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The timing of settlement decisions likely influences the quality of breeding site choices. This is particularly the case in
migratory birds, because the conditions that enhance breeding success are often not apparent upon arrival after migration.
A strategy that addresses this problem is to adjust settlement decisions when reliable information becomes available.

We used a new indirect method � dynamic site occupancy modeling � to estimate apparent movement of black-
throated blue warblers Dendroica caerulescens among sites within a breeding season. Because individuals should disperse to
sites that maximize their fitness, we hypothesized that warblers would move up a habitat quality gradient when
opportunities arose. For our study species, that would involve moving into sites with greater shrub density and at higher
elevation within northern hardwoods forest, as these two features are positively correlated with reproduction and apparent
survival in this species.

Although the probability of site occupancy in our study landscape remained consistent throughout the breeding season
(range: 0.66�0.69), occupancy models revealed substantial support for apparent movement of individuals within the
breeding season. The mean probability of emigration from a point count site was 0.21 (90.03 SE), and the mean
probability of immigration to a site not previously occupied was 0.51 (90.05 SE). The spatial distribution of this
movement was a function of habitat quality. A portion of the black-throated blue warbler population appears to arrive on
the breeding grounds and settle initially in sub-optimal habitat, moving subsequently into high quality densely shrubbed
habitat at higher elevations. This modeling approach provides a new means to test hypotheses about habitat selection and
movement by using presence�non-detection data.

Habitat selection is critical to both individual fitness
(reviewed in Rodenhouse et al. 1997, Greene and Stamps
2001) and population dynamics (Pulliam and Danielson
1991, McPeek et al. 2001). Recent research has revealed
that for migratory birds habitat selection can occur during
either pre-breeding (Hahn and Silverman 2006) or post-
breeding periods (Doligez et al. 2002, Nocera et al. 2006),
and numerous species shift to higher quality sites when they
change territory locations between breeding seasons (Krebs
1971, Rodenhouse et al. 1997). Few studies, however, have
tested for within-season adjustments in site selection by
breeding birds.

The timing of habitat selection may be important to the
quality of settlement decisions. One drawback to selecting
territories during the pre-breeding period is that conditions
that enhance breeding success may not be apparent upon
arrival after migration. For instance, reproductive success of
some passerine species is strongly correlated with insect
abundance and leaf area (Lack 1954, Martin 1987,

Rodenhouse et al. 2003), and the appropriate cues for
these habitat features may not be available or may be
misleading when individuals arrive on breeding grounds in
the early spring. A limitation to using information gleaned
at the end of the previous breeding season is that site
quality may differ among years. Insect abundance or
reproductive output of conspecifics in time t�1 may not
correlate well with the same variables in time t (Marshall
and Cooper 2004). Even when post-breeding public
information is used, unless the correlation between cues
and potential territory quality is perfect, non-optimal site
selection by some individuals may result (Citta and
Lindberg 2007).

A strategy that could overcome some of these limitations
is for individuals to adjust site selection as more reliable
information becomes available within the first part of the
breeding period (Dall et al. 2005). Naı̈ve animals could
initially settle at sub-optimal sites and then move towards
sites of higher quality once differences in either structural or
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conspecific cues become perceptible. Reliable information
could also take the form of directly acquired personal
information about a site of initial settlement. Individuals
have been reported to abandon territories after nest failure
(Switzer 1993, Hoover 2003, Klemp 2003), and presum-
ably these animals attempt to re-settle in sites that minimize
the future risk of this outcome.

Despite evidence that birds can shift locations during a
breeding season (Krebs 1971, Hoover 2003), such shifts
have seldom been quantified and reported from intensive
demographic studies or from point-count surveys. Studies
using point counts, for example, tend to assume that once
birds arrive on breeding grounds, territory location is
static. This is reflected in methods for summarizing point
count data (maximum abundance, presence/absence, mean
abundance) (for review see Betts et al. 2005). More recent
methods estimate animal occupancy while accounting for
detectability (MacKenzie et al. 2002). Such models are
based on the assumption of population closure, that is,
animals do not emigrate from or immigrate to sample sites
during the sampling period. For birds, the sampling
period is usually a single breeding season (Kroll et al.
2007).

Here, we examine evidence of intra-season movement
(site immigration [hereafter ‘‘settlement’’] and emigration
[hereafter ‘‘vacancy’’]) during the breeding period by a
migrant, forest-dwelling bird species, the black-throated
blue warbler Dendroica caerulescens. Such movement of
small birds has been difficult to examine directly due to low
band recovery rates at large spatial scales and the multiple
constraints of radio transmitters (Webster et al. 2002,
Kendall and Nichols 2004). We used point count data and
a new indirect method � dynamic site occupancy models
(MacKenzie et al. 2003) � to test for animal movement
among sites within a breeding season. Importantly, because
our study does not rely on physically marked individuals to
determine movement, our results should be considered
estimates of movement only; we term these estimates
‘‘apparent movement’’. These models account for biases
in site occupancy and movement caused by imperfect
detectability � a feature common in many animal surveys
(Zhou and Griffiths 2007, Alldredge et al. 2007).

After migration, experienced individuals tend to arrive
on the breeding grounds before younger birds, thus
preemptively occupying the best sites (Holmes et al.
1996). We hypothesized that some later-arriving younger
birds (with imperfect knowledge about habitat quality)
would settle initially in sub-optimal sites and then move to
higher quality vacant sites as more accurate information
about habitat quality becomes available. Animals should
settle at sites that maximize their fitness (Fretwell and
Lucas 1970). Previous research indicates that both
reproduction and survival of black-throated blue warblers
is greatest a) at higher elevation sites where food becomes
more abundant during the breeding season (Rodenhouse
et al. 2003) and b) at sites with an abundant shrub layer
(Holmes et al. 1996, Rodenhouse et al. 2003, Sillett et al.
2004). We therefore predicted that intra-season black-
throated blue warbler apparent movement should be
toward sites with these characteristics and away from sites
without them.

Methods

Study area and species

We conducted this research within the 3160 ha Hubbard
Brook Experimental Forest in north-central New Hamp-
shire, USA. The Hubbard Brook valley is covered by
contiguous, 90� yr-old second-growth forest consisting
primarily of sugar maple Acer saccharum, American beech
Fagus grandifolia and yellow birch Betula alleghaniensis at
low elevations. Red spruce Picea rubens, balsam fir Abies
balsamea and white birch B. papyrifera predominate at
higher elevations (Schwartz et al. 2003).

We focused on black-throated blue warblers because this
species is widely distributed and abundant within northern
hardwoods forest (Holmes et al. 2005), and the habitat
features influencing territory quality and demography are
well known (Holmes et al. 1996, Rodenhouse et al. 2003).
Arrival of this neotropical migrant spans early May�early
June, with first nesting attempts occurring during late May�
mid June (Holmes et al. 2005). Features of its breeding
biology are typical of such small migrants: laying lasts four
days, incubation ca 12 d, and nestlings fledge 8�10 d after
hatching. Nest predation is the most frequent cause of nest
failure, and re-nesting is frequent particularly following the
failure of a first nesting attempt (Holmes et al. 2005).

Points sampled (n�184) followed the systematic design
of Schwartz et al. (2003) that includes 15 north-south
transects spaced 500 m apart. Along each transect, distance
between points alternates between 200 and 300 m. In 2007,
we used 10-min fixed-radius point counts (Ralph et al.
1995) to survey relative abundance and occurrence of black-
throated blue warblers at each point. All points were visited
three times between 2 June and 2 July. Visits to individual
points were separated by 6�8 d. Each 10-min count was
divided into three, 3-min 20-s sub-counts. We treated each
sub-count as a new sampling period (i.e. the presence of an
individual bird would be recorded three separate times if the
bird sang in all sub-counts). Each visit is equivalent
conceptually to a ‘‘season’’ in MacKenzie et al. (2003).
This resulted in a total of 9 sampling visits (3 primary visits
each containing 3 secondary sub-counts). Counts were
conducted from 05:30 to 10:00 and did not occur during
rain or strong wind (�15 kph). To reduce the influence of
observer bias we randomly assigned observers to sample
points in the first visit and rotated observers among points
for each subsequent primary visit; this ensured that
observers were not biased in later visits by previous
experience at a point. We determined the elevation of
each site using a digital elevation model for the Hubbard
Brook valley (Schwartz et al. 2003).

Male black-throated blue warblers were considered
present in a sampling occasion if they were detected singing
within a 100 m radius of the point location. We determined
relative warbler abundance by recording observations of
simultaneous song (counter-singing) by individual territor-
ial birds within 100 m. Relative abundance consisted of the
maximum number of distinct singing individuals within a
10-min count. Though it is possible to use point count data
to estimate density (Buckland et al. 2001), the reliability of
these methods are highly dependent on accurate estimates
of distance between birds and the observer. Such accuracy is
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difficult in a vertically heterogeneous forest and especially
on hilly and often steep terrain. However, relative bird
abundance from point counts tends to be correlated with
density (Howell et al. 2004); consequently, abundance
should be considered a coarse index of density.

At Hubbard Brook, hobblebush Viburnum alnifolium is
the dominant understory species, representing �80% of
shrub cover (Doran and Holmes 2005), and a key feature
influencing habitat quality for D. caerulescens (Rodenhouse
et al. 2003). Here, we use Doran and Holmes’ (2005) data
on hobblebush stem density as the value for the shrub’s
abundance at survey points. Briefly, stem density was
counted within a 25�2 m strip transect centered on each
survey point; every hobblebush stem within the transect was
counted if it intersected a horizontal plane 1 m above
ground. See Doran and Holmes (2005) for additional
detail. Hobblebush abundance was log-transformed to
reflect the hypothesis that the strength of bird response to
hobblebush diminishes at extremely high stem densities.

Statistics

We modeled site occupancy, settlement, vacancy, and
detection probability using the ‘‘dynamic occupancy’’
methods designed for open populations by MacKenzie
et al. (2003). This modeling approach is analogous to
Pollock’s robust design for estimating survival (Pollock
1982) in that changes in site occupancy may occur among
major sampling visits but occupancy is assumed to be static
among secondary sub-counts. This is a reasonable assump-
tion in the present study because sub-counts within a visit
were consecutive (e.g. within a single 10-min period). We
summarized records of bird detection (1) and non-detection
(0) into ‘‘encounter histories’’ similar to mark-recapture
studies (Xi; e.g. 001 101 111). A maximum likelihood
modeling procedure then relies on detection history data to
estimate occupancy (c), settlement (g) vacancy (o) and
detection probability (p) (MacKenzie et al. 2003):

L(c1; o; g; pjX1; . . . Xn)�
YN

i�1
Pr(Xi)

where c is a vector of site occupancy probabilities for the
first primary sampling period, g and o are matrices of
settlement and vacancy, and p is a matrix of detection
probabilities. Changes in occupancy occur between visits as
a result of immigration (settlement) to a site if it is
unoccupied or emigration (vacancy) from a site if it is
occupied. In this sense, the site occupancy is a Markovian
process; occupancy at time t�1 is dependent upon
occupancy at time t. This is an appropriate approach for
a territorial, site-faithful species (MacKenzie et al. 2006).
We used Akaike’s information criterion [AIC] to select
models (Burnham and Anderson 2002) and performed all
occupancy analysis using the program PRESENCE Bhttp:
//www.mbr-pwrc.usgs.gov/software/presence.html�.

To limit the total number of models considered, we
constructed our models using a hierarchical approach
(Olson et al. 2005); we held explanatory variables for
occupancy and detection probability constant while focus-
ing on our primary objective � to determine factors
influencing apparent movement. First, we built a single

global model with the variables most likely to explain
occupancy. Because black-throated blue warblers at Hub-
bard Brook are closely associated with hobblebush and
typically occur in higher densities at higher elevations (600�
800 m; Rodenhouse et al. 2003, Holmes et al. 2005) we
tested for the effects of both variables. At high elevations
(�800 m), much of Hubbard Brook valley is characterized
by coniferous vegetation, which is generally not occupied by
black-throated blue warblers (Doran and Holmes 2005).
Thus, we expected a curvilinear response of this species to
elevation and modeled occupancy as a second-order poly-
nominal function (elevation squared).

Breeding site selection by this species tends to be
spatially autocorrelated, even after accounting for environ-
mental variation (Bourque and Desrochers 2006, Betts et al.
2006); hence, we included in all models a spatial auto-
covariate (Augustin et al. 1996) to account for this potential
spatial dependency. This autocovariate was calculated as the
probability of observing a species at one sample point
conditional on the presence of the same species at
neighboring sample points within 500 m (for details see
Betts et al. 2006). Presence at the focal sample point was
not included in the autocovariate calculation. Because we
did not take detectability into account when calculating the
autocovariate, this variable should be considered only an
index of bird presence at neighboring points. All subsequent
models that tested for effects of apparent movement thus
predicted occupancy as a function of elevation (and its
squared term), hobblebush, and the spatial autocovariate.

Second, we built a single model with variables most
likely to explain probability of detection. We expected that
birds should sing more frequently in higher quality habitat
(Berg et al. 2005), so we included both habitat quality
variables (hobblebush abundance, elevation squared) in our
models. Because our sub-counts were consecutive within a
10-min point-count, we also expected temporal autocorre-
lation in detections; the likelihood of a bird singing in time
t could be conditional on it singing in time t�1. We
modeled this effect by including survey-specific covariate
equal to the presence of song (a binary variable) in t�1 if
t�1 occurred within the same visit. We also built a second
model that included the covariates listed above, but tested
for time-dependent detection probability; however, as there
was little evidence for the importance of time as a predictor
of detectability within the breeding season (DAIC 3.62,
AIC wi�0.14) we did not test for individual effects of these
variables on settlement and vacancy separately.

Using the fixed global model set for occupancy and
detection probability (without time dependence), we
modeled settlement and vacancy as a function of elevation
squared, hobblebush abundance and time of season (i.e. the
interval between visits 1 and 2 and between visits 2 and 3).
Our a priori hypothesis was that probability of settlement
should be greatest at sites with the highest abundance of
hobblebush and at high elevations. In contrast, probability
of vacancy should be greatest at low elevation, hobblebush-
poor sites. The prediction that birds should move from low
quality to high quality sites is coupled; thus, because we
sought to limit the total number of models tested, we did
not test for separate individual effects of these variables on
settlement or vacancy.
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Finally, we tested the hypothesis of ‘‘population closure’’
(i.e. no within-season movement) with the global ‘‘single-
season’’ (non-dynamic) model, which does not include
parameters for settlement and vacancy (MacKenzie et al.
2002). If population closure exists, we would expect models
without apparent movement to explain the data as well or
better than models including additional movement para-
meters. Using this hierarchical approach our total model set
comprised nine models (Table 3).

If the spatial extent of sampling does not perfectly match
the extent of animal territories (as is usually the case) we
expected that the ability to infer immigration and emigra-
tion at the territory scale could be biased. This may be a
problem regardless of the time-scale of analysis (i.e. within
season, among seasons). Though black-throated blue
warbler territories are similar in size (1�4 ha; Holmes
et al. 2005) to our point count circles (3.14 ha) we could
not exclude the possibility that absence from a point count
sample was not necessarily equivalent to absence at the
territory scale; apparent settlement and vacancy could
simply be a function of birds moving within their
territories, but into or outside of our point count radii.
For instance, if a territory boundary extended beyond the
100-m point count circle it would be possible for move-
ment within a territory but outside of the sample unit to be
considered a vacancy event. This possibility would result in
an over-estimation of settlement/vacancy events, and it
could also overemphasize the importance of habitat quality
in influencing these events. High quality habitat is typified
by higher densities (Holmes et al. 1996) and smaller
territory sizes. With multiple territories per point count
circle, the likelihood of an observed vacancy is reduced,
because it would only occur if all territories were vacated
simultaneously. To account for this hypothesized bias, we
built the entire model set described above with relative
abundance added as a covariate to predict occupancy,
settlement, vacancy and detection probability.

We predicted that if territory size influences apparent
movement, vacancy should be a negative function of relative
abundance. More importantly, if our other hypothesized
relationships (hobblebush, elevation) remained important
after controlling for relative abundance, our within season
apparent movement results were likely to be robust. This
approach is conservative in that even inter-territory move-
ment could be strongly influenced by relative abundance;
birds should move to locations with highest density because
that is likely where the high-quality habitat exists. Such
apparent conspecific attraction has been observed in the
study species (Hahn and Silverman 2007). We emphasize
that we used this approach to, as conservatively as possible,
test for within season apparent movement. Because abun-
dance at a point is necessarily correlated with occupancy,
these results should be interpreted with caution. The
primary emphasis should be placed on analyses where we
did not control for abundance in dynamic occupancy
models. In the models where we did not control for
abundance, results should be interpreted as settlement and
vacancy of the sampled 100-m radius point count circle
rather than inter-territorial movement per se. Together,
these two approaches (i.e. models with versus without
relative abundance included as a covariate) can be seen as

upper and lower bounds on the degree of settlement and
vacancy occurring in the Hubbard Brook valley.

We used a model averaging approach to address model
selection uncertainty in our analyses. Summed AIC weights
(S wi) can be interpreted as the relative likelihood of each
model fitting the data (Burnham and Anderson 2002, Zabel
et al. 2003). In all analyses, variables were z-transformed to
standardize means and variances. Predictor variables used in
analyses (elevation, hobblebush, spatial autocovariate, war-
bler abundance) were not highly collinear (rB0.3).

Results

Occupancy and detection probability

Occupancy by black-throated blue warblers was positively
influenced by abundance of hobblebush (Table 1). Occu-
pancy increased with elevation except for sites above ca 700
m where it decreased. Assuming within-breeding season
population closure, black-throated blue warblers occupied
90.3% (c�0.90390.115 SE) of the Hubbard Brook
Valley. This did not vary considerably from the naı̈ve
occupancy estimate of 0.901 because detection probability
for 3 min 20 s sub-counts was 0.561 (90.046 SE) or
99.9% across all 9 sampling occasions (after MacKenzie
et al. 2002: p�(1�(1�0.56)9�100)). We found no
support for the influence of spatial autocorrelation on
occupancy; parameter estimates of autocovariates tended to
be small and confidence intervals bounded zero. Detection
probability was influenced by the same variables as
occupancy and in the same directions, but was also strongly
positively influenced by the presence of song in the previous
sub-count, which suggests temporal autocorrelation in
detectability (Table 1, 2).

Table 1. Parameter estimates and 95% confidence intervals (CI) for
the AIC best-ranked model for occupancy (c), settlement (g),
vacancy (o) and probability of detection (p) for black-throated blue
warblers as a function of a spatial autocovariate (autocov), log
hobblebush density (hob; Viburnum alnifolium), elevation (elv) and
elevation squared (elv2), and singing in the previous sample period
(song p(t�1)).

Variables b LCI UCI

c intercept 0.15 �0.34 0.63
elv 1.16 0.96 1.36
elv2 �1.42 �1.62 �1.21
hob 0.57 0.40 0.75
autocov �0.08 �0.25 0.08

g intercept 1.45 0.90 2.01
elv 4.11 3.32 4.90
elv2 �4.67 �5.55 �3.79
hob 0.20 �0.04 0.44

o intercept 0.30 �0.25 0.85
elv �0.69 �0.87 �0.52
elv2 0.69 0.51 0.87
hob �0.55 �0.71 �0.39

p intercept 0.72 0.45 0.99
elv 1.26 1.19 1.33
elv2 �1.45 �1.53 �1.38
hob 0.12 0.06 0.19
song p(t�1) 0.83 0.54 1.11
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Apparent movement

Evidence for apparent movement by black-throated blue
warblers within the breeding season in our study landscape
was substantial. We, therefore, found little support for
the population closure hypothesis. Evidence ratios indicated
that the non-dynamic model (that would indicate popula-
tion closure) was 466 times less likely to describe data than
the top-ranked dynamic model (DAIC�44.38; Table 3).
The mean probability of vacancy from an occupied point
count site was 0.21 (90.03 SE), and the mean probability
of settlement to a site not previously occupied was
0.51(90.05 SE). Because a greater proportion of sites
were occupied than unoccupied, these apparently unequal
rates of vacancy and settlement balanced each other (i.e.
apparent settlement was approximately equal to apparent
vacancy). Thus the valley-wide probability of site occupancy
varied little over the breeding season (cvisit 1�0.664,
cvisit 2�0.691, cvisit 3�0.677). For example, in the first
primary visit 34% of sites (100�66%) were unoccupied (ca
63 sites). Of these, 51% (ca 32 sites) became occupied by
the second primary visit in relation to 21% of occupied sites

that were vacated (ca 26 sites). Only six additional sites (of
184) were estimated to be occupied in visit 2 than in visit
1 (32�26). Importantly, the spatial location of occupied and
unoccupied sites shifted among visits.

The spatial distribution of warbler apparent movement
was as predicted; without accounting for abundance,
warbler movement was influenced by both elevation and
hobblebush (Table 3, Fig. 1, 2). Settlement was greatest at
hobblebush-rich sites occurring at mid- to high elevations.
Site vacancy was negatively associated with hobblebush
and tended to occur at low and at very high elevations
(Table 2).

When we controlled for differences in warbler abun-
dance across sites, the relative importance of movement
covariates changed substantially. In the environmental
variable-only models, the summed AIC model weights for
elevation and hobblebush were 0.82 and 0.93 respectively,
indicating strong support for the inclusion of both variables
(Table 3). However, when we included warbler abundance
as a covariate, elevation received little statistical support
(awi�0.13) (Supplementary material, Table S1). Warbler
abundance was included in the top five models and was
strongly supported (awi�0.95). Even after controlling for
the influence of warbler abundance, hobblebush remained a
useful predictor of black-throated blue settlement and
vacancy (awi�0.90). As in environmental variable-only
models, settlement was greatest at hobblebush-rich sites and
vacancy was most likely at hobblebush-poor sites (Supple-
mentary material, Table S1).

Discussion

To our knowledge, our study provides the first estimate of
apparent within-season breeding movement for a migrant
songbird species. Many habitat selection models assume
that animals have the dispersal and cognitive abilities
required to find the best site (Fretwell and Lucas 1970,
Pulliam and Danielson 1991). However, reliable informa-
tion about site quality may not always be immediately
available (Stamps 2006). Individuals may need to invest
time collecting either personal information through
experience with sites (Hoover 2003), or gathering social
information gleaned from other animals (Doligez et al.
2002, Osborne et al. 2007), thereby creating a ‘‘lag’’
between their initial arrival at a location and settlement on

Table 2. Abundance-corrected, parameter estimates and 95% con-
fidence intervals for the AIC best-ranked model for of settlement (g),
vacancy (o) for black-throated blue warblers as a function of a spatial
autocovariate (autocov), log hobblebush density (hob; Viburnum
alnifolium), elevation (elv) and elevation squared (elv2).

Variables b LCI UCI

c intercept �1.29 �1.93 �0.65
abund 0.62 0.43 0.81
hob 0.60 0.40 0.80
elv �0.83 �1.05 �0.62
elv2 0.65 0.44 0.87
autocov �0.22 �0.42 �0.03

g intercept �2.82 �3.65 �1.99
hob 0.82 0.46 1.17
abund 0.61 0.32 0.90

o intercept 2.48 1.93 3.04
hob �0.51 �0.68 �0.35
abund �0.80 �0.96 �0.64

p intercept �1.50 �1.73 �1.26
elv 0.85 0.77 0.92
elv2 �1.11 �1.18 �1.03
hob 0.00 �0.07 0.06
song p(t�1) 0.87 0.59 1.14
abund 0.88 0.81 0.94

Table 3. AIC-ranked occupancy models used to describe occupancy (c), detection probability (p), settlement (g) and vacancy (o) by black-
throated blue warblers. Settlement and vacancy are best modeled as a non-linear function of elevation (elv2) and density of hobblebush (hob).
Note that the non-dynamic model (in bold) received no support. Occupancy was modeled as a function of an autocovariate (autocov; see
text). Detection probability was modeled as a function of singing in the previous sample period (song p(t�1)). The time-dependent model for
p (italics) did not perform as well as the non-time dependent model.

Model AIC DAIC wi K

c (elv2�hob�autocov), g (elv2�hob), o (elv2�hob), p(elv2�hob�song p(t�1)) 1848.17 0 0.69 18
c (elv2�hob�autocov), g (elv2�hob), o (elv2�hob), p(t�elv2�hob�song p(t�1)) 1851.79 3.62 0.11 20
c (elv2�hob�autocov), g (elv2�hob�t), o (elv2�hob�t), p(elv2�hob�song p(t�1)) 1851.95 3.78 0.10 20
c (elv2�hob�autocov), g (hob), o (hob), p(elv2�hob�song p(t�1)) 1853.06 4.89 0.06 14
c (elv2�hob�autocov), g (elv2), o (elv2), p(elv2�hob�song p(t�1)) 1854.49 6.32 0.03 18
c (elv2�hob�autocov), g (elv2�t), o (elv2�t), p(elv2�hob�song p(t�1)) 1854.82 6.65 0.02 18
c (elv2�hob�autocov), g (hob�t), o (hob�t), p(elv2�hob�song p(t�1)) 1856.71 8.54 0.01 16
c (elv2�hob�autocov), g (.), o (.), p(elv2�hob�song p(t�1)) 1860.46 12.29 0.00 12
c (elv2�hob�autocov), p(elv2�hob�song p(t�1)) 1892.55 44.38 0.00 10
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a breeding site. In this paper, we use dynamic occupancy
models to provide indirect evidence for such lags in
breeding site selection. A portion of the black-throated
blue warbler population in the Hubbard Brook valley
appears to arrive on the breeding grounds and advertise
(sing) initially in sub-optimal habitat (low elevation, low
shrub cover); some of these individuals subsequently move
up a habitat quality gradient into densely shrubbed habitat
at moderate-to-high elevations. Such movements seem
adaptive because they have the effect of increasing
reproductive success (Rodenhouse et al. 2003) and
apparent survival (Rodenhouse et al. unpubl.).

Recent experimental evidence also supports the hypoth-
esis that settlement decisions of this species continue to occur
over a period of a few weeks after arrival in breeding areas

(25 May�8 June; Hahn and Silverman 2007). Though social
information collected by black-throated blue warblers in the
post-breeding period may be a more reliable measure of
future site quality (Betts et al. in press), this species also
appears to rely on the location of conspecifics in the early
breeding season as a cue in site selection. Collection of
personal information may also play a role in the apparent
movement we observed. Direct assessment of nest predation
or risk of predation as indicated by the diurnal activity of nest
predators (e.g. Tamias striatus, Tamiasciurus hudsonicus)
could be used as a cue to avoid settlement or to move. Early
nesting pairs, typically site-faithful, returning breeders,
experience first-nest failures during this time, and birds,
whether arriving early or late, may directly assess the risk of
nest predation by observing or hearing nest predators.
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Figure 1. Predicted spatial distribution of the probability of settlement and vacancy events and site occupancy for black-throated blue
warbler in the Hubbard Brook Experimental Forest, New Hampshire. Black dots indicate the locations of point-counts. Fitted
probabilities beyond sample points were calculated using inverse distance weighting (IDW) spatial interpolation.
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Abundance of nest predators at the time of arrival is a good
predictor of their abundance throughout the breeding season
(Holmes et al. unpubl.).

Because territory size may be larger than the extent of
our sample units, it is possible that within-territory move-
ment could result in some of the apparent vacancies or
settlement that we observed. The models we present that do
not include warbler abundance reveal the proportion of sites
‘‘used’’ by warblers and detectability should be considered
the probability that the species is present at the time of the
survey and detected at occupied or used sites (MacKenzie
et al. 2006). Alternatively, apparent movement models that
included conspecific abundance as a covariate suggest that
some of the movement we detected entailed temporary
within-territory movement. As expected in this case, sites
with low abundance (a proxy for low territory density and
large territories) exhibited greater rates of temporary

emigration (probability of vacancy). However, it is im-
portant to note that our key result, i.e. that shrub density is
the most critical factor influencing site choice, did not differ
qualitatively among models with or without controlling for
conspecific abundance. We included conspecific abundance
as a covariate to test, as conservatively as possible, whether
apparent bird movement, independent of local density,
could be predicted by environmental variables alone.
Though elevation became substantially less important
when conspecific abundance was included in the models,
hobblebush remained a useful predictor of apparent
settlement and vacancy.

As animal density can influence results of dynamic
occupancy models, it will be a critical issue to consider
explicitly in future studies. Density often varies across habitat
quality gradients; thus, within-territory movement could be
confounded with ‘‘true’’ extinction or colonization. For
instance, metapopulation models that predict greater rates of
extinction in small patches may need to control for lower
density at these sites (Nol et al. 2005) unless the spatial
pattern of sampling matches precisely that of the home range
of the species of interest or entire patches are surveyed. More
research is needed to reveal the relationships between animal
density and occupancy dynamics.

Occupancy dynamics may, to some extent, be influ-
enced by the age structure of the population as well as by
habitat quality. Holmes et al. (1996) showed that older
experienced birds occupy the best habitat, leaving that of
lesser quality for younger, subordinate individuals. Hence
age undoubtedly plays a role in predicting likelihood of
breeding dispersal, as first year breeders of many species
appear more likely to disperse (Alrt and Part 2008), and
older birds are typically the most site-faithful (Switzer
1993). However, these findings would seem to work
against the movement indicated by the present study,
securing older birds in habitat of highest quality. Thus
most of the apparent movement reported is probably
being undertaken by first-time breeders; unfortunately, the
point-count data used in this study cannot be used to
distinguish age classes because point count studies rely
primarily on auditory detections. Nevertheless, the hy-
pothesis we tested was not contingent on age.

Regardless of the mechanism driving apparent move-
ment patterns, dynamic occupancy modeling provides a
means to obtain further information about habitat quality
from presence/non-detection data. Animals should a)
occur at higher densities in high quality habitat and b)
show greater immigration to high-quality sites. Exceptions
to this rule occur in ecological traps where high density
may not reflect high quality habitat (Schlaepfer et al.
2006). Our indirect observations of movement provide
independent support for previous findings that patches
with abundant hobblebush and at higher elevations have
greater food abundance and fewer nest predators, and
therefore, are better quality habitat for black-throated blue
warblers (Doran and Holmes 2005, Rodenhouse et al.
unpubl.).

We found that both occupancy and probability of
detection were influenced strongly by environmental
variables. Site occupancy of black-throated blue warblers
reflected patterns observed for settlement and was greatest
at upper elevations in hobblebush-rich sites. Detectability

Figure 2. Predicted probability of black-throated blue warbler
settlement (black dots) and vacancy (white dots) as a function of
elevation after accounting for hobblebush density (A) and hobble-
bush density after accounting for elevation (B) in the Hubbard
Brook Experimental Forest, New Hampshire. All fitted model
values account for detection probability.
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tended to be influenced by the same variables affecting
occupancy. This was likely for two reasons. First, high-
quality sites tend to have a greater density of birds which
increases the total number of songs per sampled area.
Second, at the individual level, birds in good condition
have been observed to sing more frequently (Berg et al.
2005). In this respect, if we had not controlled for
detection probability, our estimates of occupancy, settle-
ment and vacancy would have been biased (Royle and
Kéry 2007).

Accurate measures of avian reproductive success are
essential to conservation and management of bird species.
Presence-absence and density estimates are not necessarily
indicative of reproductive success and, as a result, may be
inadequate indicators of habitat quality (van Horne 1983).
However, collection of data on reproductive success usually
requires intensive nest-searching, season-long observations
of individually marked birds, and detailed and accurate
accounts of the fates of all nestlings and fledglings (Holmes
et al. 1996, Doran et al. 2005). It is thus time-consuming
and logistically challenging to directly measure reproductive
output, particularly at large spatial scales. Our results
indicate that dynamic occupancy models can be used to
obtain information about the habitat selection process and
habitat quality from presence/ non-detection data. This
information is likely to be useful to managers in making
conservation decisions.
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