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Abstract. Surveys collecting count data are the primary means by which abundance
is indexed for birds. These counts are confounded, however, by nuisance effects including
observer effects and spatial correlation between counts. Current methods poorly accom-
modate both observer and spatial effects because modeling these spatially autocorrelated
counts within a hierarchical framework is not practical using standard statistical approaches.
We propose a Bayesian approach to this problem and provide as an example of its imple-
mentation a spatial model of predicted abundance for the Cerulean Warbler (Dendroica
cerulea) in the Prairie–Hardwood Transition of the upper midwestern United States. We
used an overdispersed Poisson regression with fixed and random effects, fitted by Markov
chain Monte Carlo methods. We used 21 years of North American Breeding Bird Survey
counts as the response in a loglinear function of explanatory variables describing habitat,
spatial relatedness, year effects, and observer effects. The model included a conditional
autoregressive term representing potential correlation between adjacent route counts. Cat-
egories of explanatory habitat variables in the model included land cover composition and
configuration, climate, terrain heterogeneity, and human influence. The inherent hierarchy
in the model was from counts occurring, in part, as a function of observers within survey
routes within years. We found that the percentage of forested wetlands, an index of wetness
potential, and an interaction between mean annual precipitation and deciduous forest patch
size best described Cerulean Warbler abundance. Based on a map of relative abundance
derived from the posterior parameter estimates, we estimated that only 15% of the species’
population occurred on federal land, necessitating active engagement of public landowners
and state agencies in the conservation of the breeding habitat for this species. Models of
this type can be applied to any data in which the response is counts, such as animal counts,
activity (e.g., nest) counts, or species richness. The most noteworthy practical application
of this spatial modeling approach is the ability to map relative species abundance. The
functional relationships that we elucidated for the Cerulean Warbler provide a basis for the
development of management programs and may serve to focus management and monitoring
on areas and habitat variables important to Cerulean Warblers.

Key words: abundance mapping; Bayesian; CAR; Cerulean Warbler; conditional autoregression;
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INTRODUCTION

Much of the focus of contemporary wildlife re-
search is on monitoring populations over large areas
(Pollock et al. 2002). The North American Breeding
Bird Survey (hereafter NABBS; Peterjohn et al. 1996)
is one of the most important, long-term monitoring
efforts in avian conservation. Counts provided by the
NABBS can be regarded as indices to population size
and used to estimate spatial and temporal patterns in
relative population abundance (Link and Sauer 1998).
Link and Sauer (2002) provided a robust framework
for the examination of temporal patterns in NABBS
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counts. There are, however, few analyses of spatial
patterning in NABBS counts (Villard and Maurer
1996, Wikle 2002), largely because the proper accom-
modation of spatial and nuisance effects is not prac-
tical using standard statistical (i.e., frequentist) ap-
proaches.

We consider this modeling problem from a hierar-
chical perspective, modeling avian counts as Poisson,
conditional on a spatially varying intensity process.
Link and Sauer (2002) proposed an objective Bayesian
hierarchical model for estimating trends in avian
counts. Their generalized linear mixed model was of
the form

Y z m ; Poiss[E exp(u )]i i i i

where Yi denoted avian counts, Ei the expected count
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in area i, after adjusting for possible confounding fac-
tors, and mi was the log-relative mean for area i. The
mi may be replaced by a linear combination of covariate
and random effects so as to explain patterns in model
residuals.

When counts are expected to be spatially correlated
(Koenig 1999, 2001, Lichstein et al. 2002a, b), geo-
graphical proximity may be specified a priori, forming a
Bayesian smoothing model (Best et al. 1999). Thus,

m 5 x b 1 Z 1 hi i i i

where xi denotes a vector of covariates associated with
area i, b the vector of associated parameters, and Zi

and hi are random effects (intercepts) associated with
spatial similarity and excess heterogeneity (i.e., over-
dispersion, extra-Poisson variation), respectively. To
model spatial similarity, Zi, a conditional autoregres-
sive (CAR) structure may be used (Besag et al. 1991,
Cressie 1993, Best et al. 1999).

We present a hierarchical spatial model with envi-
ronmental covariates for regional prediction of avian
abundance from NABBS data, and fit the model to data
with Markov chain Monte Carlo methods (MCMC).
Hierarchical Bayesian models are well-suited to the
analysis of complicated spatial problems (Wikle et al.
1998). The model that we present is a spatial version
of the objective Bayesian hierarchical model presented
by Link and Sauer (2002), with effects of spatial au-
tocorrelation and environmental covariates included for
modifying predicted mean counts. As an application of
the procedure, we predicted avian counts for the Ce-
rulean Warbler (Dendroica cerulea) from NABBS data
for the Prairie–Hardwood Transition ecoregion in the
upper midwestern United States.

The Cerulean Warbler is a small (8–10 g), Neo-
tropical migratory songbird experiencing substantial
declines in abundance throughout its range (Sauer et
al. 2002). For this reason, it is considered a Species
of Concern in the midwestern United States by the
U.S. Fish and Wildlife Service (Salveter 2002). This
species was once one of the most common forest birds
in eastern North America (Hamel 2000a), but is now
one of the rarest. Cerulean Warblers nest and raise
their young in large tracts of deciduous hardwood for-
ests consisting of tall, large-diameter trees over an
open understory. Gaps in the forest canopy, or forest
openings, are also considered important habitat com-
ponents (Hamel 2000a). Cerulean Warblers nest al-
most exclusively in broad-leaved deciduous forests in
uplands, wet bottomlands, and moist slopes of moun-
tains. The capability to model and map abundances
of high-priority species like the Cerulean Warbler over
large regions is useful for managers; maps can be used
to identify and prioritize habitats for conservation ac-
tions and future monitoring (Donovan et al. 2002).
Results of the habitat modeling that we describe may
also be used as a basis for evaluating threats to breed-
ing habitats.

METHODS

Study area

The focus of our modeling effort was Bird Conser-
vation Region 23 (hereafter BCR23), the Prairie–Hard-
wood Transition (Fig. 1).4

This BCR is virtually identical to Partners-in-Flight
Physiographic Area 16 (Upper Great Lakes Plain).5 The
BCR23 occupies 230 111 km2, stretching from central
Minnesota through central and southern Wisconsin and
Michigan, including small sections of northeastern
Iowa, and northern Illinois and Indiana; Lake Michigan
bisects the region. This region was chosen because of
its diverse land uses, both historical and current. The
predominant land uses/land covers in this region are
row crop agriculture (36%), grassland (27%), and de-
ciduous forest (21%). Much of the region is a rolling
plain of loess-mantled ridges over sandstone and car-
bonate bedrock and pre-Illinoian ground moraine, con-
tributing to a diversity of topographic relief and veg-
etation (McNab and Avers 1994). BCR23, as its name
implies, transitions from beech–maple forest in the
north to agriculture (historically tallgrass prairie) in the
south. There is also a gradient in climate from north-
west to southeast, with climatic differences being most
pronounced east of Lake Michigan.

Response data

There are 124 NABBS routes in BCR23, with an
additional 80 routes within 50 km of the study area.
We included these additional routes to minimize the
influence of edge effects when predicting abundance
at the edges of the region. Each NABBS route contains
50 evenly spaced survey locations (stops) at which an
observer counts all birds seen or heard in a 3-min pe-
riod. We used the sum of counts from the 50 stops in
a year’s route survey as an index of abundance along
the route for that year. We used counts collected from
1981 to 2001 to coincide temporally with our land cov-
er data, derived from satellite imagery taken in the late
1980s and early 1990s (Vogelmann et al. 2001), but
unlike Link and Sauer (2002), we also included routes
where Cerulean Warblers were never sighted because
these routes are important for identifying the distri-
butional boundary of this species. In total, we used
1840 counts in constructing the model; these route- and
year-specific counts were produced by 310 observers
over 140 routes between 1981 and 2001 (64 routes were
withheld; see Model evaluation).

Hierarchical model

Model formulation.—To identify unbiased relation-
ships between environmental covariates and avian
abundance, we implemented a flat-prior Bayesian mod-
el (Gelman et al. 1995, Gilks et al. 1996, Spiegelhalter

4 ^http://library.fws.gov/Bird Publications/na
birdconservation regdescrip00.pdf&

5 ^http://www.blm.gov/wildlife/plan/pl 16 10.pdf&
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FIG. 1. North American Breeding Bird Survey (NABBS) counts from 1981 to 2001 and predicted Cerulean Warbler
abundance across Bird Conservation Region 23 (BCR23), the Prairie–Hardwood Transition.

et al. 2000) accounting for space, environmental co-
variates, and count structure. Poisson models are a nat-
ural starting point for modeling count data because
counts are ‘‘discrete, positive valued, and [typically]
exhibit strong mean-variance relationships’’ (Royle et
al. 2002:625). The general spatial Poisson model was
specified as

log[l(s)] 5 m(s) 1 Z(s) 1 h(s)

where Z(s) and h(s) are random effects, and m(s) 5
bjxj(s), with xj(s) as spatially indexed covariatespSj51

such as landscape descriptors, and bj determining
change in abundance (on the log scale) per unit change
in covariate j (Royle et al. 2002). The index s is in
geographic coordinates. The random effects Z(s) and
h(s) control for spatial relatedness of counts and nui-
sance effects (i.e., variation between observer, novice,
route, and year), respectively. Environmental covari-
ates are treated as fixed effects, under the assumption
that they are measured without error.

Spatial effects [Z(s)] were included by applying a
Gaussian conditional autoregressive (CAR) prior dis-

tribution on the spatial neighborhood of routes (Besag
et al. 1991, Spiegelhalter et al. 2000). A neighborhood
is defined by areas sharing a common boundary, a com-
mon definition in Bayesian mapping. Determination of
the proper spatial neighborhood is critical for proper
parameter estimation. We delineated a spatial neigh-
borhood on an irregular lattice by tessellating the sam-
ple routes (Fig. 2), and from this neighborhood struc-
ture derived an adjacency matrix of first-order neigh-
bors. The tessellation of routes was performed in
ArcView 3.3 (ESRI 2002a). Neighborhood weights
were set to 1 for areas sharing a common boundary
and 0 otherwise (Besag et al. 1991). This weighting
scheme assumes that the spatially structured random
effect for a given area, relative to all other areas, has
mean equal to the average of the random effects for
the immediate neighboring areas and precision pro-
portional to the number of neighboring areas. The re-
sulting spatial model thus depends only on the neigh-
borhood structure, and not, for instance, on the distance
between areas.
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FIG. 2. Delineation, by tessellation, of the spatial neighbors of North American Breeding Bird Survey routes occurring
within the Prairie–Hardwood Transition. Only nearest (first-order) neighbors were used in modeling the structure of spatial
correlation in counts. Lake Michigan was assumed to act as a barrier.

To accommodate observer biases in h(s), we includ-
ed a random effect, v, for observers and a random
effect, hI, to indicate the first year of service for an
observer, where I is an indicator variable (0, 1) (Link
and Sauer 2002). We also included a year effect (g),
while extra-Poisson dispersion was accounted for by
overdispersion effects (ek). The final model then is

p

log[l(s)] 5 b x (s) 1 Z (s) 1 v (s) 1 hI(s)O k k k k
k51

1 g (s) 1 «k k

where k is year-specific counts indexed over space (s).
In effect, the model is an overdispersed Poisson re-
gression with fixed and random effects, with the counts
modeled as a loglinear function of explanatory vari-
ables describing habitat, spatial relatedness, and nui-
sance effects.

Because there is no closed-form expression for the
parameter estimates, the model must be fitted by iter-
ative simulation (Royle et al. 2002). We conducted

model fitting in WinBUGS 1.3 (Speigelhalter et al.
2000; Supplement), a statistical package conducting
Bayesian inference with MCMC methods (Gibbs Sam-
pling) (Link et al. 2002), following specific method-
ology described by Royle et al. (2002:630–631).

A necessary initial consideration in a Bayesian anal-
ysis is whether prior distributions are informed (Link
et al. 2002). Given little empirical support for one dis-
tribution over another, we modeled with non-infor-
mative, or flat, priors (Link and Sauer 2002). Year (g),
observer (v), and overdispersion (e) effects were spec-
ified as having mean zero normal distributions (as in
Link and Sauer 2002). The hyperparameters b, Z, and
h were given diffuse (essentially flat) normal distri-
butions with mean of 1 and variance equal to 1000
(Thomas et al. 2002).

Model selection.—Variables relevant to Cerulean
Warblers were chosen a priori (Table 1) after a review
of literature (primarily the Birds of North America ac-
count, Hamel [2000a], and references therein) and ex-
pert opinion (Tom Will, U.S. Fish and Wildlife Ser-
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TABLE 1. Fixed-effects habitat variables measured at three spatial scales (800, 8000, and ;80 000 ha) describing Cerulean
Warbler habitat in the upper midwestern United States.

Variable Description

Area-weighted median decidu-
ous forest patch size†

sum of patch area divided by number of deciduous forest patches (ha), buffered from
extremes by area-weighting

Proportion of landscape in for-
ested wetlands†

proportion of landscape devoted to permanently inundated forested wetlands

Proportion of oak and elm proportion of landscape devoted to oak (Quercus spp.) and elm (Alba spp.) forest
Easting Universal Transverse Mercator coordinate for longitudinal location
Northing Universal Transverse Mercator coordinate for latitudinal location
Static wetness potential† ln(catchment area/tan(slope angle))
Mean annual precipitation‡ 30-yr mean precipitation (cm)

† A priori variable retained after post hoc modeling.
‡ Variables identified through exploratory classification regression trees.

vice). These variables and others considered in our
analysis were those that could be measured by way of
remote sensing across the region, including land use
composition and configuration, climate, terrain, and hu-
man influence (Appendix A). Each variable was as-
sessed at three logarithmically related scales, 800,
8000, and 80 000 ha (these extents correspond to the
mean product of buffers of 0.1, 1, and 10 km, respec-
tively, placed about each NABBS route). This range of
scales should adequately encompass both the ecology
of the Cerulean Warbler on the breeding ground and
the range of landscape processes impinging upon this
ecology.

Variables were standardized to have zero mean and
unit variance to improve MCMC performance (Gilks
and Roberts 1996) and to assess the comparative value
of each model covariate. Because of the cumbersome
nature of iterative simulation and our multiscale ap-
proach, we conducted variable selection analogous to
a backward selection from a global model. Models were
created with variables measured at a common scale and
then were combined to create a multiscale model. In-
teraction and quadratic terms were assessed only if pub-
lished habitat associations warranted their inclusion.

A properly parameterized model (i.e., a model with
the correct covariates) would reduce the need for the
CAR spatial structure (B. D. Ripley, comment in Besag
et al. [1991]). To assess the relative contributions of
the spatial (Z ) and nuisance (h) random effects (struc-
tured and unstructured components, respectively), we
calculated the posterior distribution of the quantity c
5 varZ/(varZ 1 varh), where varZ and varh are the em-
pirical marginal variances of Z and h, respectively
(Best et al. 1999). As c approaches 0, spatial variation
becomes negligible.

We compared the Deviance Information Criterion
(DIC) between models with spatial structure and mod-
els without spatial structure; DIC is an information
criterion analogous to Akaike’s Information Criterion
(AIC), with the most parsimonious model possessing
the smallest DIC (Speigelhalter et al. 2002). We cal-
culated model weights akin to the method suggested

by Burnham and Anderson (1998, 2002) for AIC
weights:

1
exp 2 Di1 22

w 5i
R 1

exp 2 DO i1 22i51

where Di is the difference between the DIC from model
i and the DIC possessed by the most parsimonious mod-
el (the model possessing the minimum DIC).

Model critique.—We assessed model goodness of fit
by comparing model fit to the fit of replicate data (Gel-
man et al. 1995). Fit was calculated as

2(Y 2 l )k kP 5 .O
lk k

The frequency to which the fit of the original data
exceeded the fit of replicate data is the Bayesian P
value; this measures the proportion of simulations in
which the replicate quantity exceeds the realized quan-
tity. Good fit occurs with P 5 0.5, whereas major fail-
ures of the model occur at P , 0.01 or .0.99 (Gelman
et al. 1995:173).

Post hoc exploration.—Ideally, spatial structuring
(Zk(s)) in the model would be unnecessary, given the
inclusion of a proper set of environmental covariates
defining the spatial relatedness between counts. Thus,
in the situation in which our a priori set of environ-
mental variables failed to obviate the spatial structuring
of the model, we conducted a post hoc examination for
additional potential explanatory variables. We em-
ployed a regression tree approach (De’ath and Fabri-
cius 2000) whereby we evaluated the relative influence
on Cerulean Warbler counts of 28 climate, 25 landscape
composition, 27 landscape configuration, two human
disturbance, and 15 terrain variables measured for sev-
eral land cover types at each of the three spatial scales
(Appendix A). Many of these variables were related,
measuring various aspects of landscape composition
and configuration. For example, deciduous forest edge
density, deciduous core area, and deciduous patch in-
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terspersion and juxtaposition measure some aspect of
forest edge, but none by itself provides a complete
context to the phenomenon. The advantage of using a
regression tree approach was to allow the data to iden-
tify the most appropriate variables.

Calculations of regression trees occurred with
CART4.0 (Breiman et al. 1984, Steinberg and Colla
1997). The regression tree was split based on least
squares minimization for log10-transformed Cerulean
Warbler counts. Tree size was defined by the one-stan-
dard-error rule, whereby the smallest tree was chosen
that minimized the estimated error rate to within one
standard error of the minimum error rate (De’ath and
Fabricius 2000). Tenfold cross validation was used to
test the validity of the resulting tree (De’ath and Fa-
bricius 2000). The final variables selected for inclusion
in post hoc models were based on their importance
value across the tree. We chose importance value as a
means of identifying the relevant suite of variables for
possible inclusion rather than simply those occurring
as primary node splitters because the importance score
measures the ability of a variable to mimic the chosen
tree and to act as a surrogate to primary splitter vari-
ables. By including these surrogates, we reduced the
potential for spurious associations. We introduced the
final suite of post hoc variables to the a priori model
for consideration; these variables were retained if they
reduced the variance explained by the model’s spatial
structure or replaced an a priori surrogate.

Model evaluation.—We evaluated the model against
three independent sources of data. The first evaluation
data set was NABBS counts collected over all routes
in 2002 plus those counts collected between 1981 and
2001 from the 64 NABBS routes (of the 204 total
routes) that we withheld from model construction (n
5 396 route counts, 25 counts .0). These routes were
randomly selected, except for a few that were excused
from model creation because they partially overlapped
the boundary of the study area or were inadequately
run between 1981 and 2001.

Additional sources of independent model assessment
included the use of point counts of Cerulean Warblers
collected at 17 locations within the study area (7151
point counts, 292 recording at least one Cerulean War-
bler) and data provided by the Cerulean Warbler Atlas
project (n 5 303 surveys; Rosenberg et al. 2000). The
point counts used in our model assessment were largely
collected on federal lands for purposes independent of
this analysis (Appendix B). The Atlas data only in-
cluded known Cerulean Warbler locations and, thus,
did not provide insight into how well the model pre-
dicted areas of absence. For each route, point count,
or atlas location used in the evaluation, we calculated
a mean predicted abundance as determined by the final
model and related the observed independent counts
against this predicted abundance with simple linear re-
gression. The intercept was allowed to vary because
we assumed that different methodologies would yield

differences in scale; the slope was evaluated as the
measure of agreement between the model and obser-
vations.

Because our modeling approach integrates .20 years
of counts, we are able to calculate temporal trends that
are unbiased by the nuisance effects previously out-
lined. As a demonstration of this ability, we plotted
standardized model estimates against standardized es-
timates obtained from estimating equations (Link and
Sauer 1994), a common method for determining trend
in NABBS counts.

Mapping issues

Translating a statistical model into a mapped model
is largely an ad hoc process. The approach that we took
was to apply the final model function across the study
region, integrating map layers according to the model
coefficients with the Spatial Analyst extension of
ArcGIS 8.0 (ESRI 2002b). Resolution of the map layers
for the environmental variables was consistent with the
scale identified by the model (e.g., 800 ha for Static
Wetness Potential, 8000 ha for Area-weighted Median
Deciduous Forest Patch Size; Thogmartin et al. 2004).
We filtered this map by allowing model predictions
only for areas conducive to Cerulean Warbler occur-
rence, i.e., forested environs. Urban and agricultural
areas were masked out of the prediction (although these
areas generally predicted only extremely few Cerulean
Warblers anyway). Final map resolution was 0.25 ha
because of the urban and agricultural filter.

RESULTS

The distribution of Cerulean Warbler counts was
highly kurtotic, with 90.2% and 2.9% of counts oc-
curring as zeros and ones, respectively; nine was the
maximum count. Overdispersion prior and post mod-
eling was estimated as 1.4 and 0.4, respectively.

Our a priori expectation of an association between
Cerulean Warbler abundance and the percentage of the
landscape in oak and elm was not confirmed. However,
our other a priori expectations were largely correct,
with percentage of forested wetlands, mean deciduous
patch size, and the static wetness index being retained.
Post hoc analysis suggested replacing northing by east-
ing with mean annual precipitation in the interaction
with deciduous patch size. Our final model, then, con-
sisted of the percentage of the landscape in forested
wetlands, an index of wetness, and an interaction of
deciduous forest patch size with mean annual precip-
itation (Table 2). The model weight (w1) was 0.448
whereas competing models had wj , 0.151. The nearest
competing models were similar in their variables but
differed in the scale at which they were measured, in-
dicating a degree of uncertainty in the scales of the
final model. However, useful inference about the im-
portance of environmental variables can be restricted
to this single final model because, based on DIC Di $
2.18, the competing models had considerably less sup-
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TABLE 2. Posterior distributions of median standardized model parameters and diagnostics, with 95% credibility intervals.

Parameter bMedian 2.5% 97.5%

Year
Observer
Area2weighted median deciduous forest patch size (8000 ha)
Proportion of landscape in forested wetlands (8000 ha)

20.080
1.263
0.199
1.254

20.182
20.069
20.935

0.356

0.008
2.919
1.247
2.482

Static Wetness Potential (800 ha)
Mean annual precipitation
Interaction of forest patch and precipitation
Spatial structure (m†)

21.176
1.487
1.733

28.537

22.435
20.112

0.127
211.830

20.270
3.277
3.661

26.180

Note: Distributions were computed from chain values of length 25 000 after discarding the first 10 000 values.
† Residual spatial structure unaccounted for by environmental covariates.

port than the final chosen model (Burnham and An-
derson 2002:170). The evidence ratio (wbest/w2nd best) for
the nearest competing model was 2.97.

In the final model, deciduous forest patch size and
the percentage of forested wetlands were included at
the intermediate scale (8000 ha), whereas the wetness
index was included at the finest scale (800 ha). Ceru-
lean Warblers increased in abundance as the percentage
of the landscape in forested wetlands increased, but
within a context of forested wetlands, Cerulean War-
blers decreased as potential soil moisture increased. In
other words, Cerulean Warblers were found at drier
locations within landscapes that included forested wet-
lands. Further, Cerulean Warblers decreased in abun-
dance as forest patches and precipitation decreased.
Cerulean Warblers were relatively abundant in small
deciduous patches if mean precipitation was high; con-
versely, small, dry deciduous patches had fewer Ce-
rulean Warblers.

We were unable to explain the spatial structuring that
resulted from the autocorrelation in counts with the
environmental variables as we measured them. Despite
our interest in removing this correlation structure
through a post hoc exploratory analysis, there was con-
siderable remaining spatial structuring in the final mod-
el (c 5 0.86). Spatial structuring due to autocorrelation
in counts explained 1.5 times that of the combined
effect of all of the environmental variables.

Mapping of the model indicated that Cerulean War-
blers were predicted to achieve their greatest densities
in Allegan and Barry State Game Areas of southern
Michigan (Fig. 3). The model predicted that Allegan
State Game Area possessed 2% of the predicted pop-
ulation, whereas Barry State Game Area had 0.7% of
the population. Cerulean Warblers were also predicted
to be in relatively high abundance in the Driftless Area
of western Wisconsin and in central Wisconsin. Al-
though Cerulean Warblers have been encountered on
NABBS routes in BCR23 in central Minnesota, we pre-
dicted their abundance to be comparatively low there.

Overlaying a GIS layer of lands under federal man-
agement indicated that 15.1% of the estimated Cerulean
Warbler population occurred on federal lands (Table
3), with Manistee National Forest (in Michigan) and
Menominee Indian Reservation (in Wisconsin) holding

the largest populations, 10.5% and 2.1% of the total
population, respectively. Both Manistee National For-
est and Menominee Indian Reservation are located
along the largely forested northern border of the Prai-
rie–Hardwood Transition.

Model evaluation.—NABBS data withheld from
model construction suggested a roughly positively lin-
ear relationship between observed and predicted abun-
dances, although this relationship was driven exclu-
sively by a small number of counts from routes in Al-
legan and Barry counties, Michigan, where Cerulean
Warblers were predicted to be at their greatest abun-
dance. In general, the model appeared to overpredict
abundance (Fig. 4A).

Point counts collected from federal lands were highly
variable relative to the predicted abundance (Fig. 4B).
Despite the array of methodological differences be-
tween NABBS route counts and refuge point counts,
the median count was roughly equal to the predicted
relative abundance, at least up to counts of four Ce-
rulean Warblers. The single instance in which six Ce-
rulean Warblers were counted at one point count lo-
cation in one year (1997) was contrary to the predicted
abundance, which was zero; in other years at this same
location, zero or one Cerulean Warblers were counted.

In concordance with the other two assessment data
sets, comparison with Cerulean Warbler Atlas data sug-
gested that the model overpredicted abundance at the
high end of the predicted abundance and underpre-
dicted at the low end of predicted abundance (Fig. 4C).
Of the Cerulean Warbler sightings, 41% occurred in
locations where the model predicted zero abundance
(median 5 1, maximum estimated as 25–40 at one
location). However, inspection of the maps indicated
that many of these sightings occurred in nonforested
habitats adjacent to forested habitat where Cerulean
Warblers were predicted to occur. Because our maps
predicted the species to occur only in forested habitat,
these errors could be because of simple inaccuracy in
the survey location. In addition, there is some proba-
bility of not detecting a Cerulean Warbler even when
it is present.

Annual model estimates of relative Cerulean Warbler
abundance in BCR23 were in good agreement with
estimates derived from estimating equations (Fig. 5).
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FIG. 3. Model predictions of spatial patterning in Cerulean Warbler abundance across the upper-Midwestern Prairie–
Hardwood Transition. For any given location, the predicted abundance is the median expectation, given replication of the
North American Breeding Bird Survey.

TABLE 3. Percentage of the estimated Cerulean Warbler population occurring on U.S. federal lands in the Prairie–Hardwood
Transition (BCR23).

Name Authority State Area (km2)†
Percentage of

population

Savanna Army Depot
Sherburne National Wildlife Refuge
Chequamegon National Forest
Saint Croix National Scenic Riverway
Indiana Dunes National Lakeshore
Custer Reserve Forces Training Area
Fort McCoy

DOD
FWS
FS
NPS
NPS
DOD
DOD

IL
MN
WI
MN–WI
IN
MI
WI

53
133

28
131

32
32

241

0.02
0.05
0.06
0.06
0.09
0.23
0.37

Necedah National Wildlife Refuge
Stockbridge Indian Reservation
Upper Mississippi River Wildlife And Fish Refuge

Menominee Indian Reservation
Manistee National Forest
Total

FWS
BIA
FWS

BIA
FS

WI
WI
IL–IA–

MN–WI
WI
MI

153
86

765

871
3779
6304

0.38
0.41
0.54

2.1
10.5
15.1

Notes: Authorities are as follows: DOD, Department of Defense; FWS, Department of Interior, Fish and Wildlife Service;
FS, Department of Agriculture, Forest Service; NPS, Department of Interior, National Park Service; and BIA, Department
of Interior, Bureau of Indian Affairs. States are: IL, Illinois; MN, Minnesota; WI, Wisconsin; IN, Indiana; MI, Michigan;
IA, Iowa.

† The areas reported for each federal land unit may be less than the total area associated with the management unit as
some federal lands occurred only partially within the boundary of BCR23.
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FIG. 4. Performance of the model relative
to independent data. (A) Scatter plot, with best-
fit line and 95% confidence limits, of observed
vs. predicted North American Breeding Bird
Survey counts of Cerulean Warblers in the Prai-
rie–Hardwood Transition. The figure includes
both counts withheld from modeling and counts
from 2002. The dashed line represents one-to-
one correspondence between observed and pre-
dicted responses. (B) Whisker plot [median
(solid circles); lower and upper quartiles, 1.53
interquartile brackets; and outliers (open cir-
cles)] of point counts from federal lands relative
to predicted abundance. The dashed line rep-
resents one-to-one correspondence between ob-
served and predicted responses. (C) Scatter plot,
with best-fit line and 95% confidence limits, of
observed Cerulean Atlas counts vs. predicted
abundance. Because Atlas counts are $1, they
do not reflect locations where Cerulean War-
blers were not observed. The dashed line rep-
resents one-to-one correspondence between ob-
served and predicted responses.

From the estimating equation used by the NABBS, Ce-
rulean Warblers exhibited an annual mean decline of
11.2% per year (n 5 11 NABBS routes, P 5 0.024)
in the Prairie–Hardwood Transition; our modeling
largely concurred, predicting an annual mean decline
equaling 8.0% (95% credibility interval 5 218.2 to
10.8%).

DISCUSSION

The approach that we have outlined overcomes three
challenges to modeling and mapping avian counts over
space: that is, extra-Poisson dispersion, nuisance ef-
fects associated with count data collection, and spatial
autocorrelation. Singly, each of these challenges can
be met successfully with standard (i.e., frequentist) sta-
tistical approaches, but there is currently no means for
considering these challenges conjointly. Failure to ac-
commodate any one of these three challenges would
have prevented the unbiased assessment of environ-
mental covariates associated with counts. In this regard,
we have improved upon the model of Link and Sauer
(2002) by extending its applicability to spatial domains
of inference.

The aggregate of independent data suggests that the
model we developed generally predicts patterns in Ce-

rulean Warbler abundance, although with each evalu-
ation data set we found that the model overpredicted
abundance. This is not surprising, given the rarity of
this species, which is only infrequently encountered on
NABBS routes. Any count-based evaluation of a model
is likely to produce low counts relative to model pre-
dictions, because counts are biased estimates of actual
population sizes. The extent of undercounting was not
estimated for any of our evaluation data sets, but the
hierarchical model accommodated some forms of un-
dercounting. Alternatively, the model for the counts
may also influence fit, and formulations of the model
to accommodate an inflation of the zero counts, such
as a zero-inflated negative binomial approach, may re-
sult in less overprediction, but at the cost of increased
model complexity.

We acknowledge that our modeling approach has
other shortcomings that deserve refinement. Our in-
ability to replace the spatial autocorrelation structure
with appropriate environmental covariates may be due,
in part, to differences in the scales at which these two
elements were measured and to a failure to accom-
modate underlying biological processes not directly as-
sociated with environmental variables. The neighbor-
hood structure that we chose was much coarser than
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FIG. 5. Comparison of standardized North
American Breeding Bird Survey (NABBS) es-
timating equation and standardized hierarchical
estimates of annual abundance for Cerulean
Warblers in the Prairie–Hardwood Transition,
1981–2001. Hierarchical estimates include 95%
credibility intervals.

the coarsest scale we examined. Further, biological pro-
cesses relating to predation, competition, and mate-
finding, for instance, may only imperfectly coincide
with environmental variables.

Methodologically, the normal assumption for the
CAR is susceptible to outliers, leading to local over-
smoothing of avian counts (Best et al. 1999). For in-
stance, Cerulean Warblers were only counted on two
routes in Minnesota, leading to some overestimation
of their abundance in this area. Despite this potential
bias, Best et al. (1999) found that the particular treat-
ment of the spatial effects had little effect on final
model inferences, indicating that the model framework
is robust to spatial effects. In other contexts, however,
a more appropriate spatial model might include a con-
ditional autoregression on a regular grid rather the ir-
regular grid that we used (Andy Royle, personal com-
munication) or geostatistical interpolation between
route counts, which is now available in the most recent
version of WinBUGS (Diggle et al. 1998, Wikle 2002).
Kelsal and Wakefield (2001) suggested that correlation
structures between neighboring areas are more realistic
when derived from an underlying continuous surface.

Another potential problem is that chance patterns
within the counts of Cerulean Warblers may result in
regression trees dominated by spurious variables (Brei-
man et al. 1984, Anderson et al. 2001). By using re-
gression tree analysis to supplement our a priori mod-
els, we tried to avoid models with spurious variables.
With this approach, we found that precipitation acted
as a strong surrogate for the Easting 3 Northing in-
teraction in our a priori model. Across the Prairie–
Hardwood Transition, there exists a gradient in precip-
itation from the northwest, where it is drier, to the
southeast, where it is wetter. It is conceivable that pre-
cipitation is erroneously included in the model. How-
ever, the hypothesis that precipitation contributes to the
spatial structuring of this species in the Prairie–Hard-
wood Transition and elsewhere across the range of this
species should be tested. Our use of a post hoc ex-
ploratory approach was warranted because there has

been little explicit testing of large-scale habitat asso-
ciations for this and most other bird species reported
in the literature. Habitat observations are generally lim-
ited to a few specific study areas and tend to focus on
local habitat conditions rather than landscape compo-
sition and configuration factors measured remotely
over large regions.

The spatial structuring of this species appears to be
due, in part, to area sensitivity to forest patch size. Our
model concurs with much of the literature in this re-
gard. In a review by Hamel (2000a), Cerulean Warblers
required minimum forest tract sizes of 10 ha in Ontario,
20–30 ha in Ohio, 700 ha in the Mid-Atlantic states,
and .1600 ha in the Mississippi alluvial valley. These
studies suggested great variability in area sensitivity
over the range of the Cerulean Warbler. Rosenberg et
al. (2000) cautioned that because studies of range size
come mainly from the Mid-Atlantic and southeastern
United States, ‘‘rangewide assumptions of extreme area
sensitivity may be exaggerated.’’ Our results indicate,
however, that even in the northwestern portion of the
range of the Cerulean Warbler, where populations are
small, area sensitivity appears to occur.

The mechanism of this area sensitivity has not been
determined (Hamel 2000a). Response by Cerulean
Warblers to habitat fragmentation may relate to factors
varying concurrently with fragment size rather than a
particular behavioral aversion to small patch size. For
instance, some research has suggested that area sen-
sitivity is a function of intensity of predation and
Brown-headed Cowbird (Molothrus ater) parasitism
(Robinson et al. 1995).

Our model suggests a correlate, if not a mechanism,
for the great variability in area sensitivity, in that the
area sensitivity was mediated by precipitation. The
greatest Cerulean Warbler abundance occurred in areas
where precipitation and forest patch size were coin-
cidentally greatest. This culminated in very high pre-
dicted abundance in the Prairie–Hardwood Transition
east of Lake Michigan, probably as a consequence of
elevated lake-effect precipitation and large remaining
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FIG. 6. Mean annual precipitation in the eastern United States and published patterns in observed area sensitivity (in
hectares) in the Cerulean Warbler. Area sensitivity in this species may correspond to precipitation.
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tracts of forest. This coincidence of area sensitivity
with regional precipitation is also observed across the
range of the species (Fig. 6).

Perhaps the greatest conundrum among Cerulean
Warbler researchers is in explaining the dichotomy of
occupied habitats (reviewed in Hamel 2000b:12–14).
For instance, Barker and Rosenberg (1998:9) wrote:

‘‘Cerulean Warblers were found in two very different
types of habitat: in upland sites such as dry ridge slopes
and moist cove forests and in bottomland sites, in-
cluding riparian areas, swamp forests, and river islands.
Oaks of various kinds dominated most of the upland
sites, whereas the bottomland sites contained a variety
of trees, including red and silver maples, oaks, syca-
mores, cottonwoods, and white ash.’’

We believe that our results are concordant with this
apparent dichotomy of habitat associations. We pre-
dicted Cerulean Warblers to be most abundant within
large, dry, upland forests embedded within a larger
matrix of forested wetlands, and it was the scale of
these associations that accommodated these apparent
differences. Dry (i.e., upland) areas influenced abun-
dance at the finest scale (800 ha), whereas the forested
wetlands were important at a coarser scale (8000 ha).
In simplistic terms, Cerulean Warblers chose forested
uplands within a matrix of moist bottomland forest.
Paul Hamel, an expert on the ecology of this species,
indicated that his field observations generally con-
curred with these model predictions (P. Hamel, per-
sonal communications, 19 December 2002).

Implications

Our approach identified large areas of potential Ce-
rulean Warbler habitat, the vast majority residing in
non-public ownership. This result has important con-
sequences for conservation of this species in the upper
Midwest. Conservation partnerships with private land-
owners will be critical to conserving the majority of
Cerulean Warbler habitat. Federal and state land man-
agement agencies will be able to use the maps to iden-
tify locations where such conservation partnerships
may be most fruitful.

Data from the NABBS suggested a decline in abun-
dance between 1980 and 2001 in the Driftless Area and
Great Lakes Plain physiographic areas of BCR23
(Sauer et al. 2002). Our annual estimates of these same
data concur, indicating a decline of ;8.5% per year
between 1981 and 2001. Robbins et al. (1992) indicated
that loss of mature deciduous forest, especially within
riparian corridors, contributed to these declines. How-
ever, deciduous forest acreage and stand age have sub-
stantially increased in Minnesota, Michigan, and Wis-
consin in the last three decades, especially on federal
land (Haugen and Mielke 2002, Leatherberry 2002,
Vissage 2002); this change in deciduous forest osten-
sibly increases the quality of habitat for Cerulean War-
blers. Thus, it seems that loss of deciduous forest is

not associated with the decline of the species in this
BCR.

Even though mature deciduous forests may have
been stable or increasing, forested wetlands in the re-
gion have been declining in area and structural diver-
sity (Abernethy and Turner 1987, Knutson et al. 1996,
Knutson and Klaas 1998). Wetland forests in the north-
central United States have declined in area (Mitsch and
Gosselink 1993), with their greatest decline (20.7%
annually) occurring between 1940 and 1980 (Aberne-
thy and Turner 1987). Coincidental changes have oc-
curred in tree species composition along large rivers,
tending toward a monoculture of silver maple (Acer
saccharinum) in some areas (Knutson and Klaas 1998,
Sparks et al. 1998). In BCR23, we found that the
strength of the association of Cerulean Warblers to for-
ested wetlands was six times greater than the associ-
ation with deciduous forest patch size. Thus, declines
in wetland forest area would presumably have a much
greater influence on regional abundance than increases
in deciduous forest area.

The association between forested wetlands and Ce-
rulean Warbler abundance may be unique to regions
where forested wetlands are well-represented in the
landscape. For instance, we would not expect the as-
sociation of Cerulean Warbler abundance and forested
wetlands to occur in the core of the species range,
because such habitat is rare in the Cumberland Plateau
(see Figs. 3–8 in Mitsch and Gosselink [1993]) where
Cerulean Warblers are at their greatest abundance; we
might, however, hypothesize that the dependence on
deciduous forest should increase as the strength of the
relationship to forested wetlands declines.

Summary

Spatial models such as that presented here can be
used to investigate hypotheses about relationships be-
tween landscape pattern and ecological response when
the response occurs as a count. In some respects, the
species that we modeled was a worst case scenario;
counts of this species were extremely low or zero at
all locations. Given our success here, there is promise
in using this approach on other rare taxa. Further, the
functional relationships that we have elucidated can
now be used to formulate regional management plans
for the conservation of this species. For instance, man-
agement effort and monitoring can be focused on areas
within the Prairie–Hardwood Transition where Ceru-
lean Warblers are predicted to be at their highest abun-
dance, rather than spread diffusely across the entire
region. These models also provide testable hypotheses
for the structuring of Cerulean Warblers in other parts
of their range.

ACKNOWLEDGMENTS

We thank the numerous individuals involved in the col-
lection of Cerulean Warbler data, making this analysis pos-
sible. Ken Rosenburg and Sara Barker provided Cerulean
Warbler atlas data. We thank Tom Will for providing impor-



1778 WAYNE E. THOGMARTIN ET AL. Ecological Applications
Vol. 14, No. 6

tant feedback regarding development of the a priori model,
Andy Royle and Bill Link for valuable discussion of spatial
and hierarchical models in a Bayesian framework, Shawn
Weick and Craig Beckman for their attention to the point
count validation data, Tim Fox for geographic information
systems support, and Mike Conroy, Ken Rosenburg, Dave
Buehler, and two anonymous individuals for their review of
this manuscript.

LITERATURE CITED

Abernethy, V., and R. E. Turner. 1987. U.S. forested wet-
lands: 1940–1980. BioScience 37:721–727.

Anderson, D. R., K. P. Burnham, W. R. Gould, and S. Cherry.
2001. Concerns about finding effects that are actually spu-
rious. Wildlife Society Bulletin 29:311–316.

Barker, S. E., and K. V. Rosenberg. 1998. Cerulean Warbler
project expands. Birdscope 12:9–12.

Besag, J., J. York, and A. Mollie. 1991. Bayesian image
restoration, with two applications in spatial statistics. An-
nals of the Institute of Statistical Mathematics 43:1–59.

Best, N. G., R. A. Arnold, A. Thomas, L. A. Waller, and E.
M. Conlon. 1999. Bayesian models for spatially correlated
disease and exposure data. Bayesian Statistics 6:131–156.

Breiman, L., J. Friedman, R. Olshen, and C. Stone. 1984.
Classification and regression trees. Wadsworth, Pacific
Grove, California, USA.

Burnham, K. P., and D. R. Anderson. 1998. Model selection
and inference: a practical information-theoretic approach.
Springer-Verlag, New York, New York, USA.

Burnham, K. P., and D. R. Anderson. 2002. Model selection
and multi-model inference: a practical information theo-
retic approach. Springer-Verlag, New York, New York,
USA.

Cressie, N. A. C. 1993. Statistics for spatial data. Revised
edition. Wiley, New York, New York, USA.

De’ath, G., and K. E. Fabricius. 2000. Classification and
regression trees: a powerful yet simple technique for eco-
logical data analysis. Ecology 81:3178–3192.

Diggle, P. J., J. A. Tawn, and R. A. Moyeed. 1998. Model-
based geostatistics. Journal of the Royal Statistical Society,
Series C 47:299–350.

Donovan, T. M., et al. 2002. Priority research needs for the
conservation of Neotropical migrant landbirds. Journal of
Field Ornithology 73:329–339.

ESRI (Environmental Systems Research, Inc.). 2002a.
ArcView 3. 3. ESRI, Redlands, California, USA.

ESRI (Environmental Systems Research, Inc.). 2002b.
ArcGIS 8. 0. ESRI, Redlands, California, USA.

Gelman, A., J. B. Carlin, H. S. Stern, and D. B. Rubin. 1995.
Bayesian data analysis. Chapman and Hall, New York, New
York, USA.

Gilks, W. R., and G. O. Roberts. 1996. Strategies for im-
proving MCMC. Pages 89–114 in W. R. Gilks, S. Ro-
chardson, and D. J. Spiegelhalter, editors. Markov chain
Monte Carlo methods in practice. Chapman and Hall, New
York, New York, USA.

Gilks, W. R., S. Rochardson, and D. J. Spiegelhalter. 1996.
Introducing Markov chain Monte Carlo. Pages 1–20 in W.
R. Gilks, S. Rochardson, and D. J. Spiegelhalter, editors.
Markov chain Monte Carlo methods in practice. Chapman
and Hall, New York, New York, USA.

Hamel, P. B. 2000a. Cerulean Warbler. Number 511 in A.
Poole and G. Gill, editors. Birds of North America. Birds
of North America, Philadelphia, Pennsylvania, USA.

Hamel, P. B. 2000b. Cerulean Warbler status assessment. U.S.
Fish and Wildlife Service. U.S. Forest Service, Southern
Research Station, Stoneville, Mississippi, USA.

Haugen, D. E., and M. E. Mielke. 2002. Minnesota forest
resources in 2000. USDA Forest Service, North Central
Research Station. Resource Bulletin NC-205, St. Paul, Min-
nesota, USA.

Kelsal, J., and J. Wakefield. 2001. Modeling spatial variation
in disease risk: a geostatistical approach. Journal of the
American Statistical Association 97:692–701.

Knutson, M. G., J. P. Hoover, and E. E. Klaas. 1996. The
importance of floodplain forests in the conservation and
management of neotropical migratory birds in the Midwest.
Pages 168–188 in F. R. Thompson, editor. Management of
midwestern landscapes for the conservation of neotropical
migratory birds. USDA Forest Service General Technical
Report NC-187. North Central Forest Experiment Station,
St. Paul, Minnesota, USA.

Knutson, M. G., and E. E. Klaas. 1998. Floodplain forest
loss and changes in community composition and structure
in the Upper Mississippi River: a wildlife habitat at risk.
Natural Areas Journal 18:138–150.

Koenig, W. D. 1999. Spatial autocorrelation of ecological
phenomena. Trends in Ecology and Evolution 1:22–26.

Koenig, W. D. 2001. Spatial autocorrelation and local dis-
appearances in wintering North American birds. Ecology
82:2636–2644.

Leatherberry, E. C. 2002. Michigan’s forest resources in
2000. Resource Bulletin NC-379. USDA Forest Service,
North Central Research Station, St. Paul, Minnesota, USA.

Lichstein, J. W., T. R. Simons, and K. E. Franzreb. 2002a.
Landscape effects on breeding songbird abundance in man-
aged forests. Ecological Applications 12:836–857.

Lichtstein, J. W., T. R. Simons, S. A. Shriner, and K. Franzreb.
2002b. Spatial autocorrelation and autoregressive models
in ecology. Ecological Monographs 72:445–463.

Link, W. A., E. Cam, J. D. Nichols, and E. G. Cooch. 2002.
Of BUGS and birds: a Markov Chain Monte Carlo for
hierarchical modeling in wildlife research. Journal of Wild-
life Management 66:277–291.

Link, W. A., and J. R. Sauer. 1994. Estimating equations
estimates of trend. Bird Populations 2:23–32.

Link, W. A., and J. R. Sauer. 1998. Estimating population
change from count data: application to the North American
Breeding Bird Survey. Ecological Applications 8:258–268.

Link, W. A., and J. R. Sauer. 2002. A hierarchical analysis
of population change with application to Cerulean War-
blers. Ecology 83:2832–2840.

McNab, W. H., and P. E. Avers. 1994. Ecological subregions
of the United States. USDA Forest Service, WO-WSA-5,
Washington, D.C., USA. ^http://www.fs.fed.us/land/pubs/
ecoregions/index.html&.

Mitsch, W. J., and J. G. Gosselink. 1993. Wetlands. Second
edition. Van Nostrand Reinhold, New York, New York,
USA.

Peterjohn, B. G., J. R. Sauer, and W. A. Link. 1996. The
1994 and 1995 summary of the North American Breeding
Bird Survey. Bird Populations 4:48–66.

Pollock, K. H., J. D. Nichols, T. R. Simons, G. L. Farnsworth,
L. L. Bailey, and J. R. Sauer. 2002. Large scale wildlife
monitoring studies: statistical methods for design and anal-
ysis. Environmetrics 13:105–119.

Robbins, C. S., J. W. Fitzpatrick, and P. B. Hamel. 1992. A
warbler in trouble: Dendroica cerulea. Pages 549–562 in
J. M. Hagan III and D. W. Johnston, editors. Ecology and
conservation of Neotropical migrant landbirds. Smithson-
ian Institute Press, Washington, D.C., USA.

Robinson, S. K., F. R. Thompson III, T. M. Donovan, D. R.
Whitehead, and J. Faaborg. 1995. Regional forest frag-
mentation and the nesting success of migratory birds. Sci-
ence 267:1987–1990.

Rosenberg, K., S. Barker, and R. Rohrbaugh. 2000. An atlas
of Cerulean Warbler populations. Cornell Laboratory of
Ornithology, Ithaca, New York, New York, USA.

Royle, J. A., W. A. Link, and J. R. Sauer. 2002. Statistical
mapping of count survey data. Pages 625–638 in J. M.
Scott, P. J. Heglund, and M. L. Morrison, editors. Predicting



December 2004 1779BAYESIAN MAPS OF AVIAN ABUNDANCE

species occurrences: issues of accuracy and scale. Island
Press, Washington, D.C., USA.

Salveter, A. 2002. Endangered and threatened wildlife and
plants; 90-day finding on a petition to list the Cerulean
Warbler as threatened with critical habitat. Federal Register
67:65083–65086.

Sauer, J. R., J. E. Hines, and J. Fallon. 2002. The North
American Breeding Bird Survey, results and analysis 1966–
2001. Version 2002.1, U.S. Geological Survey, Patuxent
Wildlife Research Center, Laurel, Maryland, USA.

Sparks, R. E., J. C. Nelson, and Y. Yin. 1998. Naturalization
of the flood regime in regulated rivers: the case of the Upper
Mississippi River. BioScience 48:706–720.

Spiegelhalter, D. J., N. G. Best, B. P. Carlin, and A. van der
Linde. 2002. Bayesian measures of model complexity and
fit. Journal of the Royal Statistical Society B 64:583–639.

Spiegelhalter, D. J., A. Thomas, and N. G. Best. 2000.
WinBUGS Version 1.3. User manual. MRC [Medical Re-
search Council] Biostatistics Unit, Cambridge, UK.

Steinberg, D., and P. Colla. 1997. CART–Classification and
regression trees. Salford Systems, San Diego, California,
USA.

Thogmartin, W. E., A. L. Gallant, M. G. Knutson, T. J. Fox,
and M. J. Suarez. 2004. A cautionary tale regarding use

of the National Land Cover Dataset 1992. Wildlife Society
Bulletin 32, in press.

Thomas, A., N. Best, R. Arnold, and D. Spiegelhalter. 2002.
GeoBUGS User Manual. Version 1.1 Beta, June 2002.
^http://www.mrc-bsu.cam.ac.uk/bugs&.

Villard, M.-A., and B. A. Maurer. 1996. Geostatistics as a
tool for examining hypothesized declines in migratory
songbirds. Ecology 77:59–68.

Vissage, J. S. 2002. Wisconsin’s forest resources in 2000.
Research Note NC-380. USDA Forest Service, North Cen-
tral Research Station, St. Paul, Minnesota, USA.

Vogelmann, J. E., S. M. Howard, L. Yang, C. R. Larson, B.
K. Wylie, and N. Van Driel. 2001. Completion of the 1990s
National Land Cover Data set for the conterminous United
States from Landsat Thematic Mapper data and ancillary
data sources. Photogrammetric Engineering and Remote
Sensing 67:650–652.

Wikle, C. K. 2002. Spatial modeling of count data: a case
study in modeling breeding bird survey data on large spatial
domains. Pages 199–209 in A. Lawson and D. Denison,
editors. Spatial cluster modelling. Chapman and Hall, New
York, New York, USA.

Wikle, C. K., L. M. Berliner, and N. Cressie. 1998. Hierar-
chical Bayesian space–time models. Journal of Environ-
mental and Ecological Statistics 5:117–154.

APPENDIX A

Environmental covariates considered for hierarchical models of Cerulean Warbler habitat associations in the prairie–
hardwood transition are available in ESA’s Electronic Data Archive: Ecological Archives A014-035-A1.

APPENDIX B

Point counts from 17 locations within the prairie–hardwood transition, used in evaluating hierarchical count models, are
available in ESA’s Electronic Data Archive: Ecological Archives A014-035-A2.

SUPPLEMENT

WinBUGS code for modeling relative Cerulean Warbler abundance in the upper midwestern United States is available in
ESA’s Electronic Data Archive: Ecological Archives A014-035-S1.


