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Although metapopulation dynamics have become the focus of considerable theoretical
research, little attention has been paid to its role when examining the coexistence of
species. When two or more species live in the same patch network, interspecific
interactions may affect their dispersal, colonization and extinction rates, and it may
be possible to incorporate competition affecting these parameters in metapopulation
models. Here, we extend the territorial occupancy model proposed by Lande to
competing species. Our model estimates an equilibrium proportion of habitat
occupancy as a function of life-history parameters, dispersal behavior, habitat
suitability and interspecific interactions. Moreover, it could prove to be useful as a
tool in the assessment of potential management decisions. We apply the model to the
golden Aquila chrysaetos and the Bonelli’s eagle Hieraaetus fasciatus, two territorial
raptors that coexist in the Mediterranean region, sharing food and nesting habitats.
Over the last twenty years, while the golden eagle has maintained and, in some cases,
increased its breeding numbers, Bonelli’s eagle has suffered a marked decline, with many
territories abandoned by the latter now occupied by the former. This suggests that the
dynamics of these species could be influenced by interspecific competition. The model
identified the relative importance of competition (stable equilibrium that allows long-
term coexistence) and predicted that, when habitat overlap is slight as in the study area,
intraspecific dynamics are much more important for the persistence of each species than
interspecific ones. Our results suggest that the improvement of territorial bird survival
and productivity are the most urgently needed actions to be undertaken in the case of
the golden eagle, while for Bonelli’s eagle efforts should be focused on improving
territorial and non-territorial bird survival. As habitat conservation measures, the
proportion of suitable exclusive habitat should be increased for both species.
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Research on spatially structured populations has pro-
duced both theoretical and empirical evidence for many
types of structures, ranging from classical closed popula-
tions to various types of interacting subpopulations
(Hanski 1999, Thomas and Kunin 1999). Models of
metapopulations composed of interacting local popula-
tions (Levins 1969) have proven to be important in
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conservation biology (Doak 1995, Drechsler and Wissel
1997, Hanski 1999). By definition, local populations
within a classical metapopulation have a substantial
probability of extinction and therefore the long-term
persistence of a metapopulation can only occur at
regional level by a balance between local extinction
and colonization (Levins 1969). An important conclu-
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sion is that a metapopulation may become extinct
despite the presence of suitable habitat if the rate of
local extinction exceeds that of colonization. Never-
theless, early models described extinction processes
without addressing their causes (Levins 1969); this
omission has recently been remedied by including
demographic parameters in analytical procedures
(Hanski 1999).

The metapopulation perspective involves a recognition
of scales and the separation of within-patch (individual
birth- and death-rates) and among-patch (patch extinc-
tion and colonization rates) dynamics. In this sense and
for those cases in which the overall population viability
depends more on the first one than on the latter, Lande
(1987) extended and generalized a metapopulation
model for application to territorial species. By identify-
ing the unit of suitable habitat as the individual territory,
he established a correspondence between local extinction
and the death of the individuals inhabiting a territory, as
well as between colonization and individual dispersal
and settlement in a suitable, unoccupied territory. This
little used model could be employed to predict the effects
of future habitat loss or demographic constraints
on population persistence (Lande 1988, Noon and
McKelvey 1996, Carrete et al. 2002a).

Metapopulation models have become the focus of
considerable theoretical research. However, less atten-
tion has been paid to the role of metapopulation
structures in the coexistence of competitor species.
When two or more species live in the same patch
network, interspecific interactions may affect dispersal,
colonization and extinction rates, and so competition
affecting one of these parameters could be incorporated
into metapopulation models (Hanski 1983, 1999, Nee
and May 1992, Tilman 1994). For two territorial
competing species, Lande’s model could be extended
by incorporating a term that constrains the occupation
rate of each territory by the other species. This new
model, developed for the first time in this paper, assumes
that interspecific competition exists at the moment a
territory is occupied and that no displacement occurs
after the establishment of a territorial pair. Therefore,
only unoccupied patches (i.e. territories) are available for
colonization.

To illustrate the model and to assess its usefulness, we
applied it to two territorial competing raptors: the
golden eagle and the Bonelli’s eagle. The distributions
of these two monogamous, long-lived species coincide in
the Mediterranean area (Cramp and Simmons 1980, del
Hoyo et al. 1994), where they show a considerable
overlap in their diets and nesting habitats (both are
cliff-nesting raptors with a 90.5% of diet overlap in our
study area, Sanchez-Zapata et al. 1995). The population
dynamics of these species have followed markedly
different trends over the last twenty years. Whilst the
golden eagle has maintained and, in some cases,
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increased its breeding numbers (Diaz et al. 1996),
Bonelli’s eagle has suffered a notable decline over all of
its European range (Rocamora 1994, Real and Maiiosa
1997). Consequently, many territories abandoned by
Bonelli’s eagles have been occupied by golden eagles,
suggesting that colonization processes could be influ-
enced by competition (Jordano 1981, Fernandez and
Insausti 1990, Sanchez-Zapata 1997, Rico et al. 1999).
Moreover, as the golden eagle is bigger than Bonelli’s
eagle (2840-6665 g vs 1600-2400 g, respectively; del
Hoyo et al. 1994), it has been suggested that golden eagle
could be a better competitor in areas where the two
species coexist (Gil 1994, Gil-Sanchez et al. 2004).

The aims of this paper are (a) to extend Lande’s model
to two territorial competing species, (b) to assess the
incidence of interspecific competition in the population
dynamics of the golden eagle and the Bonelli’s eagle, and
(c) to predict the effects of changes in habitat availability
and demographic parameters on the conservation of
these species.

Methods
The model

The model assumes that an area may hold a finite
number of potentially suitable (occupied and unoccu-
pied) and unsuitable breeding territories. Among this
total number of potential territories, there are two sets
that are exclusively suitable for only one of the two
species and another set that is equally suitable for both
species (Fig. 1). Thus, 1 —h corresponds with the
unsuitable habitat for both species, h; to the suitable
breeding habitat for species i, h; to the suitable habitat
for species j and h;j to the overlapping suitable habitat,
with h; —h;; and h; —h;; being the exclusive suitable
habitat for species i and j, respectively. We assume that
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Fig. 1. Scheme showing the proportions of suitable habitat for
species i (h;) and j (h;), the proportion of overlapping habitat
(h;) and the proportion of unsuitable habitat for both species
(1 —h). The proportions of occupancy for both species in the
exclusive (p; and pj, respectively) and in the overlapping (q; and
qj, respectively) habitat have been also included.
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suitable exclusive and overlap territories are randomly
distributed across the region, at least on a scale of the
typical individual dispersal distance. This model differs
from previous ones of its type by ignoring all habitat that
is not potentially suitable for breeding, because potential
breeding sites for eagles are clumped in mountainous
areas which therefore constitute the region under con-
sideration.

The territorial occupancy model for two competing
species uses the equilibrium occupancy of suitable
habitat by females in the exclusive (p; and p;) and in
the overlapping (q; and q;j) habitat as well as the
proportion of the potential habitat that is suitable (h;,
h;j and hj;) to estimate the demographic potential of each
population (k; and k;j), i.e. the maximum occupancy of
territories at equilibrium in a completely suitable habitat.
Therefore, it allows us to predict the effects of environ-
mental and demographic changes (changes in h and Kk,
respectively) on interspecific competition and coexis-
tence of the two species.

If we assume that the expected rate of production of
female offspring by a mature female (b) and adult
survivorship (s, are independent of age after the first
reproduction at age o, then the mean lifetime production
of female offspring by a female, Ry, is:

RO=soansf’“=sosnb/(lfsl) (1

where sy and s, are survival during the post-fledgling
dependence period and during the non-territorial dis-
persal period, respectively (below).

The probability that a juvenile of species i during
obligatorily dispersal, as occurs in many territorial
species, succeeds in finding a suitable unoccupied
territory in m searches is:

s, = 1 — [1—h; +p;(h; — hy) + q;hy; + q;hy ™ (@)

where 1 —h; represents the unsuitable habitat, p;(h; —h;;)
and qsh;; are the proportion of exclusive habitat and the
proportion of overlapping habitat unavailable because of
the presence of a conspecific bird, and gjh;; represents
interspecific competition in the suitable overlapping
habitat, assuming that competition occurs during the
initial occupancy of a territory and given that a territory
is available for occupation only if it is empty (Fig. 1).

When the population is at a demographic equilibrium
(i.e. there is a constant population size and age structure)
Ro=1 or

(1 —[1—h; + (b — hy) + (q; + qhy ™ IR = 1 &)

where R =s¢b/(1 —s;) is the mean lifetime production
of female offspring by a female, provided that the
mother finds a territory. Following Lande (1987),
we define k; as the demographic potential of species i
as k; =(1 — I/R¢;)"™. Equation 3 then becomes:
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1 —h; + pi(hy _hij) +(q; + qj)hij =k )

Because we assume that suitable exclusive and over-
lapping habitat is randomly distributed and that the
overlapping habitat is equally suitable for both species, it
follows that in the overlapping habitat, the proportion of
territories occupied by species i and j are respectively:

q; =pi(1 —qy) and q; = p;(1 —qp) (5)
so that
q; = (p; —p;py)/(1 —p;p)) and q; = (p; — p;py)/(1 — p;p))
(6)
Substituting in Eq. 4,
1 —h; +pi(h; —hy) + [(p; + p; — 2pipy) /(1 — pypylhy; = k;
)]

This equation can be used to calculate k; (and k;) from
current estimates of pj, pj, h;, hj and hy;. Solving Eq. 7 for
p;i we obtain the equilibrium isocline describing the
proportion of occupancy of exclusive habitat expected
for species i at equilibrium for any given value of p;. We
also use this equation to calculate the intersections
between the equilibrium isocline representing each
species and the p; and p; axes:

_ Jk—=1+h)/h; forp,=0 ®)
Pi= 90 for p, = (k; — 1 +h))/h;

The proportions of occupancy of exclusive habitat for
both species can be illustrated graphically as in the
Lotka-Volterra model (Fig. 2; Begon et al. 1988) to
recognize the outcome of interspecific competition. The
possible outcomes, assuming at most a single intersec-
tion, are: a) if I;; >I;;, Ijj > I, species i displaces species j;
b) if I;; > I, L >1;;, species j displaces species i, and c) if
I >1Tj;, I >Ij;, both species can coexist in the long-term.
Here, I; is the intersection between the isocline repre-
senting species i and the p; axes, Ijj is the intersection
between the isocline representing species j and the p;
axes, Ij; is the intersection between the isocline represent-
ing species i and the p; axes, and I is the intersection
between the isocline representing species j and the p;
axes. Our model does not allow the existence of an
unstable equilibrium where the outcome of competition
depends on the initial population sizes. Here, we present
the mathematical demonstration of this point. Following
Lande (1987, 1988), we denoted the stable single-species
equilibria as p! =1 —(1 —k;)/h; and p} =1 —(1 —kj/h;.
From Eq. 8 the intercepts of the equilibrium iso-
clines with the axes are I=p/, Ij :pjl, I =
(hy/hg)p! and Tj=(hyhyp/. The conditions for an
unstable two-species equilibrium then becomes p! >
(hy/hy) p{ and pj >(hy/hy)p;. Multiplying both inequal-
ities by h;; and adding them yields (h; —h;;) p! +(h; —hy;
pjl <0. But all of the quantities on the left side must be
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Fig. 2. Three possible outcomes for the competition between
two territorial species: (a) I > L, Ijj >1;, and species i displaces
species j; (b) I; >I, I >1;;, species j displaces species i, and
(c) I >I;, Ij >, both species can coexist in the long-term.
pi: proportion of occupancy of exclusive habitat for species i;
pj: proportion of occupancy of exclusive habitat for species j; I;;:
intersection between equilibrium isocline for species i and the
axis p;; Ij: intersection between equilibrium isocline for species i
and the axis p;; Ij;: intersection between equilibrium isocline for
species j and the axis p;; Ljj: intersection between equilibrium
isocline for species j and the axis p;. Dark points represent the
one-species (a and b) and the two-species equilibria (c).
Representation of the model is partially taken from Hutchinson
(1981).
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non-negative, so the last inequality is impossible. There-
fore, an unstable two-species equilibrium can not occur.

Model parameters and application
Study area and species populations

Our study area comprises the province of Murcia
(southeast Spain), an 11317 km? area with a semi-arid
Mediterranean climate (for a description of the study
area, see Carrete et al. 2000). Although this region held a
high density of Bonelli’s eagles in the 1980’s, populations
have declined considerably since then owing to direct
human persecution and electrocution and collision with
power lines (Sanchez-Zapata 1997, Real et al. 2001). On
the other hand, the golden eagle seems to have main-
tained its population numbers over the same period,
occupying a set of territories that previously belonged to
Bonelli’s eagles (Sanchez-Zapata 1997, Carrete et al.
2002b).

i. Habitat availability
To estimate the number of potential territories for cliff-
nesting eagles in the study area, we defined a territory or
breeding area as any area with both cliffs and hunting
habitat in the surrounding (mainly open areas, Carrete et
al. 2000, 2002b) where nests of the studied species have
ever been found. The proportions of the region that are
exclusively suitable for each species (i.e., hg —hgp and
hg —hpg, for golden and Bonelli’s eagles, respectively)
were obtained as the proportions of territories ever
occupied by each species during the period of population
stability, i.e. when Ry =1 (golden eagle: 1997-2001 and
Bonelli’s eagle: 1990—-1998), out of the total number of
110 territories known for cliff-nesting eagles in the study
area. Overlapping habitat (hgg =hpg) was estimated as
the proportion of territories that have been alternatively
occupied by both species since 1983. The proportions of
occupancy pg and pg for golden and Bonelli’s eagles,
respectively, were obtained as the proportion of suitable
exclusive territories (hg —hgg or hg —hgp) that were
occupied by each species during the period of stability.
Assuming that the probability of colonizing a suitable
unoccupied territory by any species is constant across
the habitat (i.e. for each species there are no differences
between territories included in the exclusive or over-
lapping habitat; Carrete et al. 2002 unpubl.), we modeled
interspecific competition by only using ps and pg (Eq. 7,
8). Assuming population stability for both species, we
calculated kg and kg from current estimates of pg, pg,
hp, hg and hgg (Eq. 7). These values were then used to
estimate mg and mg the search ability of golden eagle
and Bonelli’s eagle, respectively.
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it. Demographic parameters

Populations of golden and Bonelli’s eagles were surveyed
from 1997 to 2001 and from 1983 to 2001, respectively.
All potential breeding areas for both species were visited
during the breeding season. Breeding territories were
located by observing territorial activity, courtship,
brood-rearing activity, young birds or any other con-
spicuous behavior (Carrete et al. 2002b).

Populations were considered to be organized into
three stage classes: juveniles during post-fledging depen-
dence period, non-territorial independized birds (juve-
niles, sub-adult and adult birds without a territory), and
territorial birds (eagles occupying a breeding site, mainly
adults). This is a useful simplification because it
represents the successive life stages of an eagle from
leaving the nest until occupying a breeding territory, and
it corresponds better to mortality probability than the
exact age of each individual (Real et al. 2001).

The annual survival rate for territorial birds (s;) was
calculated as the proportion of birds present in the
population at the start of the breeding season that was
still present in the population at the start of the following
breeding season. A bird was considered to be dead if it
had disappeared from its breeding territory from one
year to the next or if it had been replaced by another
bird. Differential plumage color during the first four
years of life allows the rate of replacement of adults by
birds under four years old to be assessed in both species
(Forsman 1999); thus, we were able to estimate the
maximum territorial survival rate (Carrete et al. 2002a).
No observations of birds and the absence of arranged
nests or droppings on perches were taken as evidence for
the disappearance of a pair. When a pair was not
recorded in its traditional territory, we searched within
a radius of several kilometers for suitable breeding
habitats to exclude the possibility of a pair having moved
to a new breeding site. Because no information exists for
the European populations of the golden eagle, we used
0.78 as a survival rate during the post-fledging depen-
dence period (sqg) for both species, a value obtained for
Bonelli’s eagles in the Mediterranean area (Real and
Maiiosa 1997). Non-territorial survival rate (s,) was
obtained by equating this rate with the probability of
successful juvenile dispersal (Eq. 2; Noon and McKelvey
1996, Carrete et al. 2002a). Productivity (P) was
calculated as the annual number of young fledged per
territorial pair. Demographic analyses are usually for-
mulated exclusively in terms of females so, assuming an
overall 1:1 offspring sex ratio (Real and Maifosa 1997),
fecundity (b) was calculated as P/2.

iii. Perturbation analysis
We used the model as follows to analyze alternative
biological situations (Fig. 3):

Perturbations in habitat availability. Although these
species seem to have similar habitat requirements in the
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study area (Carrete 2002), we can use the model to
investigate situations that may arise in different parts of
their distribution ranges.

a) Increases in the proportion of suitable habitat for
one species while decrease the suitable habitat of its
competitor. Maintaining the total number of territories
and a low habitat overlap (hy), we progressively in-
creased the number of suitable territories for one species
in detriment of the other. We considered that one species
(i or j) has an exclusive set of territories composed only
by their occupied territories, while the habitat availability
of the other species is increased by adding the vacant
territories of its competitor (Fig. 3a).

b) Increases in the proportion of suitable habitat for
one species while the suitable habitat for its competitor is
maintained. We considered that the suitable habitat of
each species could be increased without changing the
number of suitable territories of the competitor. Thus,
we sequentially added those territories which are not
suitable for any species to each one, while we maintained
the exclusive territories of the competitor (Fig. 3b).

c) Increases in suitable overlapping habitat. Finally, we
increased the proportion of habitat overlap by reducing
the habitat availability of one species (hg and hp,
respectively) while we maintained the habitat availability
of its competitor (Fig. 3c).

Perturbations in demographic parameters. The model
also allows us to test if changes in demography can alter
the coexistence of these two species as well as to identify
the most important parameters for population persis-
tence.

d) Territorial bird survivorship. Among long lived
raptors, adult survival has been mentioned as one of the
most important factors influencing population growth
rates (Newton 1979). Using as maximum s, =0.96, a
value obtained in a wild population of Bonelli’s eagle in
Europe (Real and Maifiosa 1997), and considering that it
represents an increment of approximately 8% of the
current value of this parameter in the Bonelli’s eagle
population studied, we fixed this percentage as a
maximum to progressively increase and decrease the
territorial survival of both species (Fig. 3d).

e) Productivity. We increased productivity by using an
average of 1.4 fledging produced per territorial pair,
since this figure is near the maximum that could be
obtained by these large eagles (Real and Mafosa 1997,
Watson 1997). To make changes comparable, and
considering that 1.4 fledging produced per territorial
pair represents an increment of 19% in the present
productivity of the Bonelli’s eagle population, we used
this percentage of change as a maximum for both species
(Fig. 3e).

f) Non-territorial bird survivorship. Among territorial
species, colonization processes strongly depend on the
dispersal capacity of non-territorial birds. In our model,
this situation is represented by the parameter m, i.e. the
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Fig. 3. Summary of the
parameters used for perturbations
in habitat availability and
demographic parameters. Except
for Fig. 3b and 3c, 1 —h =0.09
(10 territories).

Basic situation
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search ability of dispersing birds. For perturbations, we
employed the double (increases) and the half (decreases)
of the m values obtained from each population in the
study area (Fig. 3f).

g) Fledgling survivorship. Considering that the highest
value that could be expected for sg; is 1, we used this
value as a maximum for both species (Fig. 3g). The
minimum for both species was 0.56, which represents
28% of change with respect to the current values of this
parameter.

Results

The golden eagle population remained stable during the
period 1997-2001 (population growth rate, A =0.99),
while the Bonelli’s eagle declined from 1983 to 1990, the
year in which this population stabilized (population
growth rate, A =0.99). Table 1 summarizes the demo-
graphic parameters for the period during which both
populations stabilized, as well as the model’s parameters.
We surveyed all the potential 110 breeding territories of
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cliff-nesting eagles. We considered that 67 territories
remained suitable for occupation by golden eagles, while
for Bonelli’s eagles there were 26. As suitable overlapping
habitat, we conservatively considered seven territories,
which corresponded to those abandoned by Bonelli’s
eagles and subsequently colonized by golden eagles
(Table 1; Carrete et al. 2002b).

Model application

Figure 4 shows the proportion of territories occupied by
each species assuming that, although both species
compete for a fraction of these territories, a set of
mutually exclusive areas also exists and that the prob-
ability of occupancy is the same for exclusive and shared
territories. Both lines intersect at a point of equilibrium
which approximately corresponds, when we considered
the occupancy as a proportion of the total number of
territories to allow comparisons between species, to
pc =0.52 and pg =0.69. As in the situation exposed in
Fig. 2c, I, > 1y, and Iy, >1,,, meaning that intraspecific
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Table 1. Basic demographic parameters and estimates of demographic potential of golden (1997-2001) and Bonelli’s eagles (1990—

1998).

Parameters Golden Bonelli’s
eagle eagle

Fledging survival probability (so) 0.78 0.78

Non-territorial survival probability (s,) 0.81 0.11

Annual territorial survival probability (s,) 0.76 0.89

Fecundity (b) 0.35 0.59

Ro 1.14 4.18

Potentially suitable and unsuitable habitat (number of territories) 110 110

Exclusive habitat, h; —h;j (number of territories) hg =0.61 (67) hg =0.24 (26)

Overlapping habitat, h;; (number of territories)
Exclusive habitat occupied (number of territories)
Demographic potential (k +s3)

Minimum number of exclusive territories

hge =0.06 (7)
Pg =0.52 (35
0.69 (+0.0001)

ps =0.69 (18
. 0.91 (
21 2

)
+0.001)

dynamics are more important for determining the
proportion of territories occupied by each species than
interspecific dynamics. Consequently, the expected com-
petition outcome is a stable equilibrium between both
species when habitat overlap is low.

Perturbations analysis

Perturbations were run by progressively increasing and
decreasing each parameter. This approach can be used to
detect, for example, when a population would become
extinct.

Perturbations in habitat availability

Changing suitable habitat produced two main scenarios:
a stable equilibrium that allows the long term persistence
of both species (Fig. 5a, b), or the extinction of one

1

0.8

bb

0.6

P

I

0.4 |

0.2 |

Fig. 4. Proportion of occupancy of golden (dashed line; pg)
and Bonelli’s (continued line; pg) eagles. The graph corresponds
with the situation (c) of Fig. 1, i.e. a stable equilibrium that
allows coexistence. Dark point represents the situation observed
during 2001, corresponding with the two-species equilibrium.
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species while the other persists (Fig. 5¢). Increments in
the proportion of suitable habitat for one species, with
(Fig. 5a) or without (Fig. 5b) reduction in the exclusive
habitat of its competitor, lead to changes in the lines with
respect to the basic model, but maintain the relationship
Igp >Ipp and I, >, and therefore the output of the
competition process. Increments in habitat availability
for one species in detriment of the other (Fig. 5a) results
in an increase of the number of territories occupied by
the species benefited by management, while reduce the
proportion of occupancy of the competitor whose
habitat has been reduced. However, when increments in
the habitat of one species do not change the habitat
availability of its competitor, both species benefit be-
cause the species favored by management increases the
proportion of occupancy while the other remains un-
changed (Fig. 5b). But when the proportion of suitable
overlapping habitat increased while the exclusive habitat
of one species was reduced, the situation changed with
respect to the basic model, and the species whose habitat
had been reduced became extinct (Fig. 5c).

Perturbations in demographic parameters

Displacement in the equilibrium point occurred primar-
ily for the species with demographic parameters
perturbed (Fig. 5d—g); however, the responses to per-
turbations were disproportionately large for certain
parameters. The equilibrium golden eagle population
moved markedly when territorial bird survivorship s,
(Fig. 5d), productivity (expressed as female fecundity b,
Fig. 5e) and survival during the dependence period
(Fig. 5g), were changed, but moved slightly when we
changed non territorial bird survivorship s, through
search ability m (Fig. 5f). For Bonelli’s eagle population,
changes in territorial bird survivorship s, (Fig. 5d) and
search ability m (Fig. 5f) had the most important
influence on the proportion of occupancy predicted,
while changes in productivity (Fig. 5e) and survival
during the dependence period (Fig. 5g) were less
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Fig. 5. Proportion of occupancy of golden (pg;
x-axes) and Bonelli’s (pp; y-axes) eagles under
different scenarios of habitat availability and
demography: (a) increases in the proportion of
suitable habitat for each species, (b) increases in
the proportion of suitable habitat for both
species, (c) increases in suitable overlapping
habitat, (d) increases in territorial bird
survivorship, (e) increases in productivity, (f)
increases in non-territorial bird survivorship
(representing by m, the search ability of
dispersing birds), and g) increases in survival
during dependence period. Dark points

(@)

(b)

@ represent the situation observed during 2001,
o corresponding with the two-species
equilibrium; dashed lines show the basic
situation (Fig. 3), while continuous lines
represent the situation after the application of
management actions.
(c)
(d)
(e)
m
o

®

(@

N e )
°
S

06 |

-
I
1
!

° o

> ®

044

024

|G I—

o
o]
°
°
>
o
®
°
o
Ny
°
S
o
>
°
®

Ps

132 OIKOS 108:1 (2005)



important. Except for non territorial bird survivorship
sy, decreases in all the other demographic parameters
involved the extinction of the golden eagle population.

Discussion

The territorial occupancy model developed by Lande
(1987), extended here to include two competing species,
represents a useful tool for evaluating how equilibrium
breeding numbers could be affected by changes in
habitat availability, demographic parameters, dispersal
behavior and interspecific competition (Lande 1987,
Moilanen and Hanski 1995, Hanski 1999). Its applica-
tion shows that increases in the exclusive suitable habitat
of each species is the best option to maintain viable
populations of territorial competitors in a same area,
given that it reduces competition for territories. Increases
in habitat overlap by reducing the exclusive habitat
available for one species strongly affected the outcome
of competition, resulting in extinction of the species for
which exclusive habitat had been eliminated. Changes in
the demographic parameters of one of the populations
when habitat overlap between competitors was slight,
however, only changed the equilibrium breeding num-
bers.

Traditional explanations for range limits in the
distributions of species have always emphasized varia-
tion along gradients in local demographic processes
(Wilson et al. 1996). However, our model strongly
supports the hypothesis of Carter and Prince (1981)
which proposed that the limits to the distribution of
species may also arise from metapopulation dynamics.
For species whose persistence depend upon a balance
between colonization and local extinction, they pro-
posed three distinct causal routes to explain range limits:
(a) gradients in local extinction rates (lower quality
habitat available at the periphery), (b) gradients in local
colonization rates (the matrix of habitat separating
patches is more hostile to dispersal, and/or occupied
patches at the periphery produce fewer dispersing
individuals), and (c) gradients in habitat availability
(less suitable habitat available at the periphery). Among
these scenarios, the gradient in habitat availability
produces the most fragmented edge (Holt and Keitt
2000) and, for the ranges of two species, implies areas of
coexistence, where competition depends on the degree of
resource overlap (Hutchinson 1981). The more overlap
(in our case, the proportion of territories that could be
potentially colonized by both species) the higher the
probability that the species with a less exclusive habitat
becomes extinct or more vulnerable to stochastic pro-
cesses (Ives 1995), as exemplified in Fig. 5c. Outside
overlap areas, only one of the species persisted because
habitat availability for its competitor disappeared or was
extremely small, as shown in Fig. 5a.

OIKOS 108:1 (2005)

One of the most interesting applications of modeling
is to predict the population trends of rare and endan-
gered species (Doak 1995, Hiraldo et al. 1996, Little et
al. 1996, Real and Maifiosa 1997, Franklin et al. 2000,
Carrete et al. 2002a, Lande et al. 2003, McCarthy et al.
2003). Models are frequently used as tools for choosing
management actions aimed at increasing the chance of
population persistence (Martien et al. 1999, Woodworth
1999, Burgman 2000). However, it is important to bear
in mind that models are a simplification of a more
complex natural reality and that demographic para-
meters estimated from wild populations are not exact.
The territorial occupancy model has been previously
applied to single territorial species, such as the spotted
owl Strix occidentalis caurina (Lande 1988) or the
Bonelli’s eagle (Carrete et al. 2002a). However, to our
knowledge, this is the first time the model has been
extended to assess the potential role of interspecific
competition between two territorial competing species.
One of the most interesting conclusions obtained from
this two-species model was that intraspecific processes
are more important than interspecific ones as limiting
factors for territorial occupation of the two eagle species
considered here, which compete for food and nesting
sites. This result has important implications for their
populations, since contrary to the supposed competition
exerted by the golden eagle on Bonelli’s eagle (Cramp
and Simmons 1980, del Hoyo et al. 1994, Gil-Sanchez et
al. 2004), such competition seems to be a secondary
factor in the decline of the latter, smaller species (Carrete
et al. 2002b).

Although there is a certain degree of habitat overlap
between both eagles (Carrete 2002), the outcome of
competition in our model was a stable equilibrium that
allowed coexistence, with a proportion of occupancy
determined by the intrinsic population dynamics of each
species. This does not contradict the fact that many
abandoned territories of Bonelli’s eagle have been
occupied by golden eagles, both in our study area and
elsewhere (Fernandez and Insausti 1990, Carrete et al.
2002b), but suggests that these territories may corre-
spond to the suitable overlap habitat. Perturbation
analysis suggests that conservation strategies should be
simultaneously focused on demography and habitat
management. Improvements in the different demo-
graphic parameters always increase the proportion of
territories occupied by each species, until a maximum
imposed by habitat availability. Thus, if habitat is
simultaneously managed to improve its availability, the
absolute number of territories occupied would be higher
and the population would increase. Changes in life-
history parameters influence population persistence
through the demographic potential of each species. For
both eagles, the survival of territorial birds is the most
important factor in determining the proportion of
territories occupied. This is in accordance with other
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studies, which mentioned that adult survival rate is one
of the most important factors influencing population
growth rates in long-lived birds (Mertz 1971, Newton
1979, Lande 1988). Increments in the survival rates of
territorial and non-territorial birds had the greatest
effect on the demographic potential (k) of Bonelli’s
eagle, while fecundity and survival rates during the
dependence period were less relevant. For the golden
eagle, however, the demographic potential was strongly
affected by increments in the survival rates of territorial
birds, fecundity and survival rates of fledging birds,
being less important the survival rates of non-territorial
birds. Productivity of the golden eagle population was
intermediate when compared with others (range: 0.2—
1.6; Arroyo et al. 1990, Gil 1994, Watson 1997), probably
as a result of the effects of parental age (Carrete et al.
unpubl.). Reductions in productivity are often related to
the entry of subadult birds, considered as low quality
breeders, into the breeding population (Forslund and
Part 1995, Cam and Monnat 2000, Espie et al. 2000,
Sanchez-Zapata et al. 2000, Carrete et al. unpubl.).
Bonelli’s eagle productivity, however, was among the
highest reported in the literature (range: 0—1.7; Arroyo
et al. 1995, Real and Maifiosa 1997), and this fact might
explain why this parameter was less relevant for this
species.

Non-territorial bird survivorship was the second
parameter that should be improved to increase the
proportion of territories occupied by Bonelli’s eagles.
Population viability is sensitive to the search pattern of
dispersers because breeder replacement depends entirely
on juvenile dispersal. In the model, the survival of non-
territorial birds was related to their search ability, m,
which represents the mean number of searches that a
disperser may employ to find a suitable unoccupied
territory and which may be higher if dispersing birds live
longer. Higher dispersal mortality results in fewer
territories being searched for on average before a suitable
unoccupied one is found or the disperser dies. Despite
the importance of dispersal patterns in ecological
systems (Wiens 1996), little is known about dispersal in
most species. For Bonelli’s eagles, although young birds
have been wing-tagged and ringed to estimate pre-adult
mortality (Real et al. 1996), little detailed information on
dispersal behavior is available (Real and Mafnosa 2001).
However, it is known that pre-adults cross the bound-
aries of their local breeding population during dispersal
(unpubl.), and so regional management must be con-
sidered in any attempt to protect this eagle. Our
estimation of the survival rate of non-territorial birds
for this species (s, =0.12) was similar than that obtained
previously in Levante and Catalonia (Spain) and south-
ern France (Real and Maifiosa 1997), but it is important
to consider that values obtained with this model cannot
discriminate in an open population what fractions
correspond to mortality or immigration from neighbor-
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ing populations. Non-territorial bird survival estimated
in the study area for golden eagles was higher than that
obtained for other large raptor species, such as the
Spanish imperial eagle Aquila adalberti (Ferrer 1990),
but similar to that estimated for non-territorial bearded
vultures Gypaetus barbatus (Antor 2001). Considering
that the proportion of sub-adult breeders present in our
population (12%, Sanchez-Zapata et al. 2000) was high
when compared with others (Steenhof et al. 1983), we
would expect to find that a short period of time elapses
before birds enter the breeding population and that,
consequently, there is a reduction in mortality during
dispersal.

General considerations on the model

Results obtained from our models are somewhat opti-
mistic as they do not take into consideration other
factors, such as the Allée effect, migration between
neighboring populations, conspecific attraction or sto-
chastic fluctuations in life history parameters (Lande
1987, Carrete and Sanchez-Zapata, unpubl.). Moreover,
given the long generation times and nesting site fidelity
of these raptor species, the duration of the study could
not ensure unbiased estimates of model parameters
(proportions of suitable habitat and proportions of
occupancy). However, our goals were not to make
accurate long-term predictions; rather, we aimed to
extend Lande’s model by including interspecific compe-
tition, and to providing an example with conservation
implications.

The use of mathematical models to analyze popula-
tion viability has increased rapidly during the last decade
and modeling efforts have focused on two goals:
estimating extinction risk and identifying the best
way to improve population growth. One of the most
significant contributions of the present model is its
ability to provide information on both of these factors
by considering the interaction between two species that
share food and nesting habitat. This is important in
a number of contexts. First, it gives us a tool for
detecting potential problems before they become critical,;
for example, to determine the potential impact of an
increase in the population of one species on the other,
or the effect of habitat modifications on the population
dynamics of each species. Second, perturbation analysis,
it could also guide field work to identify those life-
history parameters for which the most precise estimates
are needed. Finally, a scientifically rigorous and adaptive
approach to wildlife management will require that
management actions are conducted in a framework
of quantitative predictions, treatment, evaluation, feed-
back and response. In this way, we could use this model
to make a priori predictions about the most likely
outcomes of management strategies and, thereby, eval-
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uate different alternatives before valuable resources have
been invested.
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Appendix

Contrary to what happens with the Lotka—Volterra
model, our two-species model does not allow the
existence of unstable equilibrium where the outcome of
competition depends on initial conditions. Here, we
present the mathematical demonstration of this point.

Following Lande (1987, 1988), we denoted the stable
single-species equilibria as p{ =1—(1 —k;/h; and
pjl =1—(1 —kj/hj. From Eq. 8 the intercepts of the
equilibrium isoclines with the axes are Ij =pil, I; =pj1,
Iji Z(h,/hu)pl1 and Iij :(hj/hu)pjl The conditions for an
unstable two-species equilibrium then becomes p; > (hy/
hij)pj1 and pjl >(hi/hij)pil. Multiplying both inequalities by
h;; and adding them yields (h; —h;)p! +(h; —h;)p| <O0.
But all of the quantities on the left side must be non-
negative, so the last inequality is impossible. Therefore,
an unstable two-species equilibrium can not occur.
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