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Abstract The study of successional gradients may help to
understand the relative influence of habitat structure and
competition on territory characteristics. Here, we evaluate
the effects of vegetation cover, conspecific and hetero-
specific densities, and distance to the nearest neighbor on
territory size, shape, and overlap in insectivorous birds. We
studied these effects along a gradient of postfire habitat
regeneration in which foliage cover and densities of
focal species varied several-fold. We delineate 197 territo-
ries (minimum convex polygons) of the shrub-dwelling
Dartford warbler (Sylvia undata) and 255 of the syntopic
Sardinian (Sylvia melanocephala), subalpine (Sylvia
cantillans) and melodious (Hippolais polyglotta) warblers
at three plots in NE Catalonia (Spain and France) in 1987–
2005. After accounting for the effect of the number of
locations used to delineate polygons, generalized linear
mixed models (GLMM) showed a reduction in territory
area of the Dartford warbler as conspecific density
increased and distance to nearest neighbor decreased, in
accordance with the contender pressure hypothesis for
territory size regulation. Heterospecific density was not
included in the final model of territory size and the effect of

habitat structure was marginal. Territory roundness was
positively correlated with its size and with conspecific
density, probably in relation to energetic constraints, and
negatively with heterospecific density. Territorial exclusion
was almost complete among Dartford warblers, whereas
interspecific territory overlap was extensive and tended to
increase with heterospecific density and with structural
diversity along the gradient. Our results support the
hypothesis that Mediterranean warbler coexistence derives
from ecological segregation and not from interspecific
territoriality.
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Introduction

The most accepted reason for territoriality is the exclusion
of competitors from the limited resources that habitat
patches contain (Maher and Lott 1995). Territorial systems
can result in a rather regular spacing of individuals,
resource partitioning, and regulation of population densities
(Newton 1998). Especially frequent during the breeding
season, territories help to ensure the food, mate, and
breeding-site resources needed for reproduction. Thus,
relevant characteristics of a territory, such as size, shape,
habitat quality, and the degree of overlap with neighboring
territories, can influence the survival and breeding success
of its owners. Territory size has upper and lower limits that
depend on species’ biological traits, energetics of territorial
defense, and resources contained in the territory. It therefore
varies among individuals within a species, over time, and
along ecological gradients (Wiens 1989; Newton 1998).
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The food-value theory (Stenger 1958) predicts an inverse
relationship between food density and territory size. Over
time, several hypotheses have been proposed to explain the
proximate mechanisms that may drive the correlation
between food density and territory size. The “direct-
monitoring hypothesis” postulates that owners should
constantly adjust the area of their territories to the resources
available. Demonstrated by manipulating flower density in
nectar-feeding hummingbirds Selasphorus rufus (Hixon et
al. 1983), this hypothesis, however, does not describe a
general pattern in birds. Several observational and experi-
mental studies show that territory sizes are insensitive to
food supply alterations (Sherman and Eason 1998; Adams
2001). Moreover, if habitat patches are saturated with
territories and food quantity declines, neighbor pressure
may make enlarging the territory impossible. According to
the second hypothesis, territory size may depend on the
habitat structure of an area due to the correlation of habitat
structure with average or expected food density. This
“structural-cues hypothesis” is supported by studies on
insectivorous birds such as ground-foraging ovenbirds
Seiurus aurocapillus (Smith and Shugart 1987) and
canopy-dwelling vireos Vireo olivaceus (Marshall and
Cooper 2004). Finally, the third and non-exclusive hypoth-
esis claims that the extent of the territory is constrained by
the costs of defending it against conspecific intruders, so
that territory area should be inversely correlated to
population density and not necessarily to prey density
(Myers et al. 1979). Hence, removal field experiments in
which territory size of the remaining birds increases (Both
and Visser 2000) give support to this “contender pressure
hypothesis”.

Despite the considerable literature on territory size, few
studies investigate its potential relationships with interspecif-
ic competition, perhaps because bird populations are now
thought to mostly fluctuate independently of one another
(Newton 1998). Even so, the coexistence of ecomorpholog-
ically similar species sharing a habitat could also affect
territory size in three different ways: (a) if similar species
differ in their choices of foraging substrates (see Norberg
1979; Martin and Thibault 1996), the interspecific coexis-
tence will have few or no effects on territory size; (b) if
interspecific territoriality is intense, territory size will be
inversely related to competitor densities—in a similar way
to the conspecific contender hypothesis—and the removal
of heterospecific competitors will enlarge territory areas
(Garcia 1983); and (c) if species are not excluded by
territorial behavior and even so share part of their food
resources and foraging substrates, individuals would probably
be forced to enlarge their territories in case of food limitation.

On the other hand, territory shape has often been related
to the energetic expenditure for territorial defense and
foraging. Early models suggested that hexagonal territories

should be expected under homogeneous distribution of
resources and dense packing (Adams 2001). In general,
however, a round shape tends to be more efficient to
minimize movement distances and defense costs than more
elongated shapes. Linear habitats such as shorelines or
streams (Davies 1976; Eason 1992), a heterogeneous
distribution of resources, uneven topography, and unequal
fighting abilities (Adams 2001) are among the main
exceptions to this relation. Faced to homogeneous habitats,
though, animals should have rounder territories as territory
size increases and as contender pressure increases.

A third spatial issue, related to both size and shape, is the
overlap among territories. Although in strictly territorial
systems, intraspecific overlap is null or very low, the use of
different resources among syntopic species generally allows
large, density-dependent territory overlaps in homogeneous
habitats (Wiens 1989; Chan and Augusteyn 2003). In
patchy environments, on the other hand, microhabitat
preferences are often responsible for segregating territories
of coexisting species (Cody and Walter 1976). In turn, a
certain degree of interspecific territoriality should be
expected when competition by exploitation does exist,
especially among heterospecifics of the same feeding guild.
In its most extreme form, aggressive site defense reduces
interspecific territory overlap to levels similar to intraspe-
cific overlap (e.g. Sedlacek et al. 2004).

The main aim of the present work is to study the
proximate cues regulating territory characteristics in an
insectivorous songbird, the Dartford warbler Sylvia undata.
Unlike most previous studies, which base their results on a
few intensively monitored territories during one or a few
years (Smith and Shugart 1987; Eberhard and Ewald 1994;
Marshall and Cooper 2004; but see Wiens et al. 1985), we
rely on a large set of territories located on plots in active
successional dynamics and followed diachronically. Based
on previous studies on insectivorous birds’ territories and
due to the difficulty of studying food availability over many
territories, we excluded the monitoring of food resources.
Instead, we focused on the influence of habitat structure
and density of conspecifics on territory size and shape on a
wide vegetation gradient. To our knowledge, this study is
also the first to investigate the role of the density of
potential heterospecific competitors, to suggest which
mechanism (resource partitioning, contender pressure or
food limitation) most likely drives territory area in local
guilds. As previous works argued for interspecific territo-
ries among Sylvia warblers (Cody and Walter 1976; Cody
1978; Garcia 1983), but others disagree (Haila and Hanski
1987; Martin and Thibault 1996), we also measured the
overlaps between territories of the Dartford and other
warblers to test the hypothesis of interspecific territoriality
and the influence of habitat structure and population
densities.
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Materials and methods

Study species and areas

The Dartford warbler S. undata is a shrub-dwelling
insectivorous songbird. It is an early–middle successional
species, widely distributed from sea level to subalpine
shrublands in the study region (subspecies undata) and of
conservation concern in Europe (SPEC-2 status according
to Tucker and Heath 1994). It is monogamous, territorial all
year-round, and shows high site tenacity (Bibby 1979b;
Pons et al. 2003). Estimated territory sizes for the species
vary from 0.14 ha in Sardinia (Cody and Walter 1976) to
2.5 ha in England (Bibby 1979a). The closely related
Sardinian and subalpine warblers (Sylvia cantillans and
Sylvia melanocephala) inhabit taller shrublands than the
Dartford warbler (including wooded areas), or higher layers
of vegetation in the same habitats. The melodious warbler
Hippolais polyglotta occurs in bramble thickets and in
lusher shrublands on humid soils.

The study was conducted on three square plots situated in
northern Catalonia, a core region in the distribution of the
genus Sylvia (Shirihai et al. 2001); the Dartford warbler
being as equally abundant in the plots as in their surround-
ings. Plots were located within the Mesomediterranean
bioclimatic area, from north to south, at Torderes (TO) in
France, and at La Jonquera (LJ) and Torroella de Montgrí
(TM) in Spain (Table 1 for a brief description; additional
details can be found in Pons 2001, Pons et al. 2003, and Bas
et al. 2005 for LJ, TO, and TM, respectively). The fieldwork
comprised the 1987 to 2005 breeding seasons, totaling 22
plot-years (7 or 8 years per plot, Table 2). Two plots were
affected by wildfire (LJ and TM) and one by prescribed
burning (TO), before (LJ) or during the course of the present
study (TO and TM). Once burned, only mild management
(light sheep grazing in TO, logging some trees 3–4 years

after the fire in TM) or no management (in LJ) was applied
to the plots. Thereafter, the vegetation of all three plots
regenerated vigorously.

The plant community was similar between TO and LJ,
except for tree density, and the within-plot vegetation
structure and composition were fairly homogeneous. TO
consisted of a 15-year-old postfire shrubland with an
average height of 1.5 m, dominated by Erica arborea
with Cistus monspeliensis, Ulex parviflorus, Quercus
coccifera, and a few scattered cork oaks Quercus suber.
LJ consisted of a young cork oak forest with an 8-m canopy
on average and a well developed undergrowth of E. arborea,
Erica scoparia, C. monspeliensis, Cistus salviaefolius, and
U. parviflorus. TM was more heterogeneous and six micro-
habitats were distinguished: four shrubland types dominated
by 0.2–2-m shrubs (Q. coccifera, Rosmarinus officinalis, and
Cistus albidus) with scattered trees (Pinus halepensis and
Olea europaea), a young pine plantation, and a tall P.
halepensis forest.

Vegetation structure

The plot area was almost completely burned by severe
wildfires at LJ and TM, resulting in homogeneous
regrowth. In contrast, patchy prescribed burning turned
the homogeneous shrubland at TO into a mosaic of
unburned and regenerating burned patches (24% and 76%
of the plot area, respectively). The vegetation structure was
measured once a year during bird breeding season at fixed
sampling sites (10–16 or 17–19 sites/10 ha in homogeneous
or heterogeneous cover, respectively), regularly distributed
at around 100-m intervals. Each sampling site covered an
area of 1,200 m2, in which the foliage cover (in %) of six
vegetation layers (0–0.25 m, 0.25–0.5 m, 0.5–1 m, 1–2 m,
2–4 m, 4–8 m) was estimated by comparison with a
reference chart (Prodon and Lebreton 1981).

Table 1 Description of the study plots

LJ TO TM

Locality La Jonquera Torderes Torroella Montgrí
Latitude 42° 25′ N 42° 34′ N 42° 05′ N
Longitude 2° 54′ E 2° 45′ E 3° 11′ E
Altitude a.s.l. 240 m 290 m 105 m
Substrate Granite Schistous Limestone
Mean annual rainfall 844 mm 776 mm 630 mm
Mean annual temperature 14.3°C 14.1°C 15.1°C
Main shrub species Erica arborea Erica arborea Quercus coccifera
Main tree species Quercus suber Quercus suber Pinus halepensis
Prefire tree density 512 trees/ha 7 trees/ha 27 trees/ha
Plot side length 400×400 m 300×275 m 350×350 m
Plot area 16 ha 8.25 ha 12.25 ha
Plot area burned 100% 76% 89%
Fire extent 30,000 ha 12 ha 374 ha
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Territory measurements

We used the mapping method (IBCC 1969), which
produces detailed maps of the distribution, shape, and
extent of breeding bird territories and allows fine-scale
habitat associations to be analyzed (Sutherland et al. 2004).
An effort was made to standardize the mapping procedure
among the three observers, including field training and map
interpretation. Observations from daily visits were cumu-
lated until there was very little doubt about the precise
location of territory boundaries. The final number of visits
ranged from 4 to 16 depending on plot size, vegetation
structure and bird density. All territorial species were
censused, but the skulking Sylvia warblers received special
attention. We concentrated on simultaneous songs in order
to distinguish between neighboring territorial males, which
were mostly unmarked. Edge territories—those extending
outside the plot—were partially mapped when accurate
mapping was only possible for the within-plot portion of
those territories. However, this “inner area” contributed to
density calculations (breeding pairs/10 ha), a measure of
contender pressure.

Final species maps, which included all the locations
attributed to each male, were used as templates to draw the
polygons of warbler territories on ESRI ArcGIS®. We used
the minimum convex polygon instead of kernel or other
estimators to delineate territories, since: (a) mapping
method provides clusters of unindividualized bird loca-
tions—that following interpretation are transposed into
individual territory boundaries (Bibby et al. 1997), (b) we
seek to describe total defended area, not core activity areas,
and (c) 96% of territories had fewer than 50 locations and
87% less than 30 locations (Seaman et al. 1999; Barg et al.
2005). The number of locations was, however, included in
the analyses (see “Data analyses”) to balance its contribu-
tion to territory size and shape. Area (m2), perimeter (m),
roundness, and coordinates of the barycentre (centre of
mass, X and Y in meters) were measured for all Dartford
warbler territories. Roundness was calculated as the
perimeter of a circle having the same area as the focal
territory divided by the territory perimeter, and ranges from
0 (a line) to 1 (a circular territory). Additionally, the
distance in meters from the territory barycentre to the
closest barycentre of surrounding territories (hereafter
referred to as “distance to nearest neighbor”) was used as

an additional measure of contender pressure. We also
calculated the intraspecific overlap area (m2) of Dartford
warbler territories, as well as the interspecific territory
overlap of this species separately with Sardinian, subalpine,
and melodious warblers. The overlap percentage, relative to
focal territory size, may surpass 100% since three or more
territories can coincide in the same area.

We described the vegetation structure of Dartford
warbler territories by using the plot network of sampling
sites. We selected one to four sampling sites included
within, or located <25 m to, the territory. In the TO postfire
mosaic, the proportions of burned and unburned territory
areas were multiplied by the cover values derived,
respectively, from burned and unburned sampling sites
and added to obtain a mean cover for the territory. At the
three plots, individual territories were associated to the
percentage cover of the six vertical layers defined above
and an index of structural diversity (Shannon index of the
cover percentages computed using ln).

Data analyses

Factors affecting the Dartford warbler’s territory size,
shape, and overlap were analyzed by generalized linear
mixed models (GLMM), using data from every individual
territory. Plot was included as a random factor in all
models, in order to control possible site-based differences
and to avoid pseudoreplication. We followed both forward
and backward stepwise procedures to fit a minimal
adequate model containing explanatory variables that
account for a significant (P<0.01) amount of the variation
in territory characteristics (Crawley 2002; Sol et al. 2005).
Unless explicitly stated, results from forward and back-
ward selection processes were coincident, reinforcing the
final models choices. We did not use information criteria
(i.e., AICs) for model building, since AICs tend to be more
generous leaving explanatory variables in the model than
the more conservative F test (Crawley 2002). However,
since P-values resulting from forward or backward
selection procedures might be flawed due to multiple
testing (Burnham and Anderson 2002), we also run
maximal models containing all the variables to check for
significance of the finally selected explanatory variables
(see Appendix). Territory size, distance to nearest neigh-
bor, and number of locations used to delineate territories

Table 2 The temporal distribution of fires and sampling (X=breeding season studied)

Year 1986 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05

LJ Fire X X X X X X X X
TO X X Fire-X X X X X
TM X X X Fire X X X X
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were log-transformed (base 10) before calculations to
improve assumptions of parametric statistics.

To analyze territory size, we ran separate models using
contender pressure (conspecific and heterospecific densities
and distance to nearest neighbor) and habitat structure
variables alternatively. The aim of this procedure was to
avoid statistical interference between these two sets of
variables that we expected to be correlated along the
postfire succession. Overall models using all explanatory
variables were also run to include all potential effects. The
number of locations was used as an adjustment variable in
the model-building process, being maintained in all models
independently of its statistical significance (Stefanescu et
al. 2004). We compared the relative weight of the variables
included in the models’ by using partial η2 (partial eta
squared; Tabachnick and Fidell 2001). This statistic does
not depend on the number of sources of variation included
in the model design, and allows proper comparisons of the
strength of model term effects.

We used territory size, conspecific and heterospecific
density, nearest neighbor, and number of locations (again
forced into the model) as explanatory variables to analyze
shape variations in Dartford warbler territories. Finally, we
analyzed intra and interspecific territory overlap. In both
cases, we ran models with density variables, habitat
variables, and all explanatory variables, and again com-

pared their effects using partial η2. The density variable
used in the intraspecific overlap model was conspecific
density, while heterospecific density (S. undata excluded)
was used for interspecific overlap. We did not use distance
to nearest neighbor as an explanatory variable for intraspe-
cific overlap, since distance and overlap cannot be assumed
to be independent of each other.

Results

Territory size

Overall we mapped 197 territories of the Dartford warbler
(cf. examples in Fig. 1) from 3,773 locations along 193 days
of fieldwork. The mean number of locations/territory was
19.2 (±10.9 SD). The mean territory area (minimum convex
polygon) was 4,857 m2 (±2,847 m2 SD), and ranged from
574 m2 to 17,121 m2. At the plot scale, mean territories
varied roughly from 0.25 ha, at LJ in 1990, to one ha, at
TM in 1997 (Table 3). We also drew 255 territories of the
Sardinian, subalpine, and melodious warblers, but only
exceptional interspecific aggression was noted during the
mapping.

The minimum adequate models of territory size were
coincident using either forward or backward stepwise
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Sylvia melanocephala 
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Overlap

*

*

*

*

*

* *

*

* Polygon not included in the analysis

TO

TM

LJ

Fig. 1 Warbler territories (min-
imum convex polygons) at the
three plots: LJ in 1991, TO in
1998 and TM in 1999. Exam-
ples show middle to high-
density years. Territory overlaps
and partially included territories
(which contributed to density
calculations but not to analyses
of territory characteristics) of the
Dartford warbler are outlined
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selection of variables. We found a small plot effect in the
selected model for territory size. As was expected, the
number of locations had a strong influence on the Dartford
warbler’s territory size (Fig. 2). Once this effect had been
accounted for in the models, the GLMM using density
variables showed a clear reduction in territory size as
conspecific density increased and distance to nearest
neighbor decreased (Table 4). This relationship is apparent
(Fig. 3a) when plotting the relative territory size (the
residuals of regression between of the number of locations
and territory size, both log10 transformed) against conspe-

cific density. On the other hand, there was no evidence of a
direct effect of heterospecific density on territory size, since
it did not enter into the model once conspecific density had
been considered.

Cover variables did not enter into the habitat model
although the effect of foliage cover at 0.25 to 0.5 m was
nearly significant (P=0.07), showing a negative relation-
ship with the relative territory size (Fig. 3b). Accordingly,
the overall model developed using all explanatory variables
was equivalent to the density model.

Territory shape and overlap

The mean roundness of Dartford warbler territories was
0.85 (±0.07 SD), ranging from 0.56 to 0.97 (n=197). Both
forward and backward stepwise models selected territory
size, in addition to the number of locations and plot, as the
main explicative variable for territory shape (Table 4).
Large territories were circle-shaped, while small ones
showed a greater shape variation and often diverged widely
from circularity (Fig. 4). In addition, the backward model
showed a significant positive effect of the conspecific
density and a significant negative effect of the heterospe-
cific density on territory roundness. Dartford warbler
territories were more circular at high density of conspecifics

Table 3 Vegetation structure and territory characteristics of the Dartford warbler among plot-years

Plot-year Cv H′ Year Pairs/
10 ha

Locations Mean size SD size Max size Min size Roundness N

LJ87 1.33 1 0.0 – – – – – – –
LJ88 1.52 2 2.8 – – – – – – –
LJ89 1.61 3 11.3 15.6 3,734 1,286 5,916 1,267 0.867 17
LJ90 1.62 4 16.4 15.8 2,597 1,162 4,689 1,142 0.841 27
LJ91 1.61 5 11.1 15.5 3,049 1,248 5,956 1,132 0.861 17
LJ92 1.58 6 9.5 18.7 5,348 1,981 9,495 3,056 0.882 15
LJ93 1.66 7 8.3 18.8 4,930 2,250 8,654 1,544 0.822 13
LJ94 1.62 8 7.3 17.8 5,530 1,789 8,857 3,256 0.858 10
TO91 1.36 15 10.0 25.9 5,418 1,563 8,292 3,237 0.884 9
TO92 1.41 16 9.7 18.8 4,716 1,468 6,165 1,738 0.854 9
TO93 1.40 1 5.5 44.4 9,255 5,100 15,033 3,760 0.857 5
TO94 1.31 2 7.6 26.6 7,507 3,696 16,140 4,243 0.834 8
TO95 1.28 3 8.8 31.9 8,557 2,933 13,638 5,531 0.864 8
TO96 1.29 4 11.5 17.7 4,615 1,986 7,529 1,379 0.834 10
TO98 1.34 6 17.3 23.0 2,611 1,486 6,063 574 0.813 16
TM97 1.50 38 7.1 38.5 10,071 3,527 17,121 6,267 0.903 8
TM98 1.50 39 6.9 16.9 5,532 2,466 9,531 2,369 0.849 9
TM99 1.50 40 6.5 9.9 5,061 1,963 6,965 2,214 0.836 7
TM02 1.19 1 0.8 10.0 4,075 – – – 0.907 1
TM03 1.20 2 2.4 10.3 7,905 1,907 10,085 6,543 0.847 3
TM04 1.19 3 2.0 9.0 4,553 1,503 5,616 3,490 0.869 2
TM05 1.16 4 3.3 9.0 5,063 1,410 6,353 3,557 0.823 3

Cv H′ structural diversity, year years after fire, pairs/10 ha breeding pairs of Dartford warbler/10 ha, locations mean number of bird locations per
territory, size territory size (minimum convex polygon in m2 ), roundness perimeter circle/perimeter territory having the same area, N number of
territories measured, – non-measurable.
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Fig. 2 Relationship between Dartford warbler territory size and the
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and at low density of heterospecifics, although this effect
was modest.

Intraspecific territory overlap was low (Fig. 5a), averag-
ing 3.0% (±7.6% SD) of the total territory area, and ranging
0–49.4% (n=197). Dartford warbler density did not have
any significant effect on overlap (Table 5) and therefore
intraspecific overlap can be considered density-indepen-
dent. A significant, though rather weak, effect of the plot
appeared in this model. No habitat variable had a
significant effect on intraspecific overlap (Table 5).

The mean interspecific overlap between the Dartford and
the other three warblers (Sylvia and Hippolais species) was
over a degree of magnitude larger than intraspecific overlap
(mean 50.6±44.0% SD, range 0–179.1%, n=197, Fig. 5b).
The plot had a significant effect in the habitat model. Both
heterospecific bird density and structural diversity had
significant and positive relationships with interspecific
territory overlap, and the magnitude of both effects was
similar. The overall model maintained both explanatory

variables (Table 5), suggesting that interspecific overlap is a
density-dependent phenomenon that can also be enhanced
by certain habitat characteristics.

Discussion

This is one of the few studies analyzing the regulation of
territory size in Old World passerines. The study of a large
sample of territories along a broad habitat structure gradient
provides a favorable situation in which to test both the
structural-cues and the contender pressure hypotheses. This
holds true, specifically, for postfire successions, since
temporal variations in cover and bird population densities
are usually concomitant (Smucker et al. 2005); a pattern
that was already found for Mediterranean Sylvia warblers
(Pons and Prodon 1996; Herrando et al. 2001). However,
the relationships of territory size (and shape) with ecolog-
ical variables show a site-dependent component, as sug-

Table 4 Results from the GLMM of Dartford warbler territory size and roundness

df b SE F P Partial η2

Territory size
Conspecifics density 1 −0.022 0.004 30.6 <0.001 0.14
Log10 nearest neighbor 1 0.372 0.10 13.9 <0.001 0.07
Log10 number of locations 1 0.658 0.046 205.4 <0.001 0.52
Plot 2 3.0 0.05 0.03

Territory roundness
Forward model Log10 territory size 1 0.116 0.026 20.2 <0.001 0.10

Log10 number of locations 1 0.062 0.025 6.0 0.01 0.03
Plot 2 5.8 <0.01 0.06

Backward model Log10 territory size 1 0.125 0.026 22.4 <0.001 0.11
Conspecific density 1 0.005 0.002 10.1 <0.01 0.05
Heterospecific density 1 −0.005 0.002 7.4 <0.01 0.04
Log10 number of locations 1 0.73 0.23 9.7 <0.01 0.05
Plot 2 8.2 <0.001 0.08

For size, different models were run using bird density variables and habitat variables alternatively. Plot was included as a random factor.
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gested by a certain plot effect on our models. This effect
may be due, after excluding very similar climatic con-
ditions, to local differences in food availability or in plant
community derived from different geology and topography
(cf. Table 1).

The measured territory sizes for the Dartford warbler lie
within the range published for this species (0.14–2.5 ha)
although the variety of data and methods used in territory
drawing precludes direct comparisons, even when mini-
mum convex polygons are used. The strong effect of the
number of locations used to delineate polygons on territory
size (Table 4) is an additional reason to prevent inter-study
comparisons. The underestimation of territory size arising
from the mapping method may be extreme at low
population densities. Below 3 b.p./10 ha of the Dartford
warbler, the meager singing activity of territory owners at
La Jonquera’s plot resulted in very few locations and
precluded the analysis of those territories (Table 3). This
effect points out that the mapping method is constrained by
the density-dependence of territorial behavior, a limitation
that has been seldom analyzed but is paramount when
studying skulking birds. Moreover, territory mapping of
unmarked individuals probably underestimates intraspecific
overlaps, because it is assumed that a unique territory
boundary falls between simultaneous records of conspecific
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males (Bibby et al. 1997). If marked individuals can be
monitored, territory overlap increases, as specifically
observed in Sylvia warblers (Lovaty 1992; Bas et al.
2005). The use of visual observations of color marks
increased the intraspecific overlap from 1.5% (n=34) to
7.8% (n=21) of territory areas in the Dartford warbler
(unpublished results). This figure is still far beyond the
50.6% of interspecific overlap we found and do not modify
our conclusions on territory characteristics.

Our results clearly support the contender pressure
hypothesis behind territory size regulation. Birds try to
defend the largest area possible, but as density increases,
the pressure of conspecific neighbors results in smaller
territories (Fig. 3a). Hence, in studies in which neighbors
were experimentally removed, focal pairs tended to increase
their territory area (by 70% in Dendroica warblers, Sillett et
al. 2004). Alternatively, territory size can be regarded as a
behavioral mechanism of density regulation (Newton
1998). The defense of smaller territories by warblers would
hence allow the establishment of more breeding pairs in the
neighborhood. We found a three-fold increase in population
density at the Torderes plot between the first and the fifth
year after the fire. The decrease in the mean territory size
during the same period was about four-fold (Table 3). This
strong variation suggests that territory size can be even
more flexible than population density, which contrasts with
previous findings with insectivorous Dendroica warblers
(Morse 1976). Nonetheless, at very high densities (more
than 15 b.p./10 ha in our plots), territory size in the
Dartford warbler seems to stabilize at a lower limit of
0.25 ha.

According to the ideal despotic distribution of Fretwell
and Lucas (1969), dominant individuals prevent subordi-
nates from settling in a suitable habitat. Subordinates are
then forced to use lower quality habitats in which their
fitness is also lower. Herrando and Brotons (2001) found

that recently burned habitats with less developed cover are
occupied by young Sardinian warblers that exhibit higher
levels of tail feather asymmetry. This would indicate that
less competitive individuals settled in low-quality recently
burned habitats, although habitat suitability would since
then increase with succession.

Our models show a weaker effect of habitat structure on
territory size than we formerly imagined. Results from the
GLMM suggest that the influence of vegetation cover on
territory size is largely mediated by population density.
Immediately after fire, the Dartford warbler was completely
(LJ and TM) or partially (TO) eliminated from the plots. As
vegetation regenerates, not only the habitat structure, but
also the population growth rate, and probably the extent
and distance of population sources (Brotons et al. 2005),
determine population density. The small negative relation-
ship between foliage density at 0.25 to 0.5 m and territory
size suggests that this may be a preferred layer although
this preference would contrast with the results of habitat use
studies that point out higher layers (Martin 1992; Martin
and Thibault 1996; but see Zbinden and Blondel 1981).
However, as admitted by the authors of those studies, it is
hardly possible to observe birds foraging within this low
layer in dense shrubland.

It is assumed that boundaries develop where the
intensities of aggressiveness of adjacent neighbors match
each other (Adams 1998). As conspecific pressure
increases, a round territory is more easily defended
(however, see Eason 1992). The shapes of Dartford warbler
territories seem to follow the predictions. Territories were
rounder as their area increased, with increasing conspecific
density and decreased heterospecific density; the two
density variables, although significant in the maximal
model (Appendix), were selected only by the backward
model. Furthermore, if resources are distributed homoge-
neously, as we assume for most of our plot-years, a circular

Table 5 Results from the GLMM of Dartford warbler territory overlap

df b SE F P Partial η2

Intraspecific overlap
Density model Conspecifics density 1 −0.038 0.16 0.05 0.82 –

Plot 2 3.3 <0.05 0.03
Interspecific overlap
Density model Heterospecifics density 1 4.96 1.31 14.4 <0.001 0.07

Plot 2 2.9 0.06 0.03
Habitat model Structural diversity 1 110.62 31.3 12.5 <0.001 0.06

Plot 2 7.4 <0.001 0.07
Overall model Heterospecifics density 1 4.23 1.30 10.5 0.001 0.05

Structural diversity 1 91.5 31.1 8.7 <0.01 0.04
Plot 2 6.0 <0.01 0.06

Different models were run using, alternatively, bird density variables, habitat variables and both groups of independent variables (overall model).
Plot was included as a random factor.
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shape is optimal to minimize energy expenditure for food
transport to the nest. However, in the postfire mosaic of
Torderes, territories tend to include unburned vegetation
patches and, as a result, some of them were more elongated
(Table 3). This is consistent with the significant plot effect
we found in our model of territory roundness.

We were unable to find any significant effect of
heterospecific density on territory size despite the large
sample, and we refrained from performing retrospective
power calculations that have been shown to produce flawed
conclusions (Hoenig and Heisey 2001). However, the
extensive and density-dependent interspecific territory
overlap and the lack of aggression support the absence of
a heterospecifics effect on territory size and are thus
consistent with the hypothesis of microhabitat segregation
of Mediterranean Sylvia warblers (Martin and Thibault
1996). Moreover, the positive effect of conspecific density
together with the negative effect of heterospecific density
on territory roundness, although modest, also suggests that
territory defense is a matter of conspecifics. Even so,
positive interspecific interactions can not be ruled out. For
example, the “heterospecific habitat copying” hypothesis
(Parejo et al. 2005) states that animals should use
information derived from the performance of heterospe-
cifics sharing ecological needs. This positive interaction
could somewhat compensate for negative effects of com-
petition (Forsman et al. 2002) and therefore promote

interspecific territory overlap, masking possible consequen-
ces of heterospecifics density on territory size.

Our results do not support the existence of interspecific
territoriality (Cody andWalter 1976), which is most likely to
occur in structurally simple habitats with low vertical
development (Orians and Willson 1964). The mean inter-
specific territory overlap in our study was 17 times that of
intraspecific overlap. Overlap increases as more species and
territories are analyzed although, once controlled for density,
interspecific territory overlap increased with structural
diversity. As the presence of heterospecifics has been
pointed to drive shifts in the use of vegetation layers for
foraging by warblers (Martin and Thibault 1996), it is likely
that warbler coexistence through segregation is facilitated as
availability of different plant substrates increases. Mediter-
ranean warblers appear as, in conclusion, a good model of
territoriality and their study along habitat gradients can
throw some light on the complex ecological interactions
(Martin and Martin 2001) existing in local guilds.
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Appendix

Table 6 Results from the GLMM models on Dartford warbler territory size, roundness and overlap (Tables 4 and 5) including all independent
variables (maximal models)

df Territory size Territory roundness Intraspecific overlap Interspecific overlap

F P F P F P F P

Plot 2 1.2 0.30 7.0 0.001 0.31 0.73 0.49 0.61
Log10 territory size 1 NU 24.9 <0.001 NU NU
Log10 number of locations 1 180.3 <0.001 6.5 0.012 NU NU
Log10 nearest neighbor 1 13.3 <0.001 1.0 0.31 NU NU
Conspecifics density 1 25.0 <0.001 6.70 0.011 0.50 0.48 NU
Heterospecifics density 1 0.42 0.51 6.2 0.014 NU 10.5 0.001
0–0.25 m cover 1 0.05 0.82 NU 2.7 0.10 1.08 0.30
0.25–0.5 m cover 1 0.24 0.63 NU 2.4 0.12 0.72 0.40
0.5–1 m cover 1 0.08 0.78 NU 4.0 0.05 0.33 0.56
1–2 m cover 1 1.70 0.19 NU 0.67 0.41 0.17 0.68
2–4 m cover 1 0.07 0.79 NU 1.42 0.23 2.7 0.10
4–8 m cover 1 0.50 0.48 NU 0.004 0.95 0.01 0.92
Structural diversity 1 0.94 0.33 NU 0.43 0.04 8.1 0.005

Significant (P<0.05) effects are shown in bold.
NU variable not used in the model.
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