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ABSTRACT

The edge effect is usually considered to be the proximate cause of area sensitivity in forest birds. We
tested if birds nesting in large patches are less vulnerable to the edge effect using a simple model that
assumes an increase in patch size reduces the probability of a matrix predator moving to the core areas of
forest and that larger perimeter/area ratios result in a higher number of matrix predators per unit of area.
The probability of a nest being successful decreased asymptotically with an increase in either the patch
penetration distance of predators or predator density, but those effects were reduced when patch size
was increased. Large patches have a lower probability of being affected by an Allee effect and they can
function as sink habitats only if penetration distance and predator density are largely increased. However,
the transition from an Allee effect to a sink condition occurs with a small increase in penetration distance
and predator density. Since birds nesting in large patches are less vulnerable to an increase in matrix
predator populations, persistence of bird populations may be possible by increasing the size of habitat

patches that can act as source populations.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Edge-dependent nest predation is an important cause of nest
failure for several forest bird species, eventually resulting in pop-
ulation decline in fragmented forest landscapes (Wilcove, 1985;
Bohning-Gaese et al., 1993; Lahti, 2001). Forest areas close to
edges may result in unsuitable habitat conditions, reducing indi-
vidual fitness and population size of breeding birds (Donovan et al.,
1997; Flaspohler et al., 2001). Additionally, predators can cause an
Allee effect (Allee, 1931) because predation rates tend to increase
at low nest densities (Levins and Schultz, 1996; Gascoigne and
Lipcius, 2004; Berec et al., 2007). The nest predation edge effect
can make the growth rate negative, resulting in sink populations
where mortality exceeds recruitment (Pulliam and Danielson, 1991;
Thompson et al., 2002; Lloyd et al., 2005). Moreover, the Allee effect
could be amplified in fragmented landscapes because individuals
inhabiting small fragments can experience a reduction in their sur-
vival or difficult in finding a mate (e.g. Lamberson et al., 1992).

The consequences of the edge effect on bird populations are
largely influenced by the link between patch characteristics and
the species-specific characteristics of predators (e.g. Deng and Gao,
2005; Storch et al., 2005; Vergara, 2005). The magnitude of the edge
effect is expected to increase when patch size decreases (holding
patch shape constant), due to an increase in the perimeter/area
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ratio (Saunders et al., 1991; Murica, 1995). This means that birds
nesting in small forest patches are more exposed to nest preda-
tors appearing from the matrix (e.g. Andrén and Angelstam, 1988),
although field studies have not always supported this hypothe-
sis (e.g. Huhta et al., 1998; Keyser et al., 1998; Matthews et al.,
1999). Most nest predator species are generalist foragers inhab-
iting primarily the matrix which corresponds to the prevailing
habitat in the landscape (usually an anthropogenic habitat) that
surrounds patches of native habitat. Matrix predators are mostly
birds (e.g. corvids and caracaras), small mammals (e.g. squirrels
and rodents), and small or medium size carnivores such as foxes
or raccoons (Andrén, 1992; Soderstrom et al., 1998; Seymour et al.,
2004; Vergara, 2005; Barding and Nelson, 2008). The association
between edge effect and patch size is difficult to test because patch
geometry tends to become more complex as forest fragmentation
increases (Fernandez et al., 2002; Fletcher, 2005). Nevertheless, a
fundamental factor determining such an association is the species-
specific response of matrix nest predators to forest edges (Cantrell
et al., 2002; Mazgajski and Rejt, 2005).

Two important factors influencing the edge effect are the move-
ment behavior of matrix predators in the forest edge and their
abundance in the matrix habitat (Andrén and Angelstam, 1988;
Chalfoun et al., 2002). Since some forest structures can act as a bar-
rier to the movement of species that live primarily in anthropogenic
habitats, the permeability of boundaries to predators may greatly
affect the spatial predation pattern within forest patches (Wiens,
1992; Pasitschniak-Arts and Messier, 1995). Consequently, the dis-
tance which predators are able to penetrate into forest patches is an
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important variable in explaining the distance over which the gra-
dient in nest predation extends within a forest (Angelstam, 1986;
Dijak and Thompson, 2000; Storch et al., 2005). Furthermore, sev-
eral studies have shown that the levels of nest predation at forest
edges are positively correlated with predator density in the sur-
rounding matrix (Angelstam, 1986; Picman, 1988; Yahner, 1996).
For the sum of these findings we expect that nest success prob-
ability will decrease in small patches due to two reasons: (1) an
increase in patch size involves an increase in core areas of forest,
i.e., sites that are far enough away from forest edges and hence
the presence of matrix nest predators is less probable; and (2) an
increase in patch size involves that less predators per unit of area
enter from the surrounding matrix because matrix predators pen-
etrate patches through the patch perimeter and the perimeter/area
ratio decreases with area.

In this study we aim to develop a model to determine if birds
nesting in large patches are less vulnerable to the edge effect in a
scenario where nest predators enter forest patches from the sur-
rounding matrix habitat. This model is expected to allow testing
whether the effect of both predator density and predator movement
on nest success and population dynamics decreases with patch size.
To date, the few models that have explored how the link between
edge effect and patch size is affected by the movement and density
of matrix predators have not addressed explicitly how these mech-
anisms affect the nest success (e.g. Cantrell et al., 2001, 2002). In
this study we aim to determine how the edge effect reduces nest
success of a particular forest bird species, and how this decrease in
nest success may cause an Allee effect as well as reduce the local
population growth rate to a critical replacement level.

2. Methods
2.1. Nest success model

We developed a simple deterministic model in which the prob-
ability of nest success and the population dynamics in a patch is
determined by nest predation. We consider a single forest-specialist
bird species that nests in forest patches surrounded by an open
habitat matrix, and whose nest success is determined by nest
predation (Fig. 1). We also assume that all matrix nest predators
belong to the same species, hence they have basically the same

Predator response

Nesting attributes

foraging behavior and a diet composed fundamentally of a single
prey species inhabiting the matrix habitat. In consequence, for-
est patches are secondary foraging habitats for matrix predators
and thus nest predation within patches is incidental (Vickery et al.,
1992; Schmidt et al., 2001). As a consequence of these assumptions,
the model considers that bird density does not affect the predator
population dynamics, which is determined by ecological processes
in the matrix (e.g. Gates and Gysel, 1978; Pasitschniak-Arts and
Messier, 1995).

For a bird nesting at a distance x from the edge of a patch i with a
density n, the probability of nest success depends on the probability
that a nest does not survive a predator incursion within the patch
during a daily period (uy;), which can be estimated as:

uy ; = g(x)f (x)b(n), (1)

and depends on three functions: g(x), which is the penetration prob-
ability of a predator up to the nest location (x); f{x), the probability
that a nest is located at a distance x from the edge; and b(n), the
conditional probability that a brood is eaten by a predator given
that the predator moved to this nest site from the edge.

We assume that penetration distances of matrix predators into
forest fragments follow a negative exponential distribution since
nest predation rates and predator density tend to decline exponen-
tially with distance from the patch edge (Angelstam, 1986; Cantrell
et al., 2001, 2002). Given this movement behavior, the probability
of a predator moving a certain distance from the patch edge (x) is

1
pxi0) = expl /), @)

where parameter 6 scales the effect of distance to movements
within patches (Table 1). Eq. (2) provides an estimate of the pen-
etration probability of a matrix nest predator, g(x) in Eq. (1). The
value of 0 is dependent on the degree to which predator movements
are constrained by forest structures and other ecological mecha-
nisms related to forest edges, and hence greater values of  imply
greater penetration distances to interior forest locations. Ecotone
habitats located on forest edges may be suitable sites for preda-
tor incursions, contrasting with forest core conditions (e.g. Gates
and Gysel, 1978). Furthermore, the longer the incursion distance,
the longer the time spent by a matrix predator in returning to the
matrix, which may result in an important energy cost when the
nest finding rate is low and the vegetation structure is unsuitable
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Funcional
responce
of predators

[b(n)]

Predator
density
in the matrix
(N)

Nest distance
to the edge (d)

Spring

Fig. 1. The annual life cycle of a typical passerine species of temperate forests. Adults lay clutches of size e that survive the breeding period with probability s. Adult and
juvenile individuals survive the winter with probability 1 —m and j, respectively. Population size (n) is recorded at the end of the breeding period. Edge effect on nesting
success is accounted for by predator responses and nesting attributes. The effect of the numerical and behavioral responses of predators to edge habitats (grey boxes) on bird

populations was assessed using a model (see text).
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Table 1
Summary of parameters used to model the edge effect on nest success and growth
rate of a bird population (see Fig. 1).

Parameter Description

0 Mean patch (or edge) penetration distance of a predator (m)

d; Patch radius or maximum distance measured from the patch
centroid to its edge (m)

o Attack rate of a predator (probability that the predator finds
and eats a brood)

Ty Handling time (T},)

N Predator density in the matrix (number/ha)

P Number of matrix predators making incursions into the patch

D Length of nesting period (days)

v Number of daily incursions into the patch per matrix predator

Si Probability of nest success in a patch

Ji Juvenile survival: probability that a young female will survive
until the next breeding season

m; Adult mortality: probability that an adult female will survive
until the next breeding season

[ Expected clutch size of female broods (eggs/nest)

for movement. Consequently, this model does not consider the case
in which nest penetration distance is influenced by nest density.
Empirical studies have suggested that the mean distance in which
matrix nest predators search for nests into a habitat patch ranges
between 50 and 200 m (e.g. Paton, 1994; Soderstrom et al., 1998).
Furthermore, 6 could be estimated using either binomial models
predicting the effect of edge distance on daily nest survival rates or
from radio-tracking data (Barding and Nelson, 2008).

We assumed that nest density is not affected by distance
from the edge since birds neither detect nor behaviorally respond
to the predator-occupied space, an assumption that simplifies
model predictions and its mathematical formulation. Although this
assumption is weakly supported for some bird species (e.g. Gates
and Gysel, 1978; Flaspohler et al., 2001), our interest in modelling
the edge effect is focused on understanding the response of matrix
nest predators to patch edges. We also assume that patches are
circular with radius d;. Circular patches simplify the study of the
edge effect because all points on the circumference are equidistant
from the center, minimizing variability in edge distance. In circu-
lar patches, however, a larger proportion of nests is located in core
habitat, in comparison to irregular-shaped patches. In spite of this
limitation, we did not consider alternative, and more realistic, patch
shapes (e.g. elliptical orirregular) because we could not find a model
solution for the expected nest success in a patch (see below). Con-
sidering these assumptions, the probability of a nest being located
at a distance x from the edge, f{x), is a probability density function
of nest distance from the patch edge (i.e., fo 1 f(x)ox = 1), which can
be estimated as:

= 242, 3)
1
To determine conditions under which nest predation causes an
Allee effect and reduces local population growth rate below a crit-
ical replacement level, we assumed that predators follow a type
II functional response (sensu Holling, 1959) because it can make
population growth rate negative at low prey densities (Cantrell et
al., 2001; Gascoigne and Lipcius, 2004). Considering this predator
behavior, the probability that a brood or clutch is consumed over a
daily period by a predator (b[n] in Eq. (1)) can be estimated as:

o

b = T an

for0>a<1, (4)
with parameters o and T, giving the attack rate and the han-
dling time of predators, respectively (Table 1). Attack rate is the
rate at which predator search for nests and handling time is the
time required for a predator to eat a single clutch (Holling, 1959).
Both parameters can be estimated from experimental field data by

regressing nest survival rates on nest density and predator density
(e.g. Abrams and Ginzburg, 2000; Miller et al., 2006). Consequently,
this model could be fitted to field data of nest survival by adjust-
ing these parameters. For simplicity, we assume that the factors
determining attack rate («) are constant on each patch.

The probability of a nest not surviving a predator incursion (uy ;)
is given by substituting Eqs. (2)-(4) in Eq. (1). Thus, the spatially
averaged probability of a nest not surviving a matrix predator incur-
sion in a patch (il;) can be estimated as:

o 2062(exp-4/9) 4 (d;/6) — 1)
u; = uxyidx = 5 .
- (1 + Than)d:

The model in Eq. (5) is a method for solving the mean of multiple
nest predation events occurring during a single day by a predator
rather than a mechanistic model of nest predation in edge habitats.
Therefore, this model does not consider probable temporal and spa-
tial changes in nest density during a day within a single patch. The
nest success probability is a composite function of i, ;, the num-
ber of matrix predators making incursions into the patch (P), the
number of days in the nesting cycle (D), and the number of daily
incursions per predator (1, Table 1). Thus, if predators make Py
daily incursions within a patch, and assuming a nesting cycle of D
days, the probability of a nest surviving to Py/D predator incursions
results in an estimate of the probability of nest success in a patch
(sj, see Table 1), which can be expressed as:

(5)

s;=(1— )P, (6)

In Eq. (6) the term (1 — ﬁi)Pw is similar to the daily nest survival
rate estimated using Mayfield’s method (Mayfield, 1975). Conse-
quently, s; is the daily nest survival powered to the length of the
exposure period in days (D), and therefore an estimate of the pro-
portion of breeding females that have nests with hatched eggs, or
that produce fledged young in a patch. The number of daily incur-
sions per predator () is a species-specific parameter scaling with
the time that a generalist predator spends searching and foraging in
patches of alternative habitat. The latter parameter can be derived
from either radio-tracking studies or field observational data of
matrix predators moving in fragmented habitats (see, e.g. Seymour
etal., 2003; Marzluff et al., 2005 for the use of such methodologies).
Parameter P corresponds to the number of matrix predator territo-
ries that are covered or intercepted by the patch edge (in this case
the perimeter), i.e., an estimate of the expected number of preda-
tors that potentially could enter from the matrix into the patch.
Considering the latter assumption and assuming no overlapping
territories among predators, P can be approximated as:

P— 2N0'5d;1,

where Pis a function of predator density in the matrix (N) and patch
radius (Table 1). Depending on predator species, predator density in
the matrix can be estimated using different sampling approaches,
including visual observations, DNA analysis of fecal samples, or
trapping (e.g. Andrén, 1992; Kays et al., 2008; see also Chalfoun
etal., 2002). Predator density can vary significantly over time, such
as populations of small mammals (Ostfeld et al., 1996; Schmidt et
al., 2001). Accordingly, if N remains constant, then P is directly pro-
portional to the perimeter/area ratio for a circle. Nonetheless, the
number of daily predator incursions (Py) in a patch is minimized by
the model because it assumes that patches are circular, representing
the maximum perimeter/area ratio.

2.2. Population effects
To assess how nest predation affects population dynamics, we

derived an expression of the per-capita growth rate (using Eq. (6))
for a population of adult female birds (r;) living in patch i, which
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does not consider emigration-immigration, and is a continuous
function in n defined by:

ri(n) = si(n)jj(n)e; — m; (7)

where j; corresponds to juvenile survival, e; is the expected clutch
size, and m; is the mortality rate of adults (Table 1). As we con-
sidered a non-biased sex ratio, the number of nests equals the
number of adult breeding females. Survival of adults and juveniles
was assumed to be independent of edge distance. We also assume
that juvenile survival is an important process regulating local pop-
ulation, since juveniles experience high predation risk during the
post-fledging period (Naef-Daenzer et al., 2001). Thus, juvenile sur-
vival (j;) was modelled as a negative density-dependent process
defined by j;=1/(1+n;), with j; being maximum at density zero
(jiln;j=0]=1).Juvenile and adult survival rates are usually estimated
from recaptures of previously marked individuals or recovery of
dead birds (Schaub and Pradel, 2004).

Mortality of adults (m;) was initially assumed to be density
independent (e.g. Pulliam, 1988). However, adult survival may be
negatively associated with nest survival because lower nest success
may permit more investment in adult survival until the next repro-
ductive event and because of the existence of a negative relationship
between nest concealment and adult survival (Wiebe and Martin,
1998; Ghalambor and Martin, 2001; Miller et al., 2007). Therefore,
in order to relax this assumption, and for simplicity, we derived an
expression of the per-capita growth rate [r(n)] by including a linear
trade-off between adult and nest survival (e.g. Martin, 1993). Thus,
adult mortality in patch i was defined as m;(n;) =mys;(n;), with my,
being the adult mortality of successful breeding birds.

The model given in Eq. (7) provides a basis for making inferences
about the effect of nest predation upon a local bird population.
Consequently, we used this deterministic model to estimate the
minimum values of N and 0 necessary to generate an Allee effect
(hereafter called the “Allee threshold”) and a sink condition (here-
after called the “sink threshold”).

Two conditions are necessary for an Allee effect to occur. First,
the per-capita growth rate must reach its peak at a positive pop-
ulation value, and second, population size must drop below this
population value. The first condition is dependent on deterministic
factors (such as parameters N and #), while the second condi-
tion depends basically on stochastic factors that affect population
dynamics (Courchamp et al., 1999). Since a type II functional
response can result in an unstable point at low density (e.g. Cantrell
et al., 2001), we find the Allee threshold by determining the val-
ues of & and N where the growth rate at density zero equals zero
(i.e., 1{0] =0), since the slope of (0) is positive [i.e., dr(n=0)/dn>0]

Nest success (s)

0 5 10
Density of predators (N)

P.M. Vergara, I. Hahn / Ecological Modelling 220 (2009) 1189-1196

(Appendix B). The Allee threshold gives the parametric conditions
under which an unstable point appears at low density values, and
hence is an estimate of how likely a population is to extinction
in stochastic environments (Courchamp et al., 1999). Since in sink
populations the per-capita growth rate is negative for any density
value (i.e., r(n)<0 on [0,00]), where r=[dn/dt]/n) (Pulliam, 1988),
a criterion to establish a sink threshold is to determine parame-
ter values at which the value of the maximum growth rate (rmax)
equals zero (Appendix A). The sink threshold allows the distinction
of sinks from either pseudo sinks or sources since in both of them
max > 0 at least in some interval of n (Watkinson and Sutherland,
1995).

The values of parameters «, y, m, ¥ and D were kept constant
in all the analyses because they did not affect the general results,
i.e., the position of the thresholds in the parametric plots were sim-
ilar when these parameters were changed. The attack rate («) and
the handling time of predators (T,) were assumed to be 0.5 and 1,
respectively, because they are in the range of values observed for
generalist predators and are commonly used in modelling studies
(e.g. Cantrell et al., 2001; Jeschke et al., 2002; Abrams, 2004). Based
on recapture data of forest bird species living in fragmented land-
scapes, we assumed an overwinter mortality (m) of adult females
of 30% (e.g. Zanette et al., 2000). The number of daily incursions
per predator in a patch (¥) was set to 10 because this value has
been observed for avian nest predators such as the Chimango
Caracara (Milvago chimango) in fragments of temperate forest (Ver-
gara; unpublished). The nesting period length (D) was assumed to
be 30 days, a characteristic time period for several forest bird species
(Martin and Li, 1992). Analyses were done using the R 2.1.1 software
(R Development Core Team, 2005).

3. Results
3.1. Nest success

Nest success decreases asymptotically when penetration dis-
tance (0), and predator density (N) are increased (Fig. 2). Thus, when
either 6 or N reach zero, the nest success approaches unity, indicat-
ing that the nest predation edge effect depends on both parameters
(Fig. 2). However, the effect of 6 and N on nest success decreases
with an increase in bird density (Fig. 2).

The negative effect of penetration distance () and predator den-
sity (N) on nest success is reduced when either patch size or nest
density increase (Figs. 3 and 4). Consequently, nest success in small
patches is notoriously increased when nest density is high (e.g. the
0.125 ha patch shown in Fig. 3).

0.8

0.6

044

Nest success (s)

0.2 4

0

0 20 40 60 80 100 120 140
Penetration distance (@)

Fig. 2. The negative effect of predator density (N, on the left) and penetration distance (6, on the right) on nest success probability for five different nest densities (n) in a

3-ha patch.



P.M. Vergara, I. Hahn / Ecological Modelling 220 (2009) 1189-1196 1193
. n=10

1 = 0ha
—_— —-— —_ 3.0 ha
@ 08 & 081 & 084 1.0ha
2 2 2 —osha

] 61 .6 w2 ha

8 06 8 06 8 0.6
5 5 5
» 041 » 041 @ 044 0.125ha
B @ 0.125ha a
<] 14} o <4} 4
2 02 2 02 2 02

0 0 0

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Penetration distance (g) Penetration distance (g) Penetration distance (g)
1 1
T _120h
= b~ 12.0 ha S AL T
= z \\ ‘ 2 0% =,
% % 3.0h % 0.6 - 1.0 ha i
Q O 2 - o =
= 5 % 0.125ha
@ & a 0.2
z z z
0
0 5 10

Density of predators (N)

Density of predators (N)

Density of predators (N)

Fig. 3. The negative effect of predator density (N, below) and penetration distance (6, above) on nest success probability for six different patch sizes and three different nest

densities: low (n=2), medium (n=>5), and high density (n=10).
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Fig. 4. The positive relationship between patch size and both predator density (N, on the right) and penetration distance (6, on the left) required to get an arbitrary probability
of nest success on a log-log plot for three different values of nest success probability (s).

3.2. Population effects

Edge effect caused by matrix nest predators strongly affects the
dynamics of bird populations. When a linear trade-off between
adult and nest survival is assumed, the per-capita growth rate (r) is
characterized by alinear density dependence with a unique equilib-
rium density [n*=(e — m;)/m;, for r=0]. When mortality is assumed

0.60
0.40 - 6=15
=
2 020
© 0=60
£
g 0.00
0]
e 6=250
0.40
0 1 2 3 4 5 8

Nest density (n)

to be constant, however, two equilibrium points emerge in the
dynamics (Fig. 5). With low values of penetration distance (8) and
predator density (N) the per-capita growth rate (r) decreases in an
almost linear way as the nest density increases, and reaches a maxi-
mum value atdensity zero (n; = 0) (Fig. 5). However, with anincrease
inthe values 6 and N, r tends to be maximized at intermediate values
of density (in the [0, K] interval), where K is the carrying capacity),

0.60
0.40 N =02
=
9 0.20
< N =1
£
5 0.00
(0]
-0.204 =3
-0.40
0 1 2 3 4 5 6

Nest density (n)

Fig. 5. Per-capita growth rate (r) as a function of nest density in a 3 ha patch with different values of both penetration distance (0, on the left) and predator density (N, on the

right).
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001 1
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100 10000

Fig. 6. Parametric plot between penetration distance (¢) and density of predators
(N) for different patch sizes (ha). Solid lines represent sink thresholds, i.e., minimum
values of 6 and N making the maximum growth rate negative (rmax <0). Dashed lines
represent Allee thresholds, i.e., minimum values of # and N generating an Allee effect.
The shaded area represents the Allee region.

resulting in an unstable equilibrium point at low density which trig-
gers an Allee effect (Fig. 5). Furthermore, when the values of 6 and P
undergo an important increase, r becomes negative for any density
value, and the population may function as a sink (Fig. 5).

The nest predation edge effect generates a sink threshold which
isestablished by a negative relationship between 6 and N (solid lines
in Fig. 6). The sink threshold defines two different parametric areas
determining the population status: the sink region (on the right
of the threshold curve) and the source or pseudo-sink region (on
the left of the threshold curve; Fig. 6). The sink threshold is linear
on a log-log plot except for large values of 6, where the threshold
becomes asymptotic for predator density values (N), indicating that
below these N values populations will not function as sinks (Fig. 6).
Thus, an increase in either 6 or N will increase the likelihood that a
population will function as a sink, at least if one of the parameters
is maintained constant.

The nest predation edge effect also generates an Allee threshold,
which is established by a negative relationship between 6 and N
(dashed lines in Fig. 6). The Allee threshold has a similar shape as
the sink threshold but it occurs at lower values of 8 and N (Fig. 6),

1000
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Penetration distance (@)

0.001 T T T T
0.001 0.0 0.1 1 10 100
Patch size (ha)
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indicating that lower values of f and N are necessary to generate an
Allee effect (Fig. 6). The parametric area located between the Allee
and the sink thresholds, called the “Allee region”, defines the nest
predation conditions under which the local population exhibits an
Allee effect (Fig. 6).

An increase in patch size increases the values of 6 and N, gen-
erating both a sink and an Allee threshold, moving those threshold
curves to the right of the parametric plot (Fig. 6). However, on a
log-log plot the size of the Allee region does not change with patch
size, indicating that the parametric intervals on which populations
are affected by an Allee effect are proportional to the patch size
(Fig. 6). Consequently, the effects of either the penetration distance
() or predator density (N) on population dynamics are dependent
on patch size, with large values of both parameters being required to
generate an Allee effect or to reduce population growth rate below a
critical replacement level (Fig. 7). The positive relationship between
patch size and threshold values of € and N is nearly linear on a
log-log plot for both the Allee and the sink threshold. However,
threshold 6 values become asymptotic for large patch sizes, indi-
cating that sufficiently large patches will never be affected by an
Allee effect, or will function as sinks, if penetration distances are
increased (Fig. 7).

4. Discussion

Our model suggests that the edge effect results in a patch size
effectifatleast three basic conditions are met: (1) nest predators are
habitat generalist species associated with the surrounding matrix
habitat; (2) forest boundaries are permeable to matrix predators;
(3) predator density in the matrix is large enough to affect nest
success.

One of the most widely accepted mechanisms proposed to
explain the edge effect is the distance which predators penetrate
to the patch-interior sites. In our model the patch penetration
distance is only a per-capita measure, and thus the width of
the edge habitat influenced by matrix predators is a composite
function of the movement behavior (i.e., penetration distance) and
the numerical response of predators (i.e., predator density). Conse-
quently, a large abundance of matrix nest predators constitutes an
alternative explanation for higher levels of edge effect (e.g. Small
and Hunter, 1988; Wilcove, 1985). This means that predators with
high movement ability within patches may have a negligible effect
on nest success and population dynamics if their abundance in
the matrix is low (see Fig. 6). In contrast, a large abundance of
generalist predators in the matrix might have no effect on nest
success or local population when the edges are impermeable to
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Fig. 7. The positive relationship between patch size and both predator density (N, on the right) and penetration distance (6, on the left) required to generate an Allee effect
(dashed line and shaded area) or to reduce population growth rate below a critical replacement level (continuous lines).
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the movement of matrix predators (Fig. 6). Understanding the
compensatory effect between penetration distance and predator
abundance may be crucial for planning conservation strategies of
breeding birds in fragmented landscapes.

The link between patch size effect and edge effect results from
the spatial distribution of matrix predators within patches and
depends on the geometric components of patches. Thus, the effect
of penetration distance decreases in large patches because large
patches have longer radii, and hence the probability that a matrix
predator will move to areas close to the patch centre is low in com-
parison to small sized patches. Consequently, only core areas at
more than a critical distance from the edge are suitable sites for
successful breeders, and hence the likelihood that a local popula-
tion will function as a sink decreases with patch size, as has been
suggested by empirical studies of birds living in fragmented land-
scapes (e.g. Donovan et al., 1997; Manolis et al., 2002; Perkins et
al., 2003). Moreover, since the probability that a bird nests in a core
habitat area increases as patch size increases (because large patches
have proportionally more core habitat), a large fraction of clutches
will be exposed to matrix nest predators in small patches (e.g. see
Fig. 4). However, nest success predicted by our model can be under-
estimated if the assumption of homogeneous nest density within
a patch is violated. This can happen if the number of nests pre-
dated near the perimeter increases as a consequence of the greater
activity of predators near edges.

The ratio of edge-to-interior habitat may be a better predictor
of area sensitivity in birds than patch size per se (Davis, 2004).
Large patches may intercept a greater number of predator terri-
tories in the matrix since they have longer edge lengths. However,
the number of predators per unit area that a patch may eventu-
ally contain (if predators enter patches) decreases with patch size,
since this number is proportional to the perimeter/arearatio. There-
fore, by decreasing the perimeter/area ratio, an increase in patch
size reduces the effect of predator density on nest success. Conse-
quently, birds nesting in large patches are less vulnerable, or more
resilient, to an increase in predator populations. The positive effect
of the perimeter/area ratio on nesting birds may be important in
landscapes where populations of generalist predators are highly
variable in time due to variability in weather conditions, distur-
bances, and resource availability (e.g. Jaksic et al., 1997). Model
predictions, however, should be taken with caution because circular
patches are less exposed to the edge effect. Despite its theoretical
nature and the validity of its underlying assumptions, the model
presented here could be used as a baseline for analyzing a wide
range of ecological problems, such as determining whether bird
populations are likely to experience an Allee effect or establishing
the minimum patch size needed to support viable local populations
of woodland birds.

Model results indicate that at the local scale, predators gen-
erate an Allee effect, and in the extreme situation, they can lead
viable populations to become sink habitats. The Allee effect is most
likely to appear if adult mortality is not influenced by nest success
because high nest predation rates at low densities are compensated
by large adult survival rates. Furthermore, the Allee region is shown
to be relatively narrow at logarithmic scale, and hence the transi-
tion from an Allee effect to a sink occurs with a small decrease in
6 and N. Consequently, the Allee effect may not be easily detected
in local bird populations if predator species undergo high fluctu-
ations in population size or penetaration distance, which should
be further explored using this model. Since populations exhibiting
an Allee effect can be considered as potential sinks because they
will become extinct at low densities (Courchamp et al., 1999), an
important application of this model is the use of long term data
on both predator and bird density to determine the critical pop-
ulation size under which the population can experience an Allee
effect.

Populations outside the sink and the Allee regions might act
as sources when immigration is successful and when the emigra-
tion rate does not reduce significantly the per-capita growth rate
(Amarasekare, 2004). Those population consequences of nest pre-
dation are highly dependent on patch size. An increase in patch
size increases nest success, reducing the probability of populations
becoming sinks or having an Allee effect because predators have a
lower chance of moving to core areas and the number of predators
per unit of area decreases with patch size. Therefore, persistence
of bird populations vulnerable to the edge effect may be possible
by increasing the size of habitat patches which can act as source
populations.
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Appendix A

Using Eq. (7) a sink threshold is estimated by finding out the
parametric conditions under which the maximum growth rate
equals zero (rmax =0). For a predation edge effect (s(0)<1) a sink
threshold occurs when

ar ar
IninIlRY, — = —
Al ninIR™, n O/\an|n=0>0
where the derivative of Eq. (8) is
ar _ es(n) yu(n)PDyr 1
on (n+1)\(Q-un)yn+1) n+1)’

which is maximized at:

ar 0= yu(n)PDyr 1
on~ ~ \(I-u(n)(yn+1) n+1)’°
and at density zero it can be expressed as

o, _vaOPDY
"~ 1-0(0)

Parameter values satisfying the above threshold conditions were
found by means of a numerical iteration procedure in the following
sequence: (1) for each parameter combination we found the density
value at which the growth rate is maximized (n(rmax)) by using an
optimization procedure; (2) we replaced n(rmax) in the r(n) function
and estimated the value of rmax; (3) we repeated steps 1 and 3 until
the value of the expression |rmax(1n)| was minimized.

Appendix B

Using Eq. (8), the Allee threshold is estimated by finding out
the parametric conditions under which r(0)=0 and dr/0n|,—o >0 are
met (see Appendix A for this derivation). We defined an expression
for predator density (N) as a function of penetration distance (9)
according to

_ [d[log(m) — log(e)]1*

N= 2Dyrlog(1 — (0))
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