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ABSTRACT
Knowledge of the demography and habitat requirements of the endangered Golden-cheeked Warbler (Setophaga
chrysoparia) is needed for its recovery, including measures of productivity instead of reproductive indices. We report
on breeding phenology and demography, calculate model-based estimates of nest survival and seasonal productivity
and evaluate support for relationships with forest type, forest edge density, day of year, and year, and determine
correspondence in these 2 measures of reproductive success. Males arrived in early March. Females laid the first egg of
the first clutch in early April, made up to 5 nesting attempts, and completed nesting by mid-June. The most-supported
nest survival model included day of year, proportion of juniper and juniper–oak forest within a 100-m radius of each
nest, and the interactive effect of year and forest edge density. The most-supported seasonal productivity model
included proportion of each forest type and the interactive effect of year and forest edge density. Seasonal
productivity increased from 1.38 to 3.96 fledglings per territory and from 1.38 to 2.40 fledglings per territory across
0.00 to 0.87 and 0.00 to 1.00 proportion of juniper and proportion of juniper–oak forest, respectively. Seasonal
productivity ranged from 1.86 to 3.12 fledglings per territory in 2010 and 2004, respectively (mean 6 SD ¼ 2.36 6
0.37). Correlations between nest survival and seasonal productivity were strong when we controlled for the effect of
year indicating demographic parameters other than nest survival, particularly renesting, double brooding, and
polygyny, made an important contribution to actual seasonal productivity. The similarity in relationships of both
measures of reproductive success with forest type and edge density and parallel findings for density with these habitat
metrics reported in other studies provide strong rationale for protecting sites with high proportions of juniper and
juniper–oak forest and less forest edge to further recovery efforts for the Golden-cheeked Warbler.

Keywords: breeding demography, breeding phenology, forest edge density, forest type, nest survival, seasonal
productivity, temporal factors, Setophaga chrysoparia

La productividad estacional y la supervivencia del nido de Setophaga chrysoparia varı́an con el tipo de
bosque y la densidad de borde

RESUMEN
Se necesitan conocer la demografı́a y los requerimientos de hábitat de la especie en peligro Setophaga chrysoparia
para su recuperación, incluyendo mediciones de productividad en lugar de ı́ndices reproductivos. Brindamos
resultados de fenologı́a reproductiva y de demografı́a, calculamos estimaciones de supervivencia del nido y
productividad estacional basadas en modelos y evaluamos las relaciones con el tipo de bosque, la densidad de borde
de bosque, el dı́a del año y el año, y determinamos la correspondencia en estas dos medidas de éxito reproductivo. Los
machos llegaron a principios de marzo. Las hembras pusieron el primer huevo de la primera nidada a principios de
abril, realizaron hasta cinco intentos de nidificación y completaron la nidificación hasta mediados de junio. El modelo
de supervivencia del nido con mayor soporte incluyó el dı́a del año, la proporción de bosque de enebro y enebro-roble
dentro de un radio de 100 m desde cada nido, y el efecto interactivo del año y la densidad de borde de bosque. El
modelo de productividad estacional con mayor soporte incluyó la proporción de cada tipo de bosque y el efecto
interactivo del año y la densidad de borde de bosque. La productividad estacional aumentó de 1.38 a 3.96 volantones
por territorio y de 1.38 a 2.40 volantones por territorio a través de 0.00 a 0.87 y de 0.00 a 1.00 de proporción de enebro
y de proporción de bosque de enebro-roble, respectivamente. La productividad estacional varió entre 1.86 y 3.12
volantones por territorio en 2010 y 2004, respectivamente (media 6 DE ¼ 2.36 6 0.37). Las correlaciones entre
supervivencia del nido y productividad estacional fueron fuertes cuando controlamos por el efecto del año, indicando
que los parámetros demográficos distintos de la supervivencia del nido, particularmente la nidificación repetida, la
nidada doble y la poliginia contribuyeron de modo importante a la productividad estacional. La similitud en las
relaciones de ambas medidas de éxito reproductivo con el tipo de bosque y la densidad de borde, y los hallazgos
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paralelos de densidad usando estas métricas de hábitat presentados en otros estudios, brindan un fuerte argumento
para proteger los sitios con alta proporción de bosque de enebro y enebro-roble y menos borde de bosque,
permitiendo impulsar los esfuerzos de recuperación de S. chrysoparia.

Palabras clave: demografı́a reproductiva, densidad de borde de bosque, factores temporales, fenologı́a reproductiva,
productividad estacional, Setophaga chrysoparia, supervivencia del nido, tipo de bosque

INTRODUCTION

Despite ongoing advances in our understanding of

migratory birds’ year-round ecology, there are still

relatively few bird species for which we have accurate

estimates of habitat-specific demographic parameters

(Faaborg et al. 2010). Accurate estimation of parameters

such as survival and productivity requires intensive field

studies of individually marked birds, which by necessity are

conducted at a local scale (Sherry and Holmes 1999,

Anders and Marshall 2005, Faaborg et al. 2010). Repro-

ductive indices do not always correlate well with

productivity because many factors other than nest survival

influence total number of fledglings per territory produced

in a season (Fauth 2001, Thompson et al. 2001).

Researchers have developed models that incorporate nest

survival and aspects of breeding demography to predict

productivity (Ricklefs 1970, Pease and Grzybowski 1995,

Powell et al. 1999, Farnsworth and Simons 2001), but these

models may produce biased estimates of productivity by

assuming a fixed number of renesting attempts, constant

nest survival throughout the season, or the same number

of fledglings from every nest. Furthermore, some of these

models do not provide an associated measure of variation

in productivity among individuals within a population.

Accurate estimates of productivity and its variation are

critical for modeling population growth rate (Conroy et al.

1995).

The Golden-cheeked Warbler (Setophaga chrysoparia;

Figure 1) is a federally endangered Neotropical migratory

songbird with a restricted breeding range of 27 counties in

central Texas (Groce et al. 2010). Its breeding habitat is

old-growth and mature second-growth juniper–oak (Juni-

perus ashei–Quercus spp.) woodlands (Ladd and Gass

1999). Ashe juniper is often the dominant tree species

found in breeding habitat (Pulich 1976, Dearborn and

Sanchez 2001, Emrick et al. 2010), and strips of its peeling

bark are important components of Golden-cheeked

Warbler nests (Pulich 1976). Spanish oak (Quercus

buckleyi) and plateau live oak (Quercus fusiformis) are

the most common broadleaf species found in breeding

habitat, although a variety of other oak and deciduous tree

species also occur across the breeding range (Ladd and

Gass 1999). Both Ashe juniper and oak species provide

important foraging and nesting substrate for Golden-

cheeked Warblers (Kroll 1980, Ladd 1985, Beardmore

1994).

The U.S. Fish and Wildlife Service (1992) listed the

Golden-cheeked Warbler as endangered in 1990 on an

emergency basis because of concerns over habitat loss and

fragmentation of breeding habitat attributed to urban

development, agriculture, and construction of flood-

control impoundments. The Golden-cheeked Warbler

recovery plan lists the need to ‘‘determine habitat

requirements and selection patterns in the breeding range’’
as a task necessary to attain the recovery objective of

delisting (U.S. Fish and Wildlife Service 1992: Task 1.31).

Models developed to predict occupancy as a function of

remotely sensed habitat metrics have found that occur-

rence is positively associated with percent juniper–oak

woodland (Magness et al. 2006), patch size (DeBoer and

Diamond 2006, Magness et al. 2006, Collier et al. 2010,

Mathewson et al. 2012), and vegetation height and canopy

cover (Farrell et al. 2013). These models are useful tools for

determining the spatial distribution of habitat where

warblers are likely to occur and hence provide important

insight for habitat management and recovery.

Assessing the status of a species requires not only

knowledge of the spatial distribution of its habitat but also

of habitat quality. Often it is not practical to assess habitat

quality directly, so habitat-specific demographic measures

are used as indicators of habitat quality for purposes of

avian conservation and habitat management (reviewed in

Johnson 2007). Peak and Thompson (2013) examined

density of singing male Golden-cheeked Warblers on Fort

Hood Military Installation as a function of remotely sensed

habitat metrics and found density was positively associated

with proportion of juniper and juniper–oak forest within a

100-m radius of each point and with proportion of forest

cover within a 1-km radius, but negatively associated with

forest edge density within a 100-m radius. Because density

is not always positively correlated with habitat quality (Van

Horne 1983, Vickery et al. 1992, Bock and Jones 2004),

other demographic measures such as productivity and

survival should be used in addition to density when

assessing habitat quality. In addition to determining

habitat requirements in the breeding range, the Golden-

cheeked Warbler recovery plan identifies studying the

relationship of predators to reproductive success and the

effects of habitat fragmentation on reproductive success as

tasks necessary to attain the recovery objective of delisting

(U.S. Fish and Wildlife Service 1992: Tasks 1.24 and 1.32).

Studies using video surveillance have identified Texas rat

snakes (Pantherophis obsoletus) as the most frequent
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predator of Golden-cheeked Warbler nests (Stake et al.

2004, Reidy et al. 2008). Studies have examined the

relationship between Golden-cheeked Warbler reproduc-

tive success and a variety of edge-related metrics including

forest edge density (Peak 2007), open edge density,

proximity to edge, percent open habitat, and percent

developed habitat (Reidy et al. 2009), patch size (Coldren

1998, Maas-Burleigh 1998, Butcher et al. 2009), and edge-

to-area ratio of a patch (Campomizzi et al. 2012). No one

has examined the relationship between nest survival or

seasonal productivity and proportion of juniper–oak

woodland at the habitat-patch scale; as these measures

approach one, the amount of available habitat is maxi-

mized, habitat is less fragmented, and there is less edge.

Understanding the relationship between reproductive

success and proportion of juniper–oak woodland at the

habitat-patch scale will enable managers to parameterize

habitat-based population models that can be used to assess

the status of the species and prioritize sites for recovery.

We report on aspects of Golden-cheeked Warbler

breeding phenology and demography, calculate model-

based estimates of nest survival and seasonal productivity

and evaluate support for relationships with forest type,

forest edge density, day of year, and year, and determine

correspondence in these two measures of reproductive

success. We predicted: (1) forest edge density should be

negatively related to nest survival and seasonal productiv-

ity because Texas rat snakes preferentially use forest edges

(Sperry et al. 2009); (2) proportion of juniper–oak and

juniper forest should be positively related to nest survival

and seasonal productivity because it is inversely related to

edge and both Ashe juniper and oaks provide important

foraging substrate for Golden-cheeked Warblers (Kroll

1980, Ladd 1985, Beardmore 1994); (3) day of year should

be negatively related to nest survival because snake

predation is positively correlated with day of year (Stake

2003); and (4) nest survival and seasonal productivity

should vary among years reflecting annual changes in prey

or predator abundance patterns (Sherry and Holmes 1992,

Holmes et al. 1996, Ostfeld and Keesing 2000).

METHODS

Study Area
Fort Hood Military Installation is an 87,890-ha active U.S.

Army military installation located in Bell and Coryell

Counties, Texas (318120N, 978440W). The installation spans

the Crosstimbers and Southern Tallgrass Prairie and

Edwards Plateau ecoregions (The Nature Conservancy

1997). Fort Hood contains an estimated 24,650 ha of

potential Golden-cheeked Warbler habitat (Peak and

Thompson 2013) and supports the largest known popu-

lation under a single management agency (Ladd and Gass

1999). Researchers have studied the demography of

Golden-cheeked Warblers on the installation since 1991

(U.S. Fish and Wildlife Service 1993).

Field Methods
Capturing and marking individuals. We collected

phenological and demographic data from 5 study sites

ranging in size from 164 to 250 ha during the 2003–2013

breeding seasons. Researchers established the study sites as

part of a long-term intensive demographic monitoring

study implemented in accordance with the terms and

conditions outlined in the Biological Opinion (U.S. Fish

and Wildlife Service 1993).We used recorded vocalizations

of Golden-cheeked Warblers to capture at least one

individual from each territory on the study sites. We

banded all Golden-cheeked Warblers we captured, regard-

less of age or sex, with a U.S. Geological Survey aluminum

band and a unique combination of plastic-colored leg

bands. At the banding location, we recorded coordinates

with a GPS. We aged and sexed birds using characteristics

described in Pyle (1997) and Peak and Lusk (2009, 2011).

Nest searching and monitoring.We observed warblers

once every 5 d for �2 h from the beginning of March to

mid-June to collect data about their behavior, movement

patterns, and reproductive activities. Using a GPS unit, we

recorded locations to delineate territories and to identify

areas between territories to search for undetected males.

We used adult behavioral cues to locate nests. Once a nest

was located, we monitored it from a distance of �10 m at

least every other day to determine the date the female laid

the first egg of the first clutch, number of nesting attempts

per territory, number of days between renesting attempts,

and date the last nesting attempts were completed. We

conducted 25-minute observations of nests daily as the

FIGURE 1. Golden-cheeked Warbler (Setophaga chrysoparia) pair
feeding 10-day-old nestlings.
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estimated hatching date approached and made multiple

daily nest checks as the estimated fledging date ap-

proached to ensure we recorded the correct stage and

status of the nest, including number of fledglings. Heights

and locations of nests often precluded us from seeing nest

contents, so we used parental activity (laying, incubation,

or feeding) to assess status as successful or failed.

In the late 1980s, managers initiated Brown-headed

Cowbird (Molothrus ater) control programs (i.e. trapping

and shooting) on Fort Hood and in other parts of the

Golden-cheeked Warbler breeding range (Eckrich et al.

1999, Texas Parks and Wildlife Department 2014). The

programs were developed in response to high rates of

brood parasitism of Black-capped Vireo (Vireo atricapil-

lus) nests across their breeding range (U.S. Fish and

Wildlife Service 1991). These programs continued over the

duration of this study. Video surveillance studies have

found that Brown-headed Cowbirds do not pose a serious

threat to Golden-cheeked Warbler nest survival (Stake et

al. 2004, Reidy et al. 2008), so we did not consider the

effects of parasitism on nest survival or seasonal produc-

tivity.

We considered a nesting attempt complete when all

nestlings fledged or the adults abandoned the nest prior to

the fledging date. We confirmed fledging by observing

nestlings leaving the nest or by observing color banded

adults carrying food either to fledglings or repeatedly to an

area near the nest from which we heard begging calls. If no
fledglings were located, we considered the nest to have

failed and began searching for a renesting attempt. We

included data for all nests monitored during the 2003–

2013 breeding seasons in the nest survival analysis. We

used a subset of territories for which we monitored every

nesting attempt to examine seasonal productivity, mea-

sured as total number of fledglings per territory produced

in a season. Hence, we believe our observed seasonal

productivity provides an accurate estimate of actual

seasonal productivity because we accounted for renesting

attempts, double brooding, and polygyny (Fauth 2001,

Thompson et al. 2001).

Habitat metrics. We calculated the proportion of

juniper and juniper–oak forest within a 100-m radius of

each nest because they represent breeding habitat and are

important predictors of density of singing male Golden-

cheeked Warblers on Fort Hood (Peak and Thompson

2013). We mapped the distribution of coniferous evergreen

forest and woodland (‘‘juniper forest’’) and mixed cold-

deciduous forest and woodland (‘‘juniper–oak forest’’)
from the Texas Ecological Systems Classification (Missouri

Resources Assessment Partnership 2009, Peak and

Thompson 2013). We calculated forest edge density (m

ha�1) using a vegetation map derived from Digital

Orthophotography Quarter Quadrangles as the base data

layer and Landsat Thematic Mapper 30 m resolution

imagery, abiotic data derived from a 10-m digital elevation

model, and field data as ancillary data (Pacific Meridian

Resources, Atlanta, Georgia, USA 1998). We used this map

to calculate forest edge density instead of the Texas

Ecological Systems Classification map because it mapped

patches at a higher resolution which more accurately

depicted boundaries between land-cover classes (i.e. forest

edge).

We used FRAGSTATS version 3.3 (McGarigal et al.

2002) to calculate forest edge density and proportion of

juniper and juniper–oak forest within a 100-m radius of

each nest. We defined edge as the boundary between forest

and any other land-cover class, which most often was bare

ground or grassland. We chose a 100-m radius around

each nest to determine proportion of juniper and juniper–

oak forest and forest edge density because this was the

finest level possible from our land-cover maps. This scale

also corresponds to the appropriate spatial scale for

ecology of rat snakes (Weatherhead and Hoysack 1989,

Durner and Gates 1993, Sperry et al. 2008). For the

seasonal productivity analysis, we related the number of

fledglings per territory produced in a season to the

averaged proportion of juniper and juniper–oak forest

and forest edge density for all nests in a territory.

Statistical Analyses
Using data from all years, we calculated mean (minimum,

maximum) arrival date of males to breeding sites, initiation

date of first clutch of the breeding season, completion date

of nesting attempts, and length of breeding season (i.e.

date first egg of first clutch was laid to date last nesting

attempt was completed). We calculated mean (minimum,

maximum, 6 SD) number of renesting attempts, of days

between renesting attempts, of days between first and

second broods, and of fledglings per territory from the
subset of territories for which we monitored every nesting

attempt. We used an information-theoretic approach

(Burnham and Anderson 2002) to evaluate support for a

priori candidate models that represented our hypotheses

concerning the relationship between habitat and temporal

factors and Golden-cheeked Warbler nest survival and

seasonal productivity. Our set of a priori candidate models

for nest survival included additive combinations of year,

cubic effect of day of year (day of yearþ day of year2þ day

of year3), proportion of juniper forest, proportion of

juniper–oak forest, and forest edge density or models with

the interactive effect of year and forest edge density (Table

1). We included the cubic effect of day of year in nest

survival models because Golden-cheeked Warbler nest

survival decreases nonlinearly as the breeding season

progresses (Peak 2007, Reidy et al. 2009). We included the

interactive effect of year and forest edge density because

nest survival generally decreases with increasing forest

edge density (Peak 2007, Reidy et al. 2009), but we
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hypothesized the relationship between these variables

would vary among years reflecting annual changes in

predator or prey abundance patterns. Our set of a priori

candidate models for seasonal productivity included the

same candidate models as for nest survival except we did

not consider the cubic effect of day of year because

seasonal productivity was calculated for the entire

breeding season (Table 1).

We evaluated the goodness-of-fit of the global nest

survival model with a Hosmer and Lemeshow (2000)

goodness-of-fit test and the global seasonal productivity

model using a k-fold cross validation (Boyce et al. 2002). To

assess multicollinearity in the global models, we examined

tolerance values for the covariates (Allison 1999; PROC

REG, SAS Institute, Cary, North Carolina, USA) and

checked for overdispersion in the data by examining the

Pearson v2 test statistic for the global models divided by

degrees of freedom (Burnham and Anderson 2002).

We fitted logistic-exposure models (Shaffer 2004,

Shaffer and Thompson 2007; proc GENMOD, SAS

Institute) to predict nest survival as a function of the

covariates and to calculate model-based estimates of nest

survival.We fitted generalized linear models with a Poisson

distribution to predict seasonal productivity as a function

of the covariates (PROC GLIMMIX, SAS Institute). We

used Akaike’s information criterion for small sample sizes

(AICc) to rank models from the most to the least

supported given the data (Burnham and Anderson 2002).

For the nest survival analysis, we used effective sample size

(Rotella et al. 2004) to compute AICc. We calculated

model-averaged nest survival and seasonal productivity

estimates based on a confidence set of models with a

DAICc , 4 and that did not include redundant models

when we removed uninformative parameters from other-

wise competitive models (Burnham and Anderson 2002,

Arnold 2010). We calculated daily survival rates as a

function of day of year and forest edge density and

seasonal productivity as a function of forest edge density

based on the confidence set of models by incrementally

varying the covariate of interest across its range of

observed values while holding the other covariates at their

observed means (Shaffer and Thompson 2007). For

proportion of juniper and juniper–oak forest, we covaried

their proportions within their observed range such that

they did not sum to .1. We estimated period nest survival

as the daily survival rate expanded for the entire nesting

cycle of 25 days (Shaffer and Thompson 2007). We

calculated Pearson correlation coefficients between pre-

dicted seasonal productivity and period nest survival by

year and across the values of the habitat covariates

supported in the models to determine the correspondence

in these 2 measures of reproductive success. We report

values as mean (minimum–maximum) or (6 SD).

We created a map of seasonal productivity for Fort

Hood by predicting seasonal productivity for each 10-m

pixel in potential Golden-cheeked Warbler breeding

habitat (Peak and Thompson 2013). To calculate habitat

covariate values for each pixel, we used a moving window

TABLE 1. Results of model selection examining the relationship between habitat and temporal factors and nest survival (2003�2013;
n ¼ 9,806) and seasonal productivity (2006�2013; n ¼ 423) for Golden-cheeked Warblers on Fort Hood Military Installation, Texas.
Forest type is proportion of juniper and juniper–oak forest within a 100-m radius of each nest for the nest survival analysis and for all
nests in a territory for the seasonal productivity analysis, K is the number of parameters in the model, AICc is Akaike’s information
criterion for small sample sizes, DAICc is the scaled value of AICc, and wi is the Akaike weight, which represents support for each
model.

Model K DAICc wi

Nest survival
Day of year þ day of year2 þ day of year3 þ forest type þ yeara 16 0.00 0.48
Day of year þ day of year2 þ day of year3 þ forest type þ forest edge density*year 27 0.78 0.32
Day of year þ day of year2 þ day of year3 þ forest type þ forest edge density þ year 17 2.01 0.17
Day of year þ day of year2 þ day of year3 þ year 14 7.44 0.01
Day of year þ day of year2 þ day of year3 þ forest edge density*year 25 7.48 0.01
Day of year þ day of year2 þ day of year3 þ forest edge density þ year 15 9.03 0.01
Forest type þ year 13 20.33 0.00
Year 11 28.53 0.00

Seasonal productivity
Forest type þ forest edge density * year b 18 0.00 0.81
Forest edge density * year 16 4.76 0.08
Forest type þ forest edge density þ year 11 4.98 0.07
Forest type þ year 10 6.15 0.04
Forest edge density þ year 9 11.25 0.00
Year 8 1194 0.00

a The AICc value for the most-supported model was 3065.24.
b The AICc value for the most-supported model was 1851.30.
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with the same radius used to calculate habitat covariates

for each nest. We used the raster calculator function in

ArcGIS version 9.3, the model-averaged coefficients from

the most-supported seasonal productivity model, and the

habitat covariate values for each pixel to calculate seasonal

productivity. Because the most-supported seasonal pro-

ductivity model included year, we equally weighted the 11

years of the study and used the result to make our

predictions.

RESULTS

Mean arrival date for males was 7 March (29 February–15

March, n¼ 17 males). Mean date females laid the first egg

of their first clutch was 7 April (22 March–23 April, n ¼
255 nests). Mean date pairs completed nesting was 12 June

(4 June–22 June, n ¼ 11 years). Mean length of breeding

season was 65 days (n ¼ 11 years). Females made up to 5

nesting attempts in a breeding season if a previous attempt

was not successful (mean¼ 1.37 nesting attempts, 6 0.65,

n ¼ 423 territories) with a mean of 6 days between when

the previous nest failed and the first egg was laid in the

subsequent attempt (3–10 days, 6 1.24, n ¼ 87 nests).

Mean number of days between first and second broods was

8 days (5–12 days, 6 2.44, n¼ 13 nests). Mean number of

fledglings per territory for which we monitored all nesting

attempts was 2.36 (0–11 fledglings, 6 0.37, n ¼ 423

territories).

We monitored 834 nests from 2003 to 2013 for an

effective sample size of 9,806. Values of the covariates

varied considerably among nests (Table 2). Tolerance

values for all variables in the nest survival models were

�0.54, indicating multicollinearity was not a problem

(Allison 1999). There was no evidence of lack of fit of the

global nest survival model based on the Hosmer and

Lemeshow (2000) goodness-of-fit test (v28¼4.93, P¼0.77)

and the overdispersion parameter (ĉ ¼ 1.02).

The most-supported nest survival model included cubic

effect of day of year, proportion of juniper forest,

proportion of juniper–oak forest, and year (Table 1). The

second- and third-ranked models included an interactive

effect of year and forest edge density and an additive effect

of these 2 covariates, respectively. We excluded the third-

ranked model from the confidence set because the

addition of the additive effect of forest edge density did

not overcome the 2 AIC–point penalty associated with an

additional parameter (Arnold 2010). We calculated model-

averaged predictions of nest survival and unconditional

95% confidence intervals (95% CI) using the 2 most-

supported nest survival models.

There was a strong relationship between cubic effect of

day of year and period nest survival; period nest survival

decreased 100% across the observed range of days for

active nests (Figure 2). Overall, the relationship between

forest edge density and period nest survival was negative,

but the strength of the relationship varied among years.

Period nest survival decreased 7% across the observed

range of forest edge density within a 100-m radius of nests

for all years combined, but decreased as much as 9% in

2003 and 2010 to as little as 4% in 2004 (Figure 3A). The

proportion of juniper forest within a 100-m radius had a

larger effect size than the proportion of juniper–oak forest.

Period nest survival was 0.07 when proportion of juniper

and juniper–oak forest within 100-m radius were zero and

increased to 0.65 and 0.32 when proportion of juniper and

juniper–oak forest was at maximum, 0.87 and 1.0,

respectively, and the other forest type was held at zero.

This represented an increase in period nest survival of

775% and 418% across the observed range of proportion of

juniper and juniper–oak forest, respectively (Figure 4).

Period nest survival varied among years from as much as

0.59 in 2004 to as little as 0.24 in 2010 (Figure 5). The

mean of the annual daily and period nest survival estimates

were 0.96 (6 0.01) and 0.37 (6 0.10), respectively.

TABLE 2. Descriptive statistics for covariates used in models examining the relationship between habitat and temporal factors and
nest survival (2003�2013; n ¼ 9,806) and seasonal productivity (2006�2013; n ¼ 423) for Golden-cheeked Warblers on Fort Hood
Military Installation, Texas. Day of year is the ordinal date of a given year. Observation interval is the number of days between nest
checks. Forest edge density is the length of forest edge in meters divided by the area of the landscape in hectares.

Variable Mean 6 SD Minimum Maximum

Nest survival
Day of year 116.00 6 15.87 82.00 174.00
Observation interval (days) 1.00 6 0.56 1.00 6.00
Forest edge density (m ha�1)a 23.00 6 11.67 0.00 43.00
Proportion of juniper–oak foresta 0.90 6 0.18 0.00 1.00
Proportion of juniper foresta 0.03 6 0.10 0.00 0.87

Seasonal productivity
Forest edge density (m ha�1)a 21 6 11.85 0.04 40.45
Proportion of juniper–oak foresta 0.90 6 0.18 0.00 1.00
Proportion of juniper foresta 0.03 6 0.09 0.00 0.87

a Within a 100-m radius of each nest.
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We monitored every nesting attempt in 423 territories

from 2006 to 2013. Values of the covariates varied

considerably among territories (Table 2). Tolerance values

for all variables in the seasonal productivity models were

�0.54, indicating multicollinearity was not a problem

(Allison 1999). The k-fold validation of the global seasonal

productivity model indicated a good fit with a positive

mean correlation between observed and predicted fledg-

lings per territory (r ¼ 0.32, 95% CI ¼ 0.18–0.46) and the

overdispersion parameter (ĉ) equaled 0.85, also indicating

no evidence of lack of fit.

The most-supported seasonal productivity model in-

cluded proportion of juniper forest, proportion of juniper–

oak forest, and an interactive effect of year and forest edge

density (Table 1). No other models had a DAICc,4 (Table

1) so we based all inference on the most-supported model.

The relationship between forest edge density and seasonal

productivity varied among years (Figure 3B). Seasonal

productivity decreased from 3.25 to 1.56 fledglings per

territory across the observed range of forest edge density in

2006 but increased from 2.03 to 4.89 fledglings per

territory across the observed range of forest edge density

in 2012 (Figure 3B). Seasonal productivity ranged from

1.38 to 3.96 fledglings per territory across varying amounts

of juniper and juniper–oak forest (Figure 4). Seasonal

productivity increased from 1.38 to 3.96 and from 1.38 to

2.40 fledglings per territory across the observed ranges of

proportion of juniper and juniper–oak forest, respectively,

when the other forest type was held at zero (Figure 4).

Seasonal productivity ranged from 1.86 fledglings per

territory in 2010 to 3.12 fledglings per territory in 2004,

with a mean annual seasonal productivity of 2.36 (6 0.37).

Seasonal productivity varied greatly across potential

warbler habitat based on variation in the habitat across

the sampled areas (Figure 6).

Correlations between period nest survival and seasonal

productivity were highly variable. There was a strong,

positive correlation between predicted period nest survival

and seasonal productivity across the range of observed

values for proportion of juniper and juniper–oak forest (r

¼0.98, n¼21, P¼0.001). Correlations were weak and non-

significant across years (r ¼ 0.40, n ¼ 8, P ¼ 0.32) and for

the interactive effect of forest edge density and year (r ¼
0.19, n ¼ 40, P ¼ 0.25).

DISCUSSION

Breeding phenology and demography, evaluations of

relationships between reproductive success and habitat

and temporal variables, and unbiased estimates of habitat-

specific population parameters are necessary components

for accurate assessment of population status. We evaluated

FIGURE 2. Period nest survival (6 95% confidence intervals) decreased nonlinearly as the breeding season progressed for Golden-
cheeked Warblers on Fort Hood Military Installation, Texas, 2003–2013.
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Golden-cheeked Warbler breeding phenology and demog-

raphy based on territories defended by color-marked

individuals over 11 years. We also examined reproductive

success of Golden-cheeked Warblers as a function of

proportion of juniper–oak woodland at the habitat-patch

scale. Period nest survival was related to day of year, and

both period nest survival and seasonal productivity were

related to year, proportion of forest type, and forest edge

density.

Period nest survival decreased as the breeding season

progressed, which is consistent with the results of previous

studies examining the relationship between day of year and

Golden-cheeked Warbler nest survival (Stake 2003, Peak

2007, Reidy et al. 2009). Texas rat snakes are the most

frequent predator of Golden-cheeked Warbler nests (Stake

et al. 2004, Reidy et al. 2008). Sperry et al. (2008) found

that snake activity on Fort Hood peaks from May through

June. Mean date for first clutch initiation is 7 April, so

birds may have greater nest survival earlier in the breeding

season before temperatures and snake activity increase

(Huey 1982, Peterson et al. 1993, Sperry et al. 2008).

Although predation is the major cause of nest failure for

FIGURE 3. Relationship between period nest survival (A) (2003–2013) and seasonal productivity (B) (2006–2013) with forest edge
density (m ha�1) and seasonal productivity.
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Golden-cheeked Warblers, weather events and abandon-

ment also have been documented as causes of nest failure

(Reidy and Thompson 2012) and also may have contrib-

uted to decreased period nest survival as the breeding

season progressed.

As predicted, the relationship between forest edge

density and period nest survival was negative, which

further supports the general pattern of increased nest

predation near forest edges for Golden-cheeked Warblers

(Peak 2007, Reidy et al. 2009, Sperry et al. 2009). However,

the strength of the relationship varied among years, which

could reflect annual changes in prey abundance patterns.

Small mammals are the most common prey of Texas rat

snakes even during the avian breeding season (Sperry and

FIGURE 4. Period nest survival (A) and seasonal productivity (B) of Golden-cheeked Warblers increased with proportion of juniper
and juniper–oak forest within a 100-m radius of each nest and for all nests in a given territory, respectively.

FIGURE 5. Period nest survival (695% confidence intervals) varied among years for Golden-cheeked Warblers on Fort Hood Military
Installation, Texas, 2003–2013.
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Weatherhead 2008), so in years when small mammals are

abundant snakes may be more likely to prey on them

instead of the contents of Golden-cheeked Warbler nests.

Annual variation in the relationship between period nest

survival and forest edge density also could reflect annual

changes in the abundance and activity patterns of nest

predators. Sperry and Weatherhead (2008) documented

body condition of Texas rat snakes before, during, and

after a drought and found a drop in body condition during

the drought indicative of decreased food consumption.

Period nest survival increased as proportion of juniper–

oak and juniper forest within a 100-m radius of each nest

increased, which emphasizes the overall importance of

juniper–oak woodlands on nest survival regardless of

cover of Ashe juniper. It also emphasizes the importance of

juniper–oak woodlands relative to other forest and non-

forest types; as the proportion of these 2 forest types

increased, proportion of other forest types (e.g., broadleaf

evergreen forest, cold-deciduous forest) and non-forest

types (e.g., grassland, bare ground, hardscapes, and roads)

FIGURE 6. Map of predicted Golden-cheeked Warbler seasonal productivity (total number of fledglings per territory produced in a
season) on Fort Hood Military Installation, Texas 2006–2013.
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decreased. The relationship between proportion of juniper

forest and period nest survival was stronger than the

relationship between juniper–oak forest and period nest

survival, which could reflect differences in habitat quality

between the 2 forest types. Food availability is an

important attribute of breeding habitat (Blake 1983, Burke

and Nol 1998, Rodenhouse et al. 2003). Golden-cheeked

Warbler foraging substrate changes throughout the

breeding season with oak species providing foraging

substrate early in the breeding season and Ashe juniper

providing it later in the breeding season (Pulich 1976,

Beardmore 1994, Marshall et al. 2013). Avoidance of nest

predators is another important attribute of breeding

habitat (Thompson 2007). Texas rat snakes are more

frequently located in deciduous trees than Ashe juniper

because deciduous trees provide retreat sites such as tree

cavities where snakes can safely digest prey (J. H. Sperry

personal communication). Increased use of deciduous

trees for retreat sites rather than Ashe juniper could

increase the likelihood of nests in juniper–oak woodlands

being located by rat snakes. Variation in the relationship

between period nest survival and proportion of forest type

also could reflect differences in settlement patterns

between the 2 forest types (Fretwell and Lucas 1970), but

we do not have data to examine this aspect of habitat

quality.

We found similar relationships between seasonal

productivity and proportion of forest type and edge

density as we did for period nest survival, with the

exception of greater annual variation in the relationship of

seasonal productivity with forest edge density. The

relationship between seasonal productivity and forest edge

density varied from negative to positive depending on the

year. Variation in seasonal productivity and the interactive

effect of year and forest edge density could reflect the

propensity of Golden-cheeked Warblers to renest after a

failed nesting attempt, double brood, and utilize alternate

mating strategies (Thompson et al. 2001, Fauth 2001).

Golden-cheeked Warblers made up to 5 nesting attempts

in a breeding season following nest failure. Renesting after

failed attempts produced 42% (n ¼ 179) of the broods we

monitored during the study. While double brooding has

been documented for Golden-cheeked Warblers, it is

infrequent for this species (Ladd and Gass 1999, Peak and

Grigsby 2012). Consequently, we do not have data to

examine how ecological factors such as age of adults, food

availability, timing of breeding, and number young

produced during the first nesting attempt affect the

probability that a female will attempt a second brood.

Polygyny also has been documented for this species (Peak

et al. 2010), but we do not have data to examine the

selective pressures that favor this alternative mating

strategy.

To put our observed mean annual seasonal productivity

estimate of 2.36 in context, we used a simple 2-stage

projection model (Pulliam 1988) to determine that an

apparent adult and juvenile survival probability estimate of

0.63 and 0.315, respectively (among other possibilities),

would maintain a stable Golden-cheeked Warbler popu-

lation (k ¼ 1) on Fort Hood. Alldredge et al. (2002)

reported an apparent adult survival probability estimate of

0.57 for Golden-cheeked Warblers on Fort Hood. Appar-

ent adult survival of Neotropical migratory songbirds

ranges from 0.41 to 0.83 (Faaborg et al. 2010). However,

these estimates likely underestimate true adult survival

probability because they do not account for dispersal of

adults between breeding seasons (Brawn and Robinson

1996, Cilimburg et al. 2002). We believe an evaluation of

Golden-cheeked Warbler population viability using models

that incorporate spatial and temporal variation in empir-

ical estimates of survival and productivity is needed.

We found varying levels of correlation between period

nest survival and seasonal productivity. Some correlations

were strong when we controlled for the effect of year, as

indicated by the predictions across the range of proportion

of juniper and juniper–oak forest. However, correlations

across years were not significant, probably reflecting

changes in productivity among years due to varying levels

of double brooding and polygyny. Whether or not a female

produced either one or two broods in a breeding season was

likely influenced by arrival date and length of breeding

season. These patterns of correlation indicate that demo-

graphic parameters other than nest survival, particularly

renesting, double brooding, and polygyny, made an

important contribution to actual seasonal productivity

(Thompson et al. 2001). However, we also demonstrated

that period nest survival did capture important relationships

between habitat factors and productivity within years.

The relationship we found between habitat and period

nest survival and seasonal productivity is generally

consistent with the relationship between habitat and

Golden-cheeked Warbler density. Density of singing male

Golden-cheeked Warblers is positively related to propor-

tion of these forest types within a 100-m radius of each

survey point, but negatively related to forest edge density

within 100 m (Peak and Thompson 2013). The relationship

between density and proportion of juniper–oak forest

within a 100-m radius was stronger than the relationship

between density and proportion of juniper forest, which is

the reverse of what we found for period nest survival and

seasonal productivity. We think it is worth noting that the

relationship between proportion of juniper and juniper–

oak forest was positive for period nest survival, seasonal

productivity, and density, but negative (most years) for

forest edge density. The fact that the strength of the

relationship differed between productivity and density and
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the 2 forest types could indicate there are non-habitat

factors affecting territory selection or productivity, or

different selective pressures affecting these aspects of

habitat quality (e.g., nest predation, food availability).

However, we caution against over-interpreting these slight

differences in proportion of each forest type because these

variables are moderately correlated and coefficient values

could vary among different datasets because of difficulties

in separating these relationships statistically when fitting

models.

Our intensive, long-term study of marked individuals

provided less-biased estimates of population productivity

than would a study that uses indices of productivity,

because renesting, double brooding, and polygyny affect

productivity in ways that indices are not able to capture.

Even though our study sites represented only 5% of

potential warbler breeding habitat on Fort Hood, similar-

ities between our estimates of nest survival and other

estimates using indices calculated from studies conducted

in others parts of the breeding range (Butcher et al. 2009,

Reidy et al. 2009, Campomizzi et al. 2012, Klassen et al.

2012) provide some confidence that our results have

broader inference. Nonetheless, we call for implementa-

tion of more long-term studies of marked Golden-cheeked

Warblers across the breeding range to obtain better

estimates of productivity and its variation. We believe

our analysis of the relationship between nest survival and

productivity and these habitat factors, in conjunction with

previous studies, provides strong evidence of the impor-

tance of landscapes with high proportions of juniper and

juniper–oak forest and a low amount of forest edge to

sustain populations of Golden-cheeked Warblers. There-

fore, protecting sites that contain large contiguous patches

of juniper–oak forest with less edge between forest and

non-forest cover, as well as implementing measures to

reduce forest edge density, such as controlling populations

of browsing animals and promoting reforestation of

cleared areas into mature second-growth juniper–oak

woodlands, should further recovery efforts for Golden-

cheeked Warblers.
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