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Problem Statement

▶ The introduction of humans into a predator-prey system
reduces the anti-predator response of the prey.

▶ We want to develop a mathematical model of prey and
predator populations over time before, during, and after
human occupation.



Assumptions (1)

▶ When the prey population increases, so too does the predator
population as their food source increases.

▶ Predation reducing the prey population can result in decrease
in the predator population as food decreases.

▶ Human occupation results in muting of prey anti-predator
behavior.

(Evolutionary dynamics, B. Geffroy et al.)

▶ Human presence reduces predator activity via predator
population reduction in area over time

▶ As per the problem stipulation, human presence has both
rapid onset and egress.



Assumptions (2)

▶ Energy exerted on anti-predator responses decrease the prey’s
reproduction due to decreased opportunities vis-à-vis foraging
and mating; on the other hand, less energy can be spent on
anti-predator response and more on mating with the
introduction of humans.

▶ The environment has limited resources (i.e. a carrying
capacity), so the population cannot tend towards infinity.

▶ the anti-predator response takes time to change

▶ the predator population needs five times as many prey to
support it on average



Model Background (1)

Our model is inspired by the Lotka-Volterra equations and logistic
population model, but with significant modifications to account for
the effect of human presence—and the resulting change in energy
spent by prey to avoid predators—as well as inclusion of carrying
capacity for both prey and predator populations.
Below are the Lotka-Volterra equations:

dR

dt
= αR − βPR (1)

dP

dt
= δPR − γP (2)

(Mathematical models in biology, Edelstein-Keshet)



Model Background (2)

Below is the logistic population model:

dx

dt
= rx(1− x

K
) (3)

where r is the per-capita growth rate, x is the population, and K is
the carrying capacity.

(Mathematical models in biology, Edelstein-Keshet)



Differential Equations: Development (1)

We express the function modeling the decrease in anti-predator
response with the introduction of humans as:

A(t) = hin(t)(1− e−(t−τ1))− hout(t)(1− e−(t−τ2)) (4)

Where hin(t) and hout(t) are functions expressing the entrance and
exit of humans, respectively. They are both defined as time-shifted
Heaviside functions via the equations

hin(t) =


0 : t < τ1
0.5 : t = τ1
1 : t > τ1

(5)

and

hout(t) =


0 : t < τ2
0.5 : t = τ2
1 : t > τ2

(6)



Differential Equations: Development (2)

We considered using compressed, time-shifted sigmoid functions as
the ”switch” for human presence in order to preserve function
smoothness, but we decided on using the heaviside function to
minimize model complexity. Since MATLAB both natively includes
the heaviside function and evaluates ODEs using numerical
methods, discontinuities in A(t) do not present an issue.



Differential Equations: Development (3)

t as a time unit is in weeks
We express:

▶ the rate of change of prey population as

dR

dt
= (αR − βPR)× R(1− R

CCPrey
) (7)

with
α = K1 + K2A(t) (8)

β = K3 − K4hin(t) + K5hout(t) (9)

and
CCPrey = CCPrey Max − 5P (10)



Differential Equations: Development (4)

▶ the rate of change of predator population as

dP

dt
= (δPR − γP)× P(1− P

CCPredator
) (11)

with
δ = K6 − K7hin(t) + K8hout(t) (12)

γ = K9 (13)

and
CCPredator = 0.2R (14)



Table of Parameters

Parameter Name Units Assigned Value

R0 Initial prey population Population 5000
P0 Initial predator population Population 2000
CCPrey Max Maximum carrying capacity for prey population Population 20000
τ1 Human entrance time Weeks 300
τ2 Human exit time Weeks 700

K1 Base prey birth rate coefficient 1
Population∗Weeks

ln2
30·(CCPrey Max/2)

K2 Coefficient of anti-predator response 1
Population∗Weeks K1/2

K3 Base Prey death rate coefficient 1
Population2∗Weeks

K1/(2R0)

K4 Coefficient of entering human effect on prey 1
Population2∗Weeks

0.5K1/R0

K5 Coefficient of removing human effect on predator 1
Population2∗Weeks

0.5K1/R0

K6 Base predator birth rate 1
Population2∗Weeks

3K1/2P0

K7 Coefficient of entering human effect on predator 1
Population2∗Weeks

3K1/P0

K8 Coefficient of removing human effect on predator 1
Population2∗Weeks

3K1/P0

K9 Base predator death rate 1
Population∗Weeks K1/2



Visualization of Simulation

(Generated in MATLAB, version R2022b)



Discussion of Model and its Limitations (1)

▶ The prey-predator system had a distinct change under the
influence of humans

▶ Model Limitation: anti-predator response is considered as a
baseline effect that is removed by human presence.
▶ Potential Solution: we could write the anti-predator response

function based on both predator population and previous
duration of predator presence to better simulate prey learning.

▶ Model Limitation: The model did not show the strong
oscillatory nature of prey-predator interaction.
▶ Potential Solution: we could more closely mimic the

Lotka-Volterra model to start, and incorporate the
anti-predator response first, getting a model similar to the
expected Lotka-Volterra oscillations, then add in human effect



Discussion of Model and its Limitations (2)

▶ Model Limitation: Potential resource exhaustion from the
rapid increase in prey population after the introduction of
humans was not modeled.
▶ Potential Solution: we could add in resource exhaustion effects

by adding a decay term to the prey carrying capacity that
increases the longer the prey population stays close to the
maximum prey carrying capacity

▶ Since the stipulation was that introduction of humans to the
environment was rapid, as well as their evacuation, we simply
used a step function. In a more complex model, we could
consider using a sigmoid function to represent gradual onset
and removal of human effects.

▶ Model Limitation: Populations are asymptotic at extreme
values, so extinctions are not simulated
▶ Potential Solution: penalize birth rate non-linearly at low

population to get a tipping point.



Conclusion

▶ Our model showed a predator-prey environment that reached
an equilibrium before introduction of humans, an equilibrium
with human presence, and a return to equilibrium after human
presence. We were able to simulate an ecosystem that
recovered after anthropogenic change.

▶ The pre-human equilibrium didn’t have as much oscillatory
behavior as we initially expected, but it did simplify the model
in terms of human effects, since at t > 250 we no longer had
to worry about what point in the pred-prey oscillation that
humans were introduced.

▶ We chose simplified functions to build our model, but we
think there is a lot of potential for predictive capability if we
incrementally incorporate more complexity, although there will
be a trade-off in ease of interpretation.



References

▶ B. Geffroy et al., “Evolutionary dynamics in the
Anthropocene: Life history and intensity of human contact
shape anti-predator responses,” PLoS Biol, vol. 18, no. 9, p.
e3000818, Sep. 2020, doi: 10.1371/journal.pbio.3000818.

▶ L. Edelstein-Keshet, Mathematical models in biology.
Philadelphia: Society for Industrial and Applied Mathematics,
2005.

▶ Baygents, Gerry. “Using Matlab to Numerically Solve
Prey-Predator Models with Diffusion,” 2017.



Thank you!

We’re glad to have had this opportunity to explore modeling, and
thank you for your time and consideration


