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Abstract Understanding how spatial habitat patterns
influence abundance and dynamics of animal popula-
tions is a primary goal in landscape ecology. We used
an information-theoretic approach to investigate the
association between habitat patterns at multiple spatial
scales and demographic patterns for black-throated
blue warblers (Dendroica caerulescens) at 20 study
sites in west-central Vermont, USA from 2002 to
2005. Sites were characterized by: (1) territory-scale
shrub density, (2) patch-scale shrub density occurring
within 25 ha of territories, and (3) landscape-scale
habitat patterns occurring within 5 km radius extents
of territories. We considered multiple population
parameters including abundance, age ratios, and
annual fecundity. Territory-scale shrub density was
most important for determining abundance and age
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ratios, but landscape-scale habitat structure strongly
influenced reproductive output. Sites with higher
territory-scale shrub density had higher abundance,
and were more likely to be occupied by older, more
experienced individuals compared to sites with lower
shrub density. However, annual fecundity was higher
on sites located in contiguously forested landscapes
where shrub density was lower than the fragmented
sites. Further, effects of habitat pattern at one spatial
scale depended on habitat conditions at different
scales. For example, abundance increased with
increasing territory-scale shrub density, but this effect
was much stronger in fragmented landscapes than in
contiguously forested landscapes. These results sug-
gest that habitat pattern at different spatial scales affect
demographic parameters in different ways, and that
effects of habitat patterns at one spatial scale depends
on habitat conditions at other scales.

Keywords Abundance - Black-throated blue
warbler - Dendroica caerulescens - Habitat
heterogeneity - Habitat selection - Reproductive
success - Spatial population dynamics

Introduction
A central goal in landscape ecology is to understand

how the spatial pattern of habitat influences the
abundance and dynamics of natural populations
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(Turner 1989). Given the rate at which human-
induced changes are altering patterns of biodiversity
across the globe, information about the landscape
patterns that influence abundance and fitness is
crucial for species preservation. Songbirds have long
served as model organisms in studies investigating
habitat associations and the consequences of chang-
ing environments (Ambuel and Temple 1983; Cody
1985). As the result of these studies, we now know
that birds, in general, respond to the composition and
configuration of habitats (i.e., habitat pattern) at
multiple spatial scales (Hildén 1965; Orians and
Wittenberger 1991), including territory, patch, and
landscape scales (Rolstad 1991). Here, we define
these spatial scales as (1) territory-level habitat
patterns measured within a 5 ha area, (2) patch-level
habitat patterns measured within 25 ha area sur-
rounding a breeding territory, and (3) landscape-level
habitat patterns measured within a 5 km radius extent
surrounding a breeding territory (based on relevance
to our focal species and for small forest breeding
migratory passerines; see below).

Numerous studies have examined how habitat
features at these scales independently affect the
distribution of birds (i.e., pattern; Thompson et al.
2002). At the territory scale, the density and
arrangement of vegetation within a home range may
influence the availability and selection of nest sites
(Walsberg 1981; Rodrigues 1994). At the patch scale,
vegetation composition and structure (e.g., the abun-
dance of shrubs or trees) have been shown to
influence territory occupancy and density (James
1971; Wiens and Rotenberry 1981; Cody 1985). At
the landscape scale, for forest-nesting passerines in
particular, population density often declines as the
total amount of habitat cover in a landscape declines
(Whitcomb et al. 1981), pairing success tends to be
lower on small isolated patches (Villard et al. 1993;
Bayne and Hobson 2001), and first-year breeders tend
to dominate such populations (Richards 1999; Bayne
and Hobson 2001). In some cases, the arrangement of
habitats within a landscape is an important predictor
of abundance, particularly when the amount of
habitat cover is low (e.g., Andren 1994; McGarigal
and McComb 1995; Trzcinski et al. 1999).

Although the effects of habitat structure on distri-
bution patterns of songbirds are well established,
fewer studies have examined how habitat features at
different spatial scales influence vital demographic
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parameters, such as annual fecundity (i.e., the total
number of offspring fledged per adult female per year).
Most studies typically investigate demographic
parameters at a single spatial scale or in isolation.
For example, shrub density within a territory may be
positively correlated with food abundance, thus influ-
encing annual fecundity (Rodenhouse et al. 2003).
Nest concealment can influence the likelihood of
brood parasitism by brown-headed cowbirds (Moloth-
rus ater) and nest depredation (e.g., Flaspohler et al.
2000; Budnik et al. 2002), two mechanisms that
directly affect annual fecundity of many songbirds.
Patch-scale studies also show that nest predation and
parasitism rates are influenced by the vegetation
structure of a localized area (reviewed in Thompson
et al. 2002). For instance, shrub density influences how
nest predators move through a localized environment,
potentially affecting predation rates within a habitat
patch (Bowman and Harris 1980). Finally, landscape-
scale investigations in eastern North America have
shown that nest survival decreases and brood parasit-
ism levels increase as landscapes become more
fragmented (e.g., Donovan et al. 1995; Robinson
et al. 1995; Hochachka et al. 1999). Additionally, food
resources for nesting songbirds can be lower in
fragmented habitats (Burke and Nol 1998; Zanette
et al. 2000). From these studies, it is likely that
territory-, patch-, and landscape-scale habitat structure
are all important factors that shape demographic rates.

Yet, a firm understanding of the how habitat
patterns at multiple spatial scales affect forest bird
population demography has not yet been synthesized.
This inability is likely the result of several factors.
First, different studies use different methodological
approaches and evaluate different spatial scales,
making comparisons among studies difficult. Second,
local songbird populations are influenced by factors
occurring at scales much larger than the patch-scale,
where populations can be structured as sources and
sinks (Pulliam 1988) or metapopulations (Hanski and
Simberloff 1997). Third, the effects of habitat features
at one spatial scale may depend on habitat conditions
at other scales (Rodenhouse et al. 2003). Studies that
examine such interactions among habitat features
across scales are lacking (Turner 2005), mainly due to
logistical difficulties in acquiring demographic data
across multiple scales simultaneously.

To address some of these shortcomings, we
evaluated the association between habitat patterns at
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territory, patch, and landscape scales and several
different demographic parameters for the black-
throated blue warbler (Dendroica caerulescens) at
twenty study sites in west-central Vermont, USA.
Our objectives were to: (1) Use an information-
theoretic analysis approach to assess and compare
twelve models representing univariate, additive, and
interactive combinations of territory-, patch-, and
landscape-scale habitat patterns for three vital pop-
ulation parameters: abundance, age ratios, and annual
fecundity; and (2) identify the most important spatial
scale(s) affecting each demographic parameter, and
determine how habitat conditions at one scale may
affect demography differently depending on habitat
conditions at another scale.

Study species

The black-throated blue warbler is common to forest
patches across many different landscape types
throughout Vermont, which facilitates analysis of
abundance and demographic patterns across the land-
scape. This species is sexually dichromatic and highly
territorial; males sing to defend exclusive territories
that typically ranging in size from 1 to 4 ha during the
breeding season (Holmes et al. 2005). Thus, males are
easily counted based on vocalizations, can be captured
in mist-nests, and banded for individual identification.
Females build nests in understory shrubs, and can
therefore be flushed from nests after 6 days of
incubation, captured, and banded. Easy access to nests
also allows for accurate assessment of annual fecun-
dity. Breeding pairs can successfully raise two broods
of young in a single breeding season.

Black-throated blue warbler population demogra-
phy in a large, unfragmented temperate forest, is well
studied (Holmes et al. 1996; Sillett and Holmes 2002;
Holmes et al. 2005). Long-term research on this
species shows that the most productive breeding
territories have high shrub density, low nest predation
rates, and high food abundance (Steele 1992; Roden-
house et al. 2003). Further, annual fecundity rates
decline as population size increases due to despotic
interactions which force some birds into suboptimal
habitats (Sillett et al. 2004; Rodenhouse et al. 1997).
Recruitment of first-year breeders into the population
each spring is positively correlated with fecundity in
the previous year (Sillett et al. 2004). Little is known,

however, about how landscape-scale habitat patterns
affect warbler demography, and whether landscape
pattern alters the importance of territory and patch
habitat features on demography.

Study sites

We conducted field research from May to August
2002-2005 at 20 forested sites in Chittenden and
Addison counties, Vermont, USA (Fig. 1). We chose
study sites based on accessibility to forest patches
that offered potential breeding habitat and the pres-
ence of at least one black-throated blue warbler
territory (i.e., one singing male) as of 1 June 2002. At
each study site, we randomly selected a single
breeding pair that actively defended a territory. We
referred to each of these as a “focal territory” of
intense study. All 20 focal territories were monitored
every year of the study. Study sites were at least 1 km
apart (average = 4.7 km) in order to increase statis-
tical independence among focal territories, predator
communities, and landscape extents.

Study sites were selected to span a wide gradient of
forest fragmentation. Sites within contiguously for-
ested landscapes were located in the northern half of
Green Mountain National Forest, a relatively homog-
enous forest with a canopy dominated by northern
hardwoods such as sugar maple (Acer saccharum),
yellow birch (Betula alleghaniensis), and American
beech (Fagus grandifolia), and an understory domi-
nated by hobblebush (Viburnum alnifolium), striped
maple (A. pensylvanicum), and beech saplings. Study
sites in more fragmented landscapes were located in
the Champlain Valley, characterized by small forest
patches situated in a matrix dominated by agriculture.
These lower elevation forests differed from contiguous
forests in the region in that they exhibited a higher
diversity of canopy tree species, and the understory
was dominated by witch hazel (Hammamelis virgin-
iana), Rubus spp., and blue cohosh (Caulophyllum
thalictroides), rather than hobblebush.

On January 8, 1998, a destructive ice storm
affected approximately 260,000 hectares of Vermont
forest land (Kelley 2001). As a result, suitable habitat
for black-throated blue warblers was abundant,
particularly in the more fragmented Champlain
Valley, where newly opened gaps in the canopy
allowed understory growth (Faccio 2003).
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Fig. 1 Graphical locations of twenty study sites in Chittenden
and Addison Counties, Vermont, USA. Location of study
region in Vermont is indicated on insert map. Black areas
represent water; gray areas represent non-habitat (urban,

Field methods

Point count surveys and abundance estimation

Two, 10-min, single-observer point counts were
conducted in succession on a single day at a

randomly selected survey point located near the
center of each mapped focal territory in all 20 study
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Kilbmeters

agriculture, coniferous forest); white areas represent mixed-
deciduous/coniferous forested habitat potentially used as black-
throated blue warbler breeding habitat

sites from 25 May to 15 July in 2002-2005 between
0600 and 1,100 h. All surveys were conducted by
experienced observers who recorded the number of
all male black-throated blue warblers heard or seen
(unlimited distance) and the time at which each
warbler was first detected. These methods allowed us
to correct our raw point count data for detection bias
(Thompson et al. 2002).
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To adjust our raw counts, we first used the Huggins
closed-capture time removal models (Huggins 1989,
1991) within Program MARK (White and Burnham
1999) to estimate detection probability (P, the prob-
ability that a warbler would be detected in a 10-min
point count, given it is present). We divided each
10 min count into five, 2-min intervals to create
capture histories for each bird on each survey, and used
an information-theoretic model selection approach
(Burnham and Anderson 2002) to assess how various
environmental variables (e.g., time of day, date, year,
weather conditions) affected P (Appendix 2; Cornell
2007). Next, we obtained a model-averaged P for each
survey conducted in the study (Burnham and Anderson
2002). Finally, raw count data for each survey were
divided by the survey-specific model-averaged P to
obtain a corrected abundance estimate for statistical
analysis.

Demographic characteristics

In each breeding season from 2002 to 2004, we
conducted a band-resight and nest-searching study to
evaluate annual fecundity and age ratios for each sex.
We captured all adults on focal territories, marked
each individual with a unique combination of one
aluminum and three colored leg bands, and deter-
mined age according to plumage characteristics as
either SY (second-year; first-year breeder) or ASY
(after-second-year; Pyle et al. 1987). We located and
documented fates of all nest attempts for each focal
female across the entire breeding season. Most nests
were found during the building or incubation stage
and checked every 2—4 days until fledging or failure.

Quantifying habitat structure at three spatial
scales

For each of the 20 focal territories, we measured
habitat characteristics within the territory itself
(TERRITORY), within a habitat patch surrounding
each territory (PATCH), and within a 5-km radius
landscape surrounding each territory (LAND-
SCAPE). Each site had unique TERRITORY,
PATCH, and LANDSCAPE characteristics, which
were used as explanatory variables in this study. We
describe how each of these metrics was estimated
below.

TERRITORY described the general understory
shrub density within a focal territory. We measured
leaf density at all nests attempted by the focal pair,
and in which eggs were laid, after fledging or failure,
following procedures described by Sillett et al.
(2004). Four, 11.2-m transects were delineated in
the understory in cardinal directions within plots
centered on each nest site. At the distal end of each
transect, a vertical 9-m? plane was erected using two
3-m vertical poles set 3-m apart. We counted all
deciduous leaves of all understory species that
intersected this plane. To avoid bias resulting from
measuring only locations near nest sites, we also
measured understory leaf density at a single random
sampling point within each mapped focal territory
using the same methods. TERRITORY was com-
puted for each of the 20 focal territories as the
average of leaf counts across all four planes for each
nest site and random sampling point. This metric was
measured an on annual basis.

PATCH described understory shrub density within
a 25 ha area surrounding each focal territory. Eight
sampling points were established at 250 and 500 m in
cardinal directions and centered at a random sam-
pling point within the focal territory. At each study
site in 2002, understory leaf density was measured at
each of the eight sampling stations. Leaf counts were
conducted using the same methods as described for
TERRITORY. PATCH was computed as the average
total leaf counts across all four planes for each of the
eight sampling points and was assumed to remain
relatively constant over the study period.

LANDSCAPE described the composition and
configuration of forested areas within 5 km of each
focal territory, and was assumed to remain relatively
constant over the study period. We characterized
landscape pattern surrounding each study site using
USGS/EPA MRLC land cover maps derived from a
version of the 1992 National Land Cover Dataset
(30 m pixel size; Vogelmann et al. 2001) and updated
to include extent of developed land in Vermont as of
2002 (Spatial Analysis Lab, University of Vermont).
Black-throated blue warblers breed mainly in decid-
uous or mixed/coniferous forests (Holmes et al.
2005). Thus, we used ArcGIS 9.1 (Esri, Inc) to
reduce the original 18 land-use classes to three
classes based on perceived biological relevance and
ease of interpretation, including (1) water, (2) decid-
uous and mixed-coniferous forest (potential warbler
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breeding habitat), (3) terrestrial non-habitat (urban,
agriculture, coniferous forest).

We used FRAGSTATS (McGargal and Marks
1995) to obtain specific measures of forest (land-use
category 2) composition and configuration within a
5 km radius area surrounding the center of each study
site (Donovan et al. 2000). This scale was selected
because it reflects the home range size of brown-
headed cowbirds (Thompson 1994), a potentially
important determinant of annual fecundity in our
system (Coker and Capen 1995). We used the percent
of landscape in the deciduous/mixed coniferous forest
category as a single landscape composition metric.
Landscape configuration metrics included percent
core deciduous/mixed coniferous forest area (defined
as >120 m from edge), mean forest patch area, mean
shape index (a measure of shape complexity com-
pared to a Euclidean square where high scores
indicate irregularly shaped patches), and edge density
(total edge length of forest divided by the total
landscape area). Because landscape composition and
configuration metrics were consistently collinear
(Pearson’s correlations, P < 0.05; SAS 1999), we
used a Principal Components Analysis (PROC PRIN-
COMP; SAS 1999) to condense the five landscape
composition and configuration metrics into a single
measure that explained 91.0% of the total variation

Table 1 Models of mean annual abundance, male and female
age ratios, and annual fecundity of black-throated blue
warblers as a function of three habitat variables [TERRITORY
(T), PATCH (P), LANDSCAPE (L)], number of estimated

among research sites. We termed this component
LANDSCAPE. Sites with high LANDSCAPE PCA
scores had high percent forest cover, high core forest
area, large mean patch area, and more complex patch
shapes, while sites with low PCA score were more
heterogeneous with more isolated forest patches and
more edge.

Statistical analysis
Model set

Our primary objective was to determine which
habitat scale(s) were most strongly associated with
the following demographic parameters: 1) abun-
dance, 2) age, and 3) annual fecundity. For each of
these three response variables, we evaluated 12
alternative models that depicted the relationship
between the response variable and habitat pattern at
different spatial scales (Table 1), and compared the
results of the 12 models with information theoretic
approaches (Burnham and Anderson 2002).

The model set included a territory-scale model
containing TERRITORY as the explanatory variable,
a patch-scale model with PATCH as the explana-
tory variable, and a landscape-scale model with

parameters (K), scaled deviance (—2 loglikelihood), scaled
second-order Akaike’s information criteria (AAIC,), and AIC,
weights (w;)

Model No. Model name K Abundance Male age ratio Female age ratio Annual fecundity
—2(L) AAIC. w; —2(L) AAIC. w; —2(L) AAIC. w; —2(L) AAIC. w;

1 T 2 4614 1.60 009 6596 490 005 77.74 0.00 0.20 187.02 20.24 0.00
2 P 2 4711 256 0.06 70.93 9.87 0.00 8021 246 0.06 187.77 21.00 0.00
3 L 2 4543 0.89 0.13 7398 1292 0.00 81.36 3.62 0.03 167.07 0.29 0.23
4 T+P 3 46.10 3.77 0.03 64.22 539 0.04 7555 0.02 020 177.65 13.07 0.00
5 T+L 3 4352 120 0.11 60.81 198 021 7743 191 0.08 164.58 0.00 0.26
6 P+ L 3 4501 2.68 0.05 69.02 10.18 0.00 7948 3.96 0.03 167.04 245 0.08
7 T+P+L 4 4283 280 0.05 5654 0.00 055 7552 230 0.06 164.14 1.81 0.11
8 T*P 4 4561 5.58 0.01 63.73 7.19 0.02 7549 228 0.06 169.11 6.78 0.01
9 T*L 4 40.03 0.00 0.20 60.25 371 009 7355 034 0.17 16447 2.14 0.09
10 P*L 4 41.62 1.59 009 66.17 9.63 000 79.26 6.04 0.01 163.55 122 0.14
11 Global 7 37.65 5.05 0.02 54.49 538 004 7195 6.19 0.01 15753 241 0.08
12 Null 1 4713 0.4 0.16 74.01 10.81 0.00 8137 148 0.10 19598 27.08 0.00

Models with AAIC, < 2 were supported in the data and are shown in bold
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LANDSCAPE as the explanatory variable (models
1-3). The model set also considered all additive
(models 4-7), and two-way interactive combinations
of these variables (models 8-10). Finally, a global
model with all effects (model 11) and an intercept
model that did not include habitat variables (model 12)
were evaluated. This model set allowed us to (1)
determine how each of the three demographic response
variables were associated with habitat features at
different spatial scales, (2) directly assess whether the
effect of habitat at one spatial scale depended on
habitat features at other spatial scales (Turner 2005),
and (3) determine which variable was most closely
associated with each demographic parameter.

Model assessment and relative variable
importance

We modeled corrected warbler abundance, age ratio
(SY vs. ASY) for both males and females, and annual
fecundity each as linear functions of habitat variables
(Table 1) using PROC GENMOD (SAS 8.2, SAS
1999). In each model, we specified the distribution
which appropriately described the response variable
(Poisson or negative binomial) and accounted for
temporal and spatial correlation by designating study
site as a repeated factor. Because at least one model
in the model set must “fit” the data, we assessed fit of
the most saturated model in the set (model 11) for
each response variable by evaluating model residuals
and the ratio of deviance divided by degrees of
freedom. We report parameter estimates and standard
errors for all models.

For each demographic analysis, we used model
selection procedures (Burnham and Anderson 2002)
to determine which of the 12 models was most
strongly supported by the field data. Model selection
procedures involve calculating an AIC, score for each
model (Akaike’s Information Criterion for small
sample sizes—a measure of how well a model fits
the observed field data adjusted by the number of
parameters estimated). The 12 models were then
ranked from best to worst, where the best-fit model
had the lowest AIC, score. Models were compared by
calculating the differences in AIC. scores between
each model and the best-fit fit model (AAIC.);
models with AAIC. < 2 were considered to have
substantial support, models with AAIC. between 4
and 7 were considered to have considerably less

support, and models with AAIC. > 10 were consid-
ered to have no support. Model weights (w;) were
then calculated from the AAIC. scores. These
weights can be thought of as the probability that a
model is the best Kullback-Leiber model in the
model set (Burnham and Anderson 2002). We used
these weights to compute a model-averaged effect of
TERRITORY, PATCH, and LANDSCAPE for each
demographic variable (Burnham and Anderson
2002).

In addition, because each habitat variable was
equally represented in the model set, we used variable
importance methods to measure the relative impor-
tance of each habitat variable (TERRITORY, PATCH,
and LANDSCAPE) for each of the three demographic
variables (Burnham and Anderson 2002). This proce-
dure involved summing the model weights for all 12
models in which the variable appeared. The predictor
variable with the largest sum was estimated to be the
most important, while the variable with the smallest
sum was estimated to be the least important variable.

Results
Habitat patterns

By design, vegetation structure differed among study
sites at all spatial scales (Appendix 1). At a
landscape-scale, sites ranged from 13 to 81% decid-
uous/mixed deciduous forest cover within 5 km of
the focal territory. Both PATCH and TERRITORY
were correlated with LANDSCAPE (Pearson corre-
lation coefficient r = —0.32 and —0.57 respectively;
P < 0.01 for both). In general, study sites located in
more fragmented landscapes had higher shrub density
at both the territory and patch scales, due in part to
the aforementioned ice storm.

For each of our analyses investigating the associ-
ation between demographic variables and habitat
variables, there was no evidence for lack-of-fit,
indicating that the parameter estimates from our
models fit the observed field data adequately.

Abundance
We conducted a total of 160 point count surveys. Our

ability to detect warblers on point counts, given
presence, was high, ranging from 93 to 100%.
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Average warbler abundance ranged from O to 3.03
singing males per site per year, where O’s indicate
territory vacancy. Six models were supported in the
data (having AAICc < 2; Table 1), but overall terri-
tory- and landscape-scale habitat variables were most
important for explaining variation in abundance
patterns (Fig. 2). Importantly, a model containing
only a two-way interaction between these two scales
carried the most weight (0.20; Table 1, model 9)
suggesting that the effect of TERRITORY on abun-
dance was dependent on the effect of LANDSCAPE.
Model-averaged results show that territories with
high shrub density and located within unfragmented
landscapes had high abundance of black-throated
blue warblers (Fig. 3; Appendix 3). However, the
highest abundances occurred at territories in frag-
mented landscapes with high territory-scale shrub
density (Fig. 3). Patch level habitat was not consis-
tently related to abundance.

Age

For males, territory-and landscape-scale habitat pat-
terns were most important for explaining variation in
age ratios (Table 1, models 5 and 7; Fig. 2). The best
supported models contained additive effects of terri-
tory and landscape scales, as well as the additive
effect of patch-scale shrub density (model 5), but the

HEE TERRITORY

b= 3 PATCH
o)) 1.0 4 |mmm LANDSCAPE
k)
=
o 0.8
=
ISl
X
< 06 -
%)
=
©
= 04+
IS
E

0.2 4
(@]

0.0 -

Abundance Male Age Female Age Annual fecundity

Fig. 2 Variable importance weights (Zw;) for the three habitat
variables that were included in the models for each demo-
graphic parameter. Importance of explanatory variables was
assessed by summing the Akaike weights of all candidate
models that included the variable (Burnham and Anderson
2002). Values closer to 1.00 indicate higher importance
compared with other variables in the candidate model set
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Fig. 3 Surface plot of model averaged abundance as a
function of TERRITORY (shrub density) and LANDSCAPE,
depicted here as percent of deciduous and mixed coniferous
forest in 5-km landscape rather than the PCA score used in
statistical models, for ease of interpretation

effect of shrub density of the patch was relatively less
important than either of the other two variables
(Fig. 2, Appendix 4). In general, territories with low
shrub density were more likely to support SY males,
especially in fragmented landscapes. Territories
exhibiting high shrub density always supported
ASY males, regardless of landscape pattern (Fig. 4).

The univariate effect of shrub density within a
territory provided the best model for explaining
variation in female age ratios for black-throated blue
warblers (Table 1, model 1) and was present as a
significant negative effect in model 1 and three other
models supported in the data (Table 1, models 4, 5,
and 9; Appendix 5). Variable importance analysis
revealed that territory-level shrub density affected
female age ratios more than either patch- or land-
scape-scale variables (Fig. 2). Overall, SY females
occupied territories with the lowest shrub density,
and this effect was intensified as landscapes became
more forested (Fig. 4b, Appendix 5). These results
were based on analysis of 61 males and 59 females.

Annual fecundity

Landscape-scale habitat pattern explained the most
variation in annual fecundity (Fig. 2). Of the four
models supported in the data (Table 1, models 3, 5, 7,
10), all contained significant additive effects of the
landscape-scale variable (Appendix 6). Individuals
located in more unfragmented landscapes fledged
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TERRITORY and LANDSCAPE, depicted here as percent of
deciduous and mixed coniferous forest in 5-km landscape
rather than the PCA score used in statistical models, for ease of
interpretation

more young per year (Fig. 5; Appendix 6). Territory-
scale shrub density played a smaller role in explain-
ing annual fecundity (Fig. 2). Annual fecundity was
lowest in the most fragmented sites but where
territory-scale shrub density was high (Fig. 5).

These results were based on monitoring 65
uniquely banded female warblers for fecundity anal-
yses across the 20 study sites from 2002 to 2004.
Annual fecundity ranged from zero to eight warbler
young fledged per female across all sites and all
years. Annual fecundity averaged 2.5 fledglings per
female in 2002, 2.6 fledglings per female in 2003, and
4.2 fledglings per female in 2004. On average, over
all years and study sites, 51% of monitored nests
were successful, 32% failed due to predation, and
16% failed due to brood parasitism.
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Fig. 5 Surface plot of model averaged annual fecundity as a
function of TERRITORY and LANDSCAPE, depicted here as
percent of deciduous and mixed coniferous forest in 5-km
landscape rather than the PCA score used in statistical models,
for ease of interpretation

Discussion

Advancement of the field of landscape ecology calls
for studies that consider interactions of patterns and
processes across spatial scales because they provide a
more comprehensive look at ecological dynamics in
heterogeneous landscapes (Turner 2005). In this
study, we found evidence that (1) patterns of habitat
at different spatial scales affect different aspects of a
species’ demography, and (2) habitat patterns at one
spatial scale can be influenced by habitat patterns at
different scales in shaping demographic patterns. In
short, territory-level shrub cover strongly influenced
distribution and age ratios while landscape pattern
most strongly influenced annual fecundity. However,
the story is complex because the effect of shrub cover
on any of the demographic parameters depended on
the surrounding landscape conditions.

Territory-scale shrub density as a proximate cue
of territory selection

Our findings that territory-scale shrub cover may
serve as a proximate cue for territory selection are
consistent with the habitat-specific distribution pat-
terns reported for black-throated blue warblers by
(Holmes et al. 1996) in a large (>10,000 ha),
unfragmented temperate forest in New Hampshire.
In a comparison between high shrub density and low
shrub density study plots, they reported that warbler
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density was higher and there were proportionately
more older (>2 years old) breeders in the high shrub
density plot compared to the low shrub density plot.
Further, of the small number of males that were
unmated, significantly more of them occurred on the
low shrub density plot. Lichstein et al. (2002)
similarly reported a positive relationship of black-
throated blue warbler abundance with the amount of
older and more structurally diverse forest in a
managed landscape in the southeastern Appalachians,
USA, but found that landscape variables explained
only a small amount of variation in the counts after
controlling for local habitat effects, including
elevation.

Ecological effects of landscape pattern
on reproductive output

Although the distribution (i.e., the abundance and age
ratio patterns) of black-throated blue warblers was
largely shaped by territory-scale shrub cover, we
found that landscape fragmentation negatively influ-
enced black-throated blue warbler annual fecundity.
Three potential mechanisms that affect annual fecun-
dity and are shaped by landscape pattern include nest
predation, parasitism by the brown-headed cowbird,
and food. Here, we consider how landscape pattern
can shape these three factors and could account for
the observed patterns of annual fecundity for black-
throated blue warblers and potentially other forest
passerines in this system.

Predation pressures may play an important role in
determining reproductive success in our system.
Based on video documentation of nest predators in
extensively forested landscapes in the Northeast, the
dominant nest predators in our system are likely to be
red squirrels (Tamias hudsonicus), eastern chipmunks
(Tamias striatus), blue jays (Cyanocitta cristata),
crows (Corvus brachyrhyncus), and other small
mammals (King and DeGraaf 2006). These nest
predators may respond to landscape fragmentation in
different ways (Kurki et al. 2000; Chalfoun et al.
2002). For example, corvid abundances are often
lower in contiguous forests compared to fragmented
landscapes (Andren 1992), and predation levels by
corvids are also lower in more contiguous landscapes
(Donovan et al. 1997). In Montana, nest predation
increased with increasing agriculture in the larger
landscape, suggesting that generalist predators
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associated with agriculture and predators living in
small woodlots together can magnify predation rates
(Tewksbury et al. 2006). Our fragments in the
Champlain Valley are similarly embedded within an
agricultural matrix, and nest predation rates may be
similarly magnified due to a more diverse predator
pool.

Landscape pattern is known to shape the distribu-
tion of brown-headed cowbirds, an obligate brood
parasite. This is the first study to document the costs
of parasitism incurred by black-throated blue war-
blers. Parasitism was significantly greater on frag-
mented sites in all years of this study (Cornell 2007).
In this study region in Vermont, a single brown-
headed cowbird nestling in a black-throated blue
warbler nest can cause complete reproductive failure.
In some cases, host fledglings are successful, but their
condition at fledging is unknown and may be
compromised, thereby affecting longer term survival.

In the Midwest, cowbird abundance is significantly
greater in fragmented landscapes than contiguous
landscapes (Donovan et al. 1997). Whereas contig-
uous areas have limited feeding areas, fragmented
landscapes offer both feeding and breeding opportu-
nities for cowbirds and may maximize cowbird
occurrence. For instance, Thompson (1994) radio-
collared 84 female cowbirds in the Midwest US, and
found that females were located in forest and shrub-
sapling habitats during the morning breeding period,
but commuted to short-grass, cropland, and feedlot
habitats from midmorning to early afternoon. Cow-
birds moved an average of 3.6 km between roosting
and breeding locations, 1.2 km between breeding and
feeding locations, and 2.6 km between feeding and
roosting locations, consistent with cowbird habitat
use in other portions of their range (Thompson 1994).
In our study system, Coker and Capen (1995) found
that cowbirds were most consistently detected where
there was new suburban development and at locations
within 1 km of livestock areas. Thus, landscape
pattern is known to influences distribution and
abundance of cowbirds in our system, which in turn
affected the annual fecundity of breeding black
throated blue warblers.

The negative influence of cowbird parasitism in
this system may interact with the frequency of
double-brooding to further reduce reproductive out-
put. This could occur in two ways: (1) a female
produces a single brood, fledges a cowbird, and does
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not offset the loss of the first brood by attempting a
second because she is expending all of her energy
attending a large fledgling cowbird, or (2) a female
produces a first brood, fledges a cowbird, attempts a
second brood, and fledges another cowbird. We found
that younger, less experienced females are more
likely to be found in fragmented sites, and previous
studies have shown that younger females are less
likely to produce two broods per season than are
older birds, even in high shrub density habitats
(Holmes and Sherry 1992). Thus, increased repro-
ductive failure in fragmented landscapes may be
primarily influenced by brood parasitism in our
system.

Food limitation is another possibility explaining
reduced reproduction on fragmented sites with high
shrub cover. Holmes et al. (1996) found that the
factor that accounted for the greatest difference in
reproductive output between high and low quality
habitats was the frequency of double-brooding which
was accomplished most often by older females on
high shrub density plots. Nagy and Holmes (2005)
conducted controlled food supplementation experi-
ments and demonstrated that the observed frequency
of double-brooding is positively related to food
resources on a territory. If these patterns apply to
our system, we would expect that food resources may
drive the patterns of reproductive success in our
system as well. Several studies demonstrate that food
resources decrease with increasing fragmentation
(Burke and Nol 2000; Zanette et al. 2000), suggesting
that poor reproduction in fragmented sites could be
the result of reduced local food resources on those
sites. This remains uncertain in our system. Hughes
(2003) found increased diversity and abundance of
insect populations in edge habitats versus core habitat
in sites located within fragmented sites in west-
central Vermont. However, the distribution of insects
across the gradient of fragmentation of sites used in
this study has not been investigated.

Cross-scale interactions of habitat structure

Multi-scale research problems and investigations of
cross-scale interactions have emerged as a dominant
research theme in landscape ecology (Peters et al.
2004; Battin and Lawler 2006; Schooley and Branch
2007). Associations between cross-scale interactions
and species abundance and habitat use are well

studied (Lichstein et al. 2002; Betts et al. 2006;
Mahon et al. 2008; Renfrew and Ribic 2008; Vergara
and Armesto 2009). Many of these studies have found
support for the hypothesis that interactions among
habitat features at different scales are important for
explaining distribution patterns (but see Mahon et al.
2008). Battin and Lawler (2006) found evidence that
cross-interactions between home range, tree and path
scales predict abundance for the red-napped sap-
sucker (Sphyrapicus nuchalis) and the northern
flicker (Colaptes auratus). In a study of grassland
birds, Renfrew and Ribic (2008) found that the
direction and strength of the effect of core pasture
size on relative abundance changed depending on
amount of wooded area in the landscape. Vergara and
Armesto (2009) proposed that interactions across
scales in fragmented landscapes go further than the
simple interaction between forest cover and patch
size since different habitat structures within forest
stands (e.g., canopy height, tree dbh, understory
cover) can interact with landscape configuration or
patch features significantly affecting bird abundance.
Further, they found that specialist understory species,
in particular, responded positively to understory
cover depending on forest patch area and percent
forest cover in the landscape. Our results are consis-
tent with these studies; we found support for effects
of cross-scale interactions on abundance for black-
throated blue warblers where the effects of fine-scale
understory shrub cover on territory selection were
dependent on the amount and arrangement of forest
cover in the landscape.

Although investigations about effects of habitat
scale interactions on abundance patterns are plentiful,
there remains a general dearth of information on how
cross-scale interactions may affect reproductive out-
put directly. Several multi-scale studies have inves-
tigated effects of habitat pattern on nest success for
bird species (e.g., Driscoll et al. 2005; Vander
Haegen 2007), but none of these examined effects
of cross-scale interactions. Further, while nest suc-
cess can provide some information on reproductive
success, direct measures of productivity, such as
annual fecundity of marked individuals, are ideal for
predicting population persistence. This study is
among the first to report effects of a cross-scale
interaction between territory- and landscape-scale
habitat features on annual fecundity for a migratory
songbird.
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Cross-scale interactions such as this can result in
“surprises” with severe consequences for species
welfare (Peters et al. 2004). For example, we show
that birds who select nest sites largely based on innate
proximate cues at fine scales may be overwhelmed by
interacting processes at larger scales. This result may
imply that the negative impact of forest cover loss on
bird species cannot always be compensated by
improving local habitat quality, such as maintaining
large trees and dense understory. As the heterogene-
ity of breeding habitats used by this and other similar
species increases, the complexity of the interactions
between spatial habitat patterns and demographic
processes will be enhanced. Thus, recognizing the
potential for cross-scale interactions is a critical
challenge for managers and conservation planners.

Appendices 1-6 for this article are available as
supplementary material online.
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