefields’, or ‘Dominant and

Community Battlefields’ strategy should be implemented (figure (figure 2.1(3)). If

Conservationists have high non-monetary resources, then they will ultimately fail to

conserve the species.

Overall, we present information as to which strategies have potential for resulting

in desirable outcomes based on the budget of each player. Conversation groups can

refer to the results here in choosing the best allocation of their resources according

to their resource budget distribution and with supplementation from their region’s

emphasized operations. For example, a study was done on the Misool and Kofiau

islands comparing the community’s attitude before and after MPA education and

outreach programs. It was found that after the programs, more people had positive

attitudes towards MPAs [67]. Therefore, for an area such as this, the community

battlefield would contribute a large payoff and budget allocation should reflect that.
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2.6 Future Work

In this paper, we focus on battlefields corresponding to laws, marine reserves, and

community influence. However, the methods presented here could be extended to

include other battlefield categories such as patrolling or enforcement. Although, the

categories in this paper cover the enforcement of the laws and reserved areas, creating

a new battlefield could emphasize the effort it would take. For example, in Mexico,

intensive beach management including beach patrolling has had a significant positive

impact on sea turtle nesting sites [42].

Additionally, players have a budget consisting of monetary, non-monetary, and

supporter resources. The non-monetary resources could be broken into more specific

categories such as boats and nets. This could provide more information about if

targeting a specific equipment category could impact conservation efforts. Also,

allowing new equipment to be made or destroyed could change the dynamics of the

game. However, equipment such as boats can vary greatly. For example, in the

Philippines, fishing boats can be municipal or commercial boats, which each consist of

subcategories, furthering the difference between the different types [2]. Standardizing

across the different equipment would have to occur for proper comparisons.

The time it takes for allocation to different battlefields to have an effect on

conservation efforts would also be a valuable addition. Laws can be made fairly

quickly while the time it takes to change the attitude of the community may take

considerably longer. Within community education programs, methods such as surveys

should be used throughout the program such as when insecticide-treated bed nets

were implemented in Kenya. Surveys revealed mothers’ concerns and gave researchers

potential areas for consideration and targeted education [74]. Knowing the community

is key when implementing an outreach program, but takes time and consideration

Although this model is made specifically for marine applications, it could easily

be adapted to different conservation scenarios. Elephant and Rhino poaching in

Africa is a large issue due to ivory trade. Elephant poaching has been on an upward
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trend, and although elephants do not currently have the highest level of protection,

budget allocation could help plan which strategy would result in most favorable

results for conservation [50]. Additionally, rhino conservation face obstacles such

as “inadequate funding and law enforcement, weak policy and legal frameworks,

and disgruntled and marginalized communities who antagonize conservation efforts,

illegal harvesting and international trade, and habitat fragmentation and loss” [20].

Considering different budget allocation strategies would help Conservationists make

a more informed approach to give the rhino a better chance at survival.

2.7 Conclusion

In this paper, we present how to allocate a budget to reduce illegal fishing. We use

a game theoretic approach with a basis of the famous Blotto Game in which players

allocate resource across different battlefields to win the most payoff. We present

three different battlefields: laws, marine reserves, and community. The players’

budgets also consist of different resources including monetary, non-monetary, and

supporter resources. Each player allocates their resources by choosing one of nine

strategies in the hopes of winning the most payoff possible and ultimately reaching

their conservation goals or their goal of the continuation of poaching practices. The

game capturing this rivalry consists of a series of rounds with different starting budgets

per round, reflecting the outcome of the previous round. The game is over once a

player wins the support of the entire community, meaning that either Conservationists

or Poachers have lost either the funds or market to continue their effort. Different

institutional memory scenarios are explored, corresponding to different bookkeeping

diligence and turnover rates, as well as different battlefield payoff distributions.

In summary, we found that even if a player starts disadvantaged they can still

succeed in their conservation or poaching goals. For example, if Conservationist

starts with limited supporter resources, when the community battlefield has the most

contribution, they can still succeed in conserving the targeted species. Additionally,
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with some budget distributions, the first few rounds is crucial if the player hopes to

succeed. Lastly, if battlefields have an even payoff distribution, the Conservationists

have an unfortunately low probability of prevailing over the Poachers, especially as

the game consists of more rounds. This could be because when battlefields have

equal payoff and Conservationists either have high monetary or supporter resources,

they can win over enough supporters at the beginning to win the game due to either

not having to win over much more of the community to have full support or to

have enough monetary resources to effectively promote their cause. However, as

the rounds progress and Poachers win supporters over, Conservationists lose their

advantage and are unable to gain it back since the community battlefield does not

hold the majority payoff. Ultimately, the combination of the players’ initial budgets

and battlefield payoff distribution is what allows one player to have an advantage over

their opponent.

Memory does not have a sizable affect on who wins the round, but can affect

the duration of the rivalry with “memory of all previous rounds” producing the

longest encounters. Overall, we present results than could aid Conservationists in

choosing strategies to fight against Poachers by giving different scenarios of battlefield

payoff distributions, institutional memory, and player budget distributions. Although

specific case-by-case information is vital to every conservation effort, the model

presented here can help make a more informed decision.
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Appendix

Figure 2.9: The battlefield payoff vector is [Laws, Marine Reserves, Commu-
nity]=[.15 .3 .55], meaning that the community contributed the most with more
than half of the payoff bank while the marine reserves contributed a moderate
amount and laws contributed the least.The resources for Conservationists is [Low,
Low, High]=[1*(People), 10, .9(Population)] while the resources for Poachers is [Low,
High, Low]=[1*(People), 200, .1*(Population)]. If Conservationists play strategies 1,
6, 8, or 9 they will win regardless of which strategy Poachers play. However, strategies
1 and 6 have a higher median payoff. No strategy will guarantee Poachers will win,
but strategies 1, 6, 8, and 9 have relatively the same median payoff that would win
the round.
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Figure 2.10: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.15 .3 .55], meaning that the community contributed the most with
more than half of the payoff bank while the marine reserves contributed a moderate
amount and laws contributed the least.The resources for Conservationists is [Low,
Low, High]=[1*(People), 10, .9(Population)] while the resources for Poachers is [High,
Low, Low]=[20*(People), 10, .1*(Population)]. If Conservationists play strategies 2,
6, 8, or 9 they have a high chance of winning the most payoff. However, strategies
1 has the highest median payoff. No strategy will guarantee Poachers will win, but
strategies 8 and 9 have the same median payoff that would win the round.

Figure 2.11: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.15 .3 .55], meaning that the community contributed the most with
more than half of the payoff bank while the marine reserves contributed a moderate
amount and laws contributed the least. The resources for Conservationists is [Low,
High, Low]=[1*(People), 200, .1(Population)] while the resources for Poachers is
[Low, Low, High]=[1*(People), 10, .9*(Population)]. No strategy will guarantee
Conservationists will win, but strategies 1 and 6 have the approximately the same
median payoff that would win the round. If Poachers play strategies 1, 6, 8, or 9 they
will win the most payoff. However, strategies 1 and 6 has the highest median payoff.
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Figure 2.12: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.15 .3 .55], meaning that the community contributed the most with
more than half of the payoff bank while the marine reserves contributed a moderate
amount and laws contributed the least. The resources for Conservationists is [High,
Low, Low]=[20*(People), 10, .1(Population) while the resources for Poachers is
[Low, Low, High]=[1*(People), 10, .9*(Population)]. No strategy will guarantee
Conservationists will win. However, strategy 6 has the highest chance of giving
Conservationists a winning payoff. If Poachers play strategies 1, 2, 8, or 9 they
will win the most payoff. However, strategies 8 and 9 has the highest median payoff.

Figure 2.13: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.3 .15 .55], meaning that the community contributed the most with
more than half of the payoff bank while the laws contributed a moderate amount
and marine reserves contributed the least. The budget for Conservationists is [Low,
Low, High]=[1*(People), 10, .9(Population)] and the budget for Poachers is [Low,
High, Low]=[1*(People), 200, .1*(Population)]. If Conservationists play strategies 1,
6, 8, or 9 they will win the most payoff. However, strategies 1 and 6 has the highest
median payoff. No strategy will guarantee Poachers will win. However, strategies 1
and 6 have the highest median payoff that wins the round.
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Figure 2.14: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.3 .15 .55], meaning that the community contributed the most with
more than half of the payoff bank while the laws contributed a moderate amount and
marine reserves contributed the least. The budget for Conservationists is [Low, Low,
High]=[1*(People), 10, .9(Population)] and the budget for Poachers is [High, Low,
Low]=[20*(People), 10, .1*(Population)]. No strategy will guarantee Conservationists
will win. However, strategies 1, 2, 6, 8, and 9 has the highest chance of giving
Conservationists a winning payoff. Additionally, no strategy will guarantee Poachers
will win the round, but strategies 8 and 9 give poachers the highest chance of winning
and the highest median payoff.

Figure 2.15: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.3 .15 .55], meaning that the community contributed the most with
more than half of the payoff bank while the laws contributed a moderate amount and
marine reserves contributed the least. The budget for Conservationists is [Low, High,
Low]=[1*(People), 200, .1(Population)] and the budget for Poachers is [Low, Low,
High]=[1*(People), 10, .9*(Population)]. No strategy will guarantee Conservationists
will win. However, strategies 1 and 6 has the highest chance of giving Conservationists
a winning payoff and the highest median payoff. If Poachers play strategies 1, 6, 8,
or 9 they will win the most payoff.
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Figure 2.16: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.3 .15 .55], meaning that the community contributed the most with
more than half of the payoff bank while the laws contributed a moderate amount and
marine reserves contributed the least. The budget for Conservationists is [High, Low,
Low]=[20*(People), 10, .1(Population)] and the budget for Poachers is [Low, Low,
High]=[1*(People), 10, .9*(Population)]. No strategy will guarantee Conservationists
will win. However, strategy 6 has the highest chance of giving Conservationists a
winning payoff. If Poachers play strategies 1, 2, 8, or 9 they will win the most payoff.
However, strategies 8 and 9 has the highest median payoff.

Figure 2.17: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.3333 .3333 .3333], meaning that all battlefields contribute equal
amounts of the Payoff Bank. Strategy 5 has been omitted due to the inability to
pay it with the case of equal battlefields. The budget for Conservationists is [Low,
Low, High]=[1*(People), 10, .9(Population)] and the budget for Poachers: [Low,
High, Low]=[1*(People), 200, .1*(Population)]. If Conservationists play strategies 1,
6, 8, or 9 they will win the most payoff with all having the same median payoff. No
strategy will guarantee Poachers will win. However, strategies 1, 6, 8, and 9 has the
highest chance of giving Poachers a winning payoff.
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Figure 2.18: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.3333 .3333 .3333], meaning that all battlefields contribute equal
amounts of the Payoff Bank. Strategy 5 has been omitted due to the inability
to pay it with the case of equal battlefields. The budget for Conservationists is
[Low, Low, High]=[1*(People), 10, .9(Population)] and the budget for Poachers is
[High, Low, Low]=[20*(People), 10, .1*(Population)]. No strategy will guarantee
Conservationists will win. However, strategies 1, 6, 8, and 9 has the highest chance
of giving Conservationists a winning payoff. Additionally, no strategy will guarantee
Poachers will win the round, but strategies 1, 8 and 9 give poachers a very high chance
of winning and the highest median payoff.

Figure 2.19: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.3333 .3333 .3333], meaning that all battlefields contribute equal
amounts of the Payoff Bank. Strategy 5 has been omitted due to the inability
to pay it with the case of equal battlefields. The budget for Conservationists is
[Low, High, Low]=[1*(People), 200, .1(Population)] and the budget for Poachers
is [Low, Low, High]=[1*(People), 10, .9*(Population)]. No strategy will guarantee
Conservationists will win. However, strategies 1, 6, 8, and 9 has the highest chance
of giving Conservationists a winning payoff. If Poachers play strategies 1, 6, 8, or 9
they will win the most payoff with all having the same median payoff.
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Figure 2.20: The battlefield payoff vector is [Laws, Marine Reserves,
Community]=[.3333 .3333 .3333], meaning that all battlefields contribute equal
amounts of the Payoff Bank. Strategy 5 has been omitted due to the inability
to pay it with the case of equal battlefields. The budget for Conservationists is
[High, Low, Low]=[20*(People), 10, .1(Population)] and the budget for Poachers
is [Low, Low, High]=[1*(People), 10, .9*(Population)]. No strategy will guarantee
Conservationists will win. However, strategies 1, 6, 8, and 9 has the highest chance
of giving Conservationists a winning payoff. If Poachers play strategies 1, 2, 8, or 9
they will win the most payoff. However, strategy 2 has a lower median payoff that
strategies 1, 8, and 9.
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(a) The budget for Conservationists
is (High, Low, Low)=(20*(People), 10,
.1(Population)) and the budget for Poach-
ers is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

(b) The budget for Conservationists is (Low, High, Low)=(1*(People), 200,
.1(Population)) and the budget for Poachers is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

Figure 2.21: No memory with the battlefield payoff distribution being [Laws, Marine
Reserves, Community]=[.15 .30 .55] and Poachers having a high number of supporters.
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(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (Low, High, Low)=(1*(People), 200,
.1*(Population)).

(b) The budget for Conservationists is
(Low, Low, High)=(1*(People), 10, .9(Pop-
ulation)) and the budget for Poachers
is (High, Low, Low)=(20*(People), 10,
.1*(Population)).

Figure 2.22: No memory with the battlefield payoff distribution being [Laws, Marine
Reserves, Community]=[.15 .30 .55] and Conservationists having a high number of
supporters.
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(a) The budget for Conservationists
is (High, Low, Low)=(20*(People), 10,
.1(Population)) and the budget for Poach-
ers is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

(b) The budget for Conservationists is (Low, High, Low)=(1*(People), 200,
.1(Population)) and the budget for Poachers is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

Figure 2.23: No memory with the battlefield payoff distribution being [Laws, Marine
Reserves, Community]=[.30 .15 .55] and Poachers having a high number of supporters.
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(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (Low, High, Low)=(1*(People), 200,
.1*(Population)).

(b) The budget for Conservationists is
(Low, Low, High)=(1*(People), 10, .9(Pop-
ulation)) and the budget for Poachers
is (High, Low, Low)=(20*(People), 10,
.1*(Population)).

Figure 2.24: No memory with the battlefield payoff distribution being [Laws,
Marine Reserves, Community]=[.30 .15 .55] Conservationists having a high number
of supporters.
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(a) The budget for Conservationists
is (High, Low, Low)=(20*(People), 10,
.1(Population)) and the budget for Poach-
ers is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

(b) The budget for Conservationists is (Low, High, Low)=(1*(People), 200,
.1(Population)) and the budget for Poachers is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

Figure 2.25: No memory with the battlefield payoff distribution being [Laws, Marine
Reserves, Community]=[.3333 .3333 .3333] and Poachers having a high number of
supporters.
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(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (Low, High, Low)=(1*(People), 200,
.1*(Population)).

(b) The budget for Conservationists is
(Low, Low, High)=(1*(People), 10, .9(Pop-
ulation)) and the budget for Poachers
is (High, Low, Low)=(20*(People), 10,
.1*(Population)).

Figure 2.26: No memory with the battlefield payoff distribution being [Laws,
Marine Reserves, Community]=[.3333 .3333 .3333] and Conservationists having a high
number of supporters.
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(a) The budget for Conservationists
is (High, Low, Low)=(20*(People), 10,
.1(Population)) and the budget for Poachers
is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

(b) The budget for Conservationists is (Low, High, Low)=(1*(People), 200,
.1(Population)) and the budget for Poachers is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

Figure 2.27: Memory of last round with the battlefield payoff distribution being
[Laws, Marine Reserves, Community]=[.15 .30 .55] and Poachers having a high
number of supporters
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(a) The budget for Conservationists is
(Low, Low, High)=(1*(People), 10, .9(Pop-
ulation)) and the budget for Poachers
is (Low, High, Low)=(1*(People), 200,
.1*(Population)).

(b) The budget for Conservationists is
(Low, Low, High)=(1*(People), 10, .9(Pop-
ulation)) and the budget for Poachers
is (High, Low, Low)=(20*(People), 10,
.1*(Population)).

Figure 2.28: Memory of last round with the battlefield payoff distribution being
[Laws, Marine Reserves, Community]=[.15 .30 .55] and Conservationists having a
high number of supporters
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(a) The budget for Conservationists
is (High, Low, Low)=(20*(People), 10,
.1(Population)) and the budget for Poachers
is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

(b) The budget for Conservationists
is (Low, High, Low)=(1*(People), 200,
.1(Population)) and the budget for Poachers
is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

Figure 2.29: Memory of last round with the battlefield payoff distribution being
[Laws, Marine Reserves, Community]=[.30 .15 .55] Poachers having a high number of
supporters.
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(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (Low, High, Low)=(1*(People), 200,
.1*(Population)).

(b) The budget for Conservationists is
(Low, Low, High)=(1*(People), 10, .9(Pop-
ulation)) and the budget for Poachers
is (High, Low, Low)=(20*(People), 10,
.1*(Population)).

Figure 2.30: Memory of last round with the battlefield payoff distribution being
[Laws, Marine Reserves, Community]=[.30 .15 .55] and Conservationists having a
high number of supporters.
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(a) The budget for Conservationists
is (High, Low, Low)=(20*(People), 10,
.1(Population)) and the budget for Poachers
is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

(b) The budget for Conservationists is (Low, High, Low)=(1*(People), 200,
.1(Population)) and the budget for Poachers is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

Figure 2.31: Memory of last round with the battlefield payoff distribution being
[Laws, Marine Reserves, Community]=[.3333 .3333 .3333] and Poachers having a high
number of supporters.

99



(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (Low, High, Low)=(1*(People), 200,
.1*(Population)).

(b) The budget for Conservationists is (Low,
Low, High)=(1*(People), 10, .9(Population))
and the budget for Poachers is (High, Low,
Low)=(20*(People), 10, .1*(Population)).

Figure 2.32: Memory of last round with the battlefield payoff distribution being
[Laws, Marine Reserves, Community]=[.3333 .3333 .3333] and Conservationists
having a high number of supporters.
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(a) The budget for Conservationists
is (High, Low, Low)=(20*(People), 10,
.1(Population)) and the budget for Poachers
is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

(b) The budget for Conservationists is (Low, High, Low)=(1*(People), 200,
.1(Population)) and the budget for Poachers is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

Figure 2.33: Memory of all previous rounds with the battlefield payoff distribution
being [Laws, Marine Reserves, Community]=[.15 .30 .55] and Poachers having a high
number of supporters.
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(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (Low, High, Low)=(1*(People), 200,
.1*(Population)).

(b) The budget for Conservationists is
(Low, Low, High)=(1*(People), 10, .9(Pop-
ulation)) and the budget for Poachers
is (High, Low, Low)=(20*(People), 10,
.1*(Population)).

Figure 2.34: Memory of all previous rounds with the battlefield payoff distribution
being [Laws, Marine Reserves, Community]=[.15 .30 .55] and Conservationists having
a high number of supporters.
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(a) The budget for Conservationists
is (High, Low, Low)=(20*(People), 10,
.1(Population)) and the budget for Poachers
is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

(b) The budget for Conservationists is (Low, High, Low)=(1*(People), 200,
.1(Population)) and the budget for Poachers is (Low, Low, High)=(1*(People), 10,
.9*(Population)). 1000 games were played instead of 10,000 due to run time

Figure 2.35: Memory of all previous rounds with the battlefield payoff distribution
being [Laws, Marine Reserves, Community]=[.30 .15 .55] and Poachers having a high
number of supporters.
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(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (Low, High, Low)=(1*(People), 200,
.1*(Population)).

(b) The budget for Conservationists is
(Low, Low, High)=(1*(People), 10, .9(Pop-
ulation)) and the budget for Poachers
is (High, Low, Low)=(20*(People), 10,
.1*(Population)).

Figure 2.36: Memory of all previous rounds with the battlefield payoff distribution
being [Laws, Marine Reserves, Community]=[.30 .15 .55] and Conservationists having
a high number of supporters
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(a) The budget for Conservationists
is (High, Low, Low)=(20*(People), 10,
.1(Population)) and the budget for Poachers
is (Low, Low, High)=(1*(People), 10,
.9*(Population)).

(b) The budget for Conservationists is (Low, High, Low)=(1*(People), 200,
.1(Population)) and the budget for Poachers is (Low, Low, High)=(1*(People), 10,
.9*(Population)). 1000 games were played instead of 10,000 due to run time

Figure 2.37: Memory of all previous rounds with the battlefield payoff distribution
being [Laws, Marine Reserves, Community]=[.3333 .3333 .3333] and Poachers having
a high number of supporters.
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(a) The budget for Conservationists is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poachers is (Low, High, Low)=(1*(People), 200,
.1*(Population)).

(b) The budget for Conservationists
is (Low, Low, High)=(1*(People), 10,
.9(Population)) and the budget for Poach-
ers is (High, Low, Low)=(20*(People), 10,
.1*(Population)). 1000 games were played
instead of 10,000 due to run time.

Figure 2.38: Memory of all previous rounds with the battlefield payoff distribution
being [Laws, Marine Reserves, Community]=[.3333 .3333 .3333] and Conservationists
having a high number of supporters.
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Chapter 3

Reactive Scope Model with

Multiple Mediators and an Energy

Budget
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3.1 Abstract

Recent advances in understanding of the animal stress response have extended

traditional theories of homeostasis into a conceptual framework of reactive scope: a

more nuanced theory that contextualizes an animal’s capacity to respond to stressors

based on their physiological state and life history. Over the past 15 years, empirical

investigation into the validity of reactive scope as an explanatory framework has led

to further critical and novel insights. More recent work presented a quantitative

and predictive model of the reactive scope framework [118]. Building on this first

quantitative characterization, we extend the quantitative model with the addition of

an energy budget, or reservoir, and allow multiple different mediators to pull from such

budget. Multiple mediators being considered simultaneously provides a more realistic

representation for how an animal could reach homeostatic overload and allows a more

nuanced and accurate quantitative prediction of outcomes from exposures to stressors

over time. Additionally, we explore the sensitivity of predictions of health state to the

choice of rate parameters, focusing on the decline and recovery of threshold functions.

Coupling stress event magnitude and duration yields interesting results in how stress

event parameters affect when and how long a mediator spends in detrimental stress

states, with one interesting result being that a shorter duration can have negative

affects in comparison to a longer duration.

3.2 Introduction

Definitions of the psychological, physiological, and behavioral responses to

stressors as “an animal’s stress response” have ranged from Claude Bernard’s ‘milieu

intérieur’ (or ‘internal environment’) [53] to the more recent concepts of homeostasis

and allostasis [99]. Homeostasis maintains stability within an animal’s biological

system by regulating variables such as hormone levels, chemical levels, or physiological

functionality [21]. Homeostasis can be interrupted by “stress”, a process which can
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be described by a framework involving the following elements: stressful stimulus,

stressor, stress response, and stress effect [70]. Here, stress is defined as the

homeostatic state being challenged and a stress response follows in response to

compensate and maintain homeostasis [70]. An example of a stress response is a

flight-or-fight reaction [10]. However, less obvious indications such as cortisol or

temperature changes can also signal a stress response. In contrast to the assumption

of constant baseline value posited by homeostasis, allostasis instead considers a

variable baseline value [70]. This allows for natural variation due, for example, to

daily or seasonal fluctuations. However, extended periods of time of experiencing

stress can lead to increased allostatic load, contributing to negative psychological and

physiological effects [101]. Research around allostasis shows that allostatic overload

can induce neuroendocrine, cardiovascular, and emotional responses which can lead

to a compromised immune systems along with other bodily functions, further leading

to disease or poor health [112].

There are several indicators or mediators of a stress response. Some of these

include physical responses such as changes in heart rate, temperature, or blood

pressure. However, steroid hormone levels, such as that of cortisol and corticosterone,

are used frequently as stress indicators due to their rapid response to stress changes

[84, 82]. Increases in hormone levels have been shown to improve performance during

short term stress events, such as hunting or mating, but extended durations at

elevated levels can lead to negative effects [82].

Different studies use different stressors to induce a response. Exercise has

been used to induce stress in test subjects, such as forced time on a treadmill

or participating in swimming activities [123]. Other experimentally manipulated

stressors include food restriction and isolation [121]. Isolation can affect the

psychological state of the animal and also trigger stress responses [36]. We build

on the a previous model by [118], which in turn relied on and reflected experimental

results on wild birds through invoking stress response mediators presented in [35, 13]

.
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Mathematical models have been used in both psychology and physiology to provide

novel insights into stress dynamics and make concrete predictions for validation and

hypothesis generation. Such models have included stress responses and homeostasis

[43, 37, 99, 35], allostasis [109], and allostatic overload along with steroid hormone

tracking to measure stress responses [76]. Mathematical models involving allostasis

and stress responses can provide predictive guidance to determine stress thresholds

and how stress exposure can affect an animal’s internal functions, behavior, and

evolutionary success. Models involving an animal’s energy budget have considered

how the animal utilizes energy from food throughout life history events such as growth,

reproduction, and general maintenance [86]. We here review and build upon the model

designed by [118], adding the capability to consider multiple mediators simultaneously

and introducing an energy budget, which provides limitations for the animal that is

affected by the mediators.

3.3 Review of previous Reactive Scope paper

Recent work by [118] introduced a quantitative formulation of the reactive scope

conceptual model first presented in [99]. (Note: In describing the model on which

we build, we quote directly from the description of the equations and parameter

definitions given in [118] both for clarity and consistency in notation throughout this

section.) In that formulation, stress impacts physiological mediators such as changes

in behavior, glucocorticoids, antibody titers, and heart rate. These mediators can

then fall into a set of states that correspond to the animal’s ability to withstand

the stressor challenge: predictive homeostasis, reactive homeostasis, homeostatic

overload, and homeostatic failure (see Figure 3.1).

A critical aspect of the reactive scope model and quantitative formulation is the

inclusion of ‘wear and tear’, which is defined as “the sizes of the ranges associated

with each classification can change temporarily or permanently in response to stress

events” [118]. As a mediator reaches homeostatic overload, the ability for an animal to
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Figure 3.1: The predictive homeostasis range is for normal activity levels such
as foraging or seasonal stresses. The reactive homeostasis range is when a stress
event causes the mediator to reach non-routine levels, but are low enough that
the animal can still recover enough to avoid hitting the next category, homeostatic
overload. However, if a mediator reaches that level, then the animal starts to reflect
a compromised state. Homeostatic failure is when an animal can not longer regulate
the mediator at a normal level and is depicted by [118] and [99] as being below
the predictive homeostasis range. The threshold for predictive homeostasis range is
denoted P (t) and the threshold for homeostasis overload is denoted R(t). We will
adopt the same notation in the additions this paper provides.
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withstand stress decreases, causing the threshold for entry into homeostatic overload

to decrease, allowing the animal to enter homeostatic overload faster and more

frequently in subsequent stress events.

In [118], stress events were described using the following equation

s(t) =
n∑
i=1

siψµi,σi(t) (3.1)

where n is the number of stress events being considered, si is the magnitude of the

stress response for the ith stress event, ψµi,σi is a function that captures the desired

behavior of the stress event (e.g. up- and down-regulation time, increase and decrease

rates, etc.), and µ and σ are parameters that dictate the time and duration of the

event. Three different functions are presented and compared for ψµi,σi . To capture

the mediator values under a stress event, the equation

y(t) = as sin(bst) + ac sin(bct) + s(t) + yc (3.2)

is formulated where as and ac are the amplitude of seasonal and circadian variation

respectively, bs and bc are period of seasonal and circadian variation respectively,

and yc is the basal level of the physiological mediator. R(t) and P (t) are

the threshold curves between reactive homeostasis and homeostatic overload and

predictive homeostasis range and reactive homeostasis range respectively. The term

M(t) was introduced to represent the maximum value that R(t) could recover to at

the conclusion of a stress event. P (t) is denoted:

P (t) = as sin(bst) + ac + yc + yact (3.3)
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where yact represents changes in mediator level due to predictable activity. Putting

everything together, the model presented is the following:

dM

dt
= −r1θ(y(t)−R(t)) (3.4)

dR

dt
= −r2θ(y(t)− P (t)) + r3θ(P (t)− y(t))θ(M(t)−R(t)) (3.5)

with θ(x) representing the Heaviside function presented below.

θ(x) =

0 x ≤ 0

1 x > 0

The mediator must be in either the reactive homeostasis or homeostatic overload

ranges, y(t) > P (t), in order for R(t) or M(t) to change. R(t) will only decrease

while y(t) > P (t) and M(t) will only decrease while y(t) > R(t). It was also found

that duration and intensity of the stress event can have a significant impact on the

threshold curves. For example, a stress event that has a lower intensity but a far

longer duration can lead to homeostatic overload, while a short stress event at a high

intensity could not induce homeostatic overload.

Overall, [118] created the first quantitative formulation of the conceptual reactive

scope model and provided different functions for the threshold curves. Analysis

revealed how different parameters could affect an animal avoiding or entering

homeostatic overload.

3.4 Expansions on Prior Work

We present two additions to the previous reactive scope model presented by [118].

The first is that we allow multiple mediators to be considered simultaneously. The

other is the introduction of the concept of an energy budget. This allows for each
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mediator to claim a portion of the available energy. We achieve these expansions by

building off of equations (3.4) and (3.5) with θ remaining the Heaviside function.

In order to consider multiple mediators, we altered the equations (3.4) and (3.5)

to intake a vector y⃗ = {y1(t), y2(t), . . . , yn(t)}. Each of the yi(t) terms represent

different mediators that are driven by stress events, allowing each mediator to respond

independently, including the potential for differential dependence on circadian or

seasonal variation and other biological factors. Therefore the equations become

dMi

dt
= −r1,iθ(yi(t)−Ri(t))

dRi

dt
= −r2,iθ(yi(t)− Pi(t)) + r3,iθ(Pi(t)− yi(t))θ(Mi(t)−Ri(t))

(3.6)

which considers n different mediators, with each mediator having its respective

system.

The equations are modified further with the consideration of an energy budget.

First we define a few terms: E(t) represents the energy budget/reservoir which will

be drawn upon by different mediators and can be replenished over time; A(t) is an

energy acquirement and maintenance function that describes an animal’s energy use

in the absence of stress (i.e., net baseline energy use); and αi allows for proportional

depletion, depending on the amount by which the respective mediator surpassed the

predictive range. Adding in the energy budget, the equations become

dMi

dt
= −r1,iθ(yi(t)−Ri(t))

dRi

dt
= −ρ(E)r2,iθ(yi(t)− Pi(t)) + r3,iθ(Pi(t)− yi(t))θ(Mi(t)−Ri(t))

(3.7)

where ρ(E) = Ci+(ci−Ci)e−E and Ci and ci are appropriate constants that maintain

the psychological impacts stress has on an animal’s mediators. There are a few critical

required properties involving these constants for the ρ(E) function. First, ρ(E) → Ci

as E → ∞, which prevents even an infinite amount of spare energy from stopping the

decrease of R(t). Second, ρ(E) → ci as E → 0, which prevents the rate of decline of
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R(t) from increasing without bound as the energy budget is diminished. The change

in the energy budget as n mediators reduces it becomes

dE

dt
= A(t)−

n∑
i=1

αi(yi(t)− Pi(t))θ(yi(t)− Pi(t)) (3.8)

In implementation, we chose A(t) = k sin(2πnt) where and n is the number of

oscillations you expect over the time period and k is the amplitude of the oscillations.

We set αi = 1 for all i, but, in real world application, this should change with species-

specific knowledge about mediator prominence.

3.5 Analysis of Expanded Model

We consider a few scenarios of the energy budget model compared with the

original model. Note that for the introduction of an energy budget along with

multiple mediators and in keeping with [118], all mediators have equivalent rate

parameters (r1 = r2 = r3). We also assume the following mediator parameters are

the same across mediators: years = 1, period of seasonal variation (bs) = π, period

of circadian variation and (bc) = 50(2π), and the basal level (yc)=0.4. However,

mediator parameter amplitude of seasonal (as) variation and amplitude of circadian

variation (ac) vary across mediators. To analyze the impact of the expansions of

the model, we contrast the outcomes of exposure to two stress events under different

scenarios.

The two biggest impacts on the energy budget are the duration and magnitude of

the stress events (see Figure 3.2). In row (2), predictably, the first stress event causes

the energy budget to drop marginally, but the second stress event, which has a higher

magnitude, causes a more significant decrease. In row (3), we see a steady decline

in the energy budget starting when both mediators break into homeostatic overload

with the first stress event. The energy budget has an increased rate of decline when
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Figure 3.2: In (1), two stress events occurred, each with a magnitude of 0.4 and a
duration of 0.1. (a) Represents the first mediator with parameter values as = 0.2,
ac = 0.1, and r1 = r2 = r3 = 0.5. Notice that homeostatic overload is reached in both
stress events. (b) Represents the second mediator with parameter values as = 0.1,
ac = 0.05, r1 = r2 = r3 = 0.8. Neither stress event reaches homeostatic overload. (c)
Represents the Energy Budget. As in [118], M(t) represents the maximum value that
R(t) can recover to at the conclusion of a stress event and R(t) is the threshold for
homeostatic overload. E(t) represents the Energy Budget, which decreases due the
first and second stress events, along with M(t) and R(t).
In (2), the two mediators have the same parameters as in 3.1. However, the stressors’
magnitudes (si) differs. The magnitude of the first stressor is 0.4 while the the
magnitude of the second stressor is 0.7. (a) is the effect the two stressors have on the
first mediator. (b) is the effect the two stressors have on the second mediator. (c) is
the effect the mediators’ response had on the energy budget.
In (3), the two mediators have the same parameters as 3.1. However, the stressors’
duration (σi) differs. (a) is the effect two stressors with duration 0.25 and 0.1
respectively have on the first mediator. (b) is the effect two stressors with duration
0.25 and 0.1 respectively have on the second mediator. (c) is the effect the mediators’
response had on the energy budget. Note that in this scenario the second stressor
starts before the first stressor has completely ended.
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the second stress event starts, which pushes both mediators back into homeostatic

overload. However, the first event did not completely finish before the second stress

event started, meaning the energy budget is always in a state of decline once it starts

decreasing. This shows the relationship our model captures between duration of a

stress event and the dynamics in their impact: the decline of the animal’s energy

budget, especially in the absence of any recovery period between stress events.

3.6 Parameter Analysis

In order to provide more insight into the dynamics of the system causing a

mediator to reach the reactive homeostasis and homeostatic overload ranges, as well

as the time spent in these ranges, we consider the effect each ri value has on the

system by the effect they have on the functions M(t) and R(t). We also consider the

scenario in which the duration of a stress event is a function of the magnitude (by

either a scalar or exponential relationship). This shows how the coupling between

duration and magnitude affects the length of time a mediator spends in the reactive

homeostasis and homeostatic overload ranges.

Staying consistent with the constraints presented in [118], r1, r2, and r3 are all

strictly positive and r1 ≤ r2. R(t) ≤M(t) for all t, R(t) should decrease temporarily

if P (t) < y(t) < R(t), should decrease permanently if y(t) > R(t), and increases to

M(t) when y(t) < P (t). Further, M(t) decreases permanently when y(t) > R(t).

r1 is the rate of decrease of M(t) when y(t) > R(t). r2 is the rate of decrease

of R(t) when y(t) > P (t). r3 is the rate of recovery of R(t) when y(t) < P (t) and

R(t) < M(t). Changing the ri parameters does not change the y(t) function, but does

change the times and severity of reaching the reactive homeostasis and homeostatic

overload ranges. We consider six different variations of ri (Figure 3.3 (2)-(7)) values

and compare them to r1 = r2 = r3 = 0.5 (Figure 3.3 (1)). We chose r1 = r2 = r3 to

stay consistent with [118] in the comparison case. When r1 is set at a small value,
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Figure 3.3: In (1), we consider the same parameters as Figure 3.2 (1a). That is
r1 = r2 = r3 = 0.5 with both stress events having a magnitude (si) of 0.4 and duration
(σi) of 0.1. We will use this Figure as a comparison for (2)-(7). In (2), r1 = 0.05
while r2 = r3 = 0.5. In (3), r2 = 0.95 while r1 = r3 = 0.5. In (4), r3 = 0.95 while
r1 = r2 = 0.5. In (5), r3 = 0.05 while r1 = r2 = 0.5. In (6), r1 = 0.05, r2 = 0.1, and
r3 = 0.5. In (7), r1 = 0.75, r2 = 0.95, and r3 = 0.5.
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such as r1 = 0.05 (Figure 3.3 (2)), there is almost no change from the equal case.

This is due to the fact that y(t) does not reach the homeostatic overload range for an

extended period of time. However, when the y(t) is in the homeostatic overload range,

the negative effect it has on M(t) is smaller. When r2 is a large value such as r2 =

0.95 (Figure 3.3 (3)), the negative effect that y(t) being in the reactive homeostatic

range has on R(t) is increased, which pushes y(t) into homeostatic overload for a

longer period of time and potentially sooner in subsequent stress events, which further

negatively impactsM(t). When r3 is set at a large value, such as r3 = 0.95 (Figure 3.3

(4)), R(t) recovers faster to the M(t) level, but does not impact the amount of time

y(t) spends in homeostatic overload or the reactive homeostasis range. However, when

r3 takes on a small value, such as r3 = 0.05 (Figure 3.3 (5)), R(t) cannot recover as

quickly to the M(t) value, which causes the second stress event to push the mediator

into homeostatic overload sooner and for a longer duration. In order to consider a

small r2 value such as r2 = 0.1 and maintain the requirement r1 < r2, then r1 must

also adopt a smaller value such as r1 = 0.05. In this case (Figure 3.3 (6)), the effect

y(t) being in homeostatic overload has on M(t) and R(t) is reduced, leading to a

reduced time the mediator spends in homeostatic overload. If r1 is set to a large

value, such as r1 = 0.75, and maintains the requirement r1 < r2, then r2 must also

adopt a large value, such as r1 = 0.95. In this case (Figure 3.3 (7)), the effect that

y(t) being in homeostatic overload has on M(t) and R(t) is increased, which causes

the mediator to spend more time homeostatic overload. When considering the six

different combinations, four types proved to be particularly insightful scenarios: [1] a

large r2 is coupled with a large r1 value, [2] a small r3, [3] a large r3, and [4] a small

r1 is coupled with a small r2.

In order to analyze how a connection between magnitude and duration might

affect the mediator under different assumed functional relationships, we consider two

stress events with the same magnitude in three different stress magnitude scenarios:

si = 0.2 (Figures 3.4), si = 0.4 (Figures 3.5), and si = 0.9 (Figures 3.6). Within

each of these scenarios, we consider duration as both a scalar of the magnitude and,
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Figure 3.4: The magnitude (si) is 0.2 for both stress events. For (1)-(3), duration
(σi) is a scalar function of the magnitude corresponding to σi = 1.2si for (1), σi = 0.5si
for (2), and σi = 0.1si for (3). For (4)-(6), (σi) is an exponential function of the
magnitude corresponding to σi = s2i for (4), σi = s0.5i for (5), and σi = s0.25i for (6).
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Figure 3.5: The magnitude (si) is 0.4 for both stress events. For (1)-(3), duration
(σi) is a scalar function of the magnitude corresponding to σi = 1.2si for (1), σi = 0.5si
for (2), and σi = 0.1si for (3). For (4)-(6), (σi) is an exponential function of the
magnitude corresponding to σi = s2i for (4), σi = s0.5i for (5), and σi = s0.25i for (6).
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Figure 3.6: The magnitude (si) is 0.9 for both stress events. For (1)-(3), duration
(σi) is a scalar function of the magnitude corresponding to σi = 1.2si for (1), σi = 0.5si
for (2), and σi = 0.1si for (3). For (4)-(6), (σi) is an exponential function of the
magnitude corresponding to σi = s2i for (4), σi = s0.5i for (5), and σi = s0.25i for (6).
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separately, as an exponential of the magnitude with different assumed relationship-

defining values. We contrast scale change functions of σi = 0.1si, σi = 0.5si, and

σi = 1.2si and exponential functions of σi = s2i , σi = s0.5i , and σi = s0.25i , and explore

the effect the different combinations have on both the mediator and energy budget.

We chose these values to provide a breadth of scenarios while maintaining biological

plausibility and computational practicality.

When the duration is a scalar of magnitude, it has the largest effect of the mediator

when the scale change is largest (Figures 3.4 (1), 3.5 (1), 3.6 (1)). The larger the scale

change, the longer the animal spends in either reactive homeostasis or homeostatic

overload, along with the second stress event potentially beginning before the first one

has ended depending on the stress events’ timing parameters. This means there is

a loss of a stress-free period in which the animal could use as recovery. With the

lower magnitude level (Figures 3.4 (1)-(3)), the mediator does not reach homeostatic

overload, meaning the energy budget is not reduced. However, with higher magnitude

levels (Figures 3.5 (1)-(3) and Figures 3.6 (1)-(3)), the energy budget can be greatly

influenced. The higher magnitude increases the chance of the mediator experiencing

homeostatic overload. Coupled with a duration of a high scalar (Figures 3.5 (1), 3.6

(1)), the mediator reaches homeostatic overload and is not able to recover, causing

a rapid decrease in the energy budget. This is found with duration functions of

σi = 1.2si and σi = 0.5si. It is important to consider how the duration affects the peak

magnitude timing. A shorter duration correlates with a sharper and earlier peak in the

stress event schedule, which can cause the mediator to reach the reactive homeostasis

and homeostatic overload ranges sooner and decrease R(t) andM(t). Assuming there

is sufficient recovery to allow the mediator to leave homeostatic overload, this causes

the mediator to re-enter homeostatic overload sooner with the second stress event.

The earlier peak explains why a shorter duration can be more detrimental to the

energy budget and the mediator than a more extended duration. Figures 3.6 (1)-(2),

which have a magnitude value of si = 0.9 and duration functions of σi = 1.2si and

σi = 0.5si show such an event occurring.
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When duration is an exponential function of the magnitude, the biggest impact

it has is changing the duration drastically enough that the second stress event starts

before the first has finished, removing any stress-free period. An exponential function

of σi = s2i is the only function that allows the first stress event to resolve before the

second starts. However, it only allows this when the magnitude level was 0.2 or 0.4

(Figures 3.4 (4) and 3.5 (4) ). The other cases do not allow for any stress-free period

and the mediator stays in homeostatic overload, causing a quick decline of the energy

budget. It is important to consider that when the magnitude level is close to one,

such as si = 0.9, then the exponential function duration is close to the magnitude

level and the variance between different exponent values is less than when magnitude

levels closer to zero. This is due to basic arithmatic: anything close to one, raised

to an exponent, remains relatively close to one. Therefore, Figures 3.4(4)-(6) and

Figures 3.5 (4)-3.5 (6) show more variance in exponential function scenarios then

Figures 3.6(4)-3.6 (6).

3.7 Discussion

This paper expands on the work of [118], which presented the first quantitative

model formulation of the reactive scope framework, by introducing an energy budget

with consideration of multiple simultaneous mediators. We also explore the sensitivity

of the model to parameter choices by two different types of analysis: [1] varying rate

parameters to determine how they affect the system, and [2] how a connection between

magnitude and duration affects the time spent in homeostatic overload.

The addition of an energy budget reveals aspects of stress events that affect the

reduction of this budget. An energy budget can be used to as a reservoir for which

an animal has to pull from to allocate energy to different functions or tasks. Stress

events reduce the energy available for allocation to other functions. One example of

such stress event is parental care [44]. Some of the basic parental functions needed

for survival of offspring (e.g., feeding, growth, and reproduction) require profound
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energetic investments. Stress events then reduce the parent’s available energy, in

turn affecting an individual’s fitness and the overall evolution of the species maturity

and lifespan [68]. Here, we explore how the magnitude and duration of stress events

are likely to impact an animal’s energy budget. There is a direct correlation between

the magnitude and reduction in the energy budget, with a larger magnitude having

a larger reduction. Similarly, there is a direct correlation between duration and

reduction in the energy budget, with a long duration leading to an increased reduction.

While these patterns are in no way surprising, our model provides a framework by

which quantitative specification of the functional forms of these relationships can

be translated into predictions about the health state outcomes for animals facing

particular stressors over the course of their lives. Additionally, a stress event with a

long duration can eliminate a recovery or rest period between stress events in which

the animal has time to de-stress and the energy budget to stabilize.

Incorporating various mediators into the model allows for simultaneous compari-

son of the impact stress events have on different mediators, as well as consideration

of how multiple mediators can concurrently reduce an energy budget. Each mediator

has it’s own parameters that determine how a stress event is going to affect it. For

example, in Figure 3.2(1), the first mediator reached homeostatic overload while the

second mediator did not. This in turn, affects how each mediator reduces the energy

budget.

In order to investigate how the stress parameters r1, r2, and r3 impacts the

thresholds M(t) and R(t) and further impacts the ranges a mediator level occupies,

we consider six different combinations and compare them to the baseline in which

r1 = r2 = r3, as presented in [118]. We presented four significant types of scenarios.

We would expect type[1] and type[2] scenarios to be relevant in studying physiological

senescence, immunocompromise, or occupying a micronutrient deficient environment.

Previous work has already shown that vitamins, minerals, and other micronutrients

support a healthy immune system and without them, sickness is more likely and

recovery compromised [91, 18, 1]. Additionally, age can affect the ability to recover,
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as well as adequately manage stress [47, 111]. For example, age affects heart rate

recovery after exercise through reduction of maximum heart rate values and cardiac

output [111]. Together, these factors could explain large decline rates for thresholds

M(t) and R(t), as well as a slow recovery of R(t). In contrast to type[1] and

type[2], type[3] and type[4] could be relevant in studying an animal occupying a

micronutrient rich environment. This demonstrates how such environmental resource

richness could translate directly into greater robustness and resilience to stress events,

(i.e., greater magnitudes or durations of stress events are required to send an animal

into homeostatic overload and less time is required for the animal to recover when a

stress event occurs) [111, 91, 18, 1].

Within the two functional forms involving magnitude and duration, there are four

compelling combinations of events: [1] high magnitude with long duration, [2] high

magnitude with short duration, [3] low magnitude with long duration, and [4] low

magnitude with short duration.

Combination[1] corresponds to when the magnitude is 0.9 (si=0.9) and the

duration is either σi = 1.2si (3.6 (1))or σi = 0.25 (3.6 (6)). Both lead to the

mediator reaching homeostatic overload and threshold functions declining steadily.

Biologically, this could represent a stress event such as childcare, in which rearing

offspring makes demands on an animal physically and mentally until the offspring is

self-sufficient. Additional factors such as father absence or mental conditions lead to

increased stress on the parent(s) [117, 93].

Combination[2] could represent an occurrence such as being chased by a predator.

Studies have shown that being chased by a predator or fast moving object can result in

elevated corticosterone levels and elicit defensive responses [98, 66]. Further, increased

predation stress events over a period of time can cause additional negative affects such

as reproductive changes, reduced overall fitness, and overall population declines [8].

A stress occurrence like being chased by a predator can be represented in Figures 3.6

(3)-(4) when the magnitude is 0.9 (si = 0.9) and the duration is either σi = 0.1si or

σi = s2i .
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Combination[3] can represent instants such as habitat degradation. One study

on Northern saw-whet owls compares stress levels of birds in fragmented versus

non-fragmented habitats, conveying how habitat degradation can cause changes in

movement patterns, food availability, and cross-species interactions [52]. Here, the

effects of this can be represented when the magnitude is 0.2 (si = 0.2) and the

duration is either σi = 1.2si (Figure 3.4 (1)) or σi = s0.25i (Figure 3.4 (6)).

Combination[4] is when the magnitude is si = 0.2 and duration either σi = 0.1si

or σi = s2i , which is shown in Figures 3.4 (3) and 3.4 (4), reflecting an occurrence

such as delayed feeding times. This is consistent with empirical evidence, for example,

a study of captive primates showed changes in behavior and activity levels around

feeding times and an increase in stress related behaviors when feeding is delayed [116].

Across these scenarios, it can be seen that the less detrimental case is when

magnitude is low and duration is short, which is consistent with logical physiological

behavior. Additionally, based on biological scenario specific parameters, predictions

for the speed in which an animal reaches the reactive homeostatic and homeostatic

overload ranges along with the time spent there can be made.

Higher magnitudes causes the y(t) function to continue on its upward slope for

an extended period of time, causing the mediator to enter into or go further in the

reactive homeostasis and homeostatic overload ranges and delaying the time they exit

or remove it completely. Once magnitudes reach a sufficiently high value, homeostatic

overload and negative health effects is unavoidable. When coupled with a long

duration, a high magnitude can remove the ability for the mediator to recover or

exit homeostatic overload. Shorter durations lead to an increased slope of the y(t)

function, causing the mediator to reach the reactive homeostasis and homeostatic

overload ranges sooner, but also exit them at a faster rate, if the parameters allow an

exit. The increased slope associated with a shorter duration can be more detrimental

than a long duration with a high magnitude (Figure 3.6 (2)). This comparatively

shorter duration causes peak magnitude to occur sooner, pushing the mediator into

homeostatic overload sooner. However, the magnitude is high enough for the mediator
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to increase for a long enough time to not allow the mediator to leave homeostatic

overload for a recovery period before the next stress event, ultimately leading to

spending more time in homeostatic overload.

Overall, these scenarios can predict health states and outcomes over time given

a pattern of magnitudes and durations of stress events experienced over an animal’s

lifetime. Actions such as extending the duration or efforts to reduce the magnitude

can help the animal by reducing time in homeostatic overload or allowing a recovery

period between stress events.

3.8 Limitations and Future Directions

There are several further additions that could improve the current energy budget

model. First, each mediator currently has the same effect on the energy budget

based on how far the mediator is into the reactive homeostasis and homeostatic

overload ranges. However, this should change based on the biology of the subject

and the studied mediators since, for example, behavioral changes might have less

of an impact on the energy budget than an immune response. Environmental

stressors such as cold temperatures can induce behavior changes such as increased

food intake [124]. However, if abundant food intake is an option, then the energy

budget should not be depleted in the same way as if there were inadequate food

resources. Immune responses can drain energy levels through physiological responses

such as increased oxygen consumption, which can be the case in response to a fever

[33]. The physiological condition and challenge scenario in which the animal is

experiencing stressors should be considered in choosing the mediators’ parameters.

Some questions surrounding the energy budget are: How is this energy budget built?

Does it rely exclusively on caloric intake? Are there certain mediators that should

not be considered as independent contributing factors (i.e., are two or more mediators

acting in sufficient conjunction that they constitute only a single combined depletion

of the energy budget)? The literature provides different strategies for formulating an
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energy budget, such as foundations in thermodynamics or bioenergetics with species

specific parameters such as metabolic and environmental [65, 58]. This means making

an appropriate choice for the method used to formulate the energy budget, and how

mediators affect it, is critical to the utility of the model. Additionally, the acclimation

to stress an animal could develop over time could be included in the model. Acting

in a contrary direction to the build up of ‘wear and tear’, repeated stress could build

resilience and allow increased longevity [73].

3.9 Conclusion

[118] presented the first quantitative framework capturing the reactive scope

model as conceptualized by [99] in which mediators could occupy different states

including predictive homeostasis, reactive homeostasis, and homeostatic overload.

That work demonstrated how extended time in the reactive homeostasis state could

cause degradation and eventually lead to homeostatic overload, which further leads to

detrimental effects on the animal. Here, we add an energy budget and consider how

multiple mediators may affect an individual’s energy reservoir. A more intense stress

event, or higher magnitude, causes a larger decrease in the energy budget (Figure

3.2 (2)) by expanding the time the mediator function is increasing. Additionally,

a shorter duration correlates with a higher first derivative of the y(t) function, or

steeper slope of the mediator function. This causes the mediator to reach reactive

homeostasis or homeostatic overload sooner, potentially increasing the time spent in

those states and degrading the energy budget. Duration impacts or eliminates the

time for recovery between stressors (Figure 3.2 (3)).

Considering multiple mediators allows for the analysis of the potential compound-

ing effects among mediators. Empirical investigation is still needed to identify the

different, independent and synergistic impacts of each mediator on the overall energy

budget. However, this creates a more holistic view of how a stress event is likely to

affect the animal.
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Parameter analysis demonstrates how the rate parameters drive the decrease and

recovery of thresholds, potentially making it easier for an animal to reach homeostatic

overload, such as when the recovery rate for R(t) is small (Figure 3.3 (5)). This

lowers the threshold for reaching homeostatic overload, where the mediator reaches

the detrimental state at a lower level and possibly sooner than with a high recovery

rate. Coupling magnitude and duration allows us to consider such questions as how a

moderate or short duration stress event can be more detrimental than a long duration

because the peak magnitude occurs sooner, causing the mediator to spend more time

in homeostatic overload (Figures 3.6 (1)-(2)). The downward slope of threshold curves

of the characteristic ranges represent the ‘wear and tear’ the mediator experiences.

The longer a mediator spends in either reactive homeostasis or homeostatic overload,

the more degradation of the threshold curves occur, which could make subsequent

stressors send the mediator into detrimental ranges sooner and for longer. Over time,

repeated stress events could cause enough ‘wear and tear’ to lower the threshold

curves to such critically low levels that the mediator experiences homeostatic overload

enough to cause significant health repercussions or an early demise.

Overall, the addition of an energy budget, along with multiple mediators, provides

a more complete picture of how stress affects an animal. Coupled with parameter

analysis, this increases the power of the quantitative model to aid in making accurate,

life-history-tailored predictions about the impacts of stress events and the temporal

dynamics of reactive scope and health outcomes over an animal’s life.
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[46] Flávia Maria Guebert, Mário Barletta, and Monica Ferreira da Costa. Threats

to sea turtle populations in the western atlantic: poaching and mortality in

small-scale fishery gears. Journal of Coastal Research, (65):42–47, 2013. 49

[47] Marcia C Haigis and Bruce A Yankner. The aging stress response. Molecular

cell, 40(2):333–344, 2010. 126

[48] Lee Hannah, Guy F Midgley, and D Millar. Climate change-integrated

conservation strategies. Global Ecology and Biogeography, 11(6):485–495, 2002.

50

[49] Fengzhi He, Christiane Zarfl, Vanessa Bremerich, Alex Henshaw, William

Darwall, Klement Tockner, and Sonja C Jaehnig. Disappearing giants: a review

of threats to freshwater megafauna. Wiley Interdisciplinary Reviews: Water,

4(3):e1208, 2017. 50

136



[50] Friedo Herbig and Anthony Minnaar. Pachyderm poaching in africa:

Interpreting emerging trends and transitions. Crime, Law and Social Change,

71:67–82, 2019. 80

[51] Damián G Hernández and Damián H Zanette. Evolutionary dynamics of

resource allocation in the colonel blotto game. Journal of Statistical Physics,

151:623–636, 2013. 52

[52] Heather Lynn Hinam and Colleen Cassady St Clair. High levels of habitat

loss and fragmentation limit reproductive success by reducing home range size

and provisioning rates of northern saw-whet owls. Biological Conservation,

141(2):524–535, 2008. 127

[53] Frederic L Holmes. Claude bernard, the” milieu intérieur”, and regulatory

physiology. History and Philosophy of the Life Sciences, pages 3–25, 1986. 108

[54] Evan M Howard, Justin L Penn, Hartmut Frenzel, Brad A Seibel, Daniele

Bianchi, Lionel Renault, Fayçal Kessouri, Martha A Sutula, James C

McWilliams, and Curtis Deutsch. Climate-driven aerobic habitat loss in the

california current system. Science advances, 6(20):eaay3188, 2020. 20

[55] Jeffrey A Hutchings and John D Reynolds. Marine fish population collapses:

consequences for recovery and extinction risk. BioScience, 54(4):297–309, 2004.

6

[56] David MP Jacoby, Francesco Ferretti, Robin Freeman, Aaron B Carlisle,

Taylor K Chapple, David J Curnick, Jonathan J Dale, Robert J Schallert, David

Tickler, and Barbara A Block. Shark movement strategies influence poaching

risk and can guide enforcement decisions in a large, remote marine protected

area. Journal of Applied Ecology, 57(9):1782–1792, 2020. 50

137



[57] Subit K Jain, Swati Tyagi, Neeraj Dhiman, and Jehad Alzabut. Study

of dynamic behaviour of psychological stress during covid-19 in india: A

mathematical approach. Results in Physics, 29:104661, 2021. 3
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