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Abstract

An American Icon, the bald eagle, was placed on the endangered species list in 1967 after its
population hit critically low levels due to the adverse reproductive effects of DDT. After DDT
was banned in 1972, another environmental contaminant continued to affect their recovery—lead.
Ingestion of lead-based ammunition was shown to be the eagles’ top cause of death, resulting in a
1991 ban of its use for waterfowl hunting. Nearly thirty years later, cases of lead-toxicity in the bald
eagle population continue into the present. Noting that the 1991 ban excluded other hunting game,
the main source of lead is now linked to the fall and winter big game hunting seasons. This coincides
with the eagles’ scavenging season, resulting in an annual addition of lead to the eagles’ diet. Due to
their acidic stomach environment, the eagle is especially lead-free to lead-toxicity. Lead-toxicity may
cause severe clinical symptoms (including death), but also more subtle, chronic symptoms. A bald
eagle may suffer from chronic toxicity for many years of its life, resulting in continual physiological
damage and affected biological mechanisms, including reduced fertility and voracity. Its ecological
role as both a scavenger and apex predator make the eagle a valuable resource in the assessment of the
Great Lakes ecosystem’s health. In order to quantify the impact of lead-contaminated food sources
on the bald eagle’s population of the Great Lakes, we formulated a system of ordinary differential
equations to show the progression through the stages of lead-toxicity and its role in the eagle’s
population dynamics. We compared the impact of the source of contamination verses treatment of
lead-toxicity. We found the bald eagle population is sensitive to its source of lead-contamination.
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1 Introduction

The American bald eagle (Haliaeetus leucocephalus), as an apex predator, plays an important
ecological role in the in the Laurentian Great Lakes region in the midwestern United States; however
the presence of spent lead in the environment causes lead poisoning in bald eagles, which has adverse
ecological effects, influencing all parts of the ecosystem. Being an apex predator, the bald eagle establishes
ecological stability within the Great Lakes ecosystem. Studies show that the absence of apex predators
causes trophic cascades, leading to ecological degradation, and increases the populations of mesopredators
[4,14]. This would further degrade the mesopredator-prey dynamics resulting in overhunting and possible
extinction of the prey [4]. Other ecological effects include the increase in competition between prey leading
to additional extinctions [13]. Additionally, study of contamination of predatory birds is often used to
indicate of general contamination of their environment [30].

The ecological effects also directly affect the surrounding communities. About 7% of American farm
production occurs in the Great Lakes region. Further, the population is more than 30 million people—
roughly 10% of the U.S. population [7]. The Great Lakes also make up 18-21% of the world’s freshwater
used for drinking and is essential for commercial and recreational fisheries, which when including sec-
ondary impacts like lodging, restaurants, and marinas, accounts for over $19 billion dollars in sales and
$6.4 billion dollars in revenue for over 250,000 jobs [5, 7, 40].

In 1940, for the first time the Bald Eagle population gained federal protection when Congress passed
the Bald Eagle Protection Act. Later, the Protection Act was amended to also include the Golden
Eagle [52]. Lead poisoning in eagles is indirectly caused by the use of lead in large game hunting.
Many studies show that lead toxicity has been one of the main threats for Bald Eagle population. For
instance, Previous studies show that feasting on killed deer constitutes a major source of lead-exposure
to scavenging wildlife birds such as Bald Eagles [34,36,50].

There are numerous studies concerning lead poisoning in bald eagles that focus on both the the acute
and chronic effects of lead toxicity on the bald eagle species [9]. As large birds of prey with opportunistic
foraging habits, eagles are easy victims to ingestion of toxins from poisoned or shot carcasses. Data on
causes of mortality for 552 Bald and Golden Eagles examined at the National Wildlife Health Center
(NWHC) in Madison, Wisconsin, from 1975 through 2013 were published by Russell and Franson (2014).
However, it is somewhat difficult to quantify the chronic effects of lead toxicity in bald eagles because
their natural depuration rate of lead is 3 weeks [8]. Despite the many articles which explore chronic
lead toxicity, [18, 23] and acute effects [21, 45] of lead toxicity, we have yet to encounter a study that
mathematically models the population dynamics of the bald eagle population based on lead toxicity
levels. This motivates the purpose for the research at hand: using a system of ordinary differential
equations constructed from a compartmental model, we successfully quantify the the impact of chronic
lead toxicity on the American Bald Eagle (Haliaeetus leucocephalus) population in the Great Lakes
region by modelling the population dynamics as a function of lead toxicity. By modelling the population
dynamics of bald eagles in the Great Lakes using lead

Through numerical simulation, we forecasted the 25 year outlook of the bald eagle population at
the current rates of winter food-source contamination to be 35,208 eagles. We then removed the source
of contamination to observe the population dynamics in the absence of lead. What we observe is that
there is a 1.3% increase (35,638 up from 35,208 bald eagles) in the number of bald eagles when lead
is completely removed from the environment. Lastly, we varied the rate by which eagles are retrieved
and provided chelation therapy and rehabilitation. As a result, the number of eagles increased by 0.07%
(35,221 up from 35,197 bald eagles). Through the use of sensitivity analysis, we were able to identify
that the removal of lead from the environment has a greater positive effect on the bald eagle population
compared to treating eagles through rehabilitation.
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2 Methodology

2.1 Location of Studied Population and the Data Used

We consider eight states which surround the Great Lakes of the United States: Illinois, Iowa, Indi-
ana, Michigan, Minnesota, Missouri, Ohio, and Wisconsin. This region contains north central Wisconsin,
which has one of the highest densities of occupied bald eagle nesting territories in North America [31].
Although the bulk of the bald eagle population is contained in the northern states, eagles will migrate
and over-winter in the states to the south [43]. Since there exists a correlation between lead-toxicity and
lead-accumulation during the winter [1,34,39,44], we found it reasonable to include states to the south.
After defining our region, we composed a set of occupied bald eagle nesting territory data obtained from
the United States Fish and Wildlife Service (USF&WS), the relevant Departments of Natural Resources
(DNRs), and the Center for Biological Diversity [3,6,31,41,48]. Occupied nesting territories are defined
as a nest in which an incubating adult, eggs, young, or nest repair is observed [31]. We report our results
using total bald eagle population values for the region. In accordance with the USF&WS standards [48],
bald eagles over the age of four years constitute 43% of the population, the total population of eagles is
obtained through the following calculation:

Total Population =
2

0.43
∗ (Number of Occupied Nesting Territories).

2.2 Symbolic Manipulations and Numerical Simulations

For symbolic manipulations, both Mathematica Version 12.1 and Maple (2019) were used for
symbolic manipulations [28,33]. For numerical simulations we utilized Matlab R2019a and R2020a [27]
and R version 3.6.1. The data was prepared using R version 3.6.1.

2.3 Assumptions

In order to model the effects of lead-toxicity on the population of bald eagles, we assume lead as
the only anthropogenic factor affecting the population. Bald eagles exhibit seasonal scavenging behavior
which aligns with the big-game hunting seasons [11, 34, 50]. Considerable studies suggests a strong
correlation between lead-based ammunition, hunting seasons, and lead-toxicity in scavenging species
[10, 12, 19, 20, 22–24, 36]. Since the 1991 ban of lead-based ammunition for waterfowl hunting, lead-
shot contaminated carrion from unretrieved deer is now thought to be the bald eagle’s main source of
exposure to lead [39,45]. Hence, we assume eagles acquire lead-toxicity through the consumption of lead-
contaminated carrion. Carrion is placed, uniformly, into the ecosystem during the annual fall and winter
hunting season at a constant rate [38, 50]. Likewise, a uniform distribution of lead in each kilogram of
contaminated carrion. Since the population of eagles are also uniformly distributed through the region,
they have an equal opportunity to consume contaminated carrion.

We model chronic lead-toxicity by dividing the population into four compartments, with each
corresponding to either the population of lead-free eagles, the two-stages of lead-toxicity, or treatment
for lead-toxicity. Additionally, the time eagles inhabit each compartment is exponentially distributed
and the stages of lead-toxicity are defined by the physiological effects of three ranges of serum-lead-levels.
Furthermore, we assume eagles with serum-lead-levels under 0.2 ppm to be lead-free, as these levels are
considered background [22].

The first stage of lead-toxicity is defined by eagles with serum-lead-levels between 0.2 to 0.5 ppm.
These are classified as eagles with Sub Clinical lead (Pb) Toxicity (SCPT) [22]. We model the subtle,
long-term damage of SCPT under the assumption that they exhibit a reduction in fertility and voracity
[23, 38]. The second stage of lead-toxicity is defined by eagles with serum-lead-levels of 0.5 ppm and
above. These are classified as eagles with Clinical lead (Pb) Toxicity (CPT) [22]. Due to the severity
of CPT [37, 39], we assume eagles with CPT either succumb to lead-poisoning or are retrieved and
given therapy and rehabilitation. Hence, we assume all non-natural mortality of eagles is due to CPT
or failure of CPT treatment. Eagles with CPT do not reproduce and, since CPT is the final stage of
lead-toxicity, they do not continue to accumulate lead via the consumption of carrion. If treatment of
CPT is successful, these eagles retain lasting physiological damage [15]. Hence, eagles leaving treatment
populate the SCPT compartment.

Lead readily binds to calcium, settling in the bones of eagles over time [23]. Lead accumulated
within the bones remains stable for long periods of time, but during egg-formation may re-mobilize into
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the bloodstream, accumulating in eggshells, allowing for a means of vertical-transfer of lead-toxicity to
young [9,10,18,20,49]. For these reasons, we assume eagles with SCPT only beget eagles which also have
SCPT and only lead-free eagles beget lead-free eagles. Lastly, we assume a closed ecosystem; the eagle
population is not affected by migration. As a consequence of the stated assumptions, in the absence of
lead, we assume the population grows logistically.

2.4 Model Formulation

Figure 1: Schematic flow diagram for our mathematical model. The model consists of four compartments:
lead-free Eagles (S), SCPT eagles (L), CPT eagles (H), and eagles in treatment (T ). Additionally, we
consider a state variable for contaminated carrion (C).

1. Contaminated carrion: C(t)
We define contaminated carrion as the source of lead for the bald eagle population. Under

assumption, it increases at a constant annual rate, Λ, which represents the yearly amount of unre-
trieved game containing fragments of spent lead-ammunition. Bald eagles periodically scavenge and
gain exposure to lead by consuming the contaminated carrion [34, 50]. Eagles may also scavenge un-
contaminated carrion, so we divide C by the total yearly level of carrion, M . Both lead-free and SCPT
eagles feast upon carrion, at their respective per capita rates (δ1 and δ2), reducing the amount in the
environment. Carrion also decreases by natural decomposition (at unit rate µ1). These assumptions
lead to the following ODE describing the dynamics of C:

dC

dt
= Λ− δ1

C

M
S − δ2

C

M
L− µ1C. (1)

2. Lead-free eagles: S(t)
Lead-free (or uncontaminated) eagles increase in number via their natural per capita birth rate,

r. Since these eagles are barely or not at all contaminated with lead, they reproduce with unaffected
fertility. Their growth rate is logistic, taking into account the entire eagle population (S,L,H, T ) with
a carrying capacity K for the Great Lakes region. As uncontaminated eagles scavenge contaminated
carrion, they become victims of lead toxicity [12]. They move to the SCPT compartment (L) at a
per capita ω1 when all available carrion is contaminated with lead. Lead-free eagles are assumed to
be healthy, so they die a natural death (at per capita rate µ2), not due to lead toxicity.

dS

dt
= rS

(
1− S + L+H + T

K

)
− ω1

C

M
S − µ2S. (2)
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3. Eagles with sub-clinical lead toxicity: L(t)
SCPT eagles have been exposed to lead; their blood contains detectable levels of lead in the

range of 0.2 to 0.5 ppm but they do not exhibit clinical symptoms [22]. Although SCPT eagles have no
readily observable symptoms of lead-toxicity, they do suffer physiological damage from chronic, sub-
clinical serum lead-levels leading to reduced appetite (per capita scavenging rate δ2 = wδ1, 0 < w < 1)
and reduced per capita fertility rate (vr, 0 < v < 1) [23,38]. SCPT eagles also exhibit logistic growth,
but they contribute less to the population of eagles, due to the their damaged fertility. Their offspring
are born into the SCPT class due to vertical (maternal) transfer of lead to young [9,10,20,49]. Inflow
to the SCPT class comes both from lead-free eagles, at a per capita rate of ω1, and from eagles leaving
treatment, at a per capita rate ρ. Eagles leaving treatment suffer lasting damage and chelation ther-
apy does not reduce their serum lead levels down to zero, hence they flow into the SCPT rather than
into the lead-free compartment [15]. Since SCPT eagles have a reduction in appetite and the amount
of lead that must be accumulated to move each one of them into the CPT compartment is larger
than the amount of lead needed to move a lead-free eagle into the SCPT compartment, it follows
that the per capita outflow rate from the SCPT, ω2, is less than the per capita inflow rate into this
compartment, ω1. SCPT eagles suffer chronic physiological damage, but do not succumb to death via
lead toxicity in this compartment, therefore, they only die from natural causes, at per capita rate µ2.

dL

dt
= vrL

(
1− S + L+H + T

K

)
+ ω1

C

M
S + ρT − ω2

C

M
L− µ2L (3)

4. Eagles with clinical lead toxicity: H(t)
CPT eagles have serum lead-levels high enough (> 0.5 ppm) to exhibit observable signs of lead-

toxicity (e.g. difficulty flying, gross lesions on organs, total loss of appetite, etc) [15,23]. SCPT eagles
flow into the clinical compartment at a per capita rate ω2 when all available carrion is contaminated
with lead (proportionally reduced by the percentage of lead-contaminated carrion among all available
carrion). CPT eagles may succumb to death via lead-toxicity (at per capita rate µ3), through natural
death (at per capita rate µ2), or they may be retrieved for veterinary care, at a per capita rate η. This
retrieval rate moves them to the treatment compartment. Eagles with clinical lead-toxicity are not
healthy enough for reproduction. Since we assume eagles at this stage of lead-toxicity either succumb
to poisoning or are rescued, they do not interact with contaminated carrion and do not increase their
lead-levels.

dH

dt
= ω2

C

M
L− (η + µ2 + µ3)H, (4)

5. Eagles in treatment: T(t)
The treatment compartment comprises eagles under veterinary intervention and rehabilitation

when exhibiting clinical symptoms of lead-toxicity. CPT eagles flow into the treatment compartment
at the per capita rate (at which humans find, capture and treat lead-poisoned eagles), η. Since
chelation therapy carries its own risks [15, 37], it is administered until eagles reach sub-clinical or
background levels of lead so that, when released, these eagles are not lead-free. Lead-toxicity causes
lifelong physiological damage [36], therefore we assume after rehabilitation, they reach sub-clinical
biological capacity. Eagles in treatment may die a natural death (at per capita rate µ2); they may
also be euthanized (at per capita rate µ4). If the eagles survive the treatment and are declared fit,
they may be released to join the wild eagle population, at the per capita treatment rate (ρ) [37].

dT

dt
= ηH − (ρ+ µ2 + µ4)T, (5)
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Therefore, our model is given by the following non-linear system of ordinary differential equations:

dC

dt
= Λ− τ1CS − τ2CL− µ1C, (6)

dS

dt
= rS

(
1− S + L+H + T

K

)
− ω1CS − µ2S, (7)

dL

dt
= vrL

(
1− S + L+H + T

K

)
+ ω1CS + ρT − ω2CL− µ2L, (8)

dH

dt
= ω2CL− ξ1H, (9)

dT

dt
= ηH − ξ2T, (10)

where,

τ1 =
δ1
M
, τ2 =

δ2
M
, ξ1 = η + σ1, σ1 = µ2 + µ3, ξ2 = ρ+ σ2 and σ2 = µ2 + µ4

The total eagle population, N , at time t is given by:

N(t) = S(t) + L(t) +H(t) + T (t) (11)

2.5 Parameter Calculation and Variable Definitions

Under assumption, eagles consume lead through contact with lead-shot-contaminated carrion.
Contaminated carrion enter the ecosystem during the annual fall and winter deer-hunting firearm season
[53]. Using 2012, 2013, and 2019 deer harvest reports from the region of study [2, 50, 51], along with a
2009 study of Iowa, we estimate an annual harvest rate of 900, 000 deer. Studies suggest between ten and
32 percent of deer shot are not retrieved by hunters [34,35,50]. Since data does not account for poaching,
discarded offal, and other unreported additions to the overall amount annual deposit of carrion, we use
assume 32 percent of deer go unretrieved, giving 280, 000 deer per year. Taking the average mass of
a deer in Wisconsin, 72 Kilograms [51], we convert the values for total number of unretrieved deer to
kilograms and find the constant total mass of carrion, M, is an estimated 20 million Kilograms. To
obtain the proportion of lead-contaminated carrion, we use a 2008 study from the US Department of
Health and Human Services which found 15 percent of venison donated to Wisconsin food pantries to
be contaminated with lead [17]. Assuming the proportion contaminated for food pantry donations is
the same proportion of contamination for unretrieved deer, we estimate the input rate of contaminated
carrion, Λ, as 3 million Kilograms per year.

A 2009 study of scavengers and animal decomposition in Wisconsin found a deer carcas will remain
in the environment for 18 to 55 days during the fall and winter seasons [29]. Adjusting this value to an
annual rate and converting deer to Kilograms, we estimate the natural per unit decay rate of carrion,
µ1, as 1 Kilogram per year. Under assumption, carrion will either decay or be consumed by eagles. To
obtain consumption rates for bald eagles, we use estimates provided by The American Eagle Foundation.
They state a bald eagle averages an annual consumption rate of 219 and 365 pounds [11]. Taking the
average mean and converting to Kilograms, we estimate the per capita consumption rate for lead-free
eagles, δ1, as 132 Kilograms per year. We model the physiological effect of chronic lead-toxicity through
a reduction in voracity and fertility. Although considerable studies claim a reduction in voracity as
a physiological effect of lead-toxicity [16, 22, 23], precise quantification of affected voracity at different
stages of lead-toxicity is unknown. We assume a conservative proportion of retained voracity, w, as 0.9.
Multiplying this assumed proportion of retained voracity by the per capita consumption rate of lead-free
eagles, we estimate the per capita consumption rate of eagles with SCPT, δ2, as 118.8 Kilograms per
year.

Consumption of contaminated carrion serves as a proxy by which eagles accumulate lead, allowing
them to traverse the stages of lead-toxicity. The per capita rate for a lead-free eagle to acquire SCPT
when all carrion is contaminated, ω1, is estimated using the annual percent change of lead-free, SCPT,
and CPT bald eagles submitted to Iowa wildlife rehabilitation facilities between the years 2007 and
2008 [34]. The annual percent change for the number of eagles with SCPT is estimated as 9.5 percent.
Converting this value to the annual rate of change, we estimate the per capita rate by which a lead-free
eagle acquires SCPT is 0.100 per year. Similarly, the rate by which an eagle with SCPT acquires CPT,
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ω2, is calculated by first finding the annual percent change for the number of eagles with CPT, 13.2
percent. Converting to the annual rate of change, we estimate the per capita rate by which an eagle with
SCPT acquires CPT when all carrion is contaminated is 0.142 per year.

In the absence of lead, we assume the bald eagle population grows logistically. Currently, a clearly
defined carrying capacity for the bald eagle of the Great Lakes region does not exist. In 2016, the US
Fish and Wildlife Service determined the carrying capacity of the bald eagle, for the entire United States,
as 227, 800 [48]. The study concludes an expectation for the growth rate of the population to remain
consistent with the growth rate in in 2009. For 2009, according to data contained within the study,
the Great Lakes Region contained approximately 20 percent of the country’s bald eagle population.
Assuming if the average growth rate for the entire country is maintained, then the proportion of eagles
in the Great Lakes region is maintained, we set the carrying capacity for the bald eagle of the Great
Lakes region of the US, K, to be 46, 000. This study also calculates the annual growth rate in the
absence of anthropogenic factors as 0.206. Since we assume lead-toxicity as the only antropogenic factor
affecting bald eagles, we use the USF&WS value for the bald eagle population’s growth rate, r. Chronic
lead-toxicity is shown to damage reproductive organs [15,37], precise values for the reduction in fertility
of the bald eagle have not been quantified. Using a 2017 study regarding lead-toxicity induced fertility
reduction of Bonelli eagles [20], we make a conservative estimate for the proportion of retained fertility
by SCPT eagles, v, to 0.7. To model affected fertility of eagles with SCPT, we multiply our value for
the growth rate by the proportion of retained fertility.

Eagles with CPT have considerable long-term physiological damage, including gross ocular,
neurological, and cardio lesions [15], along with a weakened bone structure [18]. Due to intraspecific
competition [47], we assume bald eagles with CPT are not capable of reproduction. Upon reaching the
final stage of lead-toxicity, CPT, eagles die a natural death, die due to lead-poisoning, or are retrieved and
provided veterinary care, including chelation therapy and rehabilitation [15,32,34,37]. Since it depends
on human intervention, the per capita treatment rate of eagles with CPT, η, functions as a control
parameter in the model. We vary this parameter in simulation, but set our initial value by assuming
over the course of one year, the probability for an individual eagle with CPT to be found and placed into
treatment is 0.5. The majority of eagles with CPT are treated during the hunting season [9,32,50], with
chelation therapy and rehabilitation taking anywhere from weeks to months [15,37,38]. Since bald eagles
begin courtship and nest construction during the winter [42, 43, 50], we assume eagles are in treatment
during the mating season. Hence, the per capita recovery rate from therapy, ρ, is set to 1 per year. Over
the course of a year, approximately 20 percent of eagles in treatment are euthanized [46,54]. Converting
this value to an annual rate, we set the per capital death rate due to treatment failure, µ4 to 0.223.

A summary of all the variables used in the presented model is shown in Table 1. Besides, Table 2
summarizes all the parameters used in the model, along with their units, description, and values.

Table 1: Variable Definition

Variable Description Units
C Mass of contaminated carrion kg
S Population of lead-free eagles Non-dimensional
L Number of eagles with SCPT Non-dimensional
H Number of eagles with CPT Non-dimensional
T Number of eagles in treatment Non-dimensional
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Table 2: Parameter Definition

Parameter Description Units Values[Reference]
Λ Contaminated carrion input rate kg · year−1 3,000,000 [17]
δ1 Per capita consumption rate of lead-free eagles kg · year−1 132 [11]
δ2 = wδ1 Per capita consumption rate eagles with SCPT kg · year−1 118.8 [11]
M Constant total mass of carrion available for consumption kg 20,000,000 [2, 50,51]
µ1 Natural unit decay rate of carrion year−1 1 [29]
µ2 Natural per capita death rate of eagles year−1 1/30 [11]
µ3 Lead-induced per capita death rate of eagles year−1 365/133 [22]
µ4 Per capita death rate of eagles due to treatment failure year−1 0.223 [46]
ω1 Per capita rate to become SCPT when all carrion is contaminated year−1 0.142 [34]
ω2 Per capita rate to become CPT when all carrion is contaminated year−1 0.100 [34]
r Bald Eagle population annual growth rate year−1 0.206 [48]
K Carrying capacity for bald eagles in the Great Lakes region of the USA Non-dimensional 46,000 [48]
v Proportion of retained fertility by SCPT eagles Non-dimensional 0.7 [20]
w Proportion of retained voracity by SCPT eagles Non-dimensional 0.9 [Assumed]
ρ Per capita recovery rate from therapy year−1 1 [15,37,38]
η Per capita treatment rate of CPT eagles year−1 0.5 [Varied]

3 Analysis

3.1 Positivity of Solutions

We need to prove that the system (6)-(10) supplemented with non-negative initial conditions, has non-
negative global solutions. We shall assume, consistently with the concept of carrying capacity, that
N(0) < K.

First note that the general existence and uniqueness theorem for systems of ODEs ensures that a
unique solution exists for t ∈ [0, ε1] for ε1 > 0 sufficiently small. Next note that as long as the five state
variable functions C, S, L,H, T exist, (6) and (7) guarantee that C and S stay positive: in fact, with

g(t) = τ1S(t) + τ2L(t) + µ1 and G(t) =

∫ t

0

g(s)ds, we have

C(t) = C(0)e−G(t) + Λ

∫ t

0

eG(s)−G(t)ds ≥ 0,

and strictly positive if C(0) > 0 or Λ > 0;

S(t) = S(0) exp

(∫ t

0

(
r
(

1− S(τ)+L(τ)+H(τ)+T (τ)
K

)
− ω1C(τ)− µ2

)
dτ

)
≥ 0,

and strictly positive if S(0) > 0. Next we would like to prove that

L(0), H(0), T (0) ≥ 0 =⇒ L(t), H(t), T (t) ≥ 0 for 0 ≤ t ≤ ε3,

if ε3 > 0 is sufficiently small. Assume from now on that C(0), S(0) > 0. The continuity of all functions
involved and T (0) ≥ 0 imply that the source term ω1C(t)S(t) + ρT (t) in (8) is strictly positive for
0 ≤ t ≤ ε2, if ε2 > 0 is sufficiently small. Then, the same argument used for C in (6) applies to
prove that L(t) ≥ 0 on [0, ε2]. Now that C and L are non-negative on the time-interval [0, ε3], where
ε3 = min{ε1, ε2}, we use the same argument on (9) to show that H(t) ≥ 0 on [0, ε3]. Finally, the same
argument works now on (10) to establish that T (t) ≥ 0 on [0, ε3].
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3.2 Steady State Analysis
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Figure 2: This is a plot of all the equilibrium points that we explicitly find below. Beginning on the first
row and starting from left to right, we have x∗1, x∗2, x∗3, x∗4 and x∗5 for the fourth panel, and x∗6.

In order to compute the equilibrium points, we start by setting equations (1)-(5) equal to zero to
obtain the following system of linear and quadratic equations.

Λ− τ1CS − τ2CL− µ1C = 0 (12)

rS

(
1− S + L+H + T

K

)
− ω1CS − µ2S = 0 (13)

vrL

(
1− S + L+H + T

K

)
+ ω1CS + ρT − ω2CL− µ2L = 0 (14)

ω2CL− ξ1H = 0 (15)

ηH − ξ2T = 0 (16)

By solving the equation (12) for C, we get

C∗ =
Λ

τ1S∗ + τ2L∗ + µ1
, (17)

and solving the equation (13) for S, results in the following two alternative expressions

S∗ = 0 (18)

S∗ =
K(r − ω1C

∗ − µ2)− r(H∗ + L∗ + T ∗)

r
. (19)

Then, solving the remaining system for each of the state variables gives

L∗ =
ω1C

∗S∗ + ρT ∗

ω2C∗ + µ2 − vr
(

1− S∗ + L∗ +H∗ + T ∗

K

) (20)

H∗ =
ω2C

∗L∗

ξ1
(21)

T ∗ =
ηH∗

ξ2
(22)
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We consider first the equilibrium points with S∗ = L∗ = 0. Substituting these values into equations (21)
and (22) we obtain H∗ = T ∗ = 0 and then (17) gives C∗ = Λ

µ1
> 0 (because Λ, µ1 > 0). Therefore, the

first equilibrium point (and the only one with S∗ = L∗ = 0) for the system is

x∗1 = (C∗, S∗, L∗, H∗, T ∗) =

(
Λ

µ1
, 0, 0, 0, 0

)
.

Next, we examine the equilibrium points that correspond to Λ = 0—no input rate of carrion into
the environment. It follows from (12) that C∗ = 0 and then (15) yields H∗ = 0, and hence (16) implies
T ∗ = 0. Now we are left with just the following reduced system of equations, (13)-(14):

rS∗
(

1− S∗ + L∗

K

)
− µ2S

∗ = 0,

vrL∗
(

1− S∗ + L∗

K

)
− µ2L

∗ = 0.

It is not possible for S∗ and L∗ to be both nonzero because then we would have µ2

r = µ2

vr , necessitating
v = 1 when we know that v < 1. Thus, one or both of S∗ and L∗ must be zero. The latter case leads
back to the equilibrium x∗1. The former case, solving this system of equations, leads to two solutions,
the first one given by

x∗2 = (C∗, S∗, L∗, H∗, T ∗) =
(

0,K
(

1− µ2

r

)
, 0, 0, 0

)
,

and the second one given by

x∗3 = (C∗, S∗, L∗, H∗, T ∗) =
(

0, 0,K
(

1− µ2

vr

)
, 0, 0

)
.

These cases are represented in Figure (2) panels (2) and (3), where the population of lead-free eagles (S)
and the population of SCPT eagles (L), respectively, grow until they reach their corresponding carrying
capacities K

(
1− µ2

r

)
and K

(
1− µ2

vr

)
. The equilibrium x∗3 describes the case where, in the absence of

lead, vertical transfer of lead toxicity makes the compartment L persist. To determine the conditions
under which x∗2 exists in the non-negative orthant of the 5-dimensional state space, we must ensure
S∗ > 0. This is the case if the intrinsic per capita growth rate is greater than the natural per capita
death rate, that is r > µ2 > 0. Similarly, to determine the conditions under which x∗3 exists in the
non-negative orthant of the 5-dimensional state space, we must ensure that L∗ > 0, which is satisfied
when vr > µ2.

Next, we find, x∗4, x∗5 and x∗6, corresponding to the fourth and fifth panels of Figure (2). Let us
express C∗, H∗, and T ∗ in terms of S∗ and L∗ from equations (12), (15) and (16). In doing so we obtain

C∗ =
Λ

τ1S∗ + τ2L∗ + µ1

H∗ =
ω2Λ

ξ1

(
L∗

τ1S∗ + τ2L∗ + µ1

)
T ∗ =

ηω2Λ

ξ1ξ2

(
L∗

τ1S∗ + τ2L∗ + µ1

)
.

By substituting these expressions into equations (13) and (14), we obtain the following system of 2
equations in the 2 state variables, S∗ and L∗:

(((τ1S
∗ + τ2L

∗ + µ1)(K − L∗ − S∗)r −K(µ2τ2L
∗ + µ2τ1S

∗ + Λω1 + µ1µ2))ξ1 − ω2rΛL
∗)ξ2 − Λη rω2L

∗ = 0
l3L
∗3 + l2L

∗2 + l1L
∗ + l0 = 0

(23)
Where,

l3 = rvτ1ξ1ξ2,

l2 = ((v(Kτ2 + (τ1 + τ2)S∗ + µ1)r +Kµ2τ2)ξ1 + ω2rvΛ)ξ2 + Λ η rvω2

l1 = ξ1(v(τ1S
∗ + µ1)(S∗ −K)r +K(µ2τ1S

∗ + ω2Λ + µ1µ2))ξ2 − ρ η ω2ΛK

l0 = −ω1Λ ξ1ξ1KS
∗.
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By setting S∗ = 0, we obtain three values for L∗, namely L∗ = 0 (leading once more to the equilibrium
x∗1) and two nonzero values L∗1 > L∗2 given by

L∗1,2 = α± β, (24)

where

α =
(((Kτ2 − µ1) ξ1 − ω2Λ) vr −Kτ2µ2ξ1) ξ2 − Λ η rv2

rvτ2ξ21
(25)

and

β =
1

rvτ2ξ2ξ1

[
(rvΛ (ξ2 + η)ω2)2 + 2ξ2ξ1vrω2Λβ0

]1/2

(26)

where,

β0 = (((vr − µ2 + 2 ξ1) ξ2 + η (vr − 2 ρ− µ2))Kτ2 − rvµ1 (ξ2 + η)) + (ξ1ξ2 (K (vr − µ2) τ2 + vrµ1))2

When L∗ 6= 0, L∗1 and L∗2 lead to two new equilibria:

x∗4 =

(
Λ

τ2L∗1 + µ1
, 0, L∗1,

ω2Λ

ξ1

(
L∗1

τ2L∗1 + µ1

)
,
ηω2Λ

ξ1ξ2

(
L∗1

τ2L∗1 + µ1

))
x∗5 =

(
Λ

τ2L∗2 + µ1
, 0, L∗2,

ω2Λ

ξ1

(
L∗2

τ2L∗2 + µ1

)
,
ηω2Λ

ξ1ξ2

(
L∗2

τ2L∗2 + µ1

))
,

Both of which describe the long-term behavior of panel (4) in Figure (2). When S∗ 6= 0, then

x∗6 =

(
Λ

τ1S∗ + τ2L∗ + µ1
, S∗, L∗,

ω2Λ

ξ1

(
L∗

τ1S∗ + τ2L∗ + µ1

)
,
ηω2Λ

ξ1ξ2

(
L∗

τ1S∗ + τ2L∗ + µ1

))
,

where S∗ and L∗ are obtained from solving the system of equations (??) and (??), giving

S∗ = −

(
ξ1ξ2τ2µ2(L∗)2 + [ξ1ξ2((vω1 − ω2)Λ + µ1µ2(v − 1)) + ηω2ρΛ]L∗

ξ1ξ2((vτ2 − τ1)µ2L∗ + ω2Λ)

)
,

and L∗ is the solution to a cubic equation, providing the possibility of three additional fixed points.
However, two of the solutions are complex-valued, so there is only one solution. In order that the
last three fixed points be biologically meaningful, they must all be positive. For x∗4 and x∗5, as long
as L∗1, L

∗
2 > 0, the equilibrium populations of each compartment will be positive, except for S∗. We

can prove this by first separating equations (25) and (26) into smaller expressions, making them easier
to analyze, and ignoring the denominator in both because it does not affect the conditions on either
α or β. To begin for β, its first and last terms (rvΛ (ξ2 + η)ω2)2 and (ξ1ξ2 (K (vr − µ2) τ2 + vrµ1))2,
respectively, are both positive because they are both squared. Thus we must show that the second term
is positive. We require that vr − µ2 > 2ρ > 0. Then the following condition

(vr − µ2 + 2 ξ1) ξ2 + η (vr − 2 ρ− µ2) >
rvµ1 (ξ2 + η)

Kτ2
,

satisfies b > 0. For a, when the following are true,

K >
µ1

τ2
,

Kτ2 − µ1 >
Λω2

ξ1
,

(Kτ2 − µ1)ξ1 − ω2Λ >
Kτ2µ2ξ1

vr
,

((Kτ2 − µ1)ξ1 − ω2Λ)vr −Kτ2µ2ξ1 >
Ληrvω2

ξ2
,

then a > 0. With both a, b > 0, then x∗4,x
∗
5 > 0 and we establish that they both exist. For x∗6, as long

as S∗, L∗ > 0, then the equilibrium corresponding to panel (1) in Figure (2) exists.
Note: Because of the complexity of the cubic equation in L∗, we were unable to perform symbolic
analysis to prove the existence of x∗6. However, using numerical simulations, we find the model supports
its existence.
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3.3 Stability of Steady States

Determining the stability of the steady states, or equilibrium points, provides us with information as
to whether or not the system approaches or avoids the equilibrium points. To do this, we compute the
Jacobian matrix, given by

J =



−Lτ2 − Sτ1 − µ1 −τ1C −τ2C 0 0

−ω1S
(K−L−H−2S−T )r−K(ω1C+µ2)

K − rSK − rSK − rSK
−ω2L+ ω1S

ω1KC−rvL
K

v(K−2L−H−S−T )r−K(ω2C+µ2)
K − rvLK

−rvL+Kρ
K

ω2L 0 ω2C −ξ1 0

0 0 0 η −ξ2


,

which is a function of the fixed points, and we determine the sign of the eigenvalues. When all eigenvalues
are negative, the equilibrium point is stable, and if at least one eigenvalue is positive, then we classify
the equilibrium as unstable. The Jacobian evaluated at x∗1 is

J̃ (x∗1) =



−µ1 −τ1Λ

µ1
−τ2Λ

µ1
0 0

0
(r − µ2)µ1 − ω1Λ

µ1
0 0 0

0
ω1Λ

µ1

(rv − µ2)µ1 − ω2Λ

µ1
0 ρ

0 0
ω2Λ

µ1
−ξ1 0

0 0 0 η −ξ2


.

To find the eigenvalues, we determine roots of the characteristic polynomial, given by

p1(λ) =

(
(λ+ ξ1) (λ+ ξ2) (rv − λ− µ2)µ1 − ω2

(
λ2 + (ξ2 + ξ1)λ+ ξ2ξ1 − ηρ

)
Λ
)

((r − λ− µ2)µ1 − ω1Λ) (λ+ µ1)

µ2
1

.

We find that the first two eigenvalues are

λ1 = −µ1 < 0

λ2 =
µ1(r − µ2)− ω1Λ

µ1
< 0 when r − µ2 >

ω1Λ

µ1
.

These two eigenvalues are less than zero by definition of our parameters, but we need to obtain the last
three eigenvalues from a cubic equation. However, we utilize the Routh test to determine the additional
conditions for the stability criterion. The polynomial that we examine is

p1,a(λ) =
(
(λ+ ξ1) (λ+ ξ2) (rv − λ− µ2)µ1 − ω2

(
λ2 + (ξ2 + ξ1)λ+ ξ2ξ1 − η ρ

)
Λ
)

= 0.

By expanding p1,a(λ) and ordering the terms by degree, we obtain the following Routh array

λ3 a0 a2

λ2 a1 a3

λ1 (a1a2 − a0a3)/a1

λ0 a3

12



where

a0 = µ1

a1 = (−rv + µ2 + ξ1 + ξ2)µ1 + Λω2

a2 = ((−rv + µ2 + ξ2) ξ1 − ξ2 (rv − µ2))µ1 + ω2Λ (ξ2 + ξ1)

a3 = −ξ2 (−Λω2 + µ1 (rv − µ2)) ξ1 − Λ η ρω2

If all ai > 0, i = 0, 1, 2, 3, then we must find the conditions where a1a2 > a0a3 to ensure that the
eigenvalues are negative. To begin, by definition of our parameters, a0, a1 > 0, because µ1 > 0 and the
sum µ2 + ξ1 + ξ2 > rv. For a2, we need for (−rv + µ2 + ξ2)ξ1 > ξ2(rv − µ2), which is again satisfied by
our model. The last condition that needs to be satisfied is a3 > 0. For x∗2, the Jacobian is

J̃ (x∗2) =



(−Kτ1−µ1)r+Kτ1µ2

r 0 0 0 0

−ω1K(r−µ2)
r −r + µ2 −r + µ2 −r + µ2 −r + µ2

ω1K(r−µ2)
r 0 µ2 (v − 1) 0 ρ

0 0 0 −ξ1 0

0 0 0 η −ξ2


,

For J̃ (x∗2), we find the eigenvalues from the characteristic equation, and the eigenvalues are negative
when the following conditions are met,

λ1 = −ξ2 = −(ρ+ µ2 + µ4) < 0, ρ, µ2, µ4 > 0,

λ2 = −ξ1 = −(η + µ2 + µ3) < 0, η ≥ 0; µ2, µ3 > 0,

λ3 = µ2(v − 1) < 0, µ2 > 0, 0 < v < 1

λ4 = µ2 − r < 0, µ2 < r

λ5 = K >
rµ1

τ1(r + µ2)
, τ1, µ2,K > 0,

thus ensuring that x∗2 is stable. Likewise, for x∗3, we find the roots of the characteristic equation of J̃ (x∗3),

J̃ (x∗3) =



−v(Kτ2+µ1)r+Kµ2τ2
rv 0 0 0 0

0 −µ2(v−1)
v 0 0 0

−ω2K(rv−µ2)
rv −rv + µ2 −rv + µ2 −rv + µ2 −rv + ρ+ µ2

ω2K(rv−µ2)
rv 0 0 −ξ1 0

0 0 0 η −ξ2


,

and we get

λ1 = −ξ2 = −(ρ+ µ2 + µ4) < 0, ρ, µ2, µ4 > 0,

λ2 = −ξ1 = −(η + µ2 + µ3) < 0, η ≥ 0, µ2, µ3 > 0,

λ3 = −µ2(v − 1)

v
< 0, µ2 > 0, 0 < v < 1,

λ4 = −rv + µ2, v > 0 ∧ vr > µ2,

λ5 =
−Krvτ2 −Kµ2τ2 − rvµ1

rv
, µ1 > −

Kτ2(rv + µ2)

rv

where λ3 > 0 by definition of v, the proportion of retained fertility of sub-clinical eagles. Thus x∗3
is an unstable equilibrium. For the last three equilibrium points, x∗4, x∗5, and x∗6, determining the
stability is much more difficult, but by substitution of the parameters into the symbolic solver, we find
that the equilibrium corresponding to x∗4 and x∗5 is unstable whereas the equilibrium for x∗6 is locally
asymptotically stable.

13



4 Numerical Simulations

For the numerical simulations, we analyze a slightly different model:

dC

dt
= (Λ− τ1CS − τ2CL) f(t)− µ1C, (27)

dS

dt
= rS

(
1− S + L+H + T

K

)
− ω1CS − µ2S, (28)

dL

dt
= vrL

(
1− S + L+H + T

K

)
+ ω1CS + ρT − ω2CL− µ2L, (29)

dH

dt
= ω2CL− ξ1H, (30)

dT

dt
= ηH − ξ2T, (31)

where the parameters are the same and

f(t) =

{
1, 0 ≤ t ≤ 0.25,

0, 0.25 < t < 1
.

We consider this slightly different model to account for changes in the contaminated carrion input rate
Λ over the course of the year. The factor f(t) accomplishes this feature. Based on the assumption that
bald eagles scavenge during the hunting season, f(t) acts as a switch to signal that during the hunting
season, bald eagles scavenge, and during the remaining nine months of the year, the bald eagles do not
scavenge at all while the contaminated carrion concurrently decays to zero. We assume that time t = 0
begins at the beginning of the hunting season, in November, where the hunting season lasts for three
months, or one fourth of the year. The results of the numerical simulations are on the following two
pages.
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Figure 3: Population dynamics between compartments under current conditions (on the top) and in the
absence of further lead-contaminated carrion (bottom).
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Figure 4: Impact of variations in the annual contaminated carrion input rate, Λ, in the dynamics of the
total, lead-free, SCPT, and CPT population sizes of Bald Eagles.
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Figure 5: Laurentian Great Lakes region eagles and the total number of eagles from the model (left).
The maximum growth rate of the total population as a function of the input rate of carrion, Λ, (right).
The maximum growth rate of the total population as a function of the per capita treatment rate of CPT
eagles, η, (bottom).

5 Sensitivity Analysis

Based on the analysis in the previous section, we consider the sensitivity indices, or elasticities, of the
state variables C, S, L, H, and T with respect to Λ, ω1, ω2, and η in order to develop a clearer
understanding of how each of these parameters affect each state variable. The sensitivity index SI of
some state variable u with respect to a some parameter p is defined by

SIup
:= lim

δp→0

(
δu

|u|

)
(
δp

|p|

) =
|p|
|u|

∂u

∂p
=
|p|
|u|
up.

The sensitivity indices describe the percentage by which the state variable increases or decreases when
the parameter is increased by one percent.
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Figure 6: Sensitivity indices of each state variable with respect to the constant rate of the input of carrion
(Λ), the per capita rate at which lead-free eagles develop SCPT when all carrion is contaminated (ω1),
the per capita rate at which SCPT eagles develop CPT when all carrion is contaminated (ω2), and the
per capita retrieval rate of eagles for chelation therapy (η).

5.1 The Sensitivity of Carrion

The sensitivity of C is an independent case compared to the other compartments, and we will consider
what this means for the S, L, H, and T state variables. Immediately, notice that C is highly sensitive
to Λ compared to ω1, ω2, and η. Increasing the input rate of contaminated carrion by 1% will increase
the amount of carrion by about 1% as expected, compared to close to zero for ω1, ω2 and η, all for all
time t. C has no explicit dependence on ω1, ω2, or η, so the per capita rate at which lead-free eagles
develop SCPT when all carrion is contaminated, the per capita rate at which eagles with SCPT develop
CPT when all carrion is contaminated, and the retrieval rate have no effect on the amount of the input
rate of contaminated carrion in the environment. It is interesting to note that ω2 has a greater effect on
C than ω1. Again, this is consistent because ω1 decreases the number of lead-free eagles and increases
the amount of eagles with SCPT, resulting in a net loss of contaminated carrion consumption because
the latter group has reduced fertility and reduced voracity compared to lead-free eagles.

5.2 The Sensitivity of Lead-Free, SCPT, CPT, and Treated Eagles Compart-
ment Sizes

We first examine the sensitivity indices with respect to the rate at which contaminated carrion enters the
environment, Λ. For S, increasing the constant rate of the input of contaminated carrion by 1% decreases
S by about 0.8% because as more eagles in S consume contaminated carrion, the faster they develop
SCPT. This is also consistent with the sensitivity index for L with respect to Λ because increasing the
input of contaminated carrion increases the amount of eagles with SCPT because eagles in S consume
more contaminated carrion, raising their lead levels. We see this effect propagate through H and L,
which highlights that the entire population is sensitive to Λ. Next, ω1, the per capita rate at which
lead-free eagles develop SCPT, causes a 1% decrease in S and a 0.5% increase in L , H, and T when
increased by 1%. As more lead-free eagles consume more contaminated carrion, the more they develop
SCPT, which will eventually increase the number of eagles with CPT that are then treated by chelation
therapy. The per capita rate at which eagles with SCPT develop CPT where all carrion is contaminated,
ω2, causes increases in S, H, and T along with a decrease in L because eagles with CPT are either treated
or succumb effects of lead poisoning. Lastly, an increase in the per capita treatment rate of eagels with
CPT η by 1% causes a decrease in S and H and an increase in L and T . This is consistent with what we
expect because treated eagles with CPT never fully recover and return to the SCPT class, accounting
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for both the decrease in S and H and the increase in L. The T state variable is most sensitive to Λ,
followed by η due to the the per capita treatment of eagles with CPT.
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Figure 7: Explicit sensitivity indices of each state variable with respect to Λ, ω1, ω2, and η.

6 Discussion

This model contains logistic growth in two compartments: lead-free and SCPT. This allows for
the modeling of vertical transfer of lead and its impact on the population’s growth. Although this model
is primarily compartmental, the novel inclusion of logistic population growth allowed for closer align-
ment to the 2000, 2007, and 2009 data for the region Figure 4. Since the disease we sought to model,
lead-toxicity, is not contagious, the standard dynamics for movement through compartments were not
applicable. Hence, we used a fifth equation as a proxy to mobilize eagles through the stages of the
disease. In our research, we found it difficult to find a model which not only allows for chronic toxicity
of an environmental contaminant, but a precise source. Most models explored only allowed for more
general environmental contamination cycle [25,26].

We sought to explore the relationship between scavenging eagle’s consumption of lead-shot con-
taminated food-sources, using three aspects of chronic exposure: reduction in fertility and appetite,
along with the potential to acquire clinical lead-toxicity, resulting in death (in the absence of treatment).
We primarily explored the population’s sensitivity to the proportion of lead-contaminated carrion (to
the total mass of carrion), Λ, and the per capita rate by which eagles are retrieved and placed into
treatment, η. We found the population is most sensitive to altering the mass of contaminated carrion.
This is expected, due to the long-term physiological damage and increase in per capita death due to
lead-toxicity, which is shown in the right plot in Figure (5). In stark contrast, the system has little to no
sensitivity with respect to η, except for eagles with CPT that are being treated. We can see that in the
bottom plot of Figure (5), we see that as the per capita treatment rate of eagles with CPT decreases,
the maximum growth rate of the total population increases, although by a very small amount (a 50%
decrease in η results in a 0.14% increase in the maximum growth rate). Although this seems contrary
to what is expected, it is completely consistent with the model and its assumptions, particularly the
assumption that eagles with SCPT have reduced fertility and voracity. Because eagles with CPT that
are treated return to the SCPT class, these eagles consequently have reduced fertility and voracity. Thus,
these eagles reproduce at a slower rate compared to healthy lead-free eagles.

This model only considers eagles which succumb to death purely due to lead-toxicity. Research
suggests the physiological damages caused by chronic lead toxicity increases the number of deaths due
to injury [23, 44]. In recent years, although raptor rehabilitation centers report the prevalence of lead-
toxicity cases continues to rise, the main cause of non-natural death of eagles is due to hazards, such
as vehicular collision [39]. Typically, these eagles test for elevated serum-lead levels, but the levels are
not high enough to definitively assign death to lead-poisoning [44]. Many studies conclude there exists a
correlation between deaths due to injuries, such as power-line and vehicle collisions are due to the affected
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flight capacity of eagles and disorientation due physiological damage, such as ocular and neurological
lesions [15, 16, 34, 39]. In this, our analysis may not encapsulate the entirety of the damage caused by
lead-toxicity in the bald eagle population.

Although there is evidence of lead accumulation in eggshells, allowing for vertical-transfer of lead-
toxicity to young [9,10,49], this does not absolutely imply all young born to eagles with SCPT will also
acquire SCPT. For the system’s third equilibrium, we observe the number of eagles with SCPT compos-
ing the total population of eagles, Figure (2). Although possible, under the model assumptions, in the
absence of lead, there does not exist evidence for this phenomena. Future additions to the model could
allow eagles with SCPT to beget offspring with background serum-lead-levels, or to allow generational
degradation of lead in the population, in the absence of a source.
Although we assume only eagles with CPT are retrieved and given therapy and rehabilitation, in prac-
tice eagles with SCPT are given some treatment, such as fluid administration [15]. To more accurately
portray the impact of treatment on the population, future works could incorporate treatment of eagles
with SCPT.

7 Conclusion

In conclusion, we found that the system is most sensitive to the input rate of carrion Λ. We
also found that the system is least sensitive to the per capita treatment rate of CPT eagles. Further, as
both Λ and η decrease, the maximum growth rate of the total population increases, with Λ contributing
a greater effect. This suggests that the best course of action would be the reduction of lead through
preventative measures as opposed to the treatment of CPT eagles. A 50% reduction in the input rate of
contaminated carrion resulted in a 4.57% increase in the maximum growth rate of the total population
of bald eagles. Likewise, a 50% reduction in η resulted in a 0.14% increase in the maximum growth
rate. Although this seems counter-intuitive, this is consistent with the model. Eagles with CPT that
are treated do not fully recover even though they are released back into the wild. This is manifested in
the fact that eagles with SCPT have reduced fertility and voracity, thus producing a smaller brood of
eaglets compared to lead-free eagles.
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