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Certain herbivores and their predators undergo high amplitude periodic fluctuations in

abundance in northern latitudes but exhibit damped cyclic dynamics in their respective

southern ranges. Generalist predation and habitat loss have been identified as two features

of southern habitats that may contribute to the attenuation of cycles in southern latitudes.

I used a reaction-diffusion-advection framework to investigate the relative and combined

damping impacts of generalist predation and habitat loss with reaction terms taken from

the May and Rosenzweig-MacArthur models. The models were parameterized using data

from snowshoe hare and Canada lynx field studies to generate similar cyclic dynamics in

the center of a single patch in the absence of generalist predation. I found that generalist

predation has strong stabilizing effects for both models and may represent a threat to

the persistence of specialized predators. The magnitude of cycle damping due to habitat

loss depends on movement rates and model choice, but ultimately results in the loss of

cycles. Differences in model carrying capacity may explain differences in model sensitivity

to habitat loss, and cycle amplitude may or may not decrease monotonically with habitat

loss, depending on model choice. Elevated generalist predation rates at patch edges and in

matrix habitat hasten cycle attenuation in situations that lead to increased prey exposure to

generalists, including small patch size, higher movement rates into the matrix, and increased

prey density at patch edges. Habitat disturbances may therefore have myriad consequences



for cyclic systems depending in part on the nature of specialist predator-prey interactions

and the extent to which the disturbances increase generalist access to prey. Field data that

clarifies the relationships between habitat loss and fragmentation, generalist density and

behavior, and cyclic activity would be invaluable in informing future modeling efforts.
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Chapter 1

THEORETICAL IMPACTS OF HABITAT LOSS AND GENERALIST
PREDATION ON PREDATOR-PREY CYCLES

1.1 Introduction

The multiannual population cycles of certain mammals and their predators in northern

latitudes have been studied extensively over the last century (Elton and Nicholson 1942,

Keith 1990, Akçakaya 1992, King and Schaffer 2001, Korpimäki et al. 2004, Tyson et al.

2010, Krebs 2011). The importance of cyclic herbivores, such as snowshoe hares (Lepus

americanus) and brown lemmings (Lemmus trimucronatus), to tundra and boreal ecosys-

tems lies at the heart of this interest in oscillatory population dynamics (Krebs 2011).

These species are major food resources for many predators in addition to being consumers

of large amounts of plant material. Hypotheses for the causes of population cycles have

invoked sunspots, weather, forest fires, stress, food shortage, plant defenses, and parasites

(Akçakaya 1992). While some of these features likely affect population densities, predation

is now widely accepted as a key driver of cyclic fluctuations (Akçakaya 1992, Turchin 2003,

Korpimäki et al. 2004, Krebs 2011). However, less attention has been given to the cause

of the observed reductions in amplitude and densities of cyclic species in their respective

southern ranges (Akçakaya 1992), and it is this phenomenon to which this study is devoted.

The snowshoe hare and its specialist predator, the Canada lynx (Lynx canadensis),

will serve as a case study due to their use as a classic example of oscillatory predator-prey

dynamics and for the abundance of available time series data. Additionally, the Canada

lynx is listed as a threatened species in the lower 48 states and is therefore notable as a

conservation concern.

Hare populations in northern boreal forests are famous for their dramatic cyclic fluc-

tuations in abundance, characterized by a period of eight to 11 years and amplitudes that
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are often 10- to 25-fold (Hodges 2000a). In contrast to populations in the north, the os-

cillatory dynamics of hare and lynx populations at southern latitudes are much attenuated

(Keith 1990), with hare cycle amplitudes usually on the lower end of the two- to 25-fold

observed range (Hodges 2000b). Two factors that may contribute to the damped dynamics

of snowshoe hares and other species in their respective southern latitudes are landscape

fragmentation and generalist predation. Suitable prey habitat in southern latitudes is natu-

rally patchier or more fragmented due to human influences (Howell 1923, Wolff 1980, Keith

et al. 1993, Agee 2000), and this reduction in reproductive habitat may not allow for the

rates of population increase necessary to produce high amplitude cycles. The density and

diversity of numerically stable generalist predators is also higher in the south, and prey

are therefore consistently removed by predators that do not cycle along with them (Hanski

et al. 1991, Erlinge et al. 1992, Klemola et al. 2002).

Moreover, with increased landscape disturbance, generalist predators are able to use ar-

eas occupied by specialists that were previously inaccessible, so fragmentation and increased

abundance of generalists are expected to occur simultaneously (Buskirk 2000). Generalist

predators are thought to benefit from fragmented landscapes through increased visibility

and mobility in disturbed areas, access to a broad range of food sources, and exploitation of

edge habitats (Andrews 1990, Harrison and Bruna 1999, Buskirk 2000, Gehring and Swihart

2003). Indeed, Andrén et al. (1985) observed that the density of generalist corvid birds was

higher south of the boreal zone in Sweden where cycles of tetraonid birds disappear, and

was positively correlated with dummy nest predation rate, fragmentation degree of forests,

and proportion of agricultural lands. Further, Andrén and Angelstam (1988) found that

dummy nest predation rates in Sweden were highest in farmland habitat, with an increase

in predation extending into neighboring forest habitat leveling off 200-500m from the edge.

Other studies have found edge-related increases in predation ranging from 50m to 4km (Pa-

ton 1994, Batáry and Báldi 2004, Storch et al. 2005) from the edge. Additionally, Wilcove

(1985) observed elevated nest predation rates on very small forest fragments and on patches

closer to suburban areas. Accordingly, some snowshoe hare studies have found increased

predation in open areas with reduced cover (Dolbeer 1975, Sievert and Keith 1985, Griffin

and Mills 2009), while others have found predation to be very high on small patches of
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habitat in highly fragmented landscapes (Keith et al. 1993, Wirsing et al. 2002).

These observations of spatial heterogeneity in predation rates suggests that there is

strong potential for generalist predators to interact with forest fragmentation to influence

cycles, but these effects and the impacts on threatened species like the lynx are currently

unknown (McKelvey et al. 2000). Authors have made use of the wealth of data provided by

the Hudson’s Bay Company’s well-known records of hare and lynx fur returns (Elton and

Nicholson 1942, MacLulich 1957) and intensive field studies in Rochester, Alberta (Keith

1990) and Kluane Lake, Yukon (Krebs et al. 2001a) to propose and parameterize mechanistic

models for northern hare-lynx cycles (Akçakaya 1992, Ives and Murray 1997, King and

Schaffer 2001, Tyson et al. 2010). In contrast, no southern field studies have exceeded

four years in duration, and studies have occurred over such a wide variety of habitats and

climates that generalizations are difficult to make (Murray 2000).

Though data are lacking in the south, theorists have taken models similar to those

fit to northern data and perturbed the cycles according to environmental parameters and

forms of predation that are suspected to be different in the south to explore conditions that

disrupt cycles. For instance, Hanski et al. (1991) used differential equations to show that

generalist predation has a strong damping impact on predator-prey cycles characteristic of

small rodents and mustelids in Fennoscandia. Taylor et al. (2013) used the same model to

show that a shortened breeding season in southern latitudes results in shorter cycle period.

In an individual-based simulation study, Szwabiński and Pȩkalski (2006) found that habitat

loss weakened stochastically generated fluctuations in predator and prey abundance. Strohm

and Tyson (2009) further demonstrated that habitat loss decreases the amplitude of hare-

lynx cycles for four different mechanistic models. While some theoretical work has been

done to investigate how habitat fragmentation and generalist predation work in concert to

affect predator-prey dynamics (Schneider 2001, Swihart et al. 2001), such studies have not

addressed population cycles.

In this chapter, I investigate the effects of generalist predation and habitat loss on

predator-prey cycles using two models with different functional forms. I first explore the

relative effects of generalist predation and habitat loss to establish how each works to damp

cycles and to compare model responses. I then examine the combined effects by considering
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both spatially uniform and matrix-based generalist predation. This comparison in spatial

patterns will provide insight into whether and when spatial differences in predation are

important to consider for both future field work and modeling efforts.

1.2 Methods

Models

Following Strohm and Tyson (2009), I used reaction-diffusion-advection models of the fol-

lowing form to describe population dynamics:

∂n

∂t
= D

∂2n

∂x2
+
∂[V (x)n]

∂x
+ f(n, x), (1.1)

where n = n(x, t) is the population density at location x at time t; D is a spatially uniform

diffusion coefficient; V (x) is spatially varying velocity; and f(n, x) is the reaction term

describing changes in population density that are not due to movement of individuals (e.g.

reproduction, natural mortality, predation). For simplicity, movement occurs in one spatial

dimension, and similarly, population density varies in just one dimension. A system of

partial differential equations (PDEs) was used to model the dynamics of a specialist predator

and its prey, and reaction terms were taken from two different models, the May (2001) and

Rosenzweig-MacArthur models (Rosenzweig and MacArthur 1963).

The full equations for the May model are as follows:

∂H

∂t
= DH

∂2H

∂x2
+
∂[V (x)H]

∂x
+ r(x)H

(
1− H

k

)
− αHL

β +H
− γ(x)H2

H2 + η2
, (1.2)

∂L

∂t
= DL

∂2L

∂x2
+
∂[V (x)L]

∂x
+ sL

(
1− qL

H

)
, (1.3)

where H is prey density and L is predator density. This model includes logistic growth

for both prey and predator, where the predator’s carrying capacity is proportional to prey

density (H/q in Eq. (1.3)). As prey density decreases, predator territory size must therefore

increase, consistent with observations of lynx (Ward and Krebs 1985). This form of the



5

carrying capacity also implies that predators may persist at very low prey densities, which

is a common criticism of the May model (Turchin 2003), but the model was investigated due

to its prevalence in the literature on cycles (Turchin and Hanski 1997, Strohm and Tyson

2012, Taylor et al. 2013) and because it has been fit to field data from the Yukon (Tyson

et al. 2010). The final piece of the May model is Holling’s Type II hyperbolic functional

response for the predator in Eq. (1.3), which is the form firmly established for specialist

predators (Holling 1959, Turchin 2003).

Following Turchin and Hanski (1997), a Holling Type III functional response was used

to incorporate generalist predation in the prey equation (Holling 1959). The density of

generalist predators was assumed to be independent of prey density, with ample alternative

prey available when the focal prey density is low. The Type III functional response is

sigmoidal in shape and describes the prey switching behavior of generalist predators. As

prey density initially rises from very low densities, the predation rate of generalists increases

at an exponential rate as the predators switch from other prey items and become more

efficient at finding and killing the increasingly abundant prey species. The generalists are

eventually limited by their capacity to process additional prey items at high prey density,

and the predation rate approaches its maximum, γ.

The full equations for the Rosenzweig-MacArthur (R-M) model are

∂H

∂t
= DH

∂2H

∂x2
+
∂[V (x)H]

∂x
+ r(x)H

(
1− H

k

)
− αHL

β +H
− γ(x)H2

H2 + η2
, (1.4)

∂L

∂t
= DL

∂2L

∂x2
+
∂[V (x)L]

∂x
+
χαHL

β +H
− δL. (1.5)

The prey equation for the R-M model (1.4) is the same as the prey equation for the May

model (1.2). The predator equation (1.5), however, is different. Namely, the parameter χ

is the prey-to-predator conversion ratio, and predator growth is therefore proportional to

the loss of prey in Eq. (1.4). Additionally, the predators die at an exponential rate in the

absence of prey.



6

Scenarios

To investigate the relative and combined effects of generalist predation and habitat loss, I

explored four different “scenarios” by manipulating certain parameters in the full models

(See Table 1.1). For each scenario, solutions were obtained numerically using the Matlab

PDE solver for one spatial dimension, pdepe. The solver discretizes the system of PDEs over

the user-defined spatial grid, and the resulting ODEs are solved with ode15s, a variable-

order solver for stiff problems based on numerical differentiation formulas (Shampine and

Reichelt 1997). Both models have 4 km spatial domains, where −20 ≤ x ≤ 20. Zero-flux

boundary conditions and the same uniform initial conditions were used for both models in

all scenarios:

∂H(−20, t)

∂t
= 0,

∂H(20, t)

∂t
= 0,

∂L(−20, t)

∂t
= 0,

∂L(20, t)

∂t
= 0. (1.6)

H(x, 0) = 5, L(x, 0) = 0.01. (1.7)

For each scenario, solutions were simulated for 500 years to allow for complete decay of

transients, and the last 30 years of the simulation were recorded.

1.2.1 Scenario 1: Northern baseline

First, I established specialist predator-prey cycles characteristic of hare-lynx cycles across

the boreal forests of Canada and Alaska by considering a single patch without generalist

predators (Scenario 1 in Table 1.1).

The equations for the May model are reduced to

∂H

∂t
= DH

∂2H

∂x2
+ r(x)H

(
1− H

k

)
− αHL

β +H
, (1.8)

∂L

∂t
= DL

∂2L

∂x2
+ sL

(
1− qL

H

)
, (1.9)

and the R-M equations are reduced to
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∂H

∂t
= DH

∂2H

∂x2
+ r(x)H

(
1− H

k

)
− αHL

β +H
, (1.10)

∂L

∂t
= DL

∂2L

∂x2
+
χαHL

β +H
− δL. (1.11)

Table 1.2 lists parameter values, units, and biological meanings. The parameters for

the May model are the same as the default values used in Tyson et al. (2010) and Strohm

and Tyson (2009). These values are based on observed ranges from field studies in Alberta

and the southern Yukon (O’Donoghue et al. 1998, Ruggiero et al. 2000, Hodges et al. 2001,

King and Schaffer 2001, Krebs et al. 2001b) and were chosen to generate hare-lynx cycles

with maximums, minimums, and period as close as possible to those observed at Kluane

Lake in the Yukon (Tyson et al. 2010). The parameters for the Rosenzweig-MacArthur

model were selected to achieve similar prey and predator densities as the parameterized

May model, again within ranges taken from the literature for ecological fidelity. I used

an alternate parameterization of the R-M model compared to that of Strohm and Tyson

(2009), where the prey intrinsic growth rate, r, is the same for both models because this

parameter is manipulated in the habitat loss analysis below. Additionally, forcing the same

r means prey growth rates are indistinguishable at low prey densities (Fig. 1.1a). The prey

intrinsic growth rate for both models varies spatially over the single patch, consistent with

the methods of Strohm and Tyson (2009) and the multiple patch analyses of Scenarios 3-5

(Fig. 1.2a). I also adjusted the parameters for the predator functional response to be as

similar as possible (Fig. 1.1b). Two sets of diffusion coefficients were used for both models,

deemed “low” and “high” diffusivity, where the predator diffuses at DL = 2 and 20 ha/yr,

respectively, with prey diffusivity at half the predator’s rate.

Aside from the form of the predator equations, the biggest difference between the two

models lies in the prey carrying capacity. The carrying capacity for the R-M model was

lowered from 8 prey/ha to 4 prey/ha to bring the prey cycle maximum close to the May cycle

maximum. The R-M prey growth rate above its inflection point of 2 prey/ha is therefore

much lower than the May prey growth rate (Fig. 1.1a).
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Table 1.1: Scenario table. Parameters listed are modifications to the full model equations

(1.2-1.5).

Habitat loss
Generalist predation

Absent Present

Absent

1. Northern baseline

V (x) = 0

r(x) = Fig. 1.2a (no matrix)

γ(x) = 0

2. Generalist Predation

V (x) = 0

r(x) = Fig. 1.2a (no matrix)

γ(x) = γ

Present

3. Habitat loss

V (x) = Fig. 1.2b

r(x) = Fig. 1.2a

γ(x) = 0

4. Generalist predation + habitat loss

V (x) = Fig. 1.2b

r(x) = Fig. 1.2a

a. Spatially uniform generalists

γ(x) = γ

b. Matrix-based generalists

γ(x) = Fig. 1.2b
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Table 1.2: Fixed demographic parameter values for the May and R-M models, along with

units and biological interpretations. Parameter ranges and specific values were taken

from field studies in Alberta and the Southern Yukon and mathematical modeling stud-

ies (O’Donoghue et al. 1998, Ruggiero et al. 2000, Hodges et al. 2001, King and Schaffer

2001, Krebs et al. 2001b, Strohm and Tyson 2009, Tyson et al. 2010).

Parameter Biological Meaning Units May R-M

r Prey intrinsic growth rate 1
year 1.75 1.75

k Prey carrying capacity prey
ha 8 4

α Specialist saturation kill rate prey
predator×yr 505 550

β Specialist half-saturation constant prey
ha 0.3 0.5

s Specialist intrinsic growth rate 1
year 0.85 –

q Prey biomass required per specialist prey
predator 212 –

χ Prey-specialist conversion rate predators
prey – 0.005

δ Specialist death rate in absence of prey 1
year – 2.0

γ Generalist saturation kill rate prey
ha×yr 0-25 0-25

η Generalist half-saturation constant prey
ha 1.25 1.25
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Figure 1.1: Prey logistic growth and specialist functional response for the May and R-M

models. (a) Prey growth rate increases with prey density until the inflection point is reached

at half the carrying capacity (k/2), then growth rate decreases as prey density rises and

approaches k. (b) The specialist predator exhibits a Holling Type II functional response for

both models. At low prey densities, the predation rate rises sharply with prey density. The

specialist predator is eventually limited by its ability to process additional food at high prey

densities, and the predation rate approaches its maximum, α. See Table 1.2 for parameter

values.
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1.2.2 Scenario 2: Generalist predation

The aim of this scenario is to explore the damping impact of generalist predation for the two

models. To simulate a geographical gradient in generalist predation, the Type III generalist

response was returned to the prey equations (Scenario 2 in Table 1.1). For the May model,

the equations become

∂H

∂t
= DH

∂2H

∂x2
+ r(x)H

(
1− H

k

)
− αHL

β +H
− γH2

H2 + η2
, (1.12)

∂L

∂t
= DL

∂2L

∂x2
+ sL

(
1− qL

H

)
, (1.13)

and the RDEs for the R-M model become

∂H

∂t
= DH

∂2H

∂x2
+ r(x)H

(
1− H

k

)
− αHL

β +H
− γH2

H2 + η2
, (1.14)

∂L

∂t
= DL

∂2L

∂x2
+
χαHL

β +H
− δL. (1.15)

The half-saturation constant was fixed at η = 1.25 prey/ha for both models, which is the

value used in Tyson et al. (2010). The generalist saturation kill rate, γ, was increased

uniformly over the single patch while holding the other parameters at their northern base-

line values. Estimates from the Kluane Project (Hodges et al. 2001) put γ between .1-2

prey/ha/year, but values up to 25 prey/ha/year were investigated to determine not only

levels of predation that stabilize dynamics, but also predation rates that cause extirpation.

For the purpose of this analysis, an increase in γ was viewed as an increase in generalist

density.

1.2.3 Scenario 3: Habitat loss

The intent of this scenario is to explore the effect of the north-south habitat loss gradient

on cyclic activity. I used a three patch domain consisting of a single patch of suitable prey
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habitat surrounded by two patches of inhospitable habitat (i.e. matrix habitat). Adding

in the velocity term and removing the generalist term (Scenario 3 in Table 1.1), the May

equations become

∂H

∂t
= DH

∂2H

∂x2
+
∂[V (x)H]

∂x
+ r(x)H

(
1− H

k

)
− αHL

β +H
, (1.16)

∂L

∂t
= DL

∂2L

∂x2
+
∂[V (x)L]

∂x
+ sL

(
1− qL

H

)
, (1.17)

while the R-M equations become

∂H

∂t
= DH

∂2H

∂x2
+
∂[V (x)H]

∂x
+ r(x)H

(
1− H

k

)
− αHL

β +H
, (1.18)

∂L

∂t
= DL

∂2L

∂x2
+
∂[V (x)L]

∂x
+
χαHL

β +H
− δL. (1.19)

Consistent with the methods of Strohm and Tyson (2009), the prey reproduction function,

r(x), is now positive only in the prey habitat patch (Fig. 1.2a), and the velocity function,

V (x), is zero inside of the prey habitat patch but pulls animals towards the patch if they

are in the matrix but still near the patch (Fig. 1.2b). The size of the habitat patch was

reduced in 200 m increments while increasing the size of the matrix to maintain constant

domain length. The reproduction and velocity functions were scaled so that the growth

rate attains its maximum, r = 1.75, precisely in the center of the patch, and the maximum

velocity of ±100 m/yr is always attained, regardless of patch size.

1.2.4 Scenario 4: Generalist predation and habitat loss combined

In Scenario 4, the combined effects of generalist predation and habitat loss on cycles were

investigated in two different fashions. First, the last two analyses were done simultaneously,

where the length of the habitat patch was steadily decreased at varying levels of γ, with

γ being uniform in space (Scenario 4a). The prey equations for both models now contain

both advection and generalist terms, where γ(x) = γ:
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Figure 1.2: Spatial reproduction, velocity, and generalist predation functions. Represen-

tative spatial functions are shown for a center patch of length 20 (2 km). Dotted lines

indicate patch boundaries. (a) Prey reproduction function. (b) Specialist predator and

prey velocity function. (c) Matrix-based generalist predation function at matrix predation

rate, γmat = 1.0 prey/ha/yr. See Appendix A.1 for function details.



14

∂H

∂t
= DH

∂2H

∂x2
+
∂[V (x)H]

∂x
+ r(x)H

(
1− H

k

)
− αHL

β +H
− γ(x)H2

H2 + η2
. (1.20)

The predator equations are the same as in the habitat loss analysis, equations (1.17) and

(1.19).

In the second case, the generalist saturation kill rate varies spatially (Scenario 4b),

where γ(x) is as shown in Fig. 1.2c. This function was inspired by the spatial predation

rates reported in Andrén and Angelstam (1988) and the exponentially decaying predator

edge incursion profile of Cantrell et al. (2002). Generalist predators were assumed to be

matrix-based, with their aggregate predation rate declining to 10% that of the matrix rate

(γm) at approximately 300 m into prey habitat. With increased habitat loss, therefore, the

elevated generalist density occurs over a larger proportion of the patch. Additionally, at

small enough patch sizes, γ at the center of the patch is higher than 10% of γm since γ

decays over a shorter distance (15% of γm for 90% loss, 27.5% of γm for 95% loss). As in

the first case, I investigated habitat loss at increasing generalist densities, while preserving

the form of γ(x) in Fig. 1.2c.

1.3 Results

1.3.1 Scenario 1: Northern baseline

The R-M model has a longer period of 10.8 years compared to 8.5 years for the May model

at both low and high diffusivity, and the R-M predator also has a longer lag during the

incline phase (Figs. 1.3 and A.1). The R-M prey has higher maximums and minimums

than the May prey, while the R-M predator has lower maximums and minimums than the

May predator (Tables A.1 and A.2). The May prey and predator have max/min amplitudes

of 13.90 and 6.96, respectively, compared to 12.31 and 8.50 for the R-M model at high

diffusivity.
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Figure 1.3: May and R-M time series at high diffusivity. The last 30 years of the 500

year simulated time series as measured in the center of a single patch at high diffusivity

(DL = 20 ha/yr) with no generalist predation. Parameter values are as shown in Table 1.2.
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1.3.2 Scenario 2: Generalist predation

The May cycle is effectively lost at a maximum generalist predation rate of γ = 0.25

prey/ha/year (Fig. 1.4). In contrast, the R-M model stabilizes at γ = 1.0 prey/ha/year and

is therefore less sensitive to generalist predation. For both models, cycle period shortens by

about one year as generalist predation increases and the cycle disappears.

Generalist predation causes the limit cycles to contract inward for both models, lowering

predator and prey maximums and raising minimums (Figs. 1.5a and 1.5c). For the May

model, predator and prey maximums decrease substantially more than minimums rise as the

limit cycles collapse into stable equilibrium points. This behavior contrasts with the R-M

model, where maximums and minimums are more equally affected. Additionally, predator

and prey densities approach the origin together as more generalists are added to the May

system after oscillations cease, whereas the R-M predator population is extirpated first. A

predation rate near γ = 25 prey/ha/year is required to bring the May predator density

close to zero, but for the R-M model, the predator density goes to zero for γ between 2-3

prey/ha/year. Very large values of γ are required to bring prey densities close to zero for

both models.

1.3.3 Scenario 3: Habitat loss

At low diffusivity, habitat loss initially slightly decreases May prey maximum and amplitude

until approximately 60% loss (Fig. 1.4b). At this point, prey maximum and amplitude

suddenly rise before sharply dropping and stabilizing at 95% loss. At high diffusion rates,

the prey maximum rises more dramatically as soon as habitat is lost before dropping at 50%

loss and stabilizing at 75% loss. The critical patch size for cyclicity therefore increases for

the May model as animals display an increased tendency to enter the matrix. This pattern

also holds for the R-M model, where oscillations cease at 80% loss at low diffusivity and

35% at high diffusivity (Fig. 1.4d). However, the R-M model is more sensitive to habitat

loss than the May model both at low and high diffusivity. Moreover, the difference in

critical patch size between the diffusion rates is larger for the R-M model, meaning higher

movement rates exacerbate the damping effects of habitat loss even more so for the R-M
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Figure 1.4: Bifurcation plots for generalist predation and habitat loss. (a) May and (c)

R-M prey cycle maximum and minimum plotted as a function of γ at high diffusivity.

Low diffusivity plots look almost identical. (b) May and (d) R-M prey cycle maximum

and minimum plotted as a function of habitat loss percentage at low and high diffusivity.

Oscillations cease where the maximum and minimum lines coalesce. The star denotes a

max/min amplitude ≤ 1.5, which is the threshold used in Tyson et al. (2010) for cyclicity.

Cycles are effectively lost at γ = 0.25 for May and γ = 1.0 for R-M at both low and high

diffusivity. May cycles stop at 95% habitat loss at low diffusivity and 75% loss at high

diffusivity. R-M cycles stop at 80% habitat loss at low diffusivity and 35% loss at high

diffusivity.
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Figure 1.5: Limit cycles at varying maximum generalist predation rate and percent habitat

loss at high diffusivity. Panels (a) and (c) show the effect of increasing γ on the predator-

prey limit cycles for the May and R-M models, respectively, while panels (b) and (d) show

the impact of habitat loss. Prey density is plotted on the x-axis, and predator density

is located on the y-axis. Stable equilibrium points are represented by single points. See

Appendix A.6 for low diffusivity cycles.
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model. Additionally, when cycles are present, prey maximums never rise with habitat loss

as in the May model.

The loss of prey habitat and subsequent decreased rate of change of the May prey pop-

ulation inhibits May predator growth more than the prey, resulting in decreased predation

pressure that allows the prey to attain higher maximums (Fig. 1.5b, see Appendix A.4 for

more). At intermediate levels of habitat loss, the predator “catches up” and also attains

higher maximums until the loss is great enough to reduce predator maximums and stabilize

dynamics. With increased habitat loss, May predator and prey densities approach zero. In

contrast, after the RM system stabilizes, the predator is first extirpated at 95% and 80%

loss for low and high diffusivity, respectively, and then the prey goes to carrying capacity.

Additionally, the limit cycle contracts inwards (Fig. 1.5d), though maximums are less af-

fected here compared to the generalist impacts. Similar to the generalist effects, the R-M

period shortens by about a year as the cycle disappears. Where the limit cycle expands for

the May model, period increases by up to three years.

1.3.4 Scenario 4: Generalist predation and habitat loss combined

For the May model at spatially uniform γ, I observed the same pattern as in the previous

analyses, with habitat loss causing an increase in amplitude before a sudden loss of cycles,

regardless of generalist predation level, and generalists continuing to have a strong damping

effect (Figs. 1.6a and 1.6b). The cause of damping at low to moderate levels of habitat loss

is essentially due to generalist predation because habitat loss has little effect below 60%

loss at low diffusivity (Fig. 1.6a). With continued habitat loss (approximately 60-80%), the

effects of generalist predation are mitigated by the relief from specialist predation. Habitat

loss even causes the system to start cycling at low amplitude after being driven to stability

by generalist predation. This compensatory effect of habitat loss can also be seen at high

diffusivity (Fig. 1.6b), though habitat loss immediately counteracts the effects of generalist

predation until approximately 40-50% loss.

Comparing matrix-based generalist predation (Fig. 1.6c) to uniformly distributed gen-

eralists (Fig. 1.6a), I found that generalist penetration into prey habitat at low diffusivity
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Figure 1.6: May model prey amplitude contour plots for spatially uniform and matrix-

based generalists. Contour lines represent prey amplitude at the center of prey habitat

computed as the ratio of cycle maximum over minimum. Panels (a) and (b) show the effect

of simultaneously increasing habitat loss and spatially uniform generalist density at low and

high diffusivity, respectively. Panels (c) and (d) show the effects of increasing habitat loss

and matrix-based generalist densities. Percent habitat loss is shown on the x-axis, while

the y-axis is the value of γ at the center of the patch, whether predation is uniform or

matrix-based.
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Figure 1.7: R-M model prey amplitude contour plots for spatially uniform and matrix-based

generalists. Panels (a)-(d) are the same as in Fig. 1.6, with the exception that the range of

γ is twice as large.
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has little effect at large patch size. At smaller patch sizes, the matrix-based generalists re-

duce the benefit that prey receive from decreased specialist pressure as they penetrate over

a larger proportion of prey habitat. At high diffusivity, the contours are slightly shifted

toward the origin as generalists once again counteract the prey benefit from habitat loss,

though the change is mostly overwhelmed by relief from specialist predation. At these

faster movement rates, cycles do not persist at high enough habitat loss to see the impacts

of elevated predation rates on very small patches.

The spatially uniform generalist contours for the R-M model also mirror the previous

analyses, where the R-M prey never benefits from and amplitude decreases with habitat

loss at all values of γ (Figs. 1.7a and 1.7b). The combined damping effects of habitat loss

and generalist predation are additive for the R-M model; i.e. habitat loss never mitigates

the generalist effects as in the May model. The R-M model remains more sensitive to

habitat loss and higher diffusion rates than the May model and is less sensitive to generalist

predation (note the differences in range of the γ-axes in Figs. 1.6 and 1.7).

For the R-M model, the effects of the matrix-based generalists (Fig. 1.7c) are similar

to uniform predation (Fig. 1.7a) at low diffusivity and low habitat loss, as was the case

with the May model. After approximately 50% habitat loss, the shape of the R-M model

contours differ, where the cycle is damped faster by the matrix-based generalists as a higher

proportion of the patch becomes edge. At higher diffusivity, the edge incursions change the

shape of the contours immediately (Fig. 1.7d), and the elevated predation rates at patch

edges further reduce the already narrow parameter range at which R-M cycles exist.

The spatial distribution of prey density differs markedly between the two models (Fig.

1.8). While not the case for most patch sizes, a patch of length 3.2 km produces similar

prey cycle maximums in the center of the patch for both models, allowing a comparison

of their relative densities in the matrix and at the patch edges. The R-M prey density is

more uniformly distributed across the patch with high densities at the patch boundaries,

whereas the May prey density is peaked in the center with much lower densities at the

edges. Accordingly, the R-M prey has much higher prey density in the matrix compared to

the May prey.



23

−20 −10 0 10 20

0

1

2

3

4

x (1=100m)

P
re

y 
D

en
si

ty
 (

/h
a)

May
R−M

Figure 1.8: Spatial profiles of peak densities for May and R-M prey. Thick solid lines

indicate the boundaries of the spatial domain. Dotted lines indicate the patch boundaries,

where the center patch is 3.2 km in length. Colored solid lines show peak prey densities in

space for the two models.
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1.4 Discussion

Using a reaction-diffusion-advection modeling framework, I investigated how habitat loss

and generalist predation affect predator-prey cycles with reaction terms taken from the

May and Rosenzweig-MacArthur models. The models were parameterized using data from

snowshoe hare and Canada lynx field studies to generate similar cyclic dynamics in the center

of a single patch in the absence of generalist predators. I found that generalist predation has

strong stabilizing effects for both models and may represent a threat to the persistence of

specialized predators. The magnitude of damping from habitat loss depends on movement

rates and model choice, but ultimately results in the loss of cycles. Differences in model

carrying capacity may explain differences in model sensitivity to habitat loss, and cycle

amplitude may or may not decrease monotonically with habitat loss, depending on model

choice. Elevated generalist predation rates at patch edges and in matrix habitat hasten

cycle attenuation in situations that lead to increased prey exposure to generalists, including

small patch size, higher movement rates into the matrix, and increased prey density at patch

edges. I review these findings and their implications below.

Scenario 1: Northern baseline

The May and R-M models do not produce identical cycles for the parameterizations used

in this analysis. By constraining the spatially varying intrinsic prey growth rate to be

the same for both models, while also forcing similar predator functional responses and

keeping within empirical ranges for other parameters, I was unable to obtain exactly the

same dynamics for two different models. However, both model parameterizations produce

cycles that give reasonable population densities, amplitude, and period compared to cycles

observed at Kluane Lake. The May model simulates more accurate densities for snowshoe

hares compared to the R-M model, while the R-M model produces more realistic lynx

densities. The most important difference between model parameterizations lies in the prey

carrying capacity, where the May model required a much higher carrying capacity because

the closely-following specialist is so limiting for the prey. The lower carrying capacity

appears to play more of a role in initiating the cycle decline for the R-M model than the
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May model, evidenced in the way the R-M prey density lingers near its peak until predator

density rises substantially (Fig. 1.3). This difference in carrying capacity has important

implications for model comparison (see below).

Scenario 2: Generalist predation

Generalist predation is a strong stabilizing force for both models, with the May model being

more sensitive to the damping impact of generalists. For both models, predator and prey

maximums decrease while minimums rise as higher generalist pressure stifles oscillations.

Generalist predators are almost unresponsive at low prey densities but quite responsive at

high prey densities, and they therefore serve to limit the prey peak by essentially reducing

prey carrying capacity. In turn, lower prey maximums limit the maximum of the specialist

predator, and lower peak predator densities mean prey troughs are not driven as low due

to decreased predation pressure. Densities of noncyclic snowshoe populations do tend to

be higher compared to the lows of cyclic populations (Murray 2000), so empirical patterns

match the theoretical predictions of the models in this regard.

For both models, the loss of cycles occurs at rates well within the range estimated for

maximum generalist predation rates at Kluane Lake, an area with cyclic populations. To

produce limit cycles remotely comparable to the Kluane cycles, the maximum generalist

predation rate for the May model needs to be close to the lower bound of the Kluane

estimate (0.1 prey/ha/year), and the R-M model requires a rate below the mid-range value

(1.0 prey/ha/year). One possible explanation is that this estimate includes removals from

predators who function as specialists in Canada and actually cycle along with snowshoe

hares (O’Donoghue et al. 1997, Rohner et al. 2001, Roth et al. 2007). In this case, the upper

bound for the maximum generalist predation rate is likely lower. Additionally, the possibility

exists that alternate parameterizations or more sophisticated models incorporating other

species would be less sensitive to generalist predation.

While fewer generalists are required to stabilize the May cycle compared to the R-M

cycle, the specialist predator in the R-M model is extirpated more easily by generalists after

stabilization occurs. The May predator’s carrying capacity is proportional to prey density,
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and predators are able to persist at perhaps unrealistically low prey densities as a result.

The R-M model may therefore better indicate the level of generalist predation that poses an

extinction risk for a specialist predator population like the Canada lynx. The R-M model

suggests that a maximum generalist predation rate between 2-3 prey/ha/year is enough to

inhibit the survival of the specialist predator. The upper bound for the generalist predation

rate from the Yukon is 2 prey/ha/year, which seems to imply that the lynx population has

a precarious existence at Kluane Lake. While this upper bound may overestimate generalist

predation rates at Kluane, as discussed above, this result does suggest that the expansion

of generalist predators into northern latitudes may be a serious threat to the persistence of

lynx and other specialized predators.

Scenario 3: Habitat loss

Consistent with Strohm and Tyson (2009), I found that habitat loss ultimately reduces

cycle amplitude for the May and R-M models. However, I used a lower prey/predator

diffusion ratio (see Appendix A.5 for a discussion) and an alternate parameterization of the

R-M model, so my results differ from those of Strohm and Tyson (2009). Specifically, I

found with the May model that certain levels of habitat loss increase cycle amplitude and

maximum densities. Prey “benefit” from habitat loss up to a critical patch size because

the predator is more negatively impacted by the loss of prey habitat than the prey itself,

thus providing predation relief. Spatially-explicit metapopulation models have also found

that prey may benefit from habitat loss due to a decrease in predation pressure (Swihart

et al. 2001) or when prey dispersal due to predator-avoidance results in reduced rates of

prey resource depletion (Prakash and de Roos 2002). However, these studies focused on

presence/absence of species and did not address cycles. My results further demonstrate

that a benefit to prey stemming from habitat loss can lead to higher cycle maximums and

amplitudes. On the other hand, similar to Szwabiński and Pȩkalski (2006), I showed with

the R-M model that habitat loss may never benefit prey and always decrease the intensity of

fluctuations in animal abundance. However, the individual-based model used in Szwabiński

and Pȩkalski (2006) did not allow for a clear identification of periodic limit cycles and the
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manner in which habitat loss disrupts them.

Some similarities and differences emerged between the relative damping effects of habitat

loss and generalist predation. For both models, cycle minimums rise with both habitat loss

and generalist pressure, so the results from both processes match the observation noted

above (Murray 2000) that southern noncyclic densities are often higher than northern cyclic

lows. One key difference between the effects of generalist predation and habitat loss is that

prey never benefit from generalist predation, regardless of model choice, whereas certain

ranges of habitat loss can benefit prey, as discussed above with the May model. Additionally,

high levels of generalist predation cause the prey population to approach zero density for

both models, whereas high levels of habitat loss may either cause prey to reach carrying

capacity after predator extirpation (R-M model) or cause prey and predator to stabilize and

persist at low densities (May model), depending on model choice.

While it is not ecologically realistic for the prey to reach carrying capacity at high levels

of habitat loss because other predators would certainly still be present, the R-M model is

more useful for determining predator extirpation conditions due to the May model quirk

allowing predators to persist at very low prey densities. The R-M model suggests that a

low degree of habitat loss is required to stop cycles, but stable populations may still persist

on patches at moderate levels of habitat loss.

R-M cycles are more sensitive to habitat loss than May cycles for the parameterizations

used in this analysis. The carrying capacity of the R-M model is half that of the May model,

causing differences in the logistic growth rates across the patch and in the spatial profiles

(Fig. 1.8). At the center of the patch, the R-M prey peaks at a density well above its logistic

inflection point and close to its carrying capacity of 4 prey/ha, so the growth rate at the

center of the patch decreases substantially as the prey cycle approaches its peak. Although

the form of the spatial reproduction function (Fig. 1.2) forces prey density at patch edges

to be lower at the start of the cycle, the edge density catches up to the center as the cycle

progresses and the growth rate declines at the center. Furthermore, at the center of the

patch, the R-M prey lingers near the peak until predator numbers rise (Fig. 1.3), which

further allows densities at the edge time to catch up.

In contrast, for the May model, prey density at the patch center peaks below its growth
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inflection point. Prey density at the center therefore increases at an increasing rate on the

cyclic incline, causing density to be more peaked here where the growth rate is highest.

Additionally, the specialist predator has a shorter time lag than the R-M model and quickly

drives prey density down upon peaking, leaving no time for prey to build up at patch edges.

As a result of lower prey density at the edges, the May model has reduced flux of prey into

the matrix. The May model therefore loses fewer prey to the matrix and is less sensitive to

habitat loss. While not intentionally introduced to the two systems, this observed dynamic

of lowered carrying capacity increasing the diffusive flux out of the patch is in keeping with

ecological theory, where island populations pushed below carrying capacity disperse at lower

rates (McKelvey et al. 2000).

Scenario 4: Generalist predation and habitat loss combined

I found that matrix-based generalists have stronger damping effects compared to uniformly

distributed generalist predators in three situations, each of which lead to increased prey

exposure to generalists. First, edge incursions have greater impacts with increased habitat

loss as generalists encroach over a larger proportion of prey habitat. This effect is especially

apparent at small patch size and low diffusivity for both models (panels (a) and (c) in

Figs. 1.6 and 1.7), where edge predation reduces the predation pressure required at the

patch center to damp cycles. Second, the effectiveness of matrix-based generalist predation

in damping cycles increases with the inclinations of the prey and predator to move into

generalist-occupied edge and matrix habitat. For both models, less habitat loss is needed

to see the added damping from edge incursions at high diffusivity (panels (b) and (d) in

Figs. 1.6 and 1.7) compared to low diffusivity. For instance, the low diffusivity contour

plots are visibly different above 50% loss for the R-M model, whereas the high diffusivity

plots substantially differ at even a low percentage of habitat loss. And third, increased prey

density at patch edges increases prey susceptibility to edge predation. Edge incursions add

more damping to the R-M model than the May model, most likely due to the differences

in prey density at the edges (Fig. 1.8). The Type III functional response dictates higher

predation rates with increased prey density (Fig. A.2), so the R-M model loses more prey
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at the edges to generalist predation, even with the same functional response. In this case,

prey buildup at the edges results from a lower carrying capacity and longer predator lag,

but elevated prey numbers at patch edges could arise from other ecological mechanisms

as well; e.g. use of edge habitats for foraging (Conroy et al. 1979, May and Norton 1996).

The R-M results also demonstrate that the combination of increased movement rates into

matrix habitat, high prey density at patch edges, and generalist edge incursions results in

restricted parameter ranges where cycles exist (Fig. 1.7d). Cycles may therefore be unlikely

in areas with these ecological features.

On the other hand, elevated predation rates at patch edges and in the matrix have little

effect at large patch size, when animals have a strong inclination to stay in the patch, or

when prey density is concentrated at patch centers. For systems displaying these charac-

teristics, the extra effort to incorporate spatial differences in predation into models may be

unwarranted. Similarly, predation data may only need to be collected in the heart of prey

reproductive habitat for such systems, where generalist predation has its primary impact.

Finally, the May model results suggest that certain levels of habitat loss can benefit

both predators and prey, even counteracting deleterious effects from generalist predators.

I caution, however, that the exact degrees of habitat loss that could promote high animal

densities are unclear. Even if we could accurately prescribe certain levels of loss to increase

animal abundance, this dynamic is nonlinear and ultimately results in sudden and steep

drops in amplitude and densities. Thus, this threshold would be difficult to predict in reality.

Furthermore, we do not currently know which model better reflects reality, and the R-M

model showed that a positive relationship between habitat loss and generalist predation rates

may have quite strong damping impacts, and edge incursions by generalist predators may

quicken the process. Therefore, perhaps the lesson to be learned is that habitat disturbances

can have myriad consequences for cyclic systems that we cannot currently predict.

Future modeling

In support of the conclusions from Strohm and Tyson (2009), the differences I observed in

model response to changes in landscape and the predator guild further demonstrate that
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multiple models should be considered when assessing impacts on population cycles. Addi-

tionally, the consequences of model parameter choice should be carefully weighed because

certain parameters (e.g. carrying capacity) may have substantial effects on dynamics when

space and movement are introduced.

With regard to the modeling framework of this study, the analyses should be repeated

with multiple patches of prey habitat. Simulation experiments and studies on birds and

mammals in fragmented habitats (Andrén 1994) have shown that the effects of habitat

fragmentation on species abundance are primarily due to habitat loss until a significant

amount of habitat is destroyed. Patch size and isolation contribute to population decline

at a low proportion of habitat, and this phenomenon could be incorporated in a future

study to investigate fragmentation effects on cyclicity in metapopulations. Additionally,

habitat interspersion and increased edge has been shown to benefit prey when they are able

to dart from the edges of safer habitat into low cover but high quality food habitat, then

quickly return to refuge habitat (Conroy et al. 1979, Liu et al. 2014). This trade-off between

increased diversity of food resources and increased predation risk could also be investigated

with this framework, similar to Liu et al. (2014). A two-dimensional spatial analysis would

add to the realism and allow for additional measures of fragmentation, such as patch shape

and perimeter-area ratio.

Rather than selecting parameters so that the two models produce similar cycles at the

center of patch, another option would be to parameterize the models to give similar average

cycles over the entire patch. This approach would not necessarily solve the problem of

differing model carrying capacities, but it may be a better reflection of how data are collected

and facilitate comparisons between model output and field data. Similarly, it may be more

useful to look at how habitat loss and generalist predation initially perturb limit cycles

instead of studying the long-term behavior of the limit cycles. This approach may provide

information about the types of cycle disturbances that may occur shortly following ecological

change.

Finally, certain hare predators have been shown to function closer to specialists in the

Yukon, cycling along with the hare and contributing to its cyclic dynamics (O’Donoghue

et al. 1997, Rohner et al. 2001). Therefore, a model incorporating multiple specialist preda-
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tors similar to that of Tyson et al. (2010) may provide a better baseline for the northern

dynamics. This observation also suggests that an alternate way to explore the north-south

generalist predation gradient would be to change the functional response of predator species

along a specialist-generalist spectrum, rather than simply increasing the number of gener-

alist predators collectively.

Future field work

Some lynx populations in the United States may effectively operate as separate, isolated

populations that, without immigration to bolster their numbers, are especially susceptible to

extirpation (McKelvey et al. 2000). In this study, further habitat destruction and generalist

predation caused species extirpation after the loss of cycles, so damped cycles may be a

precursor to more dire consequences for cyclic species in isolated areas. In order to conserve

vulnerable populations like those at the southern range boundary for lynx, we need field data

that better our understanding of the relationship between habitat loss and fragmentation,

generalist density and behavior, and cyclic activity. Further, we need data to assess the

degree to which these factors increase the exposure of important prey species to generalist

predators and contribute to the loss of cycles. Ideally, we would obtain concurrent time

series data that include measures of species abundance, movement rates, predation locations

and rates, and measures of habitat loss and degree of landscape fragmentation, preferably

at multiple sites using the same methodology. Such data would yield better parameter

estimates and clues about which models more accurately describe dynamics and which

processes they should include.

With increasing human disturbances and as climate warming alters tundra landscapes

(Krebs 2011), these answers will be important not just for understanding the causes for

the absence of cycles in southern latitudes, but also for predicting future changes to high

amplitude northern cycles. In the case of the Canada lynx, the “booms” of these north-

ern cycles may be important for the persistence of southern populations, as the resulting

dispersal maintains the geographical reach of the lynx, which is important for the viability

of the species (Murray et al. 2008, Squires et al. 2013). Additionally, cyclic prey species
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are often keystone herbivores in their ecosystems (Krebs 2011), and major changes to their

population dynamics would have cascading ecological effects (Boutin et al. 1995).
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Appendix A

SUPPLEMENTARY MATERIAL

A.1 Spatial functions

Below are details regarding the spatially varying prey growth rate, velocity, and matrix-

based generalist predation functions.

A.1.1 Prey reproduction function

The prey intrinsic growth rate, r, for both the May and R-M models varies spatially, consis-

tent with the methods of Strohm and Tyson (2009). The function r(x) is defined piecewise

over the spatial grid, where r(x) = 0 outside of the center patch of prey habitat. On the

patch of prey habitat, the left half of the function is defined as

r(x) = r

[
2

π
tan−1[(x+ Lh/2)/dx]

]
, x ∈

[
−Lh

2
, ...,−0.2,−.01, 0

]
, (A.1)

and the right half as

r(x) = r

[
− 2

π
tan−1[(x− Lh/2)/dx]

]
, x ∈

[
0, 0.1, 0.2, ...,

Lh

2

]
, (A.2)

where dx = 0.1 = 10 m is the spatial step size used, and Lh is the length of the patch of

habitat, which is measured in 100 m units and centered at x = 0. Values of x that do not lie

exactly on the grid are mapped to the closest grid point. The function is scaled so that the

growth rate attains its maximum, r = 1.75, precisely in the center of the patch, regardless

of patch size.

A.1.2 Prey and predator velocity function

The same velocity function was used for both the predator and prey for consistency with

Strohm and Tyson (2009). The function V (x) is defined piecewise over the spatial grid,
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where V (x) = 0 in prey habitat and on the outer halves of the matrix. In the matrix to the

left of the prey habitat, the function is defined as

V (x) = 0, x ∈
[
−20,−19.9, ...,−20 +

Lm

2

]
, (A.3)

V (x) = r

[
2

π
tan−1[(x+ 20− Lm/2)/dx]

]
, x ∈

[
−20 +

Lm

2
,−19.9 +

Lm

2
, ...,−20 +

3Lm

4

]
,

(A.4)

V (x) = r

[
− 2

π
tan−1[(x+ 20− Lm)/dx]

]
, x ∈

[
−20 +

3Lm

4
,−19.9 +

3Lm

4
, ...,−20 + Lm

]
,

(A.5)

where Lm is the length of each matrix area, measured in 100 m units. In the matrix to the

right of the prey habitat, the function is defined as

V (x) = r

[
− 2

π
tan−1[(x− 20 + Lm)/dx]

]
, x ∈

[
20− Lm, 20.1− Lm, ..., 20− 3Lm

4

]
,

(A.6)

V (x) = r

[
2

π
tan−1[(x− 20 +

Lm

2
)/dx]

]
, x ∈

[
20− 3Lm

4
, 20.1− 3Lm

4
, ..., 20− Lm

2

]
,

(A.7)

V (x) = 0, x ∈
[
20− Lm

2
, 20.1− Lm

2
, ..., 20

]
. (A.8)

A.1.3 Matrix-based generalist function

The matrix-based generalist predation function, γ(x), was inspired by the edge predation

work of Andrén and Angelstam (1988). An exponentially decaying function was fit to the

approximate data reported in Andrén and Angelstam (1988), while forcing the predation

rate in prey habitat to asymptote at 10% of the matrix predation rate, γm, for simplicity.

The exponential decay starts at 30 m outside of prey habitat. For the left half of the

landscape, the function is defined as

γ(x) = γm, x ∈ [−20,−19.9, ...,−20.3 + Lm] , (A.9)

γ(x) = γm

(
.1 + e−0.48013−0.001263[x+20−Lm

dx ]
)
, x ∈ [−20.2 + Lm,−20.1 + Lm, ..., 0] , (A.10)

where Lm is the length of each matrix area, measured in 100 m units. The right half of the

landscape is the mirror image of this function.
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A.2 Northern baseline dynamics

The simulated time series at low diffusivity (Fig. A.1) looks very similar to the time series

at high diffusivity (Fig. 1.3), though higher diffusion rates do slightly reduce maximum

densities and amplitude (Tables A.1 and A.2).
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Figure A.1: May and R-M time series at low diffusivity. The last 30 years of the 500

year simulated time series as measured in the center of a single patch at low diffusivity

(DL = 2 ha/yr) with no generalist predation. Parameter values are as shown in Table 1.2.
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Table A.1: Prey and predator cycle attributes for the May and R-M models on a single

patch at high diffusivity. Attributes are measured in the center of the single patch with-

out generalist predators over the last 30 years of a 500 year simulated time series. Prey

maximums and minimums have units prey/ha and predator maximums and minimums have

units predators/10 km2. Amplitudes computed as the difference between maximums and

minimums inherit the corresponding units. Amplitudes computed as the quotient between

maximums and minimums are dimensionless. Period is measured in years. Cycle attributes

are shown for prey/predator diffusion ratio D = DH
DL

= .50 and a “high” predator diffusivity

of DL = 20 ha/yr.

Model Max Min Amplitude Amplitude Period

(Max-Min) (Max/Min)

May PREY 2.71 0.19 2.51 13.90 8.5

R-M PREY 3.47 0.28 3.19 12.31 10.85

May PREDATOR 8.87 1.27 7.60 6.96 8.5

R-M PREDATOR 6.38 0.75 5.63 8.5 10.85
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Table A.2: Prey and predator cycle attributes for the May and R-M models on a single

patch at low diffusivity. Attributes are measured in the center of the single patch without

generalist predators over the last 30 years of a 500 year simulated time series. Units are as

described in Table A.1 above. Cycle attributes are shown for prey/predator diffusion ratio

D = DH
DL

= .50 and a “low” predator diffusivity of DL = 2 ha/yr.

Model Max Min Amplitude Amplitude Period

(Max-Min) (Max/Min)

May PREY 2.81 0.18 2.62 15.35 8.5

R-M PREY 3.47 0.27 3.20 12.65 10.8

May PREDATOR 9.18 1.22 7.96 7.55 8.5

R-M PREDATOR 6.39 0.73 5.66 8.76 10.8
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A.3 Type III functional response

For this analysis, the half-saturation constant, η, of the Holling Type III functional response

for generalist predators was held constant at 1.25 prey/ha, but the maximum generalist

predation rate, γ, varied (Fig. A.2). The saturation kill rate may also be written as γ = γ̂G,

where γ̂ is the average maximum number of prey each generalist predator can kill per year,

and G is the density of generalist predators. An increase in γ is therefore equivalent to an

increase in the density (G), the average predation capacity (γ̂) of the generalist predators,

or both. For the purpose of this study, an increase in γ was viewed as an increase in the

density of generalist predators while holding their average predation capacity constant.
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Figure A.2: Generalist Type III functional response. The effect of increasing the maximum

generalist predation rate, γ, on the Type III response while holding the half-saturation

constant, η, fixed at 1.25 prey/ha.
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A.4 Habitat loss and predator velocity

Predator velocity does not qualitatively change the habitat loss results, but setting the

predator’s velocity to zero does lend further support to the notion that relief from specialist

predation is behind the observed increase in amplitude for the May model. Where prey

maximum increases with habitat loss, a bigger increase is obtained by removing the predator

velocity term (Figs. A.3a and A.4a). Zero velocity means fewer predators are drawn to

prey habitat, resulting in decreased predation rates on the patch. This additional relief

in predation allows the prey to attain even higher maximums compared to the non-zero

velocity function used in the habitat loss analysis. Interestingly, where prey maximum and

amplitude decrease with habitat loss, increased predator presence on the patch raises the

maximum and amplitude for both models (Figs. A.3 and A.4).
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Figure A.3: Bifurcation plots with and without predator velocity at low diffusivity. (a)

May and (b) R-M prey cycle maximum and minimum plotted as a function of habitat loss

percentage, where VL = 0 is without a predator velocity function, and VL 6= 0 is with

a predator velocity function. Oscillations cease where the maximum and minimum lines

coalesce. The star denotes a max/min amplitude ≤ 1.5. Demographic parameter values are

in Table 1.2.
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Figure A.4: Bifurcation plots with and without predator velocity at high diffusivity. Same

as Fig. A.3 but at high diffusivity.
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A.5 Habitat loss and diffusion ratio

While prey/predator diffusion ratio makes little difference on a single patch (Appendix B.1),

the ratio does make a difference when habitat is lost. For the R-M model, the diffusion ratio

has little effect at low diffusivity (Fig. A.5b), but increased tendency of the predator to move

into the matrix relative to the prey decreases cycle amplitude at high diffusivity (Fig. A.6b).

As in Appendix A.4, predator presence on the patch seems to contribute to cyclicity for the

R-M model.

The ratio has a bigger impact for the May model and determines whether amplitude

will increase with habitat loss. Prey maximums increase as the predator has a stronger

inclination to enter the matrix than the prey (i.e. as D decreases), which causes decreased

predation rates on the patch as in Appendix A.4 (Figs. A.5a and A.6a). Strohm and Tyson

(2009) likely did not observe this increase in amplitude because they used low diffusivity,

and their prey and predator diffusion rates were closer to each other (D = .75 in Fig. A.5a).

In Fig. A.5, the ratio D = .25 is not shown because pdepe failed to find a solution for

the May model after oscillations ceased, resulting in an incomplete graph. This particular

diffusion ratio results in very strange dynamics for the May model (Fig. A.6a). Cycles are

first lost at 10% habitat loss, then resume in a very big way between 25-70% loss.
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Figure A.5: Bifurcation plots at varying diffusion ratios at low diffusivity. (a) May and (b)

R-M prey cycle maximum and minimum plotted as a function of habitat loss percentage,

where D = DH
DL

and DL = 2 ha/yr. Oscillations cease where the maximum and minimum

lines coalesce. The star denotes a max/min amplitude ≤ 1.5. Demographic parameter

values are in Table 1.2.
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Figure A.6: Bifurcation plots at varying diffusion ratios at high diffusivity. Same as Fig.

A.5 but at high diffusivity (DL = 20 ha/yr). The maximum for D = .25 is slightly cut off

in panel (a) for the prey density limits used in all other figures.



50

A.6 Limit cycles at low diffusivity

The impacts of generalist predation on the model limit cycles are very similar at low dif-

fusivity (Figs. A.7a and A.7c) and high diffusivity (Figs. 1.5a and 1.5c), though the cycles

have slightly larger amplitude at low diffusivity. Additionally, more habitat loss is required

to damp cycles at low diffusivity for both models. More habitat loss is required for the May

prey to experience predation relief at low diffusivity (Fig. A.7b), and the R-M predator

persists at a higher proportion of habitat loss at low diffusion rates (Fig. A.7d).
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Figure A.7: Limit cycles at varying maximum generalist predation rate and percent habitat

loss at low diffusivity. Panels (a) and (c) show the effect of increasing γ on the predator-prey

limit cycles for the May and R-M models, respectively, while panels (b) and (d) show the

impact of habitat loss. Prey density is plotted on the x-axis, and predator density is located

on the y-axis. Stable equilibrium points are represented by single points.
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Appendix B

REPOSITORY

B.1 Northern baseline dynamics and diffusion

The diffusion ratio has little effect on densities and amplitude at the center of a single

patch, while higher diffusivity decreases maximum densities and amplitude for both models

(Tables B.1 and B.2). Diffusion rates have less effect on cycle attributes for the R-M model

compared to the May model.

Table B.1: Impacts of increasing predator diffusivity on May prey and predator cycle at-

tributes in the center of a single patch without generalist predation at D = DH
DL

= .75 and

D = .5. Parameter values can be found in Table 1.2. (diff) denotes amplitude computed as

the difference between maximum and minimum, and (ratio) denotes amplitude computed

as the ratio of maximum over minimum.

DL (D = .75) DL (D = .5)

Attribute 2 4 8 20 2 4 8 20

Prey Max 2.8 2.76 2.74 2.67 2.81 2.77 2.74 2.71

Prey Min 0.18 0.18 0.19 0.19 0.18 0.18 0.18 0.19

Predator Max 9.17 9.08 9.02 8.76 9.18 9.07 9.04 8.87

Predator Min 1.22 1.22 1.24 1.27 1.22 1.22 1.23 1.27

Prey Amp (diff) 2.62 2.58 2.55 2.48 2.62 2.58 2.55 2.51

Prey Amp (ratio) 15.29 14.95 14.64 13.72 15.35 14.99 14.82 13.9

Predator Amp (diff) 7.96 7.86 7.78 7.49 7.96 7.85 7.81 7.6

Predator Amp (ratio) 7.55 7.42 7.3 6.91 7.55 7.42 7.36 6.96

Period 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5
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Table B.2: Impacts of increasing predator diffusivity on R-M prey and predator cycle at-

tributes in the center of a single patch without generalist predation at D = DH
DL

= .75 and

D = .5. Parameter values can be found in Table 1.2. (diff) denotes amplitude computed as

the difference between maximum and minimum, and (ratio) denotes amplitude computed

as the ratio of maximum over minimum.

DL (D = .75) DL (D = .5)

Attribute 2 4 8 20 2 4 8 20

Prey Max 3.47 3.45 3.47 3.47 3.47 3.47 3.45 3.47

Prey Min 0.27 0.28 0.28 0.28 0.27 0.28 0.28 0.28

Predator Max 6.39 6.37 6.39 6.38 6.39 6.39 6.37 6.38

Predator Min 0.73 0.75 0.74 0.75 0.73 0.73 0.76 0.75

Prey Amp (diff) 3.2 3.17 3.19 3.19 3.2 3.19 3.17 3.19

Prey Amp (ratio) 12.65 12.25 12.57 12.29 12.65 12.6 12.24 12.31

Predator Amp (diff) 5.66 5.62 5.65 5.63 5.66 5.66 5.61 5.63

Predator Amp (ratio) 8.77 8.45 8.63 8.54 8.76 8.71 8.39 8.5

Period 10.8 10.75 10.8 10.8 10.8 10.75 10.75 10.85

B.2 Generalist predation and diffusion

The magnitude of diffusivity (DL) and the prey/predator diffusion ratio (D) have no effect

on the maximum generalist predation rate that stabilizes cycles (γs) for the R-M model,

whether amplitude is computed as the difference or ratio between maximum and minimum

(Table B.3). For the May model, γs slightly changes with DL at D = .5 when amplitude

is computed as the difference between maximum and minimum, though it is constant with

respect to DL at D = .75. When amplitude is computed as a ratio, γs does not change with

diffusivity or diffusion ratio.
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Table B.3: Critical maximum generalist predation rates for cyclicity for the May and R-M

models as diffusivity increases at prey/predator diffusion ratios D = DH
DL

= .75 and D = .5.

(diff) denotes amplitude computed as the difference between maximum and minimum, where

γs is the maximum generalist predation rate at which the difference is ≤ 0.1. (ratio) denotes

amplitude computed as the ratio of maximum over minimum, where γs is the maximum

generalist predation rate at which the ratio is ≤ 1.5.

DL (D = .75) DL (D = .5)

Critical Value 2 4 8 20 2 4 8 20

May γs (diff) .30 .30 .30 .30 .35 .30 .25 .30

May γs (ratio) .25 .25 .25 .25 .25 .25 .25 .25

R-M γs (diff) 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1

R-M γs (ratio) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

B.3 Habitat loss and matrix velocity

For consistency, the velocity function was defined similarly to that of Strohm and Tyson

(2009), where the velocity is zero over the outer halves of the two areas of matrix habitat.

That is, the velocity term only pulls animals towards the patch when they are in matrix

habitat close to prey habitat. Another way to define the function is to have the velocity

term draw animals towards prey habitat over the whole matrix area, rather than over half

of it. I looked at this alternate definition for the velocity function, and it did not affect

results for the habitat loss analysis (Figs. B.1 and B.2).

At small patch size, the outer halves of the matrix area have very low prey density (add

a figure if time), and the additional flux of prey towards the center is therefore negligible.

At larger patches of prey habitat, there is higher density in the outer edges (Fig. 1.8), but

the additional flux of prey is outweighed by the vastness of the patch and has little effect

on the density at the center of the patch.
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Figure B.1: Bifurcation plots for two velocity functions at low diffusivity. (a) May and (b)

R-M prey cycle maximum and minimum plotted as a function of habitat loss percentage,

where ‘Whole patch’ refers to the non-zero velocity function over the whole matrix, and

‘Half patch’ refers to the function used in this thesis with zero velocity on the outer halves

of the matrix. Oscillations cease where the maximum and minimum lines coalesce. The

star denotes a max/min amplitude ≤ 1.5. Demographic parameter values are in Table 1.2.
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Figure B.2: Bifurcation plots for two velocity functions at high diffusivity. Same as Fig.

B.1 but at high diffusivity.


