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Abstract. Understanding how an animal species 
uses habitat at a landscape scale is critical in inter-
preting its ecology and behavior for use in conser-
vation planning. We compiled a dataset of 28,822 
location records for Golden-winged Warblers 
(Vermivora chrysoptera; n = 8,266) and Blue-winged 
Warblers (V. cyanoptera; n = 20,556) for a 13-year 
period (1998–2010) from five sources. We mod-
eled potential habitat of both species as a function 
of 17 variables related to climate, land cover, and 
elevation at the distribution-wide, regional, and 
subregional scales. We used a maximum entropy 
and ensemble forecasting approach to model the 
distribution of potential habitat. We evaluated 
model support with the area-under-the-curve and 
the true-skill-statistic criteria. We used the best 
supported models to project the species distribu-
tion and identify climate and habitat affinities. We 
used principal component analysis of dependent 
variables to further characterize habitats at the 
subregional scale. At the distribution-wide scale 
(2.5-km grid-cell size), the occurrence of Golden-
winged Warblers was associated with a cool, 
dry climate, at elevations from ~350 to 1,500 m 
and habitats comprised of at least 60% deciduous 

forest cover. Regional correlates of the occurrence 
of Golden-winged Warblers included breeding 
season temperature, elevation, land-cover type, 
and forest type. In the Appalachian Mountains 
region, an elevation >500 m best predicted the 
occurrence of Golden-winged Warblers, whereas 
the distribution of aspen forest (Populus spp.) best 
predicted the occurrence of the species in the Great 
Lakes region. Models at finer subregional scales 
demonstrated similar associations; the occurrence 
of Golden-winged Warblers was associated with 
land-cover type, tree species composition, eleva-
tion, and temperature. The occurrence of Golden-
winged Warblers at the subregional scale was 
negatively associated with agriculture and human 
disturbance, which were more indicative of the 
occurrence of Blue-winged Warblers. Across all 
scales, the relative occurrence of Golden-winged 
Warblers was associated with deciduous forest at 
elevations >500 m and inversely associated with 
disturbed habitats. The opposite pattern was found 
for Blue-winged Warblers.

Key Words: Blue-winged Warbler, distribution model, 
ensemble forecasting, Golden-winged Warbler.
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S tudying how breeding bird species respond 
to landscape-scale climate variation and 
the composition and configuration of land 

cover patterns is key to understanding avian settle-
ment patterns, dispersal, interactions with closely 
related species, and migration behavior. A given 
patch might appear suitable at the scale of the 
breeding territory, but if the patch is not set within 
an appropriate landscape context or lacks suitable 
climate during important periods of the breeding 
cycle, then suitability at the finer scale is lost or 
compromised (Thogmartin 2007). For example, a 
grassy field embedded in a forested matrix may not 
provide habitat for an obligate, grassland-nesting 
bird species. But if the field is part of a grassland-
dominated landscape and is bordered on two sides 
by forest, the habitat becomes more suitable to the 
species. The ecological context of suitable breeding 
habitat is often a function of conditions found at 
different ecological scales. The only way to quan-
tify such nuances is to undertake landscape-scale 
research focused on defining multiscale patterns 
of climate and habitat use (Saab 1999). For exam-
ple, Johnson (1980) recognized four hierarchical 
orders of habitat selection that define the nested 
spatial scales at which organisms select resources 
needed for survival and reproduction.

Population declines of Golden-winged Warblers 
(Vermivora chrysoptera) have been attributed, in part, 
to a range-wide fragmentation of suitable habitat 
for the species, namely, early successional habi-
tat and young forest (Confer and Knapp 1981, 
Hunter et  al. 2001, Buehler et  al. 2007, Confer 
2008, Confer et  al. 2010, Thogmartin 2010). It 
is also likely that large, contiguous areas of suit-
able habitat for Golden-winged Warblers are intact 
but remain unoccupied (Rohrbaugh et al. unpub-
lished report). It is possible that habitat is unoc-
cupied because it lacks an appropriate landscape 
climatic context or because of competitive exclu-
sion by Blue-winged Warblers (V. cyanoptera) that 
limits or prevents sustainable habitat partitioning 
between species.

Hybridization between Golden-winged Warblers 
and Blue-winged Warblers has been documented 
for over a century (Brewster 1874, Herrick 1874, 
Parkes 1951, Gill 1980, Sauer et  al. 2008). Since 
the 1990s, however, the incidence of genetically 
pure Golden-winged Warblers has decreased, 
while the incidence of Blue-winged Warblers and 
hybrid phenotypes has increased in the same areas 
(Gill 2004, Vallender et al. 2007, Sauer et al. 2008; 

Chapter 1, this volume). Over two decades, the 
general trend has been the displacement of Golden-
winged Warblers by Blue-winged Warblers from 
south to north, with a complex pattern of hybrid-
ization (Vallender et  al. 2007). Golden-winged 
Warbler subpopulations with the largest propor-
tion of hybrid individuals typically occur in the 
Appalachian Mountains and eastern Great Lakes 
region (Vallender et  al. 2009). Both climate and 
landscape context may play a complex role in miti-
gating hybridization and displacement at a local 
scale and influencing latitudinal patterns. The first 
step in understanding the landscape-scale dynam-
ics of hybridization and displacement is quantify-
ing the climatic and landscape variables linked to 
the distributions of both Golden-winged Warblers 
and Blue-winged Warblers.

Golden-winged Warbler habitat use is well 
documented at the territory scale (Confer and 
Knapp 1981, Patton et  al. 2010), but few studies 
have quantified the habitat affinities of cooccur-
ring Golden-winged Warblers and Blue-winged 
Warblers (Confer et  al. 2010, Patton et  al. 2010). 
Furthermore, development of effective conserva-
tion plans requires knowledge of both positive and 
negative habitat relationships for Golden-winged 
Warblers and Blue-winged Warblers at multiple 
spatial scales. Habitat requirements are especially 
important when developing distribution-wide or 
regional plans where variation in land cover and 
physiographic features is likely and the patterns of 
habitat selection may vary (Chapter 7, this volume).

Golden-winged Warblers, and to a lesser extent 
Blue-winged Warblers, are patchily distributed 
throughout portions of their ranges, and monitor-
ing data from the Breeding Bird Survey in North 
America and state-level breeding bird atlases may 
not accurately represent the breeding distribution. 
Incomplete or uneven sampling issues that may 
result can be mitigated by developing robust pre-
dictive models parameterized with empirical data 
from species presence locations. Model outputs 
can then be expressed as a predictive map to better 
visualize the distributions of both species. In this 
landscape-scale examination of breeding Golden-
winged Warblers and Blue-winged Warblers, our 
specific objectives were to

 1. Identify the primary drivers of species-
level occurrence patterns, including 
 climate and landscape attributes at the 
2.5-km and 500-m scales.
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 2. Develop predictive species distribution 
maps representative of current conditions 
based on the output of climate and land-
scape attribute models.

METHODS

We examined the environmental and climatic 
conditions associated with the potential distribu-
tions of Golden-winged Warblers and Blue-winged 
Warblers using a modeling approach. In this 
approach, location data are projected onto environ-
mental data and the areas predicted to be potential 
habitats for the species are represented probabilis-
tically (Phillips et  al. 2006, Thuiller et  al. 2009). 
A species distribution modeling approach is useful 
in wildlife and management applications, includ-
ing reserve design (Araujo et al. 2004), studies of 
climate impacts on species (Thuiller 2004), and 
identification of new survey sites to test for the 
occurrence of the species (Raxworthy et al. 2003). 
We also applied this approach to suggest man-
agement strategies for Golden-winged Warblers 
(A. M. Roth et al., unpubl. plan). Model develop-
ment is enhanced through metrics that evaluate 
model performance (such as the area under the 
receiver operating characteristic [AUC] and the true 
skill statistic [TSS]) and evaluate goodness of fit (as 
the difference in AUC between calibration and 
evaluation data; Thuiller et al. 2009). The removal 
of duplicate location data can also enhance model 
performance and goodness of fit (Phillips et  al. 
2006, Thuiller et al. 2009). Here, we build on pre-
vious work to exploit an additional benefit of this 
approach, that is, the ability to further optimize 
predictive output by removing species locations 
that are predicted to be in suboptimal potential 
habitat with low probability of occurrence from a 
priori distribution models (A. M. Roth et al., unpubl. 
plan). These “optimized” species locations are used 
in subsequent statistical analyses to quantify the 
habitat associations of species. We used the output 
from the model with the highest support to remove 
species locations from the dataset prior to statistical 
analyses. Points were excluded if they were located 
outside of the predicted presence area from the 
binary presence/absence grid calculated in the best 
supported model of species distributions.

We compiled a dataset of 42,422 location records 
for Golden-winged Warblers and Blue-winged 
Warblers collected from 1931 to 2011 for model-
ing. We extracted 28,822 “modern” (1998–2011) 

occurrence records for inclusion in the analyses. 
We derived the modern period data from pres-
ence/absence records for both species from three 
sources: (1) May eBird records (Golden-winged 
Warblers = 4,147, Blue-winged Warblers = 
14,624; Sullivan et al. 2009), (2) the Cornell Lab of 
Ornithology Golden-winged Warbler Atlas Project 
(Golden-winged Warblers  = 4,022, Blue-winged 
Warblers = 4,335), and (3) survey data collected 
by observers from the Cornell Lab of Ornithology, 
the Golden-winged Warbler Working Group, 
and others (Golden-winged Warblers = 97, Blue-
winged Warblers = 1,597; Wilson et al. 2007, A. M. 
Roth et al., unpubl. plan).

Previous studies suggested that environmen-
tal variables such as elevation and breeding sea-
son temperature are predictive of Golden-winged 
Warbler habitats (Klaus and Buehler 2001, Hitch 
and Leberg 2006, Patton et  al. 2010, Bakermans 
et  al. 2011). The initial dataset (n = 28,822) was 
used to examine the interaction of these variables. 
We obtained 10-m elevation data (ELEV), average 
maximum temperature for May (TMAX5), average 
precipitation totals in mm for May (PPT5), and aver-
age minimum May and June temperatures (TMIN5, 
TMIN6) at 30-m resolutions and reprojected to 
2.5 km and 500 m, respectively, for model devel-
opment (Supplementary Information  A). We pro-
jected warbler location data onto the five variables 
to construct a priori distribution models using a clas-
sification tree algorithm in Program R (ver. 2.2.1; R 
Development Core Team 2011). We removed loca-
tion records that fell outside of the boundary of the 
a priori distribution model using a reverse jackknife 
procedure in DIVA-GIS (ver. 7.5.0; Hijmans et  al. 
2001, Chapman 2005). The reverse jackknife is sug-
gested for species location data with many observa-
tions and selects a subset from the original data that 
comprise 95% of the original distribution of points, 
given the abiotic conditions that parameterize the 
a priori model. In the classification tree analysis, the 
relative importance of each variable is measured 
by the Pearson correlation between the standard 
prediction and the prediction computed when the 
variable of interest is permuted (Thuiller 2009). A 
high correlation score (rs or rp > 0.50) represents a 
variable with low explanatory power and a low cor-
relation score (rs or rp < 0.50) indicates a variable 
with high explanatory power. When we projected 
the species location records associated with the 95% 
distribution envelope in Albers Equal Area Conic, 
numerous locations were outside of the accepted 



44 STUDIES IN AVIAN BIOLOGY  NO. 49 Streby, Andersen, and Buehler

geographic breeding range of the species (A. M. 
Roth et al., unpubl. plan). We eliminated the extra-
neous locations (n = 6,052) to increase the accu-
racy of distribution models (Scheldeman and van 
Zonneveld 2010).

We modeled distributions for potential habi-
tats of Golden-winged Warblers and Blue-winged 
Warblers as a function of ecological and climato-
logical parameters across hierarchical spatial extents 
(area under consideration) and scales (size of each 
grid cell within the subregion area). We selected 
spatial extents for analysis that were identified as 
critical areas for species management by the Golden-
winged Warbler Working Group (A. M. Roth et al., 
unpubl. plan): within the combined regions (Great 
Lakes and Appalachian Mountains regions), sepa-
rately within each region, and in subregions within 
each region (Figure 3.1b). To capture the range 
of environmental variation expected at coarse to 
fine scales, we developed distribution models for 
each species in each extent at 2.5-km and 500-m 
scales. We projected the presence/absence data into 
the 2.5-km and 500-m grids to remove duplicate 
records, which reduced geographical sampling bias 
and improved the model goodness of fit (Hijmans 
et al. 2000, Syfert et al. 2013).

Previous studies of Golden-winged Warbler 
habitat suggested that young deciduous forest 
cover intermingled with patches of herbaceous 
or shrub cover are potential habitat areas for 
breeding Golden-winged Warblers (Klaus and 
Buehler 2001, Confer et  al. 2010, Patton et  al. 
2010). Distribution models were parameterized 
with ecological data that reflect characteristics 
of Golden-winged Warblers’ habitat, includ-
ing land cover data from 2006 (Fry et  al. 2011) 
and 2008 (LANDFIRE 2013) that fell within the 
timeframe of Golden-winged Warbler and Blue-
winged Warbler observations (1998–2010), and 
aided the development of potential distribution 
models that were more representative of Golden-
winged Warblers’ breeding habitat. We obtained 
spatial data at 30-m resolutions and reprojected to 
2.5 km and 500 m, respectively, for model devel-
opment (Supplementary Information A).

Land cover and climate data were applied in the 
development of 2.5-km models for Golden-winged 
Warblers and Blue-winged Warblers. Land cover 
data included 16 broad vegetation land cover classes 
at 30-m resolution derived from Landsat satellite 
data (NLCD 2006). We obtained additional envi-
ronmental variables, including the percentages of 

deciduous forest, coniferous forest, and agricultural 
land, through reclassification and reprojection of 
Landsat satellite data (NLCD 2006) (Supplementary 
Information A). As an example, we calculated a grid 
of percent deciduous forest by averaging the amount 
of forest across each 30-m area nested within each 
2.5-km area. We obtained additional land cover data 
(EVT) to further characterize warbler habitat. These 
spatial data represented over 3,000 vegetation cover 
types for the U.S. in 2008 based on spatial inter-
polation and ground truthing of Forest Inventory 
Analysis data at a 30-m resolution (LANDFIRE 2013). 
EVT data include coverage data for woodland and 
grassland mosaics, which may reflect the patchy 
nature of Golden-winged Warbler habitat (Confer 
et  al. 2010). Woodland mosaics were defined as 
open woodlands with interspersed prairies at south-
ern U.S. latitudes and open woodlands with inter-
spersed shrubby grasslands at northern U.S. latitudes 
(Stewart 2002). Grassland mosaics were areas with 
a mixture of grassland or savanna cover in which 
neither component makes up >60% of the landscape 
and in which fire is the dominant natural distur-
bance preventing any cover class from becoming or 
remaining dominant (Olson 1994). We reclassified 
EVT data into grids that represent the percentage of 
grassland and woodland mosaics per 2.5 km using 
these definitions (Supplementary Information  A). 
Distribution data for 141 tree species in the U.S. 
were derived from 2002 to 2003 MODIS images in 
1-km resolution by the USFS Forest Inventory and 
Analysis Program and Remote Sensing Applications 
Center (Ruefenacht et al. 2008). Tree data were used 
to further refine and characterize the areas predicted 
as suitable for occupancy by the best supported 
model by calculating the most common tree spe-
cies at 2.5 km from the original 1-km grid (TREE; 
Supplementary Information A). We also applied cli-
mate data in the 2.5-km models obtained as average 
conditions from 1981 to 2010 at an 800-m resolu-
tion from PRISM (Daly et al. 2008) and reprojected 
to 2.5 km. We selected the 30-year data because they 
reflected climate conditions that were relatively coin-
cident temporally with the warbler location data.

We examined the distribution of potential habi-
tat for Golden-winged Warblers and Blue-winged 
Warblers at the 500-m scale using land cover data 
similar to the 2.5-km models. We calculated the 
percent of agricultural land and deciduous and 
coniferous forest from NLCD 2006 data (calcu-
lations as that obtained earlier). The most com-
mon vegetation cover class at 500 m was derived 
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figure 3.1 (a) The 95% probability distribution (cross-hatched polygon) where Golden-winged Warblers (GWWA) were 
most likely to occur, as calculated from the data. Warbler locations outside of the polygon boundary were removed from 
the initial dataset. GWWA and Blue-winged Warbler locations in the initial dataset (point locations) and the location of the 
Great Lakes and Appalachian Mountains regions for GWWAs (filled polygons; see also [b]) are also shown. (b) Location 
of the Great Lakes and Appalachian Mountains regions for GWWAs (larger gray polygons) and subregions delimited for 
GWWA management (smaller colored polygons inside regions). Subregions not included in this analysis are also shown 
(diagonal hashed polygons).
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by reprojecting the original 30-m EVT data. We 
also obtained vegetation height in meters (EVH; 
LANDFIRE 2013) and the percent of vegetation 
cover (EVC) that we reprojected to 500 m. The EVC 
data were subdivided onto tree, shrub, and herba-
ceous land-cover types. The data layer represent-
ing tree canopy closure was binned into 10 classes, 
representing a total range of 0%–100% canopy clo-
sure (LANDFIRE 2013). For example, a forest with 
an EVC value of 101 represented an area where the 
tree canopy closure was ≥10% and <20% and an 
EVC value of 102 depicted a forest with tree canopy 
closure ≥20% and <30% (LANDFIRE 2013). To 
evaluate the influence of canopy closure (Jennings 
et al. 1999), we calculated a new grid that repre-
sented the most common canopy closure value at 
101 or 102 per 500 m from the original 30-m data 
(percent CANOPY). Vegetation height (EVH) was 
represented as binned values and we prepared these 
data for modeling using a similar procedure. To 
reduce the influence of covariance in distribution 
modeling, we tested all input parameters for cor-
relations in Program R (ver. 2.2.1; R Development 
Core Team 2011) using the Hmisc package, which 
calculates a matrix of Pearson’s r for all variable 
pairs. We excluded a variable when a pairwise 
comparison resulted in r > 0.80.

We used two approaches to model the poten-
tial distributions of Golden-winged Warblers and 
Blue-winged Warblers: (1) a presence-background 
approach (MAXENT) that uses maximum entropy 
modeling (Phillips et al. 2006) and (2) six mod-
eling algorithms available through BIOMOD (ver. 
2.2; Thuiller et al. 2009). The BIOMOD framework 
is conducive to forecasting potential distribu-
tions as a product of future environmental change 
but is also used to model potential distributions 
as a function of current environmental condi-
tions (Jiguet et al. 2010). With the two modeling 
approaches, we could include both continuous and 
categorical variables and constructed a probability 
distribution based on environmental parameters 
across the study areas and calculated a probability 
of suitability for each grid cell in the analysis. In 
MAXENT, background data were treated as poten-
tially available habitat (f1z) and compared with 
actual habitat use that was determined based on 
presence locations (fz). The model algorithm mini-
mizes the distance between density distributions 
for (f1z) and (fz) using model fitting rules (Phillips 
et  al. 2006). The features of MAXENT include a 
modeling algorithm with the capacity to model 

an index of the probability of presence without 
absence data, an input of either categorical or 
continuous variables, penalization of more com-
plex model solutions through L1-regularization 
(Phillips et al. 2006, Hastie et al. 2009), and mod-
els largely insensitive to small sample sizes (Elith 
et al. 2006, Wisz et al. 2008). Despite these appar-
ent benefits, recent studies have concluded that the 
main assumption of this method may be flawed, 
that is, the probability of occurrence can be esti-
mated from presence-only data (Royle et al. 2012).

The modeling algorithms in BIOMOD rely on 
binary presence/absence data, and pseudo-absence 
data or artificial absence data are drawn from the 
background (Thuiller et  al. 2009, Angelo-Marini 
et  al. 2010). The main advantage of BIOMOD in 
modeling potential distributions is in the calcu-
lation of a final “consensus” or mean model that 
represents the unweighted average model across 
the models with the greatest statistical support. 
We modeled the potential distributions of Golden-
winged Warblers and Blue-winged Warblers 
with the following modeling techniques inside 
BIOMOD (Thuiller et  al. 2009): (1) classification 
tree analysis (CTA) with 50-fold cross validation to 
minimize the deviation, while optimizing the tree 
topology, (2) generalized additive model (GAM), 
(3) generalized boosted regression model (GBM), 
(4) generalized linear model (GLM) with the 
relationship between the response and predictor 
variables modeled as a polynomial function, (5) 
multivariate adaptive regression splines (MARS), 
and (6) random forests (RF), which is a machine 
learning method that combines multiple tree pre-
dictors within each model (Thuiller et al. 2009).

The models examined within the ensemble-
modeling framework require information about 
species presence and absence. Absence data are 
often unavailable for many species (Graham et al. 
2004) or may represent “false absences” where 
the species was present but went undetected that 
can impair the discriminatory ability of predictive 
models (Lobo et  al. 2007). Preliminary inspec-
tion of models based on available Golden-winged 
Warbler absence data depicted similar land cover 
associations to models constructed with Golden-
winged Warbler presence data, suggesting that our 
absence data may contain an unknown amount 
of false absences. Several methods can be used to 
select pseudo-absence data from the study area 
to represent areas where the species is absent 
(Fitzgerald et al. 2011, Barbet-Massin et al. 2012). 



47LANDSCAPE-SCALE HAbItAt AND CLImAtE CORRELAtES

To mitigate for false absences, we generated a 
number of pseudo-absence points to replace the 
false absences. The sample size of the pseudo-
absences was the same as the number of false 
absences. The location of pseudo-absence points 
was randomly selected from within 2° (~2 km) of 
a presence location. The use of this radius tends 
to improve predictive performance (Barbet-Massin 
et al. 2012). To examine warbler habitat character-
istics while minimizing error, we conducted six 
simulations for each model (n = 7 models; e.g., 
GLM, RF, MAXENT) and for each species (n = 2) 
to yield 84 models (6 simulations × 7 models × 2 
species) with each change in extent and resolution.

We evaluated the predictive performance of 
the MAXENT and BIOMOD models by randomly 
selecting 80% of the data to train the model (cali-
bration data) and we used the remaining 20% 
for testing (evaluation data). We calculated the 
mean model as the unweighted average probabil-
ity distribution across all grid cells for the three 
BIOMOD models with the greatest mean area 
under the curve (Araujo and New 2006, Marmion 
et al. 2009). Model fit was evaluated by compar-
ing the AUC scores between models calculated 
with calibration versus the evaluation data, where 
a small difference between AUC values is consid-
ered good fit (Thuiller 2003). We employed the 
same modeling procedure for all spatial extents 
(region and subregions) and resolutions (500 m 
and 2.5 km) examined. To ease model interpreta-
tion, we transformed the ordinal scores of habitat 
potential into a more practical grid of presence/
absence using the least presence threshold (LPT), 
which is defined as the lowest suitability value 
needed for species presence (Allouche et al. 2006). 
We then used the binary grid to extract environ-
mental parameters from areas predicted to be suit-
able for Golden-winged Warblers and Blue-winged 
Warblers. The threshold, which maximizes 
the agreement between the observed and pre-
dicted occurrence distributions, is recommended 
because of the lower rate of false negatives and 
false positives (Liu et al. 2005). Several measures of 
model performance are influenced by prevalence 
(Allouche et al. 2006). We, therefore, also evalu-
ated model performance using the TSS, which has 
been shown to be independent of prevalence. The 
value of TSS ranges from −1 to +1, with +1 rep-
resenting perfect agreement and TSS ≤ 0 equates 
to no better than random guessing (Allouche et al. 
2006). The relative importance of each predictor 

variable is not easy to calculate from each inde-
pendent model (e.g., GAM, RF) because of varying 
relationships between response and predictor vari-
ables (Thuiller et al. 2009). Therefore, we assessed 
the relative importance of each variable from the 
mean model by randomizing each variable and 
then comparing predictions from the new model 
versus the calibrated model (Thuiller et al. 2009).

We projected species location onto the binary 
presence/absence grid from either the MAXENT 
model or the mean model constructed in BIOMOD 
with the greatest model accuracy at each spatial 
extent and resolution (2.5 km and 500 m). Species 
location data found outside of the predicted pres-
ence were trimmed from the dataset for statistical 
analysis to examine the influence of independent 
variables on species presence. We examined the 
effect of the independent variables on the occur-
rence of Golden-winged Warblers or Blue-winged 
Warblers using a multivariate analysis of variance 
(MANOVA) in Program R (ver. 2.12; R Development 
Core Team 2011). To evaluate ecological factors that 
influence species habitat at a finer scale, we con-
ducted a principal component analysis (PCA) of 
the data in Program R to determine the strength 
of multiple independent factors on Golden-winged 
Warblers present at the 500-m resolution. We 
extracted variable coefficients and principal com-
ponent scores using the prcomp function.

RESULTS

We retained all variables in modeling, although eleva-
tion was weakly associated with maximum May and 
minimum May temperatures at this extent and scale 
(r = 0.661). Pearson correlation scores (r) obtained 
from the classification tree analysis of 22,822 warbler 
locations (Golden-winged Warblers, n = 8,266; Blue-
winged Warblers, n = 20,556), identified elevation 
(r = 0.06), and minimum breeding season tempera-
ture (TMIN5, r = 0.17) as the most influential pre-
dictors of warbler presence at the distribution-wide 
extent (Figure 3.2). We used this a priori distribution 
model to remove 523 extraneous locations from the 
initial dataset (Golden-winged Warblers, n  = 112; 
 Blue-winged Warblers, n = 411; Figure 3.1a). We pro-
jected the remaining location data onto the extent 
of the regions at the 2.5-km scale (Figure  3.1b), 
which removed duplicate records and produced a 
final set of presence locations for Golden-winged 
Warblers (n = 2,012) and Blue-winged Warblers 
(n  = 1,077), Golden-winged Warbler–Blue-winged 
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Warbler cooccurrence locations (n = 135), Golden-
winged Warbler absences (n = 824), Blue-winged 
Warbler absences (n = 1,246), and pseudo-absence 
locations for both species (n = 2,070; Supplementary 
Information B). We also projected location data into 
a 500-m grid, which removed duplicate records 
and yielded presence locations for Golden-winged 
Warblers (n = 1,845) and Blue-winged Warblers 
(n  =  470), Golden-winged Warbler–Blue-winged 
Warbler cooccurrence of  locations (n = 115), 1,367 
true absences (Golden-winged Warblers, n = 654; 
Blue-winged Warblers, n = 713), and pseudo-
absences for both species (n = 1,367).

Combined Region Analyses at 2.5-km Scale

We retained all variables in modeling at this 
scale, although elevation was weakly associated 
with TMIN5 (r = 0.712). Models of potential 
habitat demonstrated moderate support for the 
Great Lakes and Appalachian Mountains regions 
combined, with AUC > 0.739, and the MAXENT 
model showed the highest support with AUC 

> 0.899 for both species (Supplementary 
Information C). Elevation, breeding season 
temperatures, and land cover were the most 
strongly associated variables with occurrence of 
the species at the 2.5-km extent and resolution 
(Supplementary Information D). Compared to 
Blue-winged Warblers, Golden-winged Warblers 
were associated with higher elevations, cooler 
breeding season temperatures, and forests com-
posed of aspen (Populus spp.). We excluded 86 
species locations (Golden-winged Warblers, 
n = 55; Blue-winged Warblers, n = 31) that fell 
outside of the area predicted as potential habi-
tat from the best supported model for statistical 
analyses. Breeding season temperature and eleva-
tion explained about 10% of the variation in the 
data (full MANOVA results not shown), though 
in opposite directions for species (Table  3.1). 
Golden-winged Warblers were found at an aver-
age elevation of 427 m and a mean maximum 
May temperature of 20.1°C, whereas Blue-winged 
Warblers were at 370 m and 21.3°C (Table 3.1). In 
the combined 2.5-km resolution region analysis, 

Legend
Label
#GWWA/#BWWA
TMIN5 Minimum May temperature (°C)

Elevation (m)
Average May precipitation (mm)
Minimum June temperature (°C)

No. of Golden-winged Warbler/Blue-winged Warbler locations at node

ELEV
PPT5
TMIN6

Label name

TMIN5 < 5.3

TMIN6 > 6.1

1,314/17,084 1,503/1,353

TMIN6 < 6.1

#GWWA/ #BWWA: 8,266/20,556

TMIN5 > 5.3

3,803/658 4,463/19,898

ELEV < 567.9ELEV > 567.9PPT5 < 90.1PPT5 > 90.1

37/336 3,766/322
1,646/1,461 2,817/18,437

figure 3.2 Classification tree depicting abiotic variables that were influential in predicting the breeding distribution of 
Golden-winged Warblers and Blue-winged Warblers at the 2.5-km scale. Environmental conditions that helped to distin-
guish areas occupied by the species are shown at each node in the tree. The number of warbler locations associated with 
each condition (Golden-winged Warbler numbers depicted to the left of the bracket and Blue-winged Warblers to the right 
of the bracket) is shown below in each branch.
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both species were found in roughly equal num-
bers in grassland mosaic habitats (Golden-winged 
Warblers, 12.7%; Blue-winged Warblers, 8.5%). 
However, Golden-winged Warbler locations were 
more than twice as likely to be found in wood-
land mosaics (20.2%) compared to Blue-winged 
Warblers (9.6%; Table 3.1). The greatest percent-
age of Golden-winged Warbler locations at the 
2.5-km extent and resolution were associated 
with landscapes where quaking aspen (Populus 
tremuloides) was found (39.5%), compared with a 
smaller percentage of Blue-winged Warbler loca-
tions (7.0%; Figure 3.3). A greater percentage of 
Blue-winged Warbler locations were associated 
with agricultural landscapes (10.1%) compared to 
Golden-winged Warbler locations (4.5%).

Great Lakes Region at 2.5-km Scale

The best supported four models with the stron-
gest association with Golden-winged Warbler 
and Blue-winged Warbler presences/absences at 
this scale demonstrated AUC values ≥0.721, and 
the MAXENT model showed the highest support 
with AUC > 0.835 (Supplementary Information 
C). Climatic and ecological variables with the 
strongest association with Golden-winged 
Warbler presence from the mean model were 
elevation, summer breeding temperature, land-
cover type, and the percent of deciduous forest 
found within a 2.5-km grid cell (Supplementary 
Information D). We excluded 24 species locations 

(Golden-winged Warblers, n  = 15; Blue-winged 
Warblers, n = 9) that fell outside of the area pre-
dicted as potential habitat from the best supported 
model for statistical analyses. Golden-winged 
Warbler locations had a mean elevation of 335.2 
m and a minimum May temperature of 4.7°C, 
versus a mean of 240.9 m and 7.2°C, respectively, 
for Blue-winged Warblers (Table 3.2). Twice as 
many Golden-winged Warbler locations occurred 
in 2.5-km grid cells that also contained aspen for-
ests compared to Blue-winged Warblers, a large 
percentage of which were associated with nonfor-
ested landscapes (see “No trees,” Figure 3.4a,b). A 
greater percentage of Blue-winged Warbler loca-
tions occurred in agricultural landscapes (23.9%) 
compared to Golden-winged Warblers (6.8%). 
Golden-winged Warblers demonstrated an affin-
ity for forests with open or broken canopy and 
with a greater percentage of locations in wood-
land mosaics (30.7%) compared with grassland 
mosaics (15.5%). The opposite pattern occurred 
with Blue-winged Warblers, where 34.6% and 
14.3% of locations were in grassland and wood-
land mosaics, respectively (Table 3.2, Figure 3.5).

Great Lakes Region at 500-m Scale

Pearson correlation scores (r) from pairwise com-
parisons of explanatory variables were <0.8. 
Distribution models were well supported; mod-
els with the greatest support demonstrated AUC 
values >0.743 (Supplementary Information C). 

tAbLE 3.1
Mean values (±SE) of explanatory climatic and ecological variables associated with the presence of Golden-winged Warblers 

and Blue-winged Warblers within the combined Great Lakes and Appalachian Mountains regions at 2.5-km scale

Parameter Golden-winged Warblers Blue-winged Warblers Range (P ≤)

Sample size n = 2,012 n = 800

Elevation (m) 427.2 ± 5.1 370.4 ± 3.4 355.2–1,500 (0.001)

Maximum May temperature (°C) 20.1 ± 0.1 21.3 ± 0.04 13.7–15.2 (0.042)

Minimum May temperature (°C) 7.1 ± 0.5 8.8 ± 0.04 3.1–23.3 (0.021)

Percent deciduous forest/area 60.7 ± 6.9 57.3 ±15.3 23.4–64.9 (0.001)

Percent of area that is coniferous 20.1 ± 7.0 15.2 ± 0.8 12.1–19.7 (0.000)

Percent in agriculture 4.5 ± 0.3 10.1 ± 0.5 3.3–12.2 (0.008)

Percent in grassland mosaic 12.7 ± 0.2 8.5 ± 0.2 0.9–8.4 (0.001)

Percent in woodland mosaic 16.4 ± 0.1 7.7 ± 0.4 5.3–22.8 (0.001)

NOTES: Elevation, temperature, and forest type per area values are the averages for each species or group; the values reported for the remaining 
parameters are the average percent of unique location records for each species or group. Data analysis was constrained to the study extent and 
duplicate species records were removed by projecting data into a grid at the appropriate scale.

Standard error and P-values are based on MANOVA analysis for Golden-winged Warbler versus Blue-winged Warbler data.
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figure 3.3 The most common tree species found in a 2.5-km area across the Great Lakes and Appalachian Mountains 
regions associated with occurrences of Golden-winged Warblers and Blue-winged Warblers. The association of each war-
bler species to each vegetation class is given as a percentage of the total location records for that species (see Table 3.1 for 
sample sizes).

tAbLE 3.2
Mean values (±SE) of explanatory climatic and ecological variables associated with the presence of Golden-winged 

Warblers and Blue-winged Warblers in the Great Lakes Region at 2.5-km scale

Parameter Golden-winged Warblers Blue-winged Warblers Range (P ≤)

Sample size n = 1,363 n = 539

Elevation (m) 335.2 ± 2.7 240.9 ± 7.1 28.5–549.0 (0.001)

Maximum May temperature (°C) 19.1 ± 0.03 19.7 ±0.1 14.1–24.5 (0.080)

Minimum May temperature (°C) 4.7 ± 0.03 7.2 ± 0.1 2.4–8.5 (0.001)

Minimum June temperature (°C) 9.8 ± 0.03 11.4 ± 0.1 7.4–13.4 (0.001)

Percent deciduous forest/area 50.6 ±0.4 48.9 ±1.1 0–80.0 (0.091)

Percent coniferous forest/area 23.6 ± 0.4 19.2 ± 1.0 0–80.0 (0.551)

Percent in agriculture 6.8 ± 0.3 23.9 ±0.5 0–25.2 (0.001)

Percent in grassland mosaic 15.5 ± 2.5 34.6 ± 2.2 8–37.3 (0.002)

Percent in woodland mosaic 30.7 ± 1.1 14.3 ± 1.2 11.2–18.4 (0.001)

NOTES: Elevation, temperature, and forest type values are the averages for each species or group; the values reported for the remaining 
parameters are the average percent of unique location records for each species or group. Data analysis was constrained to the study extent 
and duplicate species records were removed by projecting data into a grid at the appropriate scale.

Standard error and P-values are based on MANOVA analysis for Golden-winged Warbler versus Blue-winged Warbler data.
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The mean  model from BIOMOD demonstrated 
high support (AUC > 0.806) for both species 
(Supplementary Information C). Variables that 
were most strongly associated with Golden-winged 
Warblers and Blue-winged Warblers across the sub-
regions in the Great Lakes region included percent 
deciduous forest, percent agriculture, and elevation 
(Supplementary Information D). We excluded 13 
species locations (Golden-winged Warblers, n = 
11; Blue-winged Warblers, n = 2) that fell outside 
of the area predicted as potential habitat from the 
best supported model for statistical analyses. At a 
500-m scale, both Golden-winged Warblers and 
Blue-winged Warblers were strongly associated 
with yellow birch (Betula alleghaniensis)/sugar maple 
(Acer saccharum) forests, although Golden-winged 
Warblers were also found in woodlands com-
posed of aspen/birch (Betula spp.) and jack pine 
(Pinus banksiana), black spruce (Picea mariana)/tama-
rack (Larix laricina), or swamp forests (Figure 3.6a). 
About 13% of Blue-winged Warbler locations were 
associated with beech (Fagus spp.)/sugar maple/
basswood (Tilia spp.) forests and an additional 11% 
of locations were found in agricultural land-cover 
types at lower elevations (Table 3.3; Figure 3.6a).

A PCA on the matrix of climatic and ecologi-
cal climatic and parameters (Supplementary 
Infor mation  B) for Golden-winged Warbler 

presence/absence data across subregions at the 
500-m scale in the Great Lakes region identified 
an “eastern” subregion (E) distributed in north-
ern New York and a “western” subregion (W) 
in Michigan, Minnesota, and Wisconsin (Figure 
3.6b). The variables that distinguished Golden-
winged Warbler locations across subregions 
included land-cover type and percent canopy clo-
sure (first rotated factor) and elevation (second 
rotated factor) that explained 40% of the cumu-
lative variation in the data. The first function of 
canopy closure and land-cover type explained 
17% of the total variation. Golden-winged 
Warblers in both subregions were more com-
monly associated with yellow birch/sugar maple 
forests (Figure  3.6b). However, Golden-winged 
Warblers in the eastern subregion were located 
in oak (Quercus spp.)/pine (Pinus spp.) and swamp 
forests more often than the average occurrence of 
these forest types for the region as a whole (F = 
5.49, df = 2, S.E. = 0.364, P = 0.001; Figure 3.6b). 
About 10% of Golden-winged Warbler locations 
were associated with fallow pasture in the east-
ern subregion (Figure 3.6b). Elevation represented 
the second function on the PCA and explained 
13% of the variance in the data. Golden-winged 
Warblers in the western subregion occupied a 
higher average elevation (367 m)  compared to the 
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eastern subregion (135 m; Table 3.3). Blue-winged 
Warbler locations in the same subregions demon-
strated lower  average elevation values (154 m for 
the eastern subregion and 303 m for the western 
subregion), and a large number of Blue-winged 

Warbler locations were also found in yellow 
birch/sugar maple forests throughout the sub-
regions, though <1.0% of the species locations 
were associated with aspen/birch forests (data 
not shown).
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Appalachian mountains Region at 2.5-km Scale

We removed average maximum May temperature 
from modeling because of a correlation with eleva-
tion (r = 0.804; but results for this variable are pre-
sented in Table 3.4 for comparison to Blue-winged 
Warblers). The top four models with the strongest 
association with Golden-winged Warbler and Blue-
winged Warbler presence/absence contained AUC 
values ≥0.914 and the mean model from BIOMOD 
demonstrated strong support (AUC > 0.914) for both 
species (Supplementary Information C). Maximum 
May temperature, minimum May temperature, ele-
vation, and percent deciduous forest were the top 
variables associated with Golden-winged Warbler 
and Blue-winged Warbler presence/absence 
(Supplementary Information D; Table 3.4).

We removed 22 species locations (Golden-
winged Warblers, n = 2; Blue-winged Warblers, 
n = 20) that fell outside of the area predicted as 
potential habitat from the best supported model 
prior to statistical analyses. In the Appalachian 
Mountains region, Golden-winged Warblers were 
associated with areas characterized by an aver-
age elevation of 659 m compared with an average 

elevation of 419 m for Blue-winged Warblers 
(Table 3.4). Golden-winged Warblers and Blue-
winged Warblers in the Appalachian Mountains 
region were found almost exclusively within for-
ested landscapes (% occurrence in deciduous for-
est in Table 3.4, Figure 3.7a). No single forest type 
accounted for >20% of occupied sites for either 
species (Figure 3.7a), but we observed variation 
in the forest subcanopy associated with each spe-
cies. About 20% of Golden-winged Warblers were 
associated with forests dominated by a subcanopy 
of yellow poplar (Liriodendron tulipifera) compared to 
only 8% for Blue-winged Warblers (Figure 3.7a).

Appalachian mountains Region at 500-m Scale

Pearson correlation scores (r) from pairwise 
comparisons of explanatory variables were 
<0.8. Models for Golden-winged Warbler and 
Blue-winged Warbler presence/absence in the 
Appalachian Mountains region at the 500-m scale 
generally had weaker support when compared to 
other models, with the range of AUC values from 
0.660 to 0.884 (Supplementary Information C). 
The MAXENT model showed the greatest support 

tAbLE 3.3
Mean values (±SE) of explanatory climatic and ecological variables associated with presence of Golden-winged Warblers 

and Blue-winged Warblers across the Great Lakes region at 500 m and between the East and West subregions for 
Golden-winged Warblers at 500-m scale

Parameter Species/Region Range (P ≤)

Golden-winged Warbler Blue-winged Warbler

n = 1,203 n = 104

Average elevation (m) 340 ± 3 243 ± 9 34–551 (0.001)

Percent occurrence in agriculture 2 ± 1 10 ± 0 1–18 (0.004)

Percent occurrence in deciduous forest 56 ± 3 51 ± 3 20–80 (0.843)

Percent tree canopy closure 78 ± 1 74 ± 3 1–100 (0.062)

Golden-winged 
Warbler East

Golden-winged 
Warbler West

n = 141 n = 104

Average elevation (m) 135 ± 3 367 ± 2 34–551 (0.001)

Percent occurrence in agriculture 13. ± 2 2 ± 4 0–18 (0.025)

Percent occurrence in deciduous forest 52 ± 6 52 ± 4 22–60 (0.889)

Percent tree canopy closure 78 ± 2 79 ± 1 1–100 (0.867)

Percent in canopy height 10–25 m 65 ± 9 77 ± 10 0–80 (0.417)

NOTES: Elevation values are the averages for each species or region, values reported for remaining parameters are the average percent of 
unique location records for each species or group. Data analysis was constrained to the study extent and duplicate species records were 
removed by projecting data into grid at the appropriate scale.

Standard Error and P-values are based on Multivariate Analysis of Variance (MANOVA) for Golden-winged Warbler and Blue-winged 
Warbler comparison data.
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for both species, with a range of AUC from 0.832 
to 0.863 (Supplementary Information C). Elevation, 
the percent cover of deciduous forest, the percent 
of tree canopy closure, the percent cover of agri-
cultural land, and vegetation cover type (EVT) had 
the strongest associations with Golden-winged 
Warbler presence across the subregions, based on 
the mean model (Supplementary Information D). 
A total of 12 species locations for Golden-winged 
Warblers that fell outside of the area predicted as 
potential habitat from the best supported model 
was excluded from statistical analyses. Golden-
winged Warbler locations were reported from 
deciduous forests comprised mainly of yellow pop-
lar and eastern hemlock (Tsuga canadensis) or montane 
oak forests at an average elevation of 680 m (Figure 
3.7b; Table 3.5). In contrast, Blue-winged Warblers 
were associated with pine/hemlock forests at an 
average elevation of 435 m (Table 3.5). In addition, 
a greater percentage of Blue-winged Warbler loca-
tions were associated with human-disturbed land-
cover classes, such as urban development, quarries, 
mining, or agricultural activities (Figure 3.7b).

A PCA conducted on the matrix of climatic and 
ecological parameters for Golden-winged Warbler 
presence/absence locations across subregions at 
the 500-m scale (Supplementary Information  A) 
identified a southern subregion in the south-
ern Appalachian Mountains (“Southern” [S], in 
TN, NC, KY, VA, and WV), a subregion in south-
eastern New York (“Southeastern New York” 
[SENY]), and a subregion in northern Pennsylvania 

(“Northern  Pennsylvania” [NPA]; Table 3.5). 
The  subregions were distinguished by elevation 
(first rotated factor), percent deciduous forest (sec-
ond rotated factor), and vegetation cover type and 
percent agricultural land cover (third rotated factor) 
that explained collectively 46.6% of the variation in 
the data. The first component in the PCA (19% of 
the variation) represented differences in the average 
elevation across the subregions (Table 3.5). The sec-
ond component (15.4% of the variation) described 
differences in the vegetation cover type occupied 
by Golden-winged Warblers across the subregions. 
Forest tree species composition derived from veg-
etation cover type for Golden-winged Warblers 
varied across subregions. Montane oak and yellow 
poplar/eastern hemlock forests were the predomi-
nate tree compositions in the Southern subregion; 
pine/hemlock, fallow pasture, and yellow poplar/
eastern hemlock were the most common vegeta-
tion compositions in Southeastern New York, and 
pine/hemlock and chestnut oak (Q. prinus)/Virginia 
pine (Pinus virginiana) were the most common tree 
compositions in the northern Pennsylvania subre-
gion (28.6%, Figure 3.8a). For the same extent and 
resolution, the most common forest composition 
associated with Blue-winged Warbler locations 
was mixed stands of beech, maple (Acer spp.), and 
basswood (Figure 3.8b). The amount of land cover 
associated with human disturbance was  greatest in 
the Northern Pennsylvania subregion for Golden-
winged Warblers (7.1%; Figure 3.8a), with a larger 
percentage of Blue-winged Warblers associated 

tAbLE 3.4
Mean values (± SE) of explanatory climatic and ecological variables associated with presence of Golden-winged Warblers 

and Blue-winged Warblers in the Appalachian Mountains region at the 2.5-km scale.

Parameter Golden-winged Warbler Blue-winged Warbler Range (P ≤)

n = 648 n = 538

Elevation (m) 658 ± 8 419 ± 9 28–1613 (0.000)

Maximum May temperature (°C) 21.2 ± 0.04 21.7 ± 0.1 17.1–25.3 (0.002)

Minimum May temperature (°C) 7.7 ± 0.03 8.8 ± 0.04 5.1–11.1 (0.003)

Minimum June temperature (°C) 12.1 ± 0.03 14.6 ± 0.04 9.7–18.7 (0.003)

Percent deciduous forest/area 62 ± 1 61 ± 1 59–64 (0.018)

Percent in deciduous forest 62.9 ± 0.6 86 ± 1 45–80 (0.018)

Percent in agriculture 3 ± 1 4 ± 1 2–6 (0.064)

NOTES: Elevation, temperature and forest type values are averages for each species or group, values reported for remaining parameters are 
the average percent of unique location records for each species or group. Data analysis was constrained to the study extent and duplicate 
species records were removed by projecting data into grid at the appropriate scale.

Standard error and P-values are based on Multivariate Analysis of Variance (MANOVA) analysis for Golden-winged Warbler vs. Blue-winged 
Warbler data.
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figure 3.7 (a) The distribution of vegetation classes for Golden-winged Warblers and Blue-winged Warblers in the 
Appalachian Mountains region at the 2.5-km scale. Samples sizes used for the comparison are shown in Table 3.4. 
(b) Vegetation classes associated with Golden-winged Warblers and Blue-winged Warblers across subregions in the 
Appalachian Mountains region at the 500-m scale. The association of each warbler species to each vegetation class is given 
as a percentage of the total location records for that species (see Table 3.5 for sample sizes).
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with disturbed habitats and agricultural landscapes 
(Figure 3.8b). Average elevation for Golden-winged 
Warblers ranged from 308 m for the Northern 
Pennsylvania subregion to 919 m in the Southern 
subregion (Table 3.5). Average elevations for Blue-
winged Warblers also varied across subregions 
from a minimum of 250 m in Southeastern New 
York to 584 m in Northern Pennsylvania to a max-
imum of 630 m in the Southern subregion (data 
not shown).

DISCUSSION

Great Lakes and Appalachian mountains 
Regions Combined

The results of landscape-scale analyses within 
the combined regions were difficult to interpret 
and likely obscured by differences in ecophysi-
ography between the regions. For example, the 
range in elevation of sites used by Golden-winged 
Warblers and Blue-winged Warblers in the Great 

Lakes region was 48–547 m—an elevational range 
of just 499 m. In contrast, the range of sites used 
in the Appalachian Mountains region was 1,609 m 
(range = 28–1,637 m). When modeling data from 
both regions were combined, observed differences 
in elevation were largely driven by the availability of 
high-elevation sites in the Appalachian Mountains 
region and the lack of an elevation gradient in 
the Great Lakes region. Furthermore, confound-
ing the problem of interpretation, Golden-winged 
Warblers are known to use different cover types in 
each region at the territory scale (A. M. Roth et al., 
unpubl. plan), potentially making landscape-scale 
requirements specific to each region.

The model from the combined regions had 
clear results. Associations between each warbler 
species and a specific land-cover type that was 
not evident at smaller spatial scales became appar-
ent at larger spatial scales. For example, mosaic 
habitats might be too infrequent at the individual 
region scale to produce statistically meaningful 
results, but when the two regions were combined, 

tAbLE 3.5
Mean values (±SE) of explanatory climatic and ecological variables associated with presence of (Top) Golden-winged Warblers 

and Blue-winged Warblers across the Appalachian Mountains region at 500-m scale, and (Bottom) between the Southern 
Appalachian Mountains (S), southeastern New York (SENY) and northern Pennsylvania (NPA) subregions for Golden-winged 

Warblers at 500-m scale

Parameter Species/Subregion Range (P ≤)

Golden-winged 
Warblers

Blue-winged 
Warblers

n = 579 n = 366

Average elevation (m) 680 ± 12 435 ± 12 226–1788 (0.001)

Percent in agriculture 1 ± 2 4 ± 1 0–7 (0.007)

Percent in deciduous forest 75 ± 1 64 ± 0 60–88 (0.061)

Percent tree canopy closure 84 ± 1 86 ± 1 4–100 (0.045)

Golden-winged Warblers

S SENY NPA

n = 178 n = 366 n = 98

Average elevation (m) 919 ± 18 661 ± 12 308.0 ± 11 337–1788 (0.001)

Percent in agriculture 1 ± 0 4 ± 2 3 ± 0 0–10 (0.001)

Percent in deciduous forest 82 ± 3 68 ± 1 75 ± 1 60–92 (0.001)

Percent tree canopy closure 85 ± 2 65 ± 1 90 ± 2 75–100 (0.001)

Percent in canopy height (10–25 m) 55 ± 2 65 ± 2 86 ± 3 0–100 (0.029)

NOTES: Elevation values are the averages for each species or group, values reported for remaining parameters are the average percent of unique 
location records for each species or group. Data analysis was constrained to the study extent and duplicate species records were removed by pro-
jecting data into grid at the appropriate scale.

Standard error and P-values are based on Multivariate Analysis of Variance (MANOVA) analysis for Golden-winged Warbler vs. Blue-winged 
Warbler data.
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figure 3.8 Vegetation classes associated with (a) Golden-winged Warblers and (b) Blue-winged Warblers between sub-
regions (Southern [S], Southeastern New York [SENY], and Northern Pennsylvania [NPA]) in the Appalachian Mountains 
region at the 500-m scale. The association of each warbler species to each vegetation class is given as a percentage of the 
total location records for that species. Representative sample sizes are shown in brackets.
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this land-cover type became a better predictor of 
explaining a significant amount of variation in the 
model. This result is likely due to the increased 
statistical power resulting from the larger samples 
size when the two regions are taken as a whole.

One commonality in the way that Golden-winged 
Warblers and Blue-winged Warblers appear to be 
partitioning habitat across regions at the 2.5-km res-
olution was in the relative degree of open woodland 
versus grassland/savanna land-use types. At this 
scale, Blue-winged Warblers were found in grassland 
and woodland mosaics in near equal proportions 
(Table 3.1). Conversely, Golden-winged Warblers 
were found in woodland mosaics much more fre-
quently than grassland mosaics and Golden-winged 
Warblers were found in woodland mosaics roughly 
twice as often as Blue-winged Warblers, while con-
trolling for differences in density (Table 3.1). Also 
at 2.5-km resolution, Blue-winged Warblers were 
found in agricultural landscapes more than twice 
as frequently as Golden-winged Warblers (Table 
3.1). Yet, the proportion of forest associated with 
Golden-winged Warbler sites (deciduous + conifer-
ous = 74.8%) and Blue-winged Warbler sites (decid-
uous + coniferous = 72.8%) was approximately 
equal (Table 3.1). Although both species selected 
landscapes with similar amounts of forest cover, 
Golden-winged Warblers may have favored less dis-
turbed sites where forest was largely unfragmented 
by agriculture or human development.

Great Lakes Region

The Great Lakes region holds 95% of the global 
population of Golden-winged Warblers (A. M. 
Roth et al., unpubl. plan) and continues to main-
tain populations with lower hybridization rates 
compared to the Appalachian Mountains region 
(Vallender et  al. 2009). Thus, habitat protection 
and management for Golden-winged Warblers 
that minimizes cooccurrence with Blue-winged 
Warblers is essential in this region to achieve 
range-wide population recovery. Golden-winged 
Warbler and Blue-winged Warbler locations dif-
fered in climate and elevation in the Great Lakes 
region, likely related to the subregional areas occu-
pied by the two species. Golden-winged Warbler 
was the only species present in roughly the north-
ern two-thirds of the region where temperatures 
were cooler and elevations higher, whereas in 
the southern one-third of the region where the 
two species were sympatric, temperatures were 

warmer and there was little elevational variation 
to influence species-level settlement patterns.

Similar to results for the combined region anal-
ysis, at both the 2.5-km and 500-m resolution in 
the Great Lakes region, Blue-winged Warblers 
used agricultural landscapes three times more 
than Golden-winged Warblers (Tables 3.2 and 
3.3). The presence of Golden-winged Warblers 
on agricultural land cover was inconsistent when 
eastern and western Great Lakes subregions were 
compared. For example, 13% of Golden-winged 
Warbler locations in the eastern subregion 
occurred in agricultural landscapes, whereas 
only about 3% occurred in this land-use type 
in the western subregion. The higher percent-
age of Golden-winged Warblers in less-preferred 
agricultural landscapes in the eastern subregion 
is likely an artifact of this land-cover type being 
dominant in the region. The consequence of 
Golden-winged Warblers in agricultural areas 
brings the species into more frequent contact 
with Blue-winged Warblers, thereby increasing 
the chance for hybridization. In the western sub-
region, however, less development in the forested 
landscape may provide Golden-winged Warblers 
the choice to avoid agricultural landscapes and 
subsequent contact with Blue-winged Warblers.

Golden-winged Warblers were most often asso-
ciated with forested landscapes (mixed, decidu-
ous, and woodland mosaic) in the Great Lakes 
region, representing over 50% of all occupied sites. 
Within forests, aspen (58.3% of sites at 2.5-km 
scale) was by far the most important forest type for 
Golden-winged Warblers, whereas Blue-winged 
Warbler sites were distributed across a variety 
of forest types, including aspen (26.0%), sugar 
maple/beech/yellow birch (20.3%), and white 
oak (Q. alba)/red oak (Q. rubra)/hickory (Carya spp., 
5.2%). Based on an association of Golden-winged 
Warblers with forested landscapes in the Great 
Lakes region, conservation should focus on main-
taining or enhancing landscape-scale forest cover, 
including aspen forest types while minimizing the 
influence of agriculture (Figures 3.3 and 3.4).

Appalachian Mountains Region

The Appalachian Mountains region supports 5% 
of the global Golden-winged Warbler population 
(A. M. Roth et  al., unpubl. plan). Active conser-
vation is important to prevent extirpation of key 
population segments in an effort to reconnect 
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the now geographically isolated Great Lakes and 
Appalachian Mountains populations. The envi-
ronmental variables strongly associated with 
Golden-winged Warbler presence that were iden-
tified here can provide valuable insight for direct-
ing conservation efforts.

In the Appalachian Mountains region, the pri-
mary landscape characteristic upon which Golden-
winged Warblers and Blue-winged Warblers 
partitioned habitat was elevation. Region-wide at 
the 2.5-km scale, Golden-winged Warblers occu-
pied sites with an average elevation >200 m higher 
than sites occupied by Blue-winged Warblers. Both 
species were most commonly found in landscapes 
characterized by high proportions (>60%) of 
deciduous and mixed forest types. Unlike the Great 
Lakes region, however, neither species showed a 
strong affinity for forests of a specific composition.

As in the Great Lakes region, Golden-winged 
Warblers occurred less frequently in human-
disturbed cover types when compared to Blue-
winged Warblers. At the 2.5-km scale, 8.7% of 
Blue-winged Warbler sites were located in human-
disturbed landscapes, whereas no Golden-winged 
Warblers were found in this land-use type. At 
the 500-m scale, about 11.0% of Blue-winged 
Warbler sites were in human-disturbed or agricul-
tural landscapes, but only 3.4% of Golden-winged 
Warbler sites were found in these land-use types. 
Conservation for Golden-winged Warblers in the 
Appalachian Mountains region, as a result, should 
focus on habitat maintenance and creation at eleva-
tions >500 m in forested landscapes with limited 
agriculture and other sources of human disturbance.

Perhaps the most important conclusion from 
our work is the confirmation that Golden-winged 
Warblers are most commonly found in forested 
landscapes and the species requires substantial 
amounts of surrounding forest to occupy a given 
site for breeding. Most field guides and scientific 
publications describe Golden-winged Warblers as 
a species of “early successional habitat” or “young 
forest” (Confer and Knapp 1981, Hunter et  al. 
2001, Confer 2008, Confer et al. 2010, Thogmartin 
2010). The habitat description may be true at the 
scale of the nest site but omits critical landscape-
scale information, because a patch of young forest 
set in a largely agricultural landscape is unlikely to 
be occupied by Golden-winged Warblers.

The prevailing view of Golden-winged Warblers 
requirements for breeding habitat is likely a result of 
species flexibility toward territory-scale land-cover 

types, which include abandoned farmland, alder 
swamps, reclaimed surface mines, and high-elevation 
pastures—all cover types that are not consistently 
associated with forest. Adding to the complex rela-
tionship between Golden-winged Warblers and 
habitat use is that not all land-cover types are cre-
ated equal in space or in time. Habitat selection 
by a female Golden-winged Warbler is a trade-off 
between the use of forest edge to maximize nest suc-
cess and the use of forest interiors to maximize fledg-
ling survival and the nature of this relationship varies 
over the breeding season (Streby et al. 2014; Chapter 
8, this volume). Despite the variable nature of habitat 
selection and use by the species, forested habitat plays 
a key role in the breeding success of Golden-winged 
Warblers. Other researchers have clearly showed a 
positive relationship between landscape-scale for-
est and presence of Golden-winged Warblers at the 
Prairie Hardwood Transition region of the Great 
Lakes (Thogmartin 2010). Whereas these studies 
add important insight into the habitat selection of 
Golden-winged Warblers at local to regional extents, 
our analysis is the first to quantify and affirm the 
importance of this relationship in shaping the range-
wide breeding distribution of the species.

Performance of Models

We examined output from seven models across 10 
combinations of spatial extent and resolution. Most 
model predictions of warbler distribution across all 
extents and scales were moderately well supported, 
with AUC values of 0.722–0.976 where AUC values 
>0.70 are considered robust model performance 
(Supplementary Information C; Swets 1988). 
Several of the modeling approaches consistently 
ranked among the top four models selected for 
each warbler extent and resolution. The maximum 
entropy algorithm in MAXENT was among the 
top supported models in every analysis. MAXENT 
AUC values were comparable to those from other 
top models. The classification trees approach dem-
onstrated consistently poor discriminatory abil-
ity and was not selected in any of the 10 models 
(Supplementary Information C). The CTA tended 
to overfit during the calibration process (AUC > 
0.900) and demonstrated poor fit to the evaluation 
data with AUC values between 0.634 and 0.926 
(Supplementary Information C). CTA models do 
not incorporate interactive terms, which limits the 
model’s ability to predict species responses to envi-
ronmental cues (Thuiller et  al.  2003). The  linear 
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model in the GLM algorithm was also not selected 
as a top supported model in any of the analyses. 
The poor discriminatory ability of GLM was unsur-
prising given the tendency for species to exhibit 
nonlinear responses to environmental variability 
(Guisan and Zimmermann 2000). By contrast, 
both the GAM (selected in 7/10 models) and GBM 
(selected in 9/10 models) exhibited robust predic-
tive ability. This result was more intuitive, given 
that both methods are best suited for modeling 
complex nonparametric relationships (Thuiller 
et al. 2009).

Sampling bias in species location data is often 
cited as a confounding variable in species distri-
bution models (Boria et  al. 2014). Bias may be 
due to intense data collection during a specific 
period such as during a 2005 U.S. birding event 
or from a specific place due to intense sampling 
at and near a study site (Hijmans et al. 2000). Not 
accounting for bias can often lead to spurious 
conclusions regarding potential habitat, largely 
as a consequence of overfit of the model to the 
calibration data, which then yields poor fit of 
the model to evaluation data (Boria et al. 2014).

Our approach minimized the influence of 
sampling bias in five different ways. Only recent 
warbler location data were selected for analysis 
(1998–2010) and we chose land-cover and climatic 
data from the same area and period. We removed 
extraneous locations using a classification tree and 
reverse jackknife, and we removed duplicate loca-
tion records by projecting the data into 2.5-km 
and 500-m extents (grids). As a final treatment, we 
removed location data that projected outside of an 
optimally predicted potential distribution from the 
top supported model. Excluded points were those 
that projected outside of predicted presence from 

the binary presence/absence grid calculated as the 
mean model in BIOMOD or from MAXENT. We 
applied the resultant data to examine land-cover 
and climate characteristics of Golden-winged 
Warblers and Blue-winged Warblers. Generally, 
models were well supported. Poor performance in 
some models may be due more to forcing a linear 
function (e.g., GLM) onto a nonlinear relationship 
between dependent and independent variables 
rather than to sampling bias, though additional 
tests may be needed.

The application of multiple models can also 
reinforce model performance and model fit 
(Thuiller et  al. 2009). Our conclusions regard-
ing the potential distribution of Golden-winged 
Warblers and Blue-winged Warblers are rein-
forced through the evaluation of multiple models, 
where each model represents a different fit of the 
predictor variables to the response variable and 
therefore an independent test of the data. Despite 
the advantages of this approach, our study was 
limited in that the MAXENT model algorithm is 
external to the algorithms in BIOMOD (Thuiller 
et al. 2009). The separate algorithm environments 
limited a robust comparison between MAXENT 
and the models in BIOMOD. Recent changes 
internalize the maximum entropy algorithm in 
MAXENT inside BIOMOD2, which allows for bet-
ter comparison between model output. Future 
research using BIOMOD2 may help to refine the 
complex relationship between warbler presence/
absence and environmental variables.

SUPPLEMENTARY INFORMATION A

Ecological variables examined in the study

Name Description Range Source 

NLCD2006 16 land cover classes 11–95 http://www.mrlc.gov/nlcd06_data.php

EVC 33 vegetation cover classes (2008) 11–129 http://www.landfire.gov/vegetation.
php

EVT Most common of 134 vegetation-type 
classes per unit area (2008)

11–2559 http://www.landfire.gov/vegetation.
php

EVH 22 vegetation height classes (2008) 11.0–112 http://www.landfire.gov/vegetation.
php

ELEV Elevation in meters 0–1614.0 http://ned.usgs.gov/Ned/about.asp

TREE 141 tree species classes 101–995 http://webmap.ornl.gov/wcsdown/

PPT5 Average precipitation (mm) for May 
from 1981 to 2010

31.0–173.0 http://www.prism.oregonstate.edu/
normals/

(Continued)
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SUPPLEMENTARY INFORMATION B

Sample sizes for unique species locations 
for Golden-winged Warblers (GWWA) and 
Blue-winged Warblers (BWWA), locations of 

sympatry (GWBW) and species-absence loca-
tions (ABS) across the regions (Great Lakes [GL] 
and Appalachian Mountains [Apps]), within each 
region (GL, Apps) at the 2.5-km and 500-m scales.

SUPPLEMENTARY INFORMATION C

Area under the receiver operating characteristic 
(AUC) values for each model, the mean AUC for 

the best four models (AVG), and model accuracy 
scores for the top performing model (LPT/TSS).

Name Description Range Source 

TMAX5 Average maximum temperature for May 
from 1981 to 2010

14–28.0 http://www.prism.oregonstate.edu/
normals/

TMIN5 Average minimum temperature, for May 
from 1981 to 2010

2.0–16.1 http://www.prism.oregonstate.edu/
normals/

TMAX6 Average maximum temperature for June 
from 1981 to 2010

3.0–23.2 http://www.prism.oregonstate.edu/
normals

TMIN6 Average minimum temperature, June 
from 1981 to 2010

7.0–20.2 http://www.prism.oregonstate.edu/
normals/

% CONIFER % coniferous forest from NLCD 2006 0–100.0 http://www.mrlc.gov/nlcd06_data.
php

% DECID % deciduous forest from NLCD 2006 0–100.0 http://www.mrlc.gov/nlcd06_data.
php

% AGRIC % agricultural land from NLCD 2006 0–100.0 http://www.mrlc.gov/nlcd06_data.
php

% CANOPY % tree canopy closure from EVC 2008 
(500 m)

1.0–100.0 http://www.landfire.gov/vegetation.
php

% WOOD % woodland mosaic from EVT 2008 0–100.0 http://www.landfire.gov/vegetation.
php

% GRASS % grassland mosaic from EVT 2008 0–100.0 http://www.landfire.gov/vegetation.
php

Species GL and Apps, 2.5 km GL, 2.5 km GL, 500 m Apps, 2.5 km Apps, 500 m 

Golden-winged Warbler 2,012 1,363 1,203 648 642

Blue-winged Warbler 1,077 539 104 538 366

GWBW 135 42 32 93 83

ABS 2,070 824 559 1,242 808

Total 5,017 2,768 1,898 2,521 1,899

Model Species MXT CTA GAM GBM GLM MARS RF AVG LPTa/TSSb 

A1 GWWA 0.900 0.718 0.735 0764 0.728 0.743 0.808 0.804 0.712/0.902

BWWA 0.936 0.729 0.728 0.782 0.724 0.740 0.797 0.814 0.696/0.802

B1 GWWA 0.836 0.715 0.740 0.773 0.741 0.748 0.789 0.786 0.696/0.813

BWWA 0.952 0.702 0.722 0.761 0.718 0.727 0.787 0.791 0.678/0.780

(Continued)
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SUPPLEMENTARY INFORMATION D

Top model variables and measure of variable 
importance (in brackets) extracted from the 

BIOMOD mean model that differentiates GWWA 
and BWWA habitats at each spatial extent and 
scale (2.5-km and 500-m scales).
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