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IntroductIon

Future climate has the potential to affect spe-
cies across the globe. Global projections for over 

900 bird species call for greater than half their 
ranges to be reduced by the end of the century, 
with temperate regions impacted almost equal-
ly by changes in land- use and climate (Jetz et al. 
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2007). However, it is unclear if habitat loss or cli-
mate change is the greater contributing factor in 
species loss, but climate is expected to be a major 
driver (Pimm 2008). Understanding how land-
scape and climate factors contribute to species 
abundance is important for predicting the im-
pacts of future climates.

Avian species are greatly affected by landscape- 
level influences often occurring over entire ecore-
gions and across political boundaries (Forcey 
et al. 2008). Ranges of wintering North Amer-
ican birds are shifting poleward (LaSorte and 
Thompson 2007) and similar shifts are occurring 
for breeding birds in North America (Hitch and 
Leberg 2007, Zuckerberg et al. 2009), Great Brit-
ain (Thomas and Lennon 1999), and South Africa 
(Hockey et al. 2011). We know very little in re-
gards to the potential mechanisms behind these 
shifts. However, range shifts in birds and other 
organisms could lead to changes in plant and an-
imal communities (Root et al. 2003, Visser et al. 
2012), or a mismatch between available habitat 
and suitable climatic conditions (DeLeon et al. 
2011). Ultimately, these changes have the poten-
tial to increase species extinctions (Rodenhouse 
et al. 2008, Sekercioglu et al. 2008).

In addition to range shifts, there is increasing 
evidence that climate is linked to avian surviv-
al and productivity (Rolland et al. 2011, Skagen 
and Adams 2012, Cox et al. 2013a, b, Jenouvrier 
2013). Dybala et al. (2013) found a direct effect 
of winter temperature on adult survival and an 
indirect effect of prior rainy season on juvenile 
survival. This study along with others showed 
the importance of temperature and precipitation 
throughout the annual cycle (Carey 2009, Ste-
phenson et al. 2011, Wilson et al. 2011, Dybala 
et al. 2013) as well as life stages (Both and Viss-
er 2005, Albright et al. 2010b, Dybala et al. 2013, 
Townsend et al. 2013). In addition to winter and 
spring seasons, several studies found that the 
previous year’s summer temperature and pre-
cipitation have a direct effect on both commu-
nity structure (Albright et al. 2010a, 2011), and 
avian abundance (Forcey et al. 2007, 2014) while 
warmer spring temperatures can lead to species 
breeding earlier and double brooding more often 
(Townsend et al. 2013). Climate and land cover 
effects do not occur in isolation and often lead 
to conflicting impacts (Lemoine et al. 2007, Cox 
et al. 2013b). Cox et al. (2013a) found a direct 

 relationship between forest cover and an increase 
in nest productivity; however, as temperatures 
increased, so did predation, resulting in lower 
nest survival.

Migratory behavior may also play an import-
ant role in determining which species are affect-
ed by changes in climate (Albright et al. 2010a, 
Both et al. 2010, Rolland et al. 2011, Salewski et al. 
2013). Winter severity is linked to the survival of 
resident and short- distance migrants (Salewski 
et al. 2013), while long- distance migrants are af-
fected more in seasonal habitats due to their sen-
sitivity to droughts (Albright et al. 2010b) and sea-
sonal mismatches with food resources (Both et al. 
2010). Little is known how climate effects on local 
survival and productivity translate to regional 
abundances across species ranges, but finding a 
way to link them is important in understanding 
how species may be affected by future changes.

Species distribution models have become an 
important tool in understanding associations be-
tween species and their environments (Guisan 
and Zimmermann 2000). Often, predictions of 
changes in avian distributions are not  empirically 
based (McRae et al. 2008) or are based on climat-
ic variables without incorporating other drivers 
such as land cover or dispersal (Pearson and 
Dawson 2003, Lawler 2009, Araújo and Peterson 
2012). Researchers have recently used empirical-
ly based methods to incorporate effects of climate 
and land cover on avian abundance at broad 
spatial scales (Forcey et al. 2007, 2011, 2014, Jetz 
et al. 2007, Lemoine et al. 2007, Filloy and Bellocq 
2013). Empirical models incorporating effects of 
climate and land cover on avian abundance al-
low for the estimation of the potential effects of 
climate change, as well as effects of changes in 
land cover resulting from other drivers such as 
urbanization, land management, and succession.

Our objective was to assess the potential indi-
vidual and combined effects of climate and land 
cover on avian abundance across a broad lati-
tudinal gradient to determine their extent and 
magnitude of influence. We hypothesized a com-
bination of land cover and climate would be the 
best predictors of avian abundance, but that land 
cover would be a greater driver of avian abun-
dance than the effects of temperature and pre-
cipitation. We predicted that the previous year’s 
summer temperature and precipitation would 
relate to lower abundance (through their effect 
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on productivity and recruitment of juveniles into 
the following year), whereas increasing winter 
temperature and decreasing winter precipitation 
would result in higher abundance for short dis-
tance migrants and resident species (because of 
a decrease in mortality). While we considered 
winter weather effects in the U.S. for residents 
and short- distance migrants, we did not consider 
winter weather effects occurring outside the U.S. 
for Neotropical migrants.

Methods

Study area
Our study area covered approximately 

1.2 million km2 across 19 states and four Bird 
Conservation Regions (BCR) within the Central 
United States (U.S. NABCI Committee 2000; 
Fig. 1). We chose this area based on the di-
versity in land cover and landscape features 
as well as its geographic extent. We used a 
latitudinal gradient from approximately 45°N 
in Minnesota to 30°N in Louisiana to capture 
potential future climate effects by substituting 
space for time (Blois et al. 2013). From 1981 
to 2010, annual mean temperatures in this re-
gion ranged from approximately 7–21°C (PRISM 
Climate Group 2011). The general landscape 
features of the study area are characterized by 
four distinct BCRs (U.S. NABCI Committee 
2000). The Eastern Tallgrass Prairie (BCR 22) 
covered 536,000 km2 that was historically cov-
ered by tallgrass prairies and oak (Quercus spp.) 
savannas but now consist primarily of agricul-
ture. The Central Hardwoods (BCR 24) covered 
approximately 303,000 km2 with the Ozark 
Highlands west of the Mississippi River and 
the Low Plateaus to the east. The region is a 
mix of oak- hickory (Carya spp.) forest, agricul-
ture, and urban areas. The West Gulf Coastal 
Plain/Ouachitas (BCR 25) was approximately 
213,000 km2 and characterized by shortleaf pine 
(Pinus echinata) forests in the north and longleaf 
pine (Pinus palustris) forest to the south. Land 
conversions to agriculture and commercial lob-
lolly pine (Pinus taeda) plantations threaten this 
area’s native pine forests. The Mississippi 
Alluvial Valley (BCR 26) covered approximately 
114,000 km2 and consisted primarily of bot-
tomland hardwood forests and alluvial flood-
plains. Land conversion to agriculture and 

channelization of the lower Mississippi River 
has reduced the forests in this BCR by 75% 
and regional flooding by 90% (U.S. NABCI 
Committee 2000).

Data
We relied on readily available data for our 

response and explanatory variables. The re-
sponse variable was the total number of indi-
viduals of a species counted on a North 
American Breeding Bird Survey (NABBS) route 
per year (Sauer et al. 2014). NABBS routes are 
roadside surveys approximately 40 km in length 
with 50 stops situated 0.8 km apart. Trained 
observers count all birds seen or heard at each 
route stop in a 3 min period. To make pre-
dictions we used a total of 2140 route counts 
from 410 NABBS routes and 371 observers from 

Fig. 1. North American Breeding Bird Survey 
(NABBS) routes (n = 410; black lines) and forest cover 
in four Bird Conservation Regions (i.e., Eastern 
Tallgrass Prairie, 22; Central Hardwoods, 24; West 
Gulf Coastal Plain/Ouachitas, 25; and Mississippi 
Alluvial Valley, 26) within the Central United States 
used to relate bird abundance to climate and landscape 
factors, 1997–2003.
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1997 to 2003. We chose these routes and years 
to capture variation across space as well as 
within and between years.

We focused on five species primarily breeding 
within the lower 48 states with various migra-
tion patterns and habitat preferences. We mod-
eled three Neotropical migrants, two associated 
with open early successional habitats, the prai-
rie warbler (Setophaga discolor) and blue- winged 
warbler (Vermivora cyanoptera), as well as the 
worm- eating warbler (Helmitheros vermivorum), a 
species dependent on large tracts of forests with 
a dense understory. In addition, we modeled the 
northern bobwhite (Colinus virginianus), a non- 
migratory resident dependent on patches of agri-
culture interspersed amongst early successional 
habitat, and the pine warbler (Setophaga pinus), a 
resident/short- distance migrant associated with 
large tracts of pine forests.

We derived environmental covariates from four 
data sources and processed in ArcGIS v. 9.3.1, 10.2 
(ESRI 2009, 2013) and FRAGSTATS v. 3.3 (McGari-
gal et al. 2002, Table 1). We calculated land cover 
composition and configuration from 30 × 30 m 
resolution reconciled 2001 National Land Cover 
Data (NLCD; Homer et al. 2007) and 2000 Na-
tional Biomass and Carbon Dataset (NBCD; Kell-
ndorfer et al. 2011) rasters. We then reclassified 
NLCD and NBCD rasters into land cover and 
composition classes (Table 1). The NBCD is a map 
of estimated basal area- weighted canopy height 
derived from Forest Inventory and Analysis (FIA) 
and remote sensing data from Landsat. We re-
classified the NBCD map into early successional 
and mature forest cover that was 0 ≤19 yr old and 
≥20 yr old, respectively, using FIA data to relate 
forest height to age (Li et al. 2011).

In addition, we collected elevation data from 
30 × 30 m resolution National Elevation Dataset 
(NED; Gesch et al. 2002), and 4 × 4 km resolu-
tion climate data from the PRISM Climate Group 
for the years 1996–2002 (PRISM Climate Group 
2011). Using ArcGIS 9.3.1,0.2 (ESRI 2009, 2013), 
we intersected the NED and climate grids with 
our routes to calculate the average elevation, 
temperature, and precipitation (i.e., average sea-
sonal summer and winter temperature and pre-
cipitation) for each NABBS route.

Lastly, we calculated landscape metrics for 800 
and 8000 ha scales defined by 100 and 1000 m 
buffers around 410 NABBS routes (Table 2). We 

reasoned that these scales covered the range of 
detection of most species, included the home 
ranges of birds heard, and encompassed any 
immediate land cover effects on bird abundance 
(LeBrun et al. 2012). We used FRAGSTATS ver-
sion 3.3 (McGarigal et al. 2002) to calculate land-
scape metrics for the buffered areas (Table 2).

Model development
We identified associations between environ-

mental covariates and avian abundance using a 
hierarchical Bayesian log- linear model and iter-
ative simulation (Markov chain Monte Carlo) in 
WinBUGS. We included the following random 
effects in each of our models to accommodate 
the repeated measure nature of our counts and 
variation in the counts not explained by our 
covariates: a year effect γ to account for temporal 
variation in bird abundance, and a route effect 
z to account for spatial variation among routes. 
While data collected by NABBS cannot separate 
the detection process from the state process as 
in standard occupancy approaches, differences 
in detectability are considered. For instance we 
used a standardized methodology to control for 
variation among conditions associated with ob-
servers by including a random observer effect 
ω to account for differences in surveying abilities 
among observers (Thogmartin et al. 2004) and 
we excluded counts by first- time observers. We 
constructed the Poisson model as: 

where λ represents the total route count of a 
species in a particular year across space (s), 
with β representing the change in abundance 
per unit change in the j = 1 to n year- specific 
counts, and X representing a matrix of the 
environmental fixed effects. The error term ε 
was a random effect accommodating potential 
overdispersion. We used non- informative priors 
for the initial models with mean zero and a 
precision equal to 105 for both the fixed and 
random effects. Models were run in three chains 
for 550,000 iterations, with a burn- in of 100,000 
iterations; we used the Gelman- Rubin diagnostic 
in WinBUGS to identify multiple chain con-
vergence during model simulation (Brooks and 
Gelman 1998, Lunn et al. 2000, Link et al. 2002).

log[λ(s)]=
n
∑

j=1
βjXj(s)+zj(s)+�j(s)+�j(s)+�j
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Table 1. Environmental covariates included in global models for predicting abundance of prairie warbler 
(PRAW), blue- winged warbler (BWWA), northern bobwhite (NOBO), pine warbler (PIWA), and worm- eating 
warbler (WEWA) derived from 100 and 1000 m radius buffers surrounding breeding bird survey routes with-
in the Eastern Tallgrass Prairie, Central Hardwoods, West Gulf Coastal Plain/Ouachitas, and Mississippi 
Alluvial Valley Bird Conservation Regions in the United States.

Type of variable Variable Variable description Species

Land cover  
composition

Cropland (%)† Percentage of cropland in the  
landscape

NOBO

Grassland (%)† Percentage of grassland in the  
landscape

NOBO, PRAW, BWWA

Forest (%)† Percentage of forest in the landscape  
(i.e., includes deciduous,  coniferous,  
and mixed forest)

NOBO, PRAW, WEWA, 
BWWA

Deciduous forest (%)† Percentage of deciduous forest in the  
landscape

WEWA

Coniferous forest (%)† Percentage of coniferous forest in the  
landscape

PIWA, PRAW, BWWA

Early successional forest (%)‡ Percentage of transitional shrub and  
forest cover <20 yr old

NOBO, PRAW, BWWA

Mature forest (%)‡ Percentage of the forest >20 yr old PIWA, WEWA
Shrub (%)† Percentage of shrubland in the  

landscape
NOBO, PRAW, WEWA

Canopy (%)§ Percentage of canopy cover in the  
landscape

PIWA, WEWA

Land cover  
configuration

Forest patch area (ha)† Mean patch size of forest cover (ha) PIWA, WEWA
Contagion (%)† Percentage of habitat patch types  

(when contagion = 100 then the  
landscape consists of a single  
patch)

NOBO

Topography Ruggedness index¶ Captures the heterogeneity of  
landforms and slopes in the  
landscape

PIWA, PRAW, WEWA

Climate Summer precipitation (mm)# Summer average (average June, July  
and August) precipitation from the  
year previous to when bird  
abundance was measured

NOBO, PIWA, PRAW, 
WEWA, BWWA

Summer temperature (°C)# Summer average (average June, July  
and August) temperature from the  
year previous to when bird  
abundance was measured

NOBO, PIWA, PRAW, 
WEWA, BWWA

Summer maximum monthly 
average temperature (°C)#

Summer max monthly average  
(June, July and August)  
 temperature from the year  
previous to when bird  
 abundance was measured

BWWA

Winter precipitation (mm)# Winter average (average December,  
January and February)  
precipitation from the year  
previous to when bird  
abundance was measured

NOBO

Winter temperature (°C)# Winter average (average December,  
January and February)  
temperature from the year  
previous to when bird  
abundance was measured

NOBO

† 2001 and 2006 National Land Cover Data (NLCD). 
‡ 2000 National Biomass and Carbon Dataset (NBCD). 
§ 2001 NLCD percent tree canopy layer. It quantifies the per pixel tree canopy fraction as a continuous variable from 1% to 
100% across the entire landscape. 
¶ National Elevation Dataset (NED). 
# 1996–2002 and 2006–2009 PRISM climate data.
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We considered models representing a  priori hy-
potheses containing ecologically relevant combi-
nations of covariates and determined the most 
supported models for each species (Appendix 
S1). We hypothesized a combination of climate, 
and land cover variables would be the best pre-
dictor of avian abundance and climate would be 
a major driver of species distributions. We first 
tested all covariates for multicollinearity, and we 
found only canopy and forest cover correlated; 
therefore, we only used percent forest or canopy 
cover in any single model. We then constructed 
hypotheses to compare the individual and com-
bined effects of climate vs. landscape factors on 
avian abundance. They included landscape hy-
potheses separated into composition, structure, 
and pattern covariates, climate hypotheses sep-
arated by temperature and precipitation, and a 
global hypothesis combining both landscape 
and climate variables. We began by consider-
ing models with a single covariate and then 
proceeded by considering models with combi-
nations of supported covariates. We identified 
the most supported models (models ≤ 2 ΔDIC, 
Deviance Information Criterion units) using the 
DIC (Spiegelhalter et al. 2002) and used the best- 
supported model to make abundance predic-
tions. Initial model runs examined a conditional 
autoregressive prior for the route random effect 
to control for potential spatial correlation among 

route counts (Thogmartin et al. 2004), but these 
models had higher ΔDIC values than the alterna-
tive model in all cases.

Abundance maps
We mapped predicted relative abundances 

using ArcGIS v. 10.2 (ESRI 2013) Spatial Analyst 
raster calculator (Thogmartin and Knutson 2007). 
We created two lattices equivalent to the mean 
area covered by the 100- m and 1- km buffered 
NABBS routes, and averaged pixel values for 
each environmental covariate within the cells. 
We then estimated relative abundances across 
the landscape using the gridded rasters. Final 
predicted abundances were mapped as a 7- yr 
expected mean count centered on the 2001 NLCD 
for a given 9030- m resolution pixel (the average 
resolution for a 1 km buffered route). We chose 
2001 for our prediction map in order to use it 
as the basis for future work modeling the effects 
of climate change 100 yr into the future.

Model validation
We tested the predictive performance of the 

best models on a new set of data collected after 
the final year of the data used to originally fit 
the models. First, we re- fit the top models using 
the beta coefficients as informative priors and 
made predictions of species abundance for 
NABBS routes across the study area using 

Table 2. Mean, standard deviation (SD), minimum value (Min), and maximum value (Max) of environmental 
covariates used to predict abundances of five bird species in the Central United States.

Environmental variables Mean SD Min Max

Cropland (%) 54.48 27.47 0.00 94.49
Grassland (%) 3.62 9.02 0.00 79.25
Shrub (%) 5.31 11.18 0.00 84.47
Forest (%) 26.91 23.71 0.00 94.82
Deciduous forest (%) 19.87 19.35 0.00 84.50
Coniferous forest (%) 5.17 12.02 0.00 68.86
Early successional forest (%) 11.81 19.02 0.00 92.00
Mature forest (%) 24.73 22.87 0.00 98.00
Canopy (%) 23.68 20.29 0.00 84.00
Forest patch area (ha) 22.61 67.90 0.00 1019.92
Contagion (%) 66.67 14.31 27.16 97.80
Ruggedness index 4.03 3.59 0.17 22.38
Summer precipitation (mm) 101.48 31.26 31.16 356.19
Summer temperature (°C) 30.13 2.13 24.78 36.67
Summer maximum monthly 

average temperature (°C)
31.59 2.41 25.57 38.82

Winter precipitation (mm) 80.15 43.10 5.71 239.46
Winter temperature (°C) −3.15 4.07 −15.98 8.82



June 2016 v Volume 7(6) v Article e013597 v www.esajournals.org

LEBRUN ET AL.

reconciled 2006 NLCD, PRISM climate data from 
2005–2008, and 2000 NBCD. We then regressed 
NABBS route counts collected across the study 
areas, but not used in model construction (i.e., 
2006, 2007, 2008, and 2009), against the predicted 
abundance of each modeled species using 
RStudio 0.96.330 and R 2.12.1 (R Development 
Core Team 2013, RStudio Team 2014). Lastly, 
we calculated the adjusted R2 and root mean 
squared error (RMSE) for each of the four pre-
diction years and five avian species.

results

Most supported models were either a com-
bination of land cover and climate or solely 
land cover variables (Table 3). The 8000 ha 
scale was consistently the best spatial scale 

across species for characterizing patterns in bird 
abundance (Table 3, Appendix S1). Habitat af-
finity of bird species was an important deter-
minant of climate sensitivity whereas migratory 
behavior did not appear associated with sen-
sitivity to climate. Models for species preferring 
early successional habitats (i.e., prairie warbler, 
blue- winged warbler, and northern bobwhite) 
improved with the addition of climate variables, 
whereas models for species dependent on con-
tiguous mature forest did not improve with 
the addition of climate variables (Table 3, 
Appendix S1).

Forest cover and canopy cover were the primary 
drivers of species relative abundance (Figs. 2–6). 
Species dependent on early successional habitat 
had abundances influenced primarily by forest 
cover, while canopy cover affected mature forest 

Table 3. Explanatory variables, and posterior distribution means (fiftieth percentile of the simulations), lower 
(LCI) and upper (UCI) credible intervals included in the best competing models for predicting abundance of 
prairie warbler, blue- winged warbler, northern bobwhite, pine warbler, and worm- eating warbler in the 
Central United States, 1997–2003.

Species Explanatory variables Mean 95% LCI 95% UCI

Prairie warbler Coniferous forest (%) −0.05 −0.30 0.19
Early successional (%) 0.28 0.08 0.53
Forest (%) 1.90 1.56 2.23
Grass (%) −0.34 −0.91 0.10
Shrub (%) 0.15 −0.15 0.45
Average maximum precipitation (mm) 0.07 −0.03 0.16
Average maximum summer temp (°C) 0.27 0.01 0.52
Average maximum summer temp squared (°C) −0.03 −0.12 0.05

Blue- winged warbler Coniferous forest (%) −1.65 −2.41 −0.99
Early successional (%) −0.44 −0.86 −0.03
Forest (%) 2.35 2.86 3.40
Grass (%) −0.92 −0.86 0.09
Max monthly average summer temp (°C) −0.30 −0.63 0.03
Max monthly average summer temperature 

squared (°C)
0.32 0.09 0.53

Northern bobwhite Contagion (%) −0.72 −0.94 −0.51
Crop (%) 1.05 0.64 1.43
Early successional (%) −0.29 −0.52 −0.06
Forest (%) 0.93 0.57 1.27
Shrub (%) −0.46 −0.73 −0.19
Average winter precipitation (mm) −0.02 −0.07 0.03
Average minimum winter temp (°C) 0.22 0.10 0.34

Pine warbler Canopy cover (%) 2.45 1.96 2.99
Coniferous forest (%) 1.09 0.82 1.37
Forest patch area (ha) −0.29 −0.58 −0.03
Mature forest (%) 0.24 −0.05 0.53

Worm- eating warbler Canopy cover (%) 2.67 2.17 3.25
Forest patch area (ha) −0.14 −0.30 0.03
Shrub (%) −0.88 −1.37 −0.44
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associated species. Prairie warbler, blue- winged 
warbler, and northern bobwhite  increased by 
approximately 9, 14, and 79 birds per route, re-
spectively, across the observed range of percent 
forest cover (i.e., 3, 6, and 5 times greater than 
the mean non- zero route counts for each spe-
cies; Table 4, Figs. 2–4). In comparison, the pine 
and worm- eating warblers increased by 27 and 
six birds per route across the observed extent of 
percent canopy cover (i.e., two and three times 
greater than the mean non- zero route counts 
for each species; Table 4, Figs. 5 and 6). We also 
found northern bobwhite abundance negatively 
affected by increasing contagion (e.g., reduced 
habitat patchiness), decreasing by 36 birds per 

route (i.e., two times greater than the mean non- 
zero route count; Table 4, Fig. 4). Similarly, pine 
warblers were positively affected by the percent 
coniferous forest in the landscape and increased 
by six birds per route (i.e., 10% of the maximum 
route count; Table 4) across the observed range 
of the variable (Fig. 5). Unlike the resident (i.e., 
northern bobwhite) and short- distance migrant 
(i.e., pine warbler), the three Neotropical mi-
grants’ (i.e., prairie, blue- winged, and worm- 
eating warblers) next most influential variables 
only increased abundance by <1 bird per route 
(Figs. 2, 3 and 6).

Models improved for prairie warbler, blue- 
winged warbler, and northern bobwhite with 

Fig. 2. The effects of the environmental covariates on prairie warbler relative abundance in the Central 
United States, 1997–2003. Dashed lines represent the confidence intervals around the predictions.
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the addition of climate covariates (Appen-
dix S1). The most significant (>1 birds/route) 
climate effect we observed was for northern 
bobwhite abundance. The northern bobwhite 
increased by nine birds per route (i.e., 9% of 
the maximum count, MC) with increasing win-
ter temperature and increased by one bird per 
route (i.e., 1% of the MC) with decreasing win-
ter precipitation (Table 4, Fig. 4). Prairie war-
bler abundance increased by <1 bird per route 
across the observed range in summer tem-
perature and precipitation and abundance of 
blue- winged warblers decreased by <1 bird per 
route across the range of summer temperature 
(Figs. 2 and 3).

Highest predicted abundance, for all species 
except the northern bobwhite, was primarily in 
and around areas with extensive forest cover; 
however, percent forest cover varied among spe-
cies and across the four BCR (Figs. 7–11). Prairie 
warblers were primarily located in the Central 
Hardwoods BCR and the West Gulf Coastal 
Plain/Ouachita BCR. Highest prairie warbler 
abundances occurred mainly in the Ouachita 
National Forest in west central Arkansas and in 
portions of central Tennessee (Fig. 7). The blue- 
winged warbler differed from the prairie war-
bler and occurred mainly in the Central Hard-
woods BCR with the highest concentrations 
in the Mark Twain National Forest within the 

Fig. 3. The effects of the environmental covariates on blue- winged warbler relative abundance in the Central 
United States, 1997–2003. Dashed lines represent the confidence intervals around the predictions.
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Missouri Ozarks followed by portions of cen-
tral Tennessee, and the Ozark National Forest 
in northwestern Arkansas (Fig. 8). Conversely, 
the previous species, the highest abundances 
of northern bobwhite were widely distributed 
across the four BCR with the highest concen-
trations in northeastern Missouri, southeastern 
Oklahoma and in eastern Kansas near the Flint 
Hills (Fig. 9). Similar to the prairie warbler, 
the pine warbler occurred in both the Central 
Hardwoods BCR and the West Gulf Coastal 
Plain/Ouachita BCR. However, pine warbler 
abundance was less concentrated and primar-
ily occurred throughout the West Gulf Coast-
al Plain/Ouachita BCR and the western part of 
the Central Hardwoods BCR (Fig. 10).  Finally, 

the  worm- eating warbler mapped abundance 
was low (i.e., <5 birds/8000 ha) for all four BCR, 
but concentrated within the Missouri Ozarks 
centered near the Mark Twain National Forest, 
and in west central Arkansas centered near the 
Ozark National Forest (Fig. 11).

Model validation for the most supported spe-
cies models had a moderate to good fit (R2 = 0.36–
0.85) with the lowest R2 for the worm- eating war-
bler and the highest R2 for the prairie warbler 
in 2006 (Appendix S2). The range of R2 values 
across years coincided with the amount of model 
uncertainty for each species (Appendices S1 and 
S2), however; it did not determine how well the 
models predicted relative abundance. We did 
not observe a drop in model  predictability across 

Fig. 4. The effects of the environmental covariates on northern bobwhite relative abundance in the Central 
United States, 1997–2003. Dashed lines represent the confidence intervals around the predictions.
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the four validation years from 2006 to 2009 for 
most of the species except for the prairie warbler 
(decreasing from R2 = 0.85–0.58) and the north-
ern bobwhite (decreasing from R2 = 0.70–0.63; 
Appendix S2). The species models fitting best 
were the prairie warbler (RMSE = 1.4; n = 97 
maximum count/route; MC/R), followed by the 
pine warbler (RMSE = 5.1; n = 30 MC/R) and the 
northern bobwhite (RMSE = 8.68; n = 112 MC/R) 
with all having R2 ≥ 0.6, while the worm- eating 
(RMSE = 0.91; n = 14 MC/R) warbler and the blue- 
winged warbler (RMSE = 1.3; n = 15 MC/R) fit 
moderately well with R2 ≥ 0.3 and <0.6. Original-
ly, the worm- eating warbler model did a poor job 
of predicting relative abundance for the four val-
idation years (e.g., R2 < 0.35); however, a single 
site within the Missouri Ozarks acted as an outli-
er to the rest of the predictions. After the remov-
al of this site across all 4 yr, model predictions 
increased by 15–40%.

dIscussIon

We successfully applied Bayesian hierarchical 
count models to predict avian abundance across 
space, time, and species. Our models did just 

as good or better at predicting species abun-
dance at a regional scale compared to other 
studies using similar methods (Thogmartin et al. 
2004, Forcey et al. 2007, 2011, Thogmartin and 
Knutson 2007, Murray et al. 2008, LeBrun et al. 
2012). Unlike these previous studies, we mod-
eled species abundance across a latitudinal 
gradient that allowed us to draw inferences 
concerning climate factors based on variation 
in climate across the region. Our average sum-
mer temperatures for this region had a range 
of 12°C, which is almost double the expected 
increase in temperature under the highest emis-
sions scenario for the end of the century (IPCC 
2007). In addition to predicting avian abundance 
across space, we successfully validated predic-
tions projected into the future whereas similar 
studies found mixed results for models validated 
against either independently collected data, or 
from a portion of data withheld from model 
construction (Thogmartin et al. 2004, Murray 
et al. 2008, LeBrun et al. 2012). Lastly, we suc-
cessfully predicted a range of species across a 
habitat gradient from farmland to mature forest. 
Based on our validations, we are confident that 
our results credibly identify effects of both 

Fig. 5. The effects of the environmental covariates on pine warbler relative abundance in the Central United 
States, 1997–2003. Dashed lines represent the confidence intervals around the predictions.
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climate and land cover on species abundance 
over a broad geographic region.

Land cover was a primary driver for all species 
and only a few species performed better with the 
addition of climate covariates, with only one spe-
cies exhibiting any significant climate effect (i.e., 
positive effect of winter temperature on northern 
bobwhite abundance). Other studies have shown 
that land cover and land use were stronger driv-
ers of species abundance than climate factors 
in the United Kingdom (Eglington and Pearce- 
Higgins 2012), whereas, other research suggests 

that climate may play a greater role in determin-
ing abundance (Lemoine et al. 2007, DesGranges 
and LeBlanc 2012, Cumming et al. 2014). These 
contradictory results may indicate that climate 
effects are habitat-  and species- specific and may 
differ over a species annual cycle and range (Wil-
son et al. 2011). Species in more northerly lati-
tudes seem to show stronger impacts associated 
with climate than species with ranges centered 
at lower latitudes, suggesting climate is a great-
er limiting factor closer to the poles (DesGrang-
es and LeBlanc 2012, Cumming et al. 2014). 

Fig. 6. The effects of the environmental covariates on worm- eating warbler relative abundance in the Central 
United States, 1997–2003. Dashed lines represent the confidence intervals around the predictions.

Table 4. Bird species summary statistics for North American Breeding Bird Survey route counts (n = 2140) in 
the Eastern Tallgrass Prairie, Central Hardwoods, West Gulf Coastal Plain/Ouachitas, and Mississippi Alluvial 
Valley Bird Conservation Regions in the United States, 1997–2003.

Species Min Mean Max Variance
Count 
sum

Total zero 
counts (%)

Non- zero 
mean

Non- zero 
variance

Prairie warbler 0.0 0.8 30.0 5.1 1648.0 78.2 3.5 13.4
Blue- winged warbler 0.0 0.2 15.0 0.7 392.0 92.2 2.4 4.5
Northern bobwhite 0.0 13.1 102.0 237.1 28,128.0 19.4 16.3 242.6
Pine warbler 0.0 2.9 60.0 63.5 6169.0 78.8 13.6 153.8
Worm- eating 

warbler
0.0 0.2 14.0 0.8 354.0 92.7 2.3 5.6
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 However, when habitat availability is already 
low, climate can increase the extinction threshold 
of a species (Travis 2003). For several species, we 
studied only the southern edge of their ranges 
and it is possible that at higher latitudes climate 
will increase in significance especially in areas 
with greater habitat loss (Travis 2003). Ultimate-
ly it is likely that the influence of climate change 
over time will overtake land use as the principal 
driver of bird populations; there is evidence to 
suggest that this shift has begun in Central Eu-
rope (Lemoine et al. 2007).

One of the most significant findings from our 
study was that forest and canopy cover were 
the most influential environmental factors for 
 determining abundance for early succession-
al and mature forest species respectively. Even 

though early successional and mature forest spe-
cies differed between forest and canopy cover, we 
found those two covariates were highly correlat-
ed across our region. A similar study examining 
regional abundance support our findings of the 
importance of forest cover over climate factors 
(Filloy and Bellocq 2013). Our results contradict-
ed our initial hypotheses that transitional habitat 
(i.e., shrub and forests <20 yr old) is the primary 
driver of early successional species abundance. 
This is possibly the result of our NABBS routes 
averaging <12% in early- successional forest with-
in 1 km of a route. We would likely see stronger 
associations if our sites were located in areas 
with more early- successional habitat instead 
of along roadways (Keller and Scallan 1999). 
However, recent research suggests that species 

Fig. 7. Maps of 2001 predicted relative abundance for prairie warbler within four Bird Conservation Regions 
(BCR) across the Central United States.
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considered early successional obligates may ac-
tually utilize forest habitat more than originally 
thought (Thogmartin 2010, Streby et al. 2012). 
Forest land cover in this region also consists of a 
gradient of forest communities including savan-
na and woodland, which are used extensively 
by many species considered early succession-
al species (Reidy et al. 2014). Besides the possi-
bility of additional use of forest cover by early 
successional species, forested areas are some of 
the only locations with significant amounts of 
suitable habitat in this region highly fragment-
ed by agriculture. In this region, forested areas 
are primarily clustered around publicly man-
aged lands (Bonnot et al. 2013). Management on 
these public lands is primarily for multiple uses 
including wood products, savanna woodland 

restoration, and wildlife habitat (Hamilton et al. 
2013).  Strategic planning of forest restoration ef-
forts in and around these publicly owned lands 
is key for increasing survival for some of these 
species (Bonnot et al. 2013).

We found species habitat associations were 
a key determinant of whether a species experi-
enced any climate effects, while migratory be-
havior did not exhibit a clear connection. Species 
preferring more open canopy characteristics ex-
hibited model improvement with the inclusion 
of temperature and/or precipitation variables to 
habitat models whereas forest- dependent spe-
cies did not show similar model improvement. 
This may indicate the role that habitat, particu-
larly complex vertical structure, has on provid-
ing shelter and protection from extreme weather 

Fig. 8. Maps of 2001 predicted relative abundance for blue- winged warbler within four Bird Conservation 
Regions (BCR) across the Central United States.
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events as well as changes across microclimates 
(Zimmerman et al. 2009, Scheffers et al. 2014). 
Even though we found no clear connection be-
tween migratory pattern and climate, migratory 
species may be influenced more by climate fac-
tors on the wintering grounds (Wilson et al. 2011) 
or during migration due to changes in vegetation 
phenology or weather events (Gordo 2007, Jones 
and Cresswell 2010, Saino et al. 2011).

Climate change will affect species positively 
and negatively. Climate predictions for the Mid-
western United States call for hot dry summers 
and warm wet winters (Wuebbles and Hayhoe 
2004). Prairie warblers would benefit from cli-
mate warming in the region because we found 
their abundance increased with rising summer 

temperatures to a threshold around 36°C. North-
ern bobwhite will likely benefit from projected 
warmer winter temperatures, but at the same 
time decrease in abundance with increasing 
winter precipitation. Lusk et al. (2001) found the 
reverse relationship between precipitation and 
northern bobwhite abundance; however, their 
study only sampled a portion of the southern 
end of the northern bobwhite’s range. Thus, there 
will be winners and losers as climate changes 
with noticeable changes in avian abundance and 
distribution across the region.

Our data also provide evidence for shifting 
species distributions. Prairie warblers should 
increase along the northern border of their 
range as temperatures increase, and  eventually 

Fig. 9. Maps of 2001 predicted relative abundance for northern bobwhite within four Bird Conservation 
Regions (BCR) across the Central United States.
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contract along its southern border once tem-
peratures exceed 36°C. Hitch and Leberg (2007) 
found  evidence to suggest both prairie war-
blers and blue- winged warblers have begun 
to shift their ranges northward as tempera-
tures across the United States have increased. 
Along with Hitch and Leberg’s (2007) findings 
of a 0.6 km/yr northward shift for the prairie 
warbler, our results  indicate a possible time lag 
or slower northward shift in its range. In ad-
dition to the prairie  warbler results, we found 
that as summer temperatures increase, blue- 
winged warbler abundance decreases, provid-
ing a mechanism to support Hitch and Leberg’s 
(2007) findings of an average northward shift 
of around 3 km/yr. However, our results also 

showed blue- winged warbler abundance in-
creasing slightly at the highest temperatures. 
This conflicting response of the blue- winged 
warbler to the highest temperatures may indi-
cate that the timing and duration of temperature 
extremes within a season is important (Bolger 
et al. 2005, Albright et al. 2010b, 2011). Extreme 
temperatures, in this region, primarily occur in 
late summer near the end of the breeding sea-
son and start of migration for the  blue- winged 
 warbler. Therefore, cooler temperatures during 
nesting and fledgling stages followed by an end 
of the summer heat wave may not be as det-
rimental to blue- winged warbler productivity. 
These results illustrate the complexities asso-
ciated with determining the impacts of climate 

Fig. 10. Maps of 2001 predicted relative abundance for pine warbler within four Bird Conservation Regions 
(BCR) across the Central United States.
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on species abundance as well as provide ratio-
nale for range shifts already occurring.

Other effects of climate may also play a sig-
nificant role in determining abundance (Ro-
denhouse et al. 2008, Jones and Cresswell 2010, 
 Matthews et al. 2011, Saino et al. 2011). Species 
not currently exhibiting impacts from tempera-
ture and precipitation, such as the worm- eating 
and pine warblers, may exhibit them through 
indirect effects associated with climate induced 
habitat loss (Mantyka- Pringle et al. 2012) brought 
on by changes in vegetation composition (Ro-
denhouse et al. 2008, Matthews et al. 2011) and 
structure (Meynard and Quinn 2008). In addition 
to changes to habitat composition and structure, 
phenological shifts resulting in the reduction of 

food resources during important life stages such 
as breeding and migration could also affect these 
species (Mac Nally et al. 2009, Dybala et al. 2013, 
Jenouvrier 2013, Whitehouse et al. 2013). With the 
reduction of habitat and food resources,  species 
are more susceptible to interactions with other 
species through competition for suitable habi-
tat (Auer and Martin 2013, Urban et al. 2013) or 
temperature induced increases in predation (Cox 
et al. 2013a, b). Managing for changes in climate 
by maintaining and creating new habitat will be 
essential for mitigating these potential indirect 
effects of climate change.

Species- specific responses to the effects of cli-
mate present unique challenges to land manag-
ers trying to balance species management over a 

Fig. 11. Maps of 2001 predicted relative abundance for worm- eating warbler within four Bird Conservation 
Regions (BCR) across the Central United States.
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variety of land covers. Landscapes with a high 
percentage of public lands within the Central 
United States are among the few remaining land-
scapes with high percentages of forest cover in 
a region dominated by agriculture. These forest-
ed  landscapes act as refugia for species already 
vulnerable to habitat loss and will only become 
more important as climate and land use effects 
increase (Hamilton et al. 2013, 2014). In addition, 
where habitat availability is already low, climate 
change has the potential to lower the threshold 
at which species go extinct (Travis 2003). Spe-
cies already vulnerable to the effects of climate 
and habitat changes (i.e., species experiencing 
habitat loss) will need greater attention paid to 
habitat management. Therefore, habitat man-
agement will be important in mitigating and 
adapting to the effects of climate and land use 
change through forest conservation, creation, 
and restoration (Seavy et al. 2009, Conroy et al. 
2011, Bernazzani et al. 2012). Conservation ef-
forts are likely to be more effective if concentrat-
ed around areas with high abundances and that 
provide an array of habitats (Reidy et al. 2014). 
The goal should be to maintain species diversi-
ty while maintaining and expanding habitat in 
and around public lands through conservation 
easements (Rissman et al. 2007, Mac Nally et al. 
2009, Bonnot et al. 2013). Many scientists have 
suggested  management strategies to both adapt 
and mitigate the effects of future changes to cli-
mate through forest management focused on 
resilience, adaptation, and carbon sequestration 
(Dale et al. 2000, Millar et al. 2007, Evans and 
Perschel 2009, Lawler 2009). However, only a few 
have attempted to implement these management 
strategies (Schneiderman 2015, Wang et al. 2015), 
and even fewer have looked at how these man-
agement activities may affect wildlife. Future 
work exploring management aimed at mitigat-
ing and adapting to future climate change could 
be beneficial to species already vulnerable to cli-
mate and habitat changes.
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