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In this paper we endeavor to test the controversial ideas that exist about the role of fragmentation in a
conservation context. In line with earlier understanding, we find that habitat fragmentation alone results
in a strong detrimental effect (especially for the predator population). Connecting the fragmented habitats
facilitates predator survival and hence prey survival as compared to the unconnected fragmented case.
vailable online xxx

eywords:
ildlife corridors

abitat fragmentation

Our main result is counterintuitive: in the presence of a high quality predator, connected fragmented
habitats ensure a better chance for coexistence than does even the unfragmented case. We explain why
a connected fragmented habitat might thus be beneficial for the stabilization of the system, and how
connections between sub-habitats are able to protect prey population from over-exploitation. In the

ation
ions r
rey–predator system
ndividual based model

model, habitat fragment
understand how populat

. Introduction

In this paper we study how habitat fragmentation and the con-
ection of the fragmented habitats affect the dynamics and survival
f animals in a simple model system. In a simulation model of a
ri-trophic predator–prey system we show that:

fragmentation has a detrimental effect, especially on predators;
connecting fragmented habitats stabilizes both predator and prey
populations;
connected fragmented habitats yield the coexistence of predator
and prey above the level of an undivided, unfragmented habitat.

The first statement confirms common expectation. The second
xtends related findings from host-parasitoid dynamics (Visser
t al., 2009) or about the stabilizing effect of spatial decoupling
n predator prey systems (e.g., De Roos et al., 1991; Savill and
ogeweg, 1999). The third result is counterintuitive and requires
areful elaboration. The purpose of this paper is to establish the
bove results, and to back them up with methodology, simulation
esults, and analysis.
Please cite this article in press as: Karsai, I., Kampis, G., Connected fragmente
doi:10.1016/j.ecolmodel.2010.11.002

Habitat fragmentation, the process of subdividing a habitat
nto smaller areas, occurs in natural systems via fire, flood and
ther natural causes. However, the most important type of habi-
at fragmentation is due to the expansion and intensification of
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is separated from the effects of habitat destruction, in order to better
eact to habitat transformation.

© 2010 Elsevier B.V. All rights reserved.

human land use (Burgess and Sharpe, 1981). Conservationists seek
insights from ecological theory to select strategies of habitat man-
agement that will best maintain threatened species. The issue often
revolves around how to assess dangers posed by habitat fragmenta-
tion. Habitat fragmentation affects numerous ecological processes
across multiple spatial and temporal scales, including shifts in
habitat use, changing population dynamics, and altering species
compositions (Schweiger et al., 2000). Despite the ubiquity of frag-
mentation and the great interest expressed by ecologists, there is a
difficulty in answering even some of the most important questions
(Harrison and Bruna, 1999). When a given habitat undergoes frag-
mentation, the change in spatial configuration typically also coin-
cides with the reduction of the size and quality of the habitat. Doc-
umenting the ecological effects of habitat loss, however significant,
does not convey much information about the changes of the spatial
structure introduced by fragmentation alone (Franklin et al., 2002).
Therefore, to assess the influence of natural habitat fragmenta-
tion, the effects of habitat loss and habitat fragmentation should be
treated independently (Fahrig, 2003). In this paper we define a frag-
mented habitat as a habitat where the original area is separated into
smaller parts via impassable borders (or borders with narrow open-
ings), and we study the effects of isolated or connected fragments
without habitat loss. This approach allows us to focus on a single
aspect of habitat fragmentation, namely, compartmentalization.
d habitats facilitate stable coexistence dynamics. Ecol. Model. (2010),

1.1. Background

The popularity of corridors in conservation biology stems from
the intuitive relationship to their purported function by physically

dx.doi.org/10.1016/j.ecolmodel.2010.11.002
dx.doi.org/10.1016/j.ecolmodel.2010.11.002
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http://www.elsevier.com/locate/ecolmodel
mailto:karsai@etsu.edu
mailto:gkampis@colbud.hu
mailto:gk@hps.elte.hu
dx.doi.org/10.1016/j.ecolmodel.2010.11.002


 IN PRESSG

E

2 ical Modelling xxx (2010) xxx–xxx

c
i
b
d
i
n
p
a
d
o
a
b
G
m
e
t
p
p
1

w
m
H
s
c
t
e
c
s
c
i
s
t
s
a
h
e
i
m
s

s
t
o
b
o
e
m
s
n
p
d
c
t
g
s
m
e

2

2

t

Table 1
Model parameters and initial values used in the simulations.

Parameter Notation and value

Starting number of prey NPY = 1000
Starting number of predator NPD = 100
Corridor width o = 3
Wall thickness w = 2
Motion speed Fd = 0.9
Prey energy gain GainPY = 4
Predator energy gain GainPD = varied (10, 30, 50, 70)
Initial energy max. prey EPY = 2*GainPY

Initial energy max. predator EPD = 2*GainPD

Area linear dimension n = 200
Fertility RPY = RPD = 15%
ARTICLEModel
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onnecting isolated habitat fragments. Corridors are expected to
ncrease population viability via offsetting local extinction, but also,
ecause of their restricted physical throughput, corridors might
elay migration. These delays can be very important when a heav-

ly predated population migrates into an area in the original habitat
etwork where there is no predator at the moment (e.g., where
redators became extinct or their numbers are extremely low)
nd these areas provide a temporal refuge for the prey. Corri-
ors can also be beneficial to the predator population. Beier (1993)
bserved, through modeling studies, that the presence of a corridor
llowing even low levels of migration has improved the proba-
ility of survival of a cougar population in Southern California.
eneral spatial models in ecology, including island biogeographic
odels (MacArthur and Wilson, 1967) and metapopulation mod-

ls (Levins, 1969; Caswell and Cohen, 1991; Hanski, 1999) predict
hat movements between patches will increase population size and
ersistence. These habitat shifts are common consequences of how
opulations react to changing environments (Gyorffy and Karsai,
991; Karsai et al., 1994).

The study of the effects of corridors on population viability as
ell as the empirical understanding of corridors’ effects on com-
unity structure is still in its infancy (McKenzie and Bio, 1995).
addad and Tewksbury (2006) reviewed major ecology and general

cience journals from 1997 to 2003 to find only 20 studies to test
orridors’ effects on populations or diversity. They concluded that
he current evidence offers only a tentative support for the positive
ffects of corridors, and that much more work on population and
ommunity responses is needed, especially, that it is important to
tudy the mechanisms and conditions under which we can expect
orridors to impact populations. They also predicted an increasing
mportance of individual based models that complement empirical
tudies by focusing on the effect of different life history parame-
ers (Haddad and Tewksbury, 2006). The study of fragmentation
eems to be controversial: “despite extensive empirical research
nd previous reviews, no clear patterns regarding the effects of
abitat loss and fragmentation on predator–prey interactions have
merged” (Ryall and Fahrig, 2006). Ryall and Fahrig emphasize the
mportance of theoretical predictions (and hence of computational

odels) in assessing the effects of fragmentation in predator–prey
ystems.

In this paper we present a minimalist individual based model to
tudy how fragmentation (without habitat loss) and the reconnec-
ion of the habitats by opening connections influence the stability
f a simple predator–prey system. Individual based modeling has
ecome a widely used tool for describing complex systems made
ut of autonomous entities (DeAngelis and Mooij, 2005; Grimm
t al., 2006). As opposed to most aggregate models, individual based
odels allow the use of spatially explicit predation processes and

imple stochastic mechanisms for the organisms to find food and
ew habitats. In our model, only consumption, reproduction, and
redation are assumed at the individual organism level. Density
ependent effects and other aspects of dynamics arise as emergent
onsequences of the context-independent individual interactions
hat generate spatiotemporal structures in the model habitat. Our
oal is to show that the interconnectedness of the fragments can
tabilize prey predation dynamics under various conditions. The
odel is described using the ODD protocol advocated by Grimm

t al. (2006).

. Materials and methods
Please cite this article in press as: Karsai, I., Kampis, G., Connected fragmente
doi:10.1016/j.ecolmodel.2010.11.002

.1. Purpose

The purpose of the model is to understand how fragmenta-
ion and the re-connection of the fragments affect predator prey
Regeneration time K = 5
Max. turning T = 50
Test interval t t = 50–10,000

systems, in particular in terms of coexistence. For simplicity, we
confine the present study to a tri-trophic model consisting of a non-
mobile resource, a prey feeding on this resource, and a predator.

2.2. State variables and scales

The model ecosystem consists of a varying number of
autonomous predator and prey individuals whose dynamics is
entirely controlled by the individuals’ behavior. Predation is obli-
gate. Both predators and prey are consumers, that is, they feed on
biotic (replicating) resources. Prey food simply regenerates after a
time, while prey itself replicates according to its individual energy
budget (Fig. 2). The system therefore shows many similarities to the
experimental microcosm experiment of Holyoak and Lawler (1996)
where bacteria for the bacteriovorous Colpidium were provided as
a renewable resource and the bacteriovorous ciliate was consumed
by another ciliate, Didinium. Prey food has an autonomous growth
dynamics that leads to saturation (such as in the case of bacteria in
a Petri dish, grass on the meadow, or plankton in the sea).

The model is a spatially explicit, individual based system, con-
sisting of n × n spatial locations (Table 1 specifies the relevant
parameters). The habitat is modeled as a rectangular area with
reflecting boundaries. Each position except the borders can be
empty or occupied by an arbitrary number of individuals (except
for prey food which can exist at a certain position or not at a given
moment). In other words, locations are assumed to represent small
finite areas where more than one individual can live, rather than
spatial points of zero extension. Fragmentation is implemented by
placing borders with reflecting walls into the habitat. These nar-
row walls (similarly to real roads, canals, fences or other hard
boundaries) do not decrease the total habitat size significantly, in
harmony with our goal to separate habitat loss from fragmentation
(wall width is minimal and the area loss to walls is 2–4% in the stud-
ied situations). Walls are impassable for the organisms and behave
the same way as does the outer boundary. Connections between
fragments are implemented as openings in the walls, where organ-
isms can pass through freely. The openings are large enough to
permit multiple organisms to cross at the same time (Fig. 1). In this
study, the openings differ form real life corridors in that they have
no length parameter or any other special properties that impede
or promote migration or survival. We deliberately simplified the
corridors into simple openings where animals can easily pass into
another sub-habitat, so that we can focus on one single factor,
namely, the different degrees of connectedness of sub-habitats.
d habitats facilitate stable coexistence dynamics. Ecol. Model. (2010),

The behaviors are converted into a single common currency,
“energy”. Energy is the state variable related to the well-being
condition of the individual: it expresses the level of food and the
expected lifetime of the organism. In the practical setting of the
model experiments (to cut ahead of the details) the linear size of

dx.doi.org/10.1016/j.ecolmodel.2010.11.002
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B) fragmented habitat (middle column); (C) connected fragmented habitat (right c

he field n was assumed to be 200, whereas the spatial size of the
ndividuals and migration speed to be 1: thus, for instance, if we
ssume one time tick to correspond to one day, this means an over-
ll area linearly explorable (from end to end) in about 7 months. The
rea is therefore assumed to be large enough to capture large-scale
patiotemporal dynamics akin to that found in real ecosystems.

.3. Process overview and scheduling

At each discrete time step, a given list of actions is performed
n a sequential order, which consists of predator, prey, and prey
ood operations. In each turn, every individual (activated in a
ynamically randomized order) carries out the following sequence
f actions: move randomly in physical space, consume available
esources if possible, reproduce by chance, and die, if energy is out
Fig. 2).

The agents’ velocity Fd is constant for both the predator and
he prey. Each move occurs in a randomly selected direction, taken
Please cite this article in press as: Karsai, I., Kampis, G., Connected fragmente
doi:10.1016/j.ecolmodel.2010.11.002

niformly from the interval ±T (the degree of turning in degrees rel-
tive to the current momentary orientation of the given individual,
nd represented on a continuous scale).

Prey individuals feed by consuming a food token at the same
ocation (i.e., in the same small area represented as one location
s (openings) system. Basic habitat setups: (A) unfragmented habitat (left column);
). Light dots: prey and dark dots: predator.

in the model). As in real life, food is consumed only if available.
Similarly, the predator feeds by consuming a single prey individual
in the same fashion. Upon consuming an individual, the consumer
receives a certain amount of “energy”, which is GainPY and GainPD

for the prey and the predator, respectively. The consumed individ-
ual dies and is removed from the system.

Reproduction is asexual and occurs with a fixed probability (RPY

and RPD, for prey and predator, respectively). Upon reproduction,
a new individual of the given type is produced at the spot of the
parent but with a random spatial orientation (i.e., a random direc-
tion of initial motion). The energy reserve of the parent will be
shared evenly with the offspring. The reproduction of prey food is
different: it simply regenerates in K steps.

Death happens by consumption (for the prey), or if the energy
level of the individual reaches zero. An energy discounting oper-
ation is used that removes one energy token from each prey and
predator individual per every time step (thus, “energy” directly
translates to the available lifetime of prey and predator individ-
d habitats facilitate stable coexistence dynamics. Ecol. Model. (2010),

uals, expressed in time ticks; also, in this way one step of motion
costs one unit of energy).

The model was developed in the NetLogo simulation environ-
ment (version 3.15). Inspiration for the simple predator system was
gained from Wilensky (1998, 1999) and Jacobson and Wilensky

dx.doi.org/10.1016/j.ecolmodel.2010.11.002
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ig. 2. Process overview of the model. (A) Basic cycle of the tri-tropic model; (B) gr

2006); the fully functional model and the source code are available
t http://kampis.web.elte.hu/models/HabitatFragmentation.nlogo
nd at http://ccl.northwestern.edu/netlogo/models/community/
abitatFragmentation. (All code is the work of the present authors.)

.4. Design concepts

Emergence. The model’s population dynamics, aggregate behav-
ors and some individual behaviors emerge from the interaction
f the individuals. The number and position of predator and prey,
s well as (on a different scale) spatiotemporal patterns of the
rganisms’ distribution, but also the lifetime of individuals are
ll consequences of the iterated dynamics of the system, fully
ontrolled by the individuals’ properties and stochastic rules. For
xample, food seeking is controlled by random walk, and lifetime
s controlled by consumed food (i.e., energy), as a contingent con-
equence of the success of finding food, etc.

Interaction. Interaction takes a single form: simplified predation,
hich is understood as energy transfer (from the consumed to the

onsumer). We do not consider conversion rates and other details in
he model. More than one individual can occupy the same spatial
osition, but a prey individual can only be consumed by a single
redator.

Sensing. Predators “sense” prey only by contact, i.e., by assum-
ng an identical spatial position (we repeat that spatial positions
Please cite this article in press as: Karsai, I., Kampis, G., Connected fragmente
doi:10.1016/j.ecolmodel.2010.11.002

re discrete and represent small areas). Area borders, walls, and
penings are not fore sensed but stumbled upon in a random
alk.

Stochasticity. We use the high quality built-in random number
enerator of the simulation platform. Stochastic events are birth by
cycle of the prey food; (C) activity and energy model of both prey and predator.

reproduction (asexual) and spatial motion (composed of a deter-
ministic forward component and a random direction).

Observation. The model comes along with a GUI for visual
inspection (e.g., 2D spatial plot of the individuals in the field).
The following information has been monitored on the screen and
saved into a file for further data processing: all model parame-
ters, random seed value, the number of individuals at each time
step for both predator and prey, and phase volume. Phase vol-
ume (detailed later) is the state space volume spanned by the
difference between maximum and minimum numbers of the prey
and predator individuals, respectively, for a time interval large
enough to contain several population oscillations. Together, these
items are the kind of data field ecologists might also find easy to
collect.

2.5. Initialization

When the system is initialized, prey food is brought into a
saturated state and a number of NPY prey and NPD predator individ-
uals, respectively, are placed randomly into the habitat. Prey and
predator start with random orientation and receive a randomized
amount of initial energy (between 0 and EPY and EPD, respectively).

The starting point of our analysis was selected during pre-
experiments. The applied baseline setting defines an initial area
which is large enough to support a high density population of about
d habitats facilitate stable coexistence dynamics. Ecol. Model. (2010),

10,000 individuals of prey and predator alike at the given values of
parameters (Table 1.). Under these conditions, in the unfragmented
area (w0c0) the prey population always persists indefinitely with-
out predators, while prey and predator tend to coexist (i.e., both
survive) in the time interval considered.

dx.doi.org/10.1016/j.ecolmodel.2010.11.002
http://kampis.web.elte.hu/models/HabitatFragmentation.nlogo
http://ccl.northwestern.edu/netlogo/models/community/HabitatFragmentation
http://ccl.northwestern.edu/netlogo/models/community/HabitatFragmentation
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ig. 3. Sample time plots for GainPD = 50. (A) Unfragmented (w0c0), (B) fragmented
olid line denotes prey, dashed line denotes predator. Population numbers are show
or the longevity of predators). Time frame shown is 50 < t < 1000, i.e., 950 time step
ower row (fragmented connected system) are higher (see also Fig. 4).

.6. Submodels

We studied various arrangements as depicted in Fig. 1. The main
ontrol parameter of the model is the number of walls and open-
ngs. With this, we generate different fragmented (viz. fragmented
nd connected) habitats. By setting these combinations to vari-
us values, we want to understand the difference between the
ehaviors of predator and prey populations in the various types
f habitats.

Within the given framework, we use different types of predators
o assess their effects on the system. This at the same time pro-
ides a kind of sensitivity testing for the main control parameter.
he numerical value used to define the different predators is GainPD,
hich is the energy gain for the predator when a unit of prey is con-

umed. This parameter is used here as an umbrella descriptor for
any direct and indirect relationships between several life history

arameters. For example, in reality predators are typically larger,
ove faster and cover a larger area for food than do their prey. We

ote that predators and prey move and forage at the same speed in
his model. Instead of using different movement patterns, search-
ng strategies, we embedded these life history differences into the
nergy budget. Predators gain more energy from food, which means
hat they can move farther and explore more area before starvation.
igh levels of predator gain and hence higher levels of accumulated
nergy reserves of the predators tend to imply increased expected
redator lifetimes, which in turn can be interpreted as dealing with
fast moving and efficient natural predator that controls a large

rea. The same factor results in high densities where population
aves may develop. This assumption is justified by our interest

n extinctions that often take place when high quality predators
verexploit a region, giving rise to fatal population fluctuations.

.7. Simulation experiments

In the experiments, the value of GainPD and the number of
alls and openings were varied; all other parameters were kept
nchanged. Treatments consisted of an exhaustive combination of
Please cite this article in press as: Karsai, I., Kampis, G., Connected fragmente
doi:10.1016/j.ecolmodel.2010.11.002

he values GainPD = 10 (baseline), 30, 50 and 70, combined with the
omplete set of wall-opening systems as represented in Fig. 1. (For
ach treatment, to avoid large fluctuation artifacts due to the ini-
ialization of individual population sizes, we implemented a delay
f t = 50 in prey food re-growth and we discarded this data from
0), as well as two different fragmented connected systems (C: w3c3 and D: w2c2).
er unit energy (i.e., relative to energy content in the organisms in order to normalize
arding initialization dynamics as detailed in the text; eventual survival times in the

our analyses.) A large number (≥50) of simulation runs using dif-
ferent random seeds and t = 10,000 time steps were carried out for
each treatment. Simulation results were obtained using a Dell T710
server under Ubuntu Linux and evaluated and graphed using the R
statistical program package.

3. Results

As expected, the model populations behave in a qualitatively
different fashion in the following 3 situations: unfragmented
habitat, fragmented habitat, connected fragmented habitat (i.e.,
fragmented habitat with portals) (Figs. 1 and 2).

In the unfragmented habitat (Fig. 1A), both the prey and the
predator populations tend to fluctuate heavily. After both prey and
predator reach a peak, it is common for the prey population to
collapse, especially at high values of GainPD (high quality preda-
tor). Populations may coexist for long intervals, but the heavy
fluctuations often drive the predator (or both) population extinct
eventually (Fig. 3).

Habitat fragmentation (unconnected habitats) implies that the
above dynamics occurs in many smaller areas independently
(Fig. 1B). In some of these sub-habitats the predator goes extinct
quickly (due to a suboptimal population mix at the starting time)
and thus the prey will reach its maximum density in these sub-
habitats. The short term extinction of predators is a typical and
very important consequence of habitat fragmentation (Fig. 3).
While these predator-free sub-habitats stabilize the fluctuation of
the total number of prey, this stabilization is deceptive, because
the sub-habitats that still contain predators continue to fluctuate
wildly. Eventually the predators become extinct (especially, again,
if GainPD is large), because in the confined habitats the prey are
easily overexploited. In many sub-habitats, only the prey food sur-
vives. The smaller the size of the sub-habitats in general, the faster
the local (and henceforth global) extinction process (see also later).

Introducing passageways (openings) between the sub-habitats
(Fig. 1C) have a profound effect. While the same local extinctions
as described above tend to happen in these sub-habitats as well,
d habitats facilitate stable coexistence dynamics. Ecol. Model. (2010),

yet sooner or later a repopulation of the prey can occur via the por-
tals, followed by a delayed emergence of the predator. Fluctuations
are generally more moderate (Fig. 3), because the prey can usu-
ally escape into a sub-habitat where there is plenty of food, but no
predator. Predators are also more dispersed, compared to the sit-

dx.doi.org/10.1016/j.ecolmodel.2010.11.002
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ig. 4. Population size and survival time as a function of predator quality. Upper r
riangle: w2c0; square: w3c0. Lower row: The effect of fragmentation with connecto
alues for 50 different runs for each parameter value.

ations A and B, and therefore they are less prone to going extinct
ue to a concentrated overexploitation of the food resources.

In an unfragmented habitat, as GainPD (the quality of the preda-
or) increases, the prey population and its survival time declines,
esulting in a usually small prey population also. This decrease of
he prey population results in a decrease in the predator survival
ime if GainPD is high (GainPD > 30). To understand the preda-
or population’s response, consider that when GainPD is high, the
redator decreases the prey population to a lower number. This
lso decreases the survival time of the prey, which in turn decreases
he survival time of the predator again, so as a combined effect,
he predator population remains near constant as a function of
ncreasing GainPD (Fig. 4, upper row).

Fragmentation drastically decreases the predator population
ize and survival time (Fig. 4, upper row). The increase of GainPD

as only a moderate effect now, rather, the predator population
Please cite this article in press as: Karsai, I., Kampis, G., Connected fragmente
doi:10.1016/j.ecolmodel.2010.11.002

epends on how strongly fragmented the habitat is. On the other
and, prey survival and population size increase with the fragmen-
ation. When fragmentation is introduced, it is easy to see that the
ub-habitats start to play independent dynamics. The smaller the
ub-habitats, the higher the chance that prey or predator go extinct.
he effect of fragmentation without passageways. Full dot: w0c0; diamond: w1c0;
ll dot: w0c0; diamond: w1c1; triangle: w2c2; square: w3c3. The figure shows mean

Understandably, if the prey goes extinct first, then the predator fol-
lows shortly, while if the predator becomes extinct first, the prey
will flourish in the given sub-habitat.

Implementing connectors (openings) between fragments
results in a population boost for the predator, especially at high
GainPD and high fragmentation levels (Fig. 4, lower row). While the
prey population decreases with GainPD again, prey survival time
radically increases when the habitat becomes more fragmented
(w ≥ 2).

This counter-intuitive result stems from the fact that the prey
occasionally finds a temporal refuge, when it escapes through the
portal to a neighboring sub-habitat that typically contains only
food but no predators. The predator-free sub-habitats commonly
emerge as the result of previous overexploitation of the prey,
namely, in a small sub-habitat the predator can exterminate the
prey and in turn the predator will starve and die off or leave the
d habitats facilitate stable coexistence dynamics. Ecol. Model. (2010),

sub-habitat altogether. Because of the lack of prey, prey food will
completely regenerate in the area, and the lack of predators will
provide an ideal condition for the recolonization by the prey. The
predators will at one point stumble upon the entrance points of
these sub-habitats, but they can recolonize them only at a later

dx.doi.org/10.1016/j.ecolmodel.2010.11.002
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oint when there is enough prey there. This delay allows the prey
opulation to build up in population size. This not only gives the
rriving predator plenty of food to eat, but some of the prey can col-
nize neighboring sub-habitats over and over again, thus repeating
he process described above, before the predators can come in and
tart to prey upon them. This process in turn, ensures higher preda-
or population size with higher survival times (Fig. 4, lower row).

Fragmented habitats with portals tend to decrease the oscilla-
ions of the populations (Fig. 5) and cut back on the variation of
nal population size as well as survival time (Fig. 6). In isolated

ragmented habitats, fluctuations in the different sub-habitats are
ecessarily independent, and due to the restricted size of each
ub-habitat, these fluctuations tend to be fast and with small ampli-
udes. In an unfragmented habitat, the fluctuations can be large and
low (promoted by medium values of GainPD). When GainPD is high,
he emergence of one or a few slowly moving spatial waves is fre-
uently experienced (such waves are visible in Fig. 1A). The use of
penings drastically changes the oscillation amplitudes, resulting
n smaller phase volumes (Fig. 5). The phase volumes decrease with
he number of sub-habitats and openings, but appear not to depend
n the quality of the predator, if GainPD ≥ 30. A further analysis of
he frequency domain will be provided in Kampis and Karsai (in
ress).

Fragmentation always results in a substantial change, especially
n the prey population and in the case of a high quality preda-
or (Figs. 6 and 7). When the original habitat is fragmented into
Please cite this article in press as: Karsai, I., Kampis, G., Connected fragmente
doi:10.1016/j.ecolmodel.2010.11.002

ust a few sub-habitats (e.g., w1), the large variance in the sur-
ival time observed in the unfragmented case disappears and the
esulting survival time becomes smaller for both prey and preda-
or. More fragmentation (w2) not only increases the survival time of
he prey, but also amplifies its variability, both in survival time and

ig. 6. Survival times for prey and predator with error bars in various fragmentation-open
0–3 fragmentation borders in both the horizontal and the vertical direction). Lower row
pplied alone, decreases survival but fragmentation combined with openings increases su
given time interval which is large enough to contain several periods.) Symbols are
the same as in earlier graphs. Fragmentation without openings leaves oscillations
largely unchanged, whereas the use of connectors radically decreases the oscillation
amplitude.

numbers, due to the independent dynamics of the many isolated
d habitats facilitate stable coexistence dynamics. Ecol. Model. (2010),

sub-habitats. However, this variability of the survival time disap-
pears again, when even more fragmentation is introduced (w3)
and thus the size of the prey population increases (Figs. 6 and 7,
top graphs). The reason is that now predators commonly become
extinct and the prey develops to saturation.

ing systems using high quality predators (GainPD = 50). Upper row: No passageways
: Same arrangements but with openings between the fragments. Fragmentation,
rvival beyond the unfragmented case.

dx.doi.org/10.1016/j.ecolmodel.2010.11.002
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ig. 7. Population numbers (normalized for unit energy) and oscillations (phase vo
sing high quality predators (GainPD = 50). Upper row: No passageways (0–3 fragme
sing openings between the fragments. Rightmost column shows phase volume. Fra
assageways decrease variation.

Connections between fragmented habitats increase the survival
ime and the population size of both the prey and the predator
Figs. 6 and 7, bottom graphs). The fragmented and connected habi-
ats provide a more stable dynamics with smaller oscillations (i.e.,
hase volumes) and higher population sizes and increased survival
imes.

. Discussion

We have studied a simple prey predator system in fragmented
abitats where these habitats did not suffer a decrease in qual-

ty or overall size (i.e., habitat fragmentation without habitat loss).
e have found fragmentation alone to be detrimental (in line with

ommon expectation), but if combined with connecting portals to
e even advantageous, by ensuring the coexistence of the prey and
redator populations well above the level of the original unfrag-
ented system.
Habitat fragmentation is conceptually commonly linked to habi-

at destruction and we believe that this may be the main reason for
he controversial conclusions about the effect of habitat fragmenta-
ion on natural populations (Franklin et al., 2002). Doak et al. (1992)
oted that very few studies have addressed the mechanisms by
hich fragmentation alone influences population dynamics. They

uggested that an explicit consideration of spatial scale is essential
n the discussions of habitat fragmentation and for devising effec-
ive conservation strategies. Our current study addressed both of
Please cite this article in press as: Karsai, I., Kampis, G., Connected fragmente
doi:10.1016/j.ecolmodel.2010.11.002

hese concerns. We found that fragmentation becomes detrimental
or populations if resulting in small, isolated, disjoint sub-habitats.
his was found especially true for the predator populations and
or efficient predators that commonly drive the prey extinct before
hey themselves die out due to lack of food. While these dependen-
) with error bars for prey and predator in various fragmentation-opening systems
n borders in horizontal and vertical direction). Lower row: Same arrangements but
tation with passageways decreases oscillations; both fragmentation and the use of

cies between the prey and predator are not new, our results point
out that fragmentation even without destruction can endanger the
predators of an area.

Our main finding, however, is counterintuitive and surprising.
Connecting the fragmented sub-habitats with openings results in a
very stable situation and ensures the coexistence of prey and preda-
tors with moderate fluctuations even for high quality predators
and large population densities, at values where coexistence would
not be granted even in a large undivided area. The scale seems
to be important here as well. In the studied range, smaller frag-
ments, if suitably connected, were more beneficial for the survival
of the prey–predation system. The fragmented and connected sub-
habitats provided a more stable dynamics with smaller oscillations
and higher population sizes and survival times. In these environ-
ments, even very effective predators were able to flourish, because
the fragmentation provided temporal refuges for the prey, there-
fore the predator was unable to globally overexploit and crash the
prey population.

From the practical conservationist point of view, the earlier
amalgamation of habitat loss and habitat fragmentation has made
the evaluation of the roles of connectors such as wildlife corridors
especially difficult. The debate about the effectiveness of corridors
became one of the most important areas of debate for conservation,
and as Simberloff et al. (1992) asserted, the lack of data necessi-
tates a cautious approach, in order not to invest in constructing
expensive corridors before we have quality information about their
d habitats facilitate stable coexistence dynamics. Ecol. Model. (2010),

usefulness. Our study now shows that corridors (the connectedness
of sub-habitats) indeed are essential to retain both the prey and the
predator populations. Other factors such as the nature and required
properties of the corridors, differences in sub-habitat quality and
increased patchiness should be extensively studied in the future.

dx.doi.org/10.1016/j.ecolmodel.2010.11.002
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We want to discuss the issue of simplification in some detail.
ur model has been stripped to what we believe to be the bare
inimum of factors of highest generality to establish the case; as a

onsequence, the model does not directly address any given species
nd lacks several realistic details. For example, multi-species sys-
ems are characterized by several differences and tradeoffs. Varying

igration speeds, movement patters, switching between differ-
nt prey types, the carrying capacity of the environment and the
xistence of different population interactions (competition, par-
sitism, symbiosis, etc.) may all modify the picture and require
urther studies in any given case – each case is subtly different.
lso, different connection topologies and other spatial factors such
s detailed geometry may alter the effects of migration. For exam-
le, simplifying the movement to pure random walk, and finding
ood and portals completely randomly seems unrealistic at the
ndividual level. Nevertheless, from this simple setup a complex
ynamic emerges in the model that includes a density dependent
e-colonization of sub-habitats, delayed colonization by predators
fter the prey has colonized a sub-habitat, and so on. With the sim-
lified model using as few different variables as possible we could
ore clearly concentrate on the effect of habitat fragmentation and

onnectedness on population size and survival. Thus we believe
he presented model is suitable for grasping the “big picture” and
learly shows that habitat fragmentation can actually be benefi-
ial for natural populations if accompanied by proper connections
nd not resulting in or paired with habitat destruction. The study
lso stresses that isolating the fragments is extremely harmful, and
ainly so for the predator populations.
Experimental or observational data on natural populations

argely agrees with the predictions of our simulations. Huffaker’s
1958) experiment was one of the first to suggest that the subdi-
ision of an available habitat into many smaller pieces (without
abitat loss) can enhance the persistence of a predator–prey
ystem. However, some consequences of his findings were not
ealized, until recent field and laboratory studies started to yield
imilar results (Spiller and Schoener, 1994; Gilbert et al., 1998;
olyoak and Lawler, 1996). For example, Kareiva (1987) found that

ncreasing patchiness led to more frequent local explosions of aphid
opulations due to the effects of patchiness on the searching and
ggregation behavior of ladybird predators. Our modeling result
rovides a support for these findings and predicts them to be quite
eneral in nature.

These insights indicate that the conservation efforts need to
onsider the nature and behavior of the predator for planning
assageways for effective connections. Dispersion among patches
eems to be a key in the prey–predator system dynamics (Holyoak
nd Lawler, 1996) and this is an emergent dynamic variable in
ur simulation. Localizing corridors and moving through them is
consequence of a series of random events, but once it happens,

he immigrants commonly find a quasi-ideal environment (with
lenty of food) in the newly colonized sub-habitats. This yields a
opulation explosion and the ensuing larger number of individu-
ls has a better chance to stumble upon further corridors that can
ead the population further, to new sub-habitats again. The emer-
ent density dependence, paired with the restriction of dispersion
ue to fragment boundaries can produce a stabilizing effect on prey
redator systems that can be utilized in conservation biology and
elps understanding the dynamics of populations under natural
onditions.
Please cite this article in press as: Karsai, I., Kampis, G., Connected fragmente
doi:10.1016/j.ecolmodel.2010.11.002
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