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Although human land use has been the leading driver of endangerment, climate change continues
to compound global biodiversity loss and poses a major risk to threatened and endangered
species (Thomas et al. 2004, Chapin et al. Wilkening et al. 2019). For habitat specialists, such as
the Golden-cheeked Warbler (Setophaga chrysoparia), climate change will have lasting
consequences on habitat configuration, resource availability, phenology, and population densities
(Wilkening et al. 2019, Maxwell et al. 2019). The Golden-cheeked Warbler, an endangered
migratory songbird, breeds exclusively in the Ashe juniper (Juniperus ashei)-oak (Quercus sp.)
woodlands of central Texas and depends on the shedding bark of mature juniper for nesting
(Kroll 1980, Ladd and Gass 1999, Pulich 1976). Understanding how climate change will alter

Golden-cheeked Warbler habitat is essential to the conservation of this at-risk species.

In this study, | explore how modeling approaches can be used to project the potential impacts of
climate change on at-risk species, with the focus of informing landscape-level management
decisions for the conservation of both the Golden-cheeked Warbler and Ashe juniper. In Chapter
1, I describe how I developed an ensembled species distribution model for Ashe juniper using
edaphic, topographic and climatic predictor variables. | then used the best-performing model to

project the potential future distributions of juniper through 2100 using the outputs from two



generalized circulation models (GCMs) run for two shared socio-economic pathways (SSPs).
Across all models, I observed a contraction of the distribution of juniper within Texas. The
juniper projections were then overlayed with a model of warbler densities to determine the
potential loss of optimal and marginal warbler habitat through 2100 due to resource loss (Mueller
et al. 2022). Under the most extreme climate scenario, the models predicted an almost complete
loss of optimal and marginal warbler habitat, nearly 1,027 km? and 9,485 km?, respectively. This
approach detected areas where warbler habitat would persist even in the most extreme scenarios
of climate-driven resource loss, allowing us to inform managers of areas of highest conservation

priority.

In Chapter 2, with the support of my collaborators, | built a population model to simulate the
effects of climate change-driven resource loss on the population responses of Golden-cheeked
Warblers within Texas. Using the modeling platform HexSim, we leveraged literature and expert
knowledge on the life history of the endangered warbler to parameterize a spatially explicit,
individual-based model. | created a time series of habitat maps based on the work from Chapter
1. I then simulated warbler responses to a changing habitat under the same four climate
scenarios. The model outcomes allowed me to determine the importance of selected protected
areas to the persistence of warbler populations and confirm which of the areas could strategically
be prioritized in conservation management. Results indicate that climate-induced resource loss
has the potential to reduce warbler abundance by up to 94% in the most extreme climate
scenarios (UKESM1-0-LL), with 10% and 51% reduction in the MPI-ESM1-2-HR SSP2-4.5 and
SSP3-7.0 scenarios, respectively. At 4 out of 14 protected sites, our simulation forecasted
complete loss of occupancy with the MPI-ESM1-2-HR SSP3-7.0 scenario but forecasted
complete loss at 11 out of the 14 sites with the UKESM1-0-LL SSP2-4.5 scenario. Through this
analysis, our model identified the Balcones Canyonlands Preserve, Balcones Canyonlands
National Wildlife Refuge, and Fort Cavazos as containing important climate refugia. Our study
presents the immense impact climate change will potentially have on the persistence of the
endangered Golden-cheeked Warbler and its habitat. This work contributes to the scientific
understanding of how complex modeling can be leveraged to inform landscape-level

conservation efforts of at-risk species threatened by climate change.
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INTRODUCTION

Anthropogenic climate change poses major threats to global biodiversity (Thomas et al.
2004; Chapin et al. 2000). Climate change is expected to continue to drive habitat loss and shifts
in distributions resulting in negative effects on populations and species. Coupled with decreased
landscape connectivity due to urbanization, climate change will further reduce the possibilities
for species to adapt or disperse to suitable climatic conditions (Littlefield et al. 2019). A study
focused on understanding the processes that lead to extinction found that an increase in
maximum annual temperatures has been the most important factor in modern day extinctions and
that a majority of the 538 species in that study would likely go extinct before successfully
dispersing to new suitable conditions based on their past dispersal rates (Roman-Palacios &
Wiens 2020). Without actions to mitigate climate change, Urban (2015) predicts that an increase
in global temperature of 4.3°C will threaten the persistence of 16% of species globally. With a
3°C increase, 8.5% of species would be at risk, which emphasizes the importance of climate-

change mitigation.

Shifts in climate patterns and disturbance regimes will likely affect vegetation
regeneration, ecosystem function, and phenology, which can result in disruptions of interspecific
interactions and limit species persistence (Harvey & Enright 2022; Twinning et al. 2022). All of
these factors have already led some bird species to adapt by shifting their distributions and in
some cases, have led to range contractions (Hitch & Leberg 2007, Bateman et al. 2020). With a
3.0°C increase in global mean temperature by end of century, about two-thirds of birds in North
America may be moderately to highly vulnerable to climate change (Bateman et al. 2020). For
example, a key effect of climatic changes is the fundamental disruption of trophic interactions

through changes in abundance and life history traits of consumer and resource species (Portalier



et al. 2022, Twinning et al. 2022). Climate-driven changes in phenology can also have adverse
impacts on species. Phenological mismatches are likely to be especially harmful for habitat
specialists and migratory animals who cannot foresee resource and habitat conditions at breeding
or foraging sites (Twinning et al. 2022, Both et al. 2009). With increases in the severity and
frequency of extreme heat, the vegetation that birds depend on for habitat may become
susceptible to drought-related stress and mortality, which can also intensify wildfire risk (Harvey
& Enright 2022). Because at-risk species, such as the Golden-cheeked Warbler (Setophaga
chrysoparia) are often habitat specialists and have reduced populations, climate change may

disproportionately affect these species’ adaptive capacity (Wilkening et al. 2019).

The Golden-cheeked Warbler is an endangered songbird that overwinters in Central
America and migrates north to spend the breeding season entirely in Texas (Ladd and Gass
1999). These birds are habitat specialists that exclusively breed in the mature Ashe juniper
(Juniperus ashei)-oak (Quercus sp.) woodlands of the Edwards Plateau, where they use the
shedding Ashe juniper bark for nest construction (Kroll 1980; Ladd and Gass 1999). A recent
study found that the most suitable warbler habitat consists of 60-80% Ashe juniper woodlands
with a high percentage of tree canopy cover and tree heights greater than 3 meters (Mueller et al.
2022). Similar studies have further suggested the importance of distance to forest edge on
warbler density and seasonal productivity (Peak and Thompson 2013, Peak and Thompson 2014,
Reidy et al. 2018). The mixed woodlands they inhabit are typically composed of Ashe juniper
(Juniperus ashei), Texas red oak (Quercus buckleyi) and live oak (Quercus fusiformis) or other
oak species depending on the region, all of which play roles in warbler ecology and behavior
(Pulich 1976). Reidy et al. (2017) found that although the majority of studied nests were placed

in junipers, nests were also located in live oaks, cedar elms, and shin oaks—21%, 8%, and 4%,



respectively. Likewise, warbler foraging behavior is guided by phenology with foraging
occurring on oak species early in the breeding season and switching to junipers in May (Marshall

et al. 2013).

Currently, based on the Mueller et al. (2022) study, the breeding population of Golden-
cheeked Warblers is predicted to have 217,444 males (95% CI = 153,917 - 311,965), although
the authors note that this estimate applies most accurately at the regional scale and may provide
slight overestimations in comparison to fine-scale local data. Other population estimates are
significantly lower. Pulich (1976) estimated 14,750-18,486 pairs between 1962 and 1974, while
Wahl et al. (1990) estimated 4,822-16,016 pairs from habitat analyses in the years 1974, 1976
and 1981. Although Mueller et al. (2022) estimated that the most suitable habitat can support >
0.25 male warblers/ha, the majority of the predicted range wide abundance of this species occurs
in areas with sub-optimal habitat that support fewer than 0.25 males/ha. Although the species
was relatively common in 1982, the U.S. Fish & Wildlife Service (USFWS) petitioned to have it
listed through an emergency listing in 1990 in response to land development and the habitat loss
and degradation that would likely result in Travis County (USFWS 1990a). Extensive research
has been conducted on habitat and biological characteristics of Golden-cheeked Warblers;
however, research on the threat of climate change on warblers is limited. With the importance of
Ashe juniper to both warbler foraging behavior and nest creation, assessing the impacts of
climate change on junipers is essential to predicting whether suitable warbler habitat will shift or

contract in distribution (Fuhlendorf 1996).

With climate change, the conditions that can lead to higher severity fire and drought have
been increasingly more common (Fuhlendorf 1996, Reemts & Hansen 2008; Polley et al. 2018).

With the additional impact of fire suppression, dense Ashe juniper-oak woodlands may face



stand-replacing disturbances that could impact the availability and distribution of mature Ashe
juniper (Reemts and Hansen 2008). Studies have found that Ashe juniper struggles to recolonize
burned areas. Fuhlendorf et al. (1996) stated that juniper regeneration may take approximately 75
years. One longitudinal study found nearly no regeneration 24 years post crown fire, suggesting
that fires reduce seed availability (Reemts and Hansen 2013, Reemts et al. 2024, Reidy et al.
2021). Drought has also been shown to have severe impacts on Ashe juniper-oak woodlands. In
2011, Texas experienced a massive tree mortality event after the worst drought on record, and in
Central Texas, juniper-oak woodlands mortality was quite prevalent (Moore et al. 2016;
Schwantes et al. 2017). A study found that juniper faced increased risk of mortality to this
drought due to its slow growth and that because larger sized junipers grow more slowly, severe
drought is expected to kill large numbers of tall, mature Ashe junipers (Polley et al. 2018).
Therefore, as a slow growing, fire-sensitive species, the distribution of Ashe juniper is likely to
be affected by climate-driven changes in fire regimes and drought severity, which are both

intensified by increasing temperatures (Fuhlendorf et al. 1996, Harvey and Enright 2022).

To mitigate the effects of climate change on warbler populations, it is important to
understand how climate change will affect the distribution of suitable habitat, especially its
essential resource, Ashe juniper. Recent studies that used species distribution models (SDMs) to
predict the effects of climate change on North American birds found that the Golden-cheeked
Warbler could experience an expansion in breeding range by more than 25% (Bateman et al.
2020, Pham et al. 2022). Yet, these models do not account for certain species-specific traits that
could affect the warbler from realizing the distribution expansion they suggest (Pham et al.

2022). Therefore, in this thesis, | explored how climate change will likely affect the distribution



and relative abundance of the endangered Golden-cheeked Warbler via the distributional

contraction of an essential resource, Ashe juniper.

In chapter 1, | investigated how climate change will potentially affect the distribution of
Ashe juniper using an ensembled species distribution model (SDM). SDMs use historical
environmental and climatic conditions data and species occurrence records and are often used to
predict areas of potential suitability for species. SDMs have had a wide variety of applications
including predicting invasive species impacts, modeling landscape connectivity and fire
suitability, and projecting the potential effects of climate change (Stroh et al. 2018, Araujo et al.
2019, Naimi et al. 2022). In the last decade, with the advancement of computational and
statistical methods, approaches for building SDMs have expanded (Zurell et al. 2020, Santini et
al. 2021). Although many studies have projected climate-induced distribution shifts of flora and
fauna, far fewer have explored how climate might alter the distribution of specific resources
upon which a species depends. Doing so has the potential to help managers develop strategies

and prioritize actions for resource-dependent at-risk species.

| used regression and machine learning-based algorithms to build an ensembled SDM for
Ashe juniper. | then projected potential future distributions under four climate change scenarios
based on the outputs of two generalized circulation models (GCMs) run for two shared
socioeconomic pathways (SSPs). | then leveraged an existing warbler density model (Mueller et
al. 2022) to isolate the persisting regions of warbler habitat based on the projected contractions

of Ashe juniper.

In chapter 2, | used the projected changes in habitat developed in chapter 1 in an
individual-based, spatially explicit, population model to simulate Golden-cheeked Warbler

responses to climate-driven habitat change. Individual-based models (IBMs) can integrate



landscape change and species traits to understand cumulative changes in population demography,
movement, occupancy and persistence over time (DeAngelis and Grimm 2014). This
mechanistic approach can allow practitioners to explore multiple scenarios that may include
factors such as habitat change, disturbance, management, and adaptation to determine potential
population responses and inform conservation strategies. | built a range-wide, spatially explicit
IBM to simulate warbler responses to climate-induced resource loss with the purpose of
determining the most important areas for the persistence of the species in the face of climate
change. Because a vast majority of the warbler’s range is owned by private landowners,
protected areas, such as the Balcones Canyonlands Preserve (BCP) and the Balcones
Canyonlands National Wildlife Refuge (BCNWR), have been essential in conserving breeding
habitat and enforcing management plans for the species (Ladd and Gass 1999; Dreiss et al. 2022;
Duarte et al. 2013). Therefore, an additional aim of this model was to assess the future of warbler
occupancy within existing protected areas, as well as determine other potential climate refugia
that could be prioritized for protection. My model can be used by researchers and practitioners to
assess alternative scenarios at a broad spatial scale, or it can be fine-tuned to address more local
management questions. This model contributes to the understanding of future Golden-cheeked
Warbler population dynamics to inform landscape level conservation efforts of this at-risk

species.
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ABSTRACT

Climate change is likely to have cascading effects on species through changes to their
habitats, food, and other resources. For at-risk birds, climate-change impacts on specific plant
species could result in a significant reduction in habitat, possibly leading to population declines
or even extinctions. The endangered Setophaga chrysoparia (Golden-cheeked Warbler), which
relies on the bark of mature Juniperus ashei (Ashe juniper) for nest construction may be one of
these bird species. We combined juniper occurrence records with environmental, topographic,
and edaphic variables to generate an ensembled species distribution model to project the
potential future distribution of J. ashei. We then used four different climate-change scenarios to
project changes in J. ashei distribution within the range of S. chrysoparia for the years 2040,
2060, 2080, and 2100. We then used the projected J. ashei distributions in conjunction with an

existing S. chrysoparia density model (Mueller et al. 2022) to assess potential changes in S.
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chrysoparia habitat availability. The three most important variables in the ensembled model for
projecting the presence of J. ashei were mean diurnal temperature range, precipitation of
warmest quarter, and available water storage in the top 100 cm of soil. Contractions in the
distribution of J. ashei varied from 70% to 99% within the study area by 2100. These range
contractions translated into a reduction in the amount of optimal and marginal S. chrysoparia
habitat by up to 1,026 km? (-92%) and 9,484.6 km? (-78%), respectively. Our results provide an
indication of the impact climate change could have on an essential resource for the endangered S.
chrysoparia, and the spatial patterns our models predict could help managers target habitat

protection and restoration efforts where J. ashei suitability is projected to persist.

Keywords: Ashe juniper, climate change projections, distribution, endangered species, golden-

cheeked warbler, habitat, Juniperus ashei, Setophaga chrysoparia

Prediccion del impacto del cambio climético en la distribucion del enebro de frutos azules
(Juniperus ashei): Implicaciones de la perdida de recursos para la reinita caridorada

(Setophaga chrysoparia)
RESUMEN

El cambio climético probablemente tendra efectos en cascada en las especies a través de
cambios en sus hébitats, alimentos, y otros recursos. Para las aves en riesgo de extincion, los
impactos del cambio climatico en especies de plantas necesitadas podrian resultar en una
reduccién significativa de su héabitat, posiblemente resultando en disminuciones de poblacién o
incluso extinciones. La especie en peligro de extincion Setophaga chrysoparia (reinita
caridorada), que depende de la corteza de Juniperus ashei (enebro de frutas azules) maduro para

la construccidn de nidos, puede ser una de estas especies de aves. Combinamos registros de
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presencia de J. ashei con variables ambientales, topogréaficas, y edaficas para generar un modelo
de distribucion de especies ensamblado con el fin de proyectar la posible distribucién futura de J.
ashei. Despues, usamos cuatro escenarios diferentes de cambio climético para proyectar cambios
en la distribucién de J. ashei dentro del rango de S. chrysoparia para los afios 2040, 2060, 2080,
y 2100. Posteriormente, utilizamos las distribuciones proyectadas de J. ashei junto con una
modelo de densidad de S. chrysoparia (Mueller et al. 2022) para evaluar los posibles cambios en
la disponibilidad de habitat de S. chrysoparia. Las tres variables mas importantes en el modelo
ensamblado para proyectar la presencia de J. ashei fueron el promedio del rango de temperatura
diurna, la precipitacién del trimestre mas calido, y el almacenamiento de agua en los primeros
100 cm del suelo. Las contracciones en la distribucion de J. ashei variaron del 70% al 99%
dentro del area del estudio para el afio 2100. Estas contracciones de rango se tradujeron en una
reduccion en la cantidad de habitat optimo y marginal de S. chrysoparia de hasta 1,026 km? (-
92%) y 9,484.6 km? (-78%), respectivamente. Nuestros resultados proporcionan una indicacion
del impacto que el cambio climético podria tener en un recurso esencial para S. chrysoparia, y
los patrones espaciales que predicen nuestros modelos podrian ayudar a los gestores a dirigir los
esfuerzos de proteccion y restauracion del habitat donde se proyecta que la idoneidad de J. ashei

persista.

Palabras clave: distribucion, enebro de frutas azules, especies en peligro de extincion, habitat,

Juniperus ashei, proyecciones del cambio climatico, reinita caridorada, Setophaga chrysoparia

LAY SUMMARY

e We used multiple models to explore how climate change could impact Golden-cheeked

Warbler habitat through its effect on the distribution of Ashe juniper.
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e Under the most extreme climate scenario, the distribution of Ashe juniper could
experience a 99% contraction by 2100.

e Although there are always uncertainties in climate-impact projections, the magnitude of
some of the projected juniper range contractions presented here could lead to the
extinction of the Golden-cheeked Warbler in Texas.

INTRODUCTION

Anthropogenic climate change poses a major threat to global biodiversity, with rapid
shifts in environmental and climatic conditions affecting ecological processes, phenology, and
habitat configuration (Urban 2015, Portalier et al. 2022). In forested areas, increases in the
frequency of extreme heat and chronic exposure to high temperatures are leading to drought-
related stress and tree mortality, as well as higher risk of severe wildfires (Harvey & Enright
2022). These shifts in climatic patterns and disturbance regimes affect tree and vegetation
regeneration and ecosystem function, which can result in disruptions of interspecific interactions
and limit species persistence (Harvey & Enright 2022, Twinning et al. 2022). Increases in
maximum annual temperatures have been found to be one of the most important factors in local
extinctions, especially when species do not increase their historical dispersal rates to follow
climatic shifts. Birds that depend on forested landscapes may not be able to adapt to changing
vegetation structure and composition if the shifts happen too quickly or in unexpected ways.
Hitch and Leberg (2007) found that some bird species that are capable of tracking these changes
have shifted their distributions northward. However, for highly specialized species, distributional
shifts or adaptation to new resources may not be quick enough to prevent extinction (Portalier et

al. 2022).
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As an endangered habitat specialist, Setophaga chrysoparia (Golden-cheeked Warbler) is
an example of a species that has faced extensive habitat loss and fragmentation, leaving it
particularly vulnerable to climate change (USFWS 1990a). S. chrysoparia underwent an
emergency listing in 1990 as a result of increased urbanization in central Texas. S. chrysoparia
exclusively breeds in the Ashe juniper (Juniperus ashei)-oak (Quercus spp.) woodlands of
central Texas and depends on the stringy bark of mature junipers for nest construction, which
limits the capacity of this species to adapt to a changing landscape (Pulich 1976, Ladd and Gass
1999). In addition to the shedding bark of J. ashei, S. chrysoparia habitat requirements also
include structural components such as 60-80% juniper cover, high percent canopy cover, and
juniper trees taller than 3 meters (Mueller et al. 2022). Warblers tend to use several different oak
species in proximity to juniper, where they procure nest building materials (Marshall et al. 2013).
Such species include Texas red oak (Quercus buckleyi) or post oak (Quercus stellata). Given
their ability to use several species of oak, a change in the distribution of any one oak species
might have relatively little impact on warbler habitat. By contrast, any reduction of mature J.
ashei would likely lead to major changes in warbler distribution and density (Marshall et al.

2013, Van Auken et al. 2023).

With increases in extreme temperatures and changes in weather patterns, harsh drought
conditions and severe crown fires have increased tree mortality of young and mature Ashe
junipers, further reducing warbler habitat (Johnson et al. 2018, Crouchet et al. 2019, Reemts et
al. 2024, Reidy et al. 2021). Despite J. ashei being a relatively drought tolerant species, in the
2011-2013 Texas drought, mortality was prevalent for junipers with the slowest growth rates and
those in deeper soils where bedrock water storage was not accessible (Polley et al. 2016,

Crouchet et al. 2019, Schwantes et al. 2016, 2017). In the Edwards Plateau, juniper populations
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experienced a 27% canopy dieback following the 2011-2013 drought (Johnston et al. 2018).
Schwantes et al. (2018) also projected a high amount of dynamic water stress through the 21st
century that could lead to increased juniper mortality. In savannas, drought led to high mortality
risk in larger trees, urging researchers to warn of a potential shift in the size distribution of the
species (Polley et al. 2018). Furthermore, under climate change, the conditions that can lead to
drought-related tree mortality and high severity fires (extreme heat and high fuel loads) have
been steadily increasing in the central region of the United States (Reemts & Hansen 2008,
Polley et al. 2018, Gao et al. 2021, Nielson-Gammon et al. 2021). Despite extensive research to
understand the impacts of prescribed fire and drought on juniper-oak woodlands, the extent to

which climate change will affect the geographical distribution of J. ashei is still unclear.

Here, we explore the potential impact of climate-induced resource loss on S. chrysoparia
using a combination of a species distribution model (SDM) and an existing warbler density
model (Mueller et al. 2022). First, we built a weighted ensembled SDM for J. ashei and
projected the species’ potential geographic distributions through 2100 using projections from
two generalized circulation models (GCMSs) run for two shared socioeconomic pathways (SSPs).
We then used the projected J. ashei distributions to restrict the availability of marginal and
optimal S. chrysoparia habitat as determined by an existing warbler density model (Mueller et al.
2022). This work will highlight the implications of resource loss and determine the regions of

conservation concern that could inform the management of the endangered S. chrysoparia.
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METHODS

Species Data

J. ashei is a non-resprouting, evergreen tree that can be found throughout central Texas
and in certain parts of Oklahoma, Arkansas, Missouri and Mexico (Johnsen and Alexander 1974,
Pulich 1976). This tree is typically distributed along Cretaceous limestone and shallow soils
(Diamond 1997). Within Texas, Ashe juniper forms an important part of diverse plant
communities across the Edwards Plateau, Cross-Timbers and Post Oak Savannah ecoregions, yet
the communities associated with the most suitable warbler habitat are restricted primarily to the
Edwards Plateau (Griffith et al. 2007). Although a few records exist in northern Mexico, the data
used for model building was constrained to records within the United States due to the lack of
comparable data for our selected edaphic variables in Mexico (Figure 1.1). Additionally, we
constrained the projections of future distributions to within Texas because our intent was to
assess changes within the current breeding range of S. chrysoparia. The presence of agriculture
in the states north of Texas, increased urbanization, and the edaphic and topographic constraints
that create suitable conditions for J. ashei further limit the possibility of a northward expansion
that would follow any associated climatic conditions. Furthermore, because under no scenario
did our model project an expansion of the range of J. ashei within Texas or Oklahoma, we did

not feel it necessary to reconsider our original plan to focus on the existing warbler distribution.

Occurrence data for J. ashei were extracted from the Global Biodiversity Information
Repository using the “rgbif” package in R (Chamberlain et al. 2024, GBIF,
https://www.gbif.org/, accessed in March 2024). These data were filtered to remove any records
with geospatial issues as well as any records of fossil and living specimens (e.g. botanical

gardens, museum collections). We filtered our occurrence data to include only records from
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1960-2010 to increase the predictive accuracy of the models. As a long-lived tree species in a
fire suppressed landscape, we assumed that any records between 1960 and 2010 would be
representative of individuals in the landscape within the 1970-2000 timeframe of the historical
climate data. To reduce the spatial bias of record collection, the data was spatially thinned using
“spThin” in RStudio to ensure no points were within 5 km of each other, resulting in 165 records
(Aiello-Lammens et al. 2015). 20% of these records were then left out for ensemble-model
validation, leaving 132 records for model building. All data preparation, modeling and

predictions were developed using R 4.4.1 (R Core Team 2024).

Males/hectare
1.049

B 0.001

* Juniperus ashei

N

| |
0 370 Kilometers A

Figure 1.1 J. ashei occurrence records from the Global Biodiversity Information Facility (GBIF)
that were used for creating the species distribution model. S. chrysoparia density model is shown
for spatial reference (Mueller et al. 2022).
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Environmental Covariates

J. ashei persists in arid and semi-arid conditions. However, research has found that crown
mortality can be affected by soil moisture, soil depth, extreme heat, and drought (Diamond 1997,
Polley et al. 2016, Crouchet et al. 2019). Thus, we used a set of environmental covariates that
included climatic, topographic, and edaphic variables. Historical bioclimatic predictors at a
spatial resolution of 30 arc-seconds (~1-km) were downloaded from the WorldClim-Global

Climate Database 2.1 (Fick and Hijmans 2017; available at https://worldclim.org/) (Table 1.1).

The downscaled future climate projections were downloaded from the WorldClim
Coupled Model Intercomparison Project 6 (CMIP6) database associated with the 6™ IPCC

Assessment Report (available at https://www.worldclim.org/). We downloaded a total of four

climate-change scenarios from two GCMs under two SSP scenarios. Data for the SSP2-4.5 and
SSP3-7.0 scenarios was used for four time periods: 2021-2040, 2041-2060, 2061-2080, and
2081-2100. SSP2-4.5 is considered a middle-of-the-road scenario in which humanity aims to
limit warming to approximately 3°C by 2100. To provide a slightly more extreme future climate,
SSP3-7.0, known as Regional Rivalry, is similar to SSP2-4.5 but with increased land-use change
and high aerosol emissions (O’Neill et al. 2016). The GCMs for these SSPs were selected using
the GCMeval tool to capture a range of future climates for Texas (Parding et al. 2020). GCMeval
works by ranking models based on user-selected weights on relevant variables (e.g., region,
season, temperature). We selected central North America as the most important focus region, and
prioritized spring and summer seasons over the rest of the settings. We originally selected other
more highly ranked GCMs, however, some data were not yet available in the WorldClim
database. The ranked models we selected were the Max Planck Institute Earth System Model

(MPI-ESM1-2-HR) and the U.K. Earth System Model (UKESM1-0-LL) (Gutjahr et al. 2019,
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Yukimoto et al. 2019, Sellar et al. 2019). UKESM1-0-LL was chosen for forecasting a large

increase in temperature and precipitation while MPI-ESM1-2-HR represents a minimal change in

precipitation with a modest temperature increase (Table 1.1).

Table 1.1 Selected variables for model building for historic climate (1970-2000) and for the last time
period (2081-2100) for future climate scenarios. Three other relevant variables are included for

comparison.
Variable Historic MPI-ESM1-2-HR UKESM1

SSP2-4.5 SSP3-7.0 SSP2-4.5 SSP3-7.0

Mean diurnal range 13.7+1.7 136+1.38 136+1.7 13.9+1.8 13.7+£1.8

(O

Temperature 786.7+£96.2 787.6+108.7 813.9+1156 787.8+101.0 810.0+108.7

seasonality (°C)

Max. temp. of the 3431124 36.3+x15 379114 38812 40.8+1.3

warmest month (°C)

Mean temp. of the 215+43 24255 258+ 4.6 249155 26.1+5.6

wettest quarter (°C)

Precipitation of 2274 +64.6 2293+821 211.1+774 22781526 213+42.8

warmest quarter
(mm)

Topographic
ruggedness index
(m)

Topographic
position index

Topographic
wetness index

Available water
storage (mm)

Soil organic carbon
(g C/m?)

1.1 £+ 1.4 (static)

-0.0 £ 0.5 (static)

8.96 £ 1.7 (static)

107.1 £ 41.0 (static)

5815.7 + 3909.2 (static)
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A digital elevation model (DEM) at a spatial resolution of 1 arc-second (~30 m in the
study region) was downloaded from the U.S. Geological Survey Lidar Explorer database and
processed with the “terra” package in the R statistical environment to calculate slope, terrain
ruggedness index (TRI), and topographic position index (TPI) (Hijmans et al. 2024, U.S.
Geological Survey 2019). We also calculated topographic wetness index (TWI) in ArcGIS Pro
using the same DEM data due to the importance of soil moisture on tree mortality (Kopecky et
al. 2021, Schwantes et al. 2018). Categorical edaphic covariates were extracted at a 30-meter
resolution from the gSSURGO database via ArcMap, which included available water storage and
soil organic carbon, both at the root zone (0-100cm) (Peters et al. 2013, Soil Survey Staff;
accessed on January 15, 2024). The soil layers were then transformed into numerical rasters
using the “rasterDT” package in RStudio (O’Brien 2022). Topographic and soil data were

resampled to match the spatial resolution of the bioclimatic data (1-km).

To address any potential multicollinearity issues, environmentally relevant covariates
were chosen followed by a sequential dropping of variables with a Variance Inflation Factor
(VIF) greater than four (Zuur et al. 2010). This was accomplished using the “usdm” package in
RStudio (Naimi 2023). We further confirmed the low correlation among selected covariates
using Pearson’s correlation coefficient. The variable selection process led to the inclusion of only
9 of the 25 variables for modeling: 1) mean diurnal temperature range (bio2), 2) temperature
seasonality (bio4), 3) maximum temperature of the warmest month (bio5), 4) mean temperature
of the wettest quarter (bio8), 5) precipitation of warmest quarter (biol8), 6) topographic
ruggedness index, 7) topographic position index, 8) topographic wetness index, 9) available

water storage, and 10) soil organic carbon. The averages for each of the variables within the
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modeling area were calculated for the historical (1970-2000) and the end-of-century time period

(2081-2100) for each of the four climate scenarios (Table 1.1).

Species Distribution Modeling (SDM)

We built the species distribution model for J. ashei using the “sdm” package in R (Naimi
and Araujo 2016). Due to the lack of absence data, randomly selected background points were
used for model fitting. We ran multiple models using different numbers of background points.
The most efficient and best performing models used 10,000 background points, which matched
previous research findings on the ratio between presence and background points (Barbet-Massin
et al. 2012). To build an ensemble that incorporated regression and tree-based methods, we used
random forests (RF), maxNet, boosted regression trees (BRT), and generalized additive models
(GAM) algorithms. After testing different settings for parameterization and computational
efficiency, we settled on using the standard settings for the four algorithms based on model
performance. Each of the algorithms was replicated ten times using a k-fold cross-validation
resampling approach (k = 10), which calibrated and evaluated the models with 30% of the data in
each replicate (Hijmans 2012). To evaluate the performance of each model, we first used the
threshold-independent area under the curve (AUC) and threshold-dependent True Skills Statistic
(TSS), where AUC values closer to 1 and TSS values higher than 0.40 were assumed to indicate
good model performance (Ahmad et al. 2019). Additionally, the Boyce Index, which is a
preferred model evaluation metric for presence-only models, was calculated using the “ecospat”
package in R (Boyce et al. 2002, Hirzel et al. 2006, Di Cola et al. 2016). This index is calculated
using a Spearman correlation of the plot of the predicted to expected ratio along a gradient of
suitability values. The closer the Boyce Index is to +1 the more the evaluation data agrees with

model predictions.
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We built a weighted ensemble by scaling replicate predictions based on the value of TSS,
which is calculated for each model to assess predictive performance (Hao et al. 2019). To
evaluate the performance of the ensemble model, we validated the predicted raster with the 20%
of J. ashei records that were not used for training the models. The final weighted ensemble

model was then used to project the historical and future distribution of J. ashei.

Predicted Warbler Distribution

We used the ensemble model to project potential future distributions of Ashe juniper for
each of the four climate projections and four time periods. We created a binary variable from the
continuous predicted values using a threshold that maximized the specificity and sensitivity of
the TSS metric. We then resampled the resulting binary maps to a 10-meter resolution to match
the Mueller et al. (2022) S. chrysoparia density model. This model, which estimates male
densities throughout the breeding range as a function of relevant predictors such as canopy cover
and percent J. ashei cover, was stratified using Mueller et al.’s defined habitat categories: low
(0.001-0.0625 males/ha), marginal (0.0625-0.25 males/ha), and optimal (>0.25 males/ha). We
decided to focus on determining the impact of climate change on marginal and optimal quality
habitat due to the limited research on the use of low-quality habitat. The categorized raster of
density-based S. chrysoparia habitat was clipped by the binarized J. ashei projections for all
future scenarios to represent any loss of habitat resulting from changes in the distribution of J.
ashei. We calculated the difference in the amount of habitat identified by the Mueller et al.
(2022) model for all scenarios and time periods to determine the extent of climate-induced
habitat change. Because the rasters were projected in meters, pixel distortion did not have to be
considered for these calculations and did not appear to make a significant difference in the area

calculation for the high computational demand required for each calculation.
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RESULTS

J. ashei Species Distribution Model

AUC values for the individual algorithms were all greater than 0.84 and TSS values were
greater than 0.61. Model averaging through a weighting that maximized specificity and
sensitivity for the TSS metric resulted in a TSS value was 0.8369 showing a high degree of
discrimination between presence and expected absence. We used a TSS-based threshold of
0.1854 to binarize the ensembled model predictions. For the ensemble model, the Boyce Index
value was 0.977 using the Spearman method, indicating high predictive performance for the

weighted ensemble.

Variable importance was also calculated for the ensembled model through a weighted
mean based on the TSS metric. Based on both the Pearson correlation and AUC metric, the three
most important variables for determining the presence of J. ashei were mean diurnal temperature
range (bio2, 39.5%), precipitation of warmest quarter (biol18, 32.9%) and available water storage
in the top 100 cm of soil (29.8%). The model shows that J. ashei is most likely to be present
when the precipitation of the warmest quarter remains between 100-200 mm and when the mean
diurnal temperature range is below 12°C. The probability of J. ashei presence decreased with
increasing available water storage in a nearly linear fashion, which is most likely due to the

species existing mainly on limestone outcrops and shallow soils.

Current predicted distribution of J. ashei.

Our projected distribution of J. ashei under historical climate (1970-2000) is similar to
that produced by previous abundance and distribution models (e.g., Gray et al. 2012, Hargrove

2016). The probabilities of suitable conditions for J. ashei existing based on historical climate
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data (1970-2000) ranged from 0.2% to 60.1% probability of presence (Figure 1.2). The area
projected to have occurrences based on the binary classification of the projected values covers
90,940 km? and is contained mainly within the Edwards Plateau, Post Oak Savannah, and Cross-
Timber’s ecoregions of central Texas, as well as the southernmost part of Oklahoma. However,
within the breeding range of S. chrysoparia, the average probability of suitable conditions for J.
ashei under the historical climate was only 0.26 £+ 0.068 (range: 0.017-0.6) with the most suitable

areas existing in the southeastern edge of the Edwards Plateau (Figure 1.2 and 1.3).

Probability

. 0.601

o_

Figure 1.2 Modeled probability of J. ashei-associated environmental conditions under historical
climate (1970-2000) within the modeling area. Hashed area shows the most probable area based
on an applied threshold calculated from a weighted average of all models that maximized
specificity and sensitivity of the TSS metric.
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Future projected J. ashei distributions.

The ensembled species distribution model was applied to four future climate scenarios.
All scenarios resulted in a projected reduction in suitability by 2100 across the modeling extent.
Additionally, the southernmost edge of the S. chrysoparia range is where the highest
probabilities of J. ashei occurrence remain across all scenarios, highlighting a potential focus on
protecting the species in this region. As the climate scenarios become more distinct from
historical conditions, the distribution of J. ashei occurrence probabilities become increasingly

dense between 0 and 0.2 (Figure 1.3 and 1.4).

From the 90,940 km? of suitable J. ashei conditions in the historical scenario, the
binarized projections from the MPI-ESM1-2-HR model resulted in a 70% decrease in the
suitable area under SSP2-4.5 (27,681 km? remaining) and a 93% decrease under SSP3-7.0 (6,580
km? remaining) by the 2081-2100 time period (Table 2). For this GCM under SSP2-4.5, the
distribution of suitable conditions for J. ashei remain throughout the majority of the Edwards
Plateau and the Cross-Timbers ecoregions, but by the 2081-2100 time period, the suitability
within the Post Oak Savannah nearly disappears in its southern edge. However, under the SSP3-
7.0 scenario, by 2100, the suitability within the Cross-Timbers and Post Oak Savannah
ecoregions disappears entirely and only the southern region of the Edwards Plateau remains
suitable. Within the S. chrysoparia breeding range, the MPI-ESM1-2-HR model under the SSP2-
4.5 predicts the most suitable conditions for J. ashei for all time periods with the period 2081-
2100 reflecting an average probability of occurrence of 0.18 £ 0.071 (range: 0.0054 -0.43),
which is still a significant reduction from the historical average of 0.26 + 0.068 (range: 0.017-

0.6) (Figure 1.3 and 1.4).
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For the climate projections from the UKESM1-0-LL model, the distribution of suitable

conditions for J. ashei is reduced by at least 83% in the first time period (2021-2040) and by the

last time period (2081-2100), J. ashei disappears almost entirely in the three main ecoregions

with isolated regions of suitability existing in the southeastern part of the Edwards Plateau

ecoregion. The suitable area decreased by approximately 99% for both SSP2-4.5 (888 km?

remaining) and SSP3-7.0 (646 km? remaining) (Table 1.2). Under the most extreme scenario,

UKESM1-0-LL SSP3-7.0, the average probability of occurrence within the S. chrysoparia

breeding range is largely reduced to 0.076 £+ 0.04 (range: 0.003-0.279) for the period 2081-2100

(Figure 1.3 and 1.4).

Table 1.2 Expanse variation (in km? and %) of the threshold-based suitable habitat of J. ashei under
four future climate scenarios in relation to the historic period of 1970-2000.

Time Period Historical

MPI-ESM1-2-HR

UKESM1

SSP2-4.5

SSP3-7.0

SSP2-4.5

SSP3-7.0

1970-2000 90,940 (100%)
2021-2040 -
2041-2060 -

2061-2080 -

2081-2100 -

45,228 (-50.3%)

39,928 (-56.1%)

31,224 (-65.7%)

27,681 (-69.7%)

50,420 (-44.6%)

35,558 (-60.9%)

17,068 (-81.2%)

6,580 (-93%)

15,442 (-83%)

3,997 (-95.6%)

1,589 (-98.3%)

888 (-99%)

12,667 (-86%)

3,588 (-96%)

1,291 (-98.6%)

646 (-99.3%)
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Figure 1.3 Probability of Juniperus ashei-associated environmental conditions remaining suitable
through 2100. Conditions were modeled under SSP2-4.5 and SSP3-7.0 for two generalized
circulation models. Results show that, under the majority of the climate scenarios, the suitability
for J. ashei is expected to decrease drastically by 2100, especially under SSP3-7.0.
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Figure 1.4 Densities of probability of occurrence of J. ashei within the breeding range of S.

chrysoparia over the next century using two generalized circulation models under a) SSP2-4.5
(middle-of-the-road) and b) SSP3-7.0 (regional rivalry). Plots were built using a sample of the
entire dataset (n = 1,018,552)

Projected Impacts on S. chrysoparia Distribution

Based on the historical J. ashei conditions, S. chrysoparia habitat adds up to 1,119.9 km?

of optimal habitat and 9,729 km? of marginal habitat totaling to 10,848.9 km? of the most

suitable habitat (Figure 1.5 and 1.6). The majority of the optimal and marginal habitat is
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distributed in the southern and southeastern regions of the S. chrysoparia breeding range, with

some fragmented areas of marginal habitat existing in the northern part of the range (Figure 1.5).

Under the future climate scenarios, the projected reductions in the suitable conditions of
J. ashei are likely to lead to large losses of suitable habitat for S. chrysoparia. Under the SSP2-
4.5 scenario, the MPI-ESM1-2-HR model projects habitat to remain relatively stable in the first
period (2021-2040), but by the 2081-2100 period, this model projects a reduction of optimal and
marginal habitat to 1,081 km? and 8,149 km?, respectively (total loss of 14.9%) (Figure 1.6). For
the projection from this same GCM using the SSP3-7.0 scenario, a slight increase in optimal
habitat is predicted (0.195%) in the first time period (2021-2040), but the expanse of optimal and
marginal habitat gradually reduces to as little as 613.8 km? and 2,799.4 km?, respectively (total
loss of 69%) (Figure 1.6). The areas of marginal and optimal habitat that remain by the end of
the century are distributed along the central region of the breeding range, near the City of Austin

and the military installation, Fort Cavazos (Figure 1.5).

Under the hotter and wetter climate scenario (UKESM1-0-LL), both SSP2-4.5 and SSP3-
7.0 predict similar reductions in S. chrysoparia habitat across all time periods (Figure 1.5 and
1.6). By the first time period (2021-2040), this GCM predicts a drastic reduction of marginal and
optimal habitat with approximately 5,000 km? and 800 km? left, respectively (at most 46% loss).
For both SSPs, by the last time period (2081-2100), UKESM1-0-LL predicts that marginal and
optimal habitat will drop to at least 185 km? and 93.4 km?, respectively (at most 97% total loss)
(Figure 1.5 and 1.6). UKESM1-0-LL does predict the most extreme loss of marginal and optimal
S. chrysoparia habitat, reducing the distribution to only the areas surrounding Austin, Texas and

the Fort Cavazos military installation in the east central region of the breeding range.
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Figure 1.5 Distributional change of marginal and optimal S. chrysoparia habitat under two

climate models under SSP2-4.5 (middle-of-the-road) and SSP3-7.0 (regional rivalry) by 2100.
Using a density model by Mueller et al. (2022), densities between 0.0625-0.25 males/ha are

considered marginal habitat and densities >0.25 males/ha are considered optimal habitat. Under

the hottest and wettest conditions in the regional rivalry emissions scenario (UKESM1 SSP3-
7.0), the remaining areas of potentially suitable S. chrysoparia habitat are in the southeastern

edge of the range.
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Figure 1.6 Amount of potential warbler habitat loss under three climate models by 2100 under
SSP2-4.5 (middle-of-the-road) and SSP3-7.0 (regional rivalry). Historic (1970-2000) expanse of
marginal and optimal warbler habitat is included in every plot for reference. Under the hottest
and wettest conditions in the regional rivalry emissions scenario (UKESM1-0-LL), we may see a
loss of nearly 9,484.6 km? of marginal habitat and 1,026.5 km? of optimal habitat.
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DISCUSSION

At-risk species often face multiple threats causing them to have greatly reduced
population numbers. Climate change has the potential to push many of these species over the
edge. Determining the impact of climate change on J. ashei, a non-resprouting tree species, is
crucial to assessing the future of S. chrysoparia habitat due to its importance to nest construction
(Ladd and Gass 1999). Our results indicate that climate change is likely to reduce the suitability

of the region for J. ashei resulting in a contraction of the distribution of S. chrysoparia habitat.

Conservation management of species has increasingly focused on mitigating the impacts
of climate change, especially for at-risk species (Wilkening et al. 2019, Bateman et al. 2020). By
leveraging a range of climate models for projecting species distributions, managers can assess
the feasibility of conservation strategies and determine priorities. The GCMs we used for our
study offer two different projected climatic futures with MPI-ESM1-2-HR representing a low to
moderate increase and UKESM1-0-LL representing a major increase in the annual means of both
temperature and precipitation. Under MPI-ESM1-2-HR scenarios, although they still predict
contraction in both J. ashei and S. chrysoparia distributions, management actions could still be
implemented to reduce the potential impacts of climate change. On the other hand, the
UKESM1-0-LL scenarios pose a real threat to the persistence of both J. ashei and S.

chrysoparia.

According to our model validation, the ensembled model showed good performance and
predicted historical conditions similarly to previous J. ashei distribution and abundance models
(Gray et al. 2012). The threshold-based distribution accurately predicted occurrence in all three
major ecoregions of Texas (Edwards Plateau, Cross-Timbers, and Post Oak Savannah) in which

J. ashei occurs in larger numbers and in diverse community structures (Griffith et al. 2007). Our
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approach, which integrated both regression-based and machine learning-based algorithms under

standard parameters, worked efficiently and accurately to predict the historical distribution.

Likewise, the most important variables in our model are well aligned with species
biology. Based on our individual models and the weighted ensemble model, the most important
variables driving J. ashei distribution included precipitation of warmest quarter (bio18), mean
diurnal temperature range (bio2), and available water storage at the root zone. Because available
water storage was incorporated as a static variable, precipitation of the warmest quarter and
mean diurnal temperature range were the variables that played the most significant role in
determining J. ashei suitability. The decreased average precipitation of warmest quarter in the
more extreme models could likely be driving the decrease in J. ashei suitability impacting the
persistence of S. chrysoparia habitat. Our modeling results showed that under increased
temperatures and decreased summer rainfall as predicted by the UKESM1-0-LL GCM, we may
observe an extensive reduction in suitability for J. ashei. Within the breeding range of S.
chrysoparia, the J. ashei distribution contraction ranged between 70% (MPI-ESM1-2-HR SSP2-

4.5) and 99% (UKESM1-0-LL SSP2-4.5 and SSP3-7.0) by 2100.

Our projections of potential distribution contraction are comparable to the species
distribution models of two Juniperus species in northern Mexico, J. jaliscana and J. monticola,
which saw projected reductions between 55% to 93% (Pérez-Suarez et al. 2024). Unfortunately,
the level of reduction of the most suitable habitat for S. chrysoparia due to resource loss could be
so drastic that the remaining area may not be able to sustain a healthy population. The UKESM1-
0-LL projections resulted in a widespread loss of optimal and marginal habitat for S.

chrysoparia—approximately 10,511 km? of habitat loss (-97%) by 2100. Even under the less
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extreme climate scenarios (MPI-ESM1-2-HR), S. chrysoparia habitat is still predicted to

decrease by at least 14.9% by 2100.

When we applied our model to a much larger spatial extent than presented here, some
models projected an increase in suitability in north central United States. However, the
possibility of J. ashei or S. chrysoparia dispersing northward past the vast agricultural lands of
the states north of Texas to follow the bioclimatic niche is likely quite low. Additionally, if
available water storage had been incorporated as a dynamic predictor influenced by climatic

changes, the distributional reduction of J. ashei could likely be even more pronounced.

Although our SDM doesn’t incorporate the potential increase in water use efficiency
driven by the increased CO> concentrations, which could allow junipers to persist in drier
regions, previous research has shown that drought and extreme heat pose an immense threat to
the resilience of J. ashei and associated communities (Mathias and Thomas 2021). In the
Edwards Plateau, for example, Schwantes et al. (2017) noted that the historical mean annual
precipitation was about 614 mm, whereas during the 2011 drought, the average precipitation
reduced to 295 mm. Although J. ashei had been thought to be a drought-tolerant species, recent
research has shown mass mortality events and increased dynamic water stress following drought,
which means that extreme drought events could further reduce our projected distributions (Polley
et al. 2018, Schwantes et al. 2018). Likewise, less suitable conditions have been found to
increase vulnerability to drought, further amplifying the impact of climate change if suitable

conditions worsen within the next century (Johnson et al. 2018).

Climate change is not only impacting long-term climate means and severe droughts, but it
is also leading to increased severity and frequency of wildfires (Bailey & van de Pol 2016,

Maxwell et al. 2019). Pre-settlement, old-growth juniper-oak woodlands most likely experienced
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long fire-free intervals thus maintaining the mature juniper necessary for S. chrysoparia breeding
habitat. However, research has found that S. chrysoparia prefer to use mature woodlands that
have experienced low intensity surface fires that open up the understory, showing the importance
of fire in this ecosystem (Reidy et al. 2021). Before this region became increasingly developed,
Indigenous peoples and native browsing mammals helped maintain the mosaic of savannas,
shrublands and woodlands that J. ashei is associated with through the intentional use of fire,
which reduced fuel loads and kept surface fires from developing into crown fires (Fowler and
Carden 2024, Stambaugh et al. 2014, Stambaugh et al. 2017). By contrast, the larger and more
severe fires likely to come with climate change will possibly result in fewer older trees on the

landscape.

Although we focused our modeling on J. ashei, Quercus spp. also serve a significant part
in S. chrysoparia habitat suitability. The dynamic roles of Quercus spp. and J. ashei in perching,
territoriality and foraging behaviors as the breeding season progresses shows the importance of
also determining the impact of climate change on oak species (Long et al. 2021). Assessing the
potential changes in warbler habitat suitability will require an understanding of how these
bioclimatic shifts will impact not only these important resources but also the successional
dynamics and structure of this landscape in this increasingly urbanized region. Since the 1800s,
juniper-oak woodlands have been encroaching on grassland and savanna ecosystems due to the
removal and genocide of Indigenous peoples, the rise of fire suppression, and the increase in deer
herbivory (Fowler and Carden 2024, Stambaugh et al. 2014, Stambaugh et al. 2017). The
deciduous communities show low recruitment due to deer herbivory with research showing an
abundance of juvenile trees, but only a few saplings and mature trees for both oaks and junipers

(Van Auken et al. 2023, Andruk et al. 2014). Under extreme climatic conditions and increasing
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herbivore disturbance, the size distribution and structure of these woodlands will continue to
change. Increasing fuel loads and oak-recruitment failure have even led to “juniperization” in
some regions, creating what are close to J. ashei monocultures that no longer provide optimal S.
chrysoparia habitat. Although mechanical removal and prescribed fire management treatments
have been implemented with the goals of reducing fuel loads and promoting oak regeneration,
the fire regime and successional dynamics of central Texas communities have been largely
impacted making it increasingly more prone to extreme fire and drought events that can result in
mass mortality (Reidy et al. 2021, Fowler and Carden 2024, Gao et al. 2021, Nielson-Gammon et
al. 2020). Our study explored the effects of climate-induced resource loss through a species
distribution modeling approach, but further mechanistic research should be conducted to assess
the potential additive or synergistic effects these added stressors will have on the habitat

distributions of J. ashei and S. chrysoparia.

Our study demonstrates how S. chrysoparia dependence on J. ashei will likely limit the
species’ capacity to adapt to this changing landscape. Recent research has found similar
predictions of reduced population viability for S. chrysoparia but through the lens of increased
severity and frequency of extreme climate events like El Nifio events (Reidy et al. 2023).
Although S. chrysoparia population estimates have been larger in recent years in comparison to
the original estimate during the USFWS 1990 listing, urbanization and climate change are
expected to continue to impact habitat suitability throughout its breeding range (Mueller et al.
2022, Mathewson et al. 2012). The outcome of our study allows us to determine regions in which
J. ashei will likely struggle to persist and regenerate under a changing climate, bearing
substantial conservation implications for this endangered songbird. Along with climate change

mitigation strategies, to conserve warbler populations, managers will want to focus on protecting
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and restoring J. ashei and its associated communities within areas of the Edwards Plateau where

it is most likely to remain as the climate changes.

Supplementary material
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Projected population responses of the endangered Golden-cheeked Warbler (Setophaga
chrysoparia) to climate change-induced habitat loss.

ABSTRACT

Specialist species that depend on one or a few other specific species can be more
vulnerable to climate change than generalists. The Golden-cheeked Warbler (Setophaga
chrysoparia) is an endangered habitat specialist that requires mature Ashe junipers (Juniperus
ashei) for nest construction. Recent drought-induced juniper mortality events indicate that
climate change may have a significant impact on this critical component of warbler habitat, and
in turn, on the warbler population. To project the potential implications of climate-induced
habitat change on warbler abundance and distribution, we built a spatially explicit, individual-
based, population model. We developed a baseline model as well as four alternative future
climate projections for 2020-2090, from two generalized circulation models run for each of two
shared socioeconomic pathways. By 2090, projections from the MPI-ESM1-2-HR model
resulted in population declines of 10% and 51% for the SSP2-4.5 and SSP3-7.0 scenarios,
respectively. Climate projections from the UKESM1-0-LL model resulted in population declines
of 94% for both scenarios. In the UKESM1-0-LL SSP2-4.5 and SSP3-7.0 scenarios, a significant
proportion—50% and 59%, respectively—of the persisting population occupied protected areas
in 2090. We explored the potential for population persistence across 14 protected sites currently
harboring Golden-cheeked Warbler populations. We found that only three were still occupied by
warblers by 2090 under the most extreme scenarios. Our results suggest that climate-driven
resource loss may lead to declines in Golden-cheeked Warbler populations under all climate
scenarios. Nonetheless, our results indicate that there are likely to be some potential climatic

refugia under even the most extreme scenarios that we explored. Refugia on lands that are not
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currently protected could serve as new conservation opportunities whereas those on protected

lands could focus management activities.

INTRODUCTION

For many species, climatic extremes and changing disturbance regimes can have lasting
consequences on resource availability, habitat quality, and population densities. These factors
have already led species to adapt to a changing climate by shifting their distributions and have
regularly led to range contractions (Parmesan and Yohe 2003, Hitch & Leberg 2007, Bateman et
al. 2020). Climate-mediated disruption of ecosystem processes, physiology, trophic networks and
phenology have had cascading effects on species’ adaptive capacity and dispersal ability
(Roman-Palacios and Wiens 2020, Twinning et al. 2022, Bellard et al. 2012). The business-as-
usual trajectory of a 4.3°C increase predicts a global extinction risk of 16% (Urban 2015). Yet
with climate mitigation strategies, a target of a 3°C rise in global temperatures could reduce
global extinction risk to 8.5%. However, exacerbated by increasing land-use change, climate

change is predicted to not only increase species extinctions but accelerate them.

Climate change poses particularly large challenges for highly specialized species already
at risk of extinction (Wilkening et al. 2019). The ability of such species to adapt to climate
change will likely depend on how the species on which they rely will respond to climate change
(Hitch and Leberg 2007, Both et al. 2009, Portalier et al. 2022). For example, the koala’s
dependence on specific Eucalyptus species for foraging has made the species highly vulnerable
due to climate-induced shifts in the trees’ distributions (Adams-Hosking et al. 2012). The
populations of many species such as the ice-obligate polar bear or bamboo-obligate giant panda
have been predicted to decline due to climate-induced resource loss (Li et al. 2015, Moore and

Huntington 2008, Correll et al. 2019). Unfortunately, at-risk species face multiple, potentially
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interacting threats (e.g., habitat fragmentation, disease), which are likely to be compounded by

climate change (Fontini and Dye 2017, Lawler et al. 2002).

The Golden-cheeked Warbler (Setophaga chrysoparia; warbler hereafter) is a habitat
specialist that breeds exclusively in the Ashe juniper (Juniperus ashei)-oak (Quercus spp.)
woodlands of central Texas (Pulich 1976). Recent studies define warbler habitat as being
composed of 60-80% Ashe juniper canopy cover with relatively closed canopy and trees taller
than 3 meters (Mueller et al. 2022). Taller, older Ashe junipers provide the warbler with a critical
resource that make it a habitat specialist. Specifically, the warbler requires the shedding bark of
older Ashe junipers for nest construction. In 1990, the warbler was listed as endangered under
the Endangered Species Act due to extensive habitat loss and habitat fragmentation (USFWS
1990a). At that point, the population was estimated to be between 15,000-17,000 birds. With the
vast majority of warbler habitat on private land, the small proportion of Texas that is designated
as protected has been essential in conserving breeding habitat and enforcing management plans
for the species (Ladd and Gass 1999; Dreiss et al. 2022; Duarte et al. 2013). These protected
lands include parks, preserves, wildlife refuges, and military installations. However, its at-risk
status and the fact that the warbler is so closely associated with Ashe juniper may make it

particularly susceptible to climate change.

In the central United States and within Texas, studies have found that climate change will
continue to increase the potential for high severity crown fires and drought-induced tree
mortality (Reemts & Hansen 2008, Polley et al. 2018, Gao et al. 2021, Nielson-Gammon et al.
2021). These conditions will be worsened by high fuel loads that have resulted from historical
fire suppression in this region. With increases in these extreme weather events, tree mortality of

young and mature Ashe junipers will likely increase as has already been observed in the past
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decade (Johnson et al. 2018, Crouchet et al. 2019, Reemts et al. 2024, Reidy et al. 2021). For
example, in 2011-2013, Texas endured a severe drought in which junipers experienced a mass
mortality event with an approximate 27% canopy dieback within the Edwards Plateau (Polley et
al. 2016, Johnson et al. 2018, Crouchet et al. 2019, Schwantes et al. 2016, 2017). Additionally, a
recent model projected juniper mortality would increase through the 21% century due to an
increase in dynamic water stress (Schwantes et al. 2018). Such climate effects on Ashe junipers

will likely have cascading impacts on the Golden-cheeked Warbler.

Here, we explore how Golden-cheeked Warbler populations will likely respond to
climate-driven resource loss. We built a spatially explicit, individual-based, population model
using an existing warbler density model projection as a proxy for a habitat map (Mueller et al.
2022). We then simulated warbler populations under four climate-driven habitat change
scenarios that incorporated projected shifts in the geographic distribution of Ashe juniper from
2020 to 2090. This approach allowed us to understand how both population size and spatial
patterns of occupancy are likely to change in response to changes in the distribution of a key
resource. We explicitly explored how the abundance of warblers in 14 protected areas that are
currently managed for warbler persistence could change in the face of climatic impacts on Ashe

juniper.
METHODS
General Approach

We built a spatially explicit, individual-based population model for the Golden-cheeked
Warbler using the modeling framework HexSim (Version 4.0.20, Schumaker and Brookes 2018).

HexSim allows the user to simulate unique individuals through a sequence of life history events
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(e.g., migration, reproduction, survival) through time and space. The modelling framework
allows one to assign individuals traits, which can alter the way in which they interact with others
or with the landscape. Series of spatial data layers can be used to simulate dynamic landscapes
and different data layers can be used to influence different events in the model (e.g., movement,
survival), which allows for landscape change over time or for simulated individuals to access
multiple spatial layers depending on the life history event. These features facilitate the modeling
of complex individual-based behaviors and dynamic spatial processes with the flexibility to

incorporate various ecological processes (Lurgi et al. 2015).

We constructed a model that would provide a simple yet accurate representation of
warbler behavior during the breeding season. The model included four basic life history events
on an annual cycle: movement, territory selection, reproduction, and survival (Figure 2.1). All
individuals in the model experienced each of the events before moving onto the next cycle
(year). Because female warblers are cryptic and difficult to study, the demographic data available
in the literature focus mainly on males. Therefore, we built a male-only model. Although the
Golden-cheeked Warbler is a migratory species, we restricted the model to its breeding range to
specifically focus on the impact of breeding habitat changes on male warblers (Figure 2.2). The
spatial extent covered by the model was approximately 67,000 km?, covering portions of the
Edwards Plateau and Cross Timbers ecoregions of central Texas (Mueller et al. 2022). To
simulate the population responses to climate-driven habitat change, we used modeled habitat loss
resulting from projected climate-driven shifts in the distribution of Ashe juniper (Santillana

Fernandez et al. In prep).
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Figure 2.1 Simulated annual life cycle of the Golden-cheeked Warbler (Setophaga chrysoparia)
responding to resource-loss induced habitat contraction.

55



N GCWA Range

S A StudyArea

‘ { Albert & Bessie Kronkosky SNA
BCNWR

BCP

n Fort Cavazos
Garner SP

% E Government Canyon SNA
2 Guadalupe River SP
ﬂ Hill Country SNA
10

it 2&;%:‘ u Honey Creek SNA
143 8, 1}1 Inks Lake SP
138 3l Longhorn Cavern SP
Lost Maples SNA
2% 739 Pedernales Falls SP

1o

51 8% 6 0 40 80km South Llano River SP
L 1 1

Figure 2.2 Breeding range of the Golden-cheeked Warbler (Setophaga chrysoparia) based on a
density model by Mueller et al. (2022). The map shows several areas where Golden-cheeked
Warbler habitat is protected or actively monitored within central Texas.

Historical Habitat Layer

Golden-cheeked Warbler demographics are strongly associated with habitat quality and
site characteristics. Previous research has found that warbler densities >0.25 males/ha are found
in the most optimal habitat, which is associated with 60-80% Ashe juniper cover (Mueller et al.
2022, Magness et al. 2006, Sesnie et al. 2016). A recent study found that this species does not
pair successfully at low densities (< 0.02 males/ha), suggesting that density can be an appropriate
metric to parameterize warbler demographics in our model (Farrell et al. 2012). Therefore, we

used the density model by Mueller et al. (2022), which estimates the number of male warblers
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per hectare based on associated environmental predictors, as a projection of habitat quality. The
density map was originally downloaded at a 10-m resolution but was resampled using bilinear
interpolation to 100-m resolution to reduce the computational cost of running a model in such a
large landscape. After resampling the warbler density map to a hexagonal grid for use in
HexSim, the density values ranged from 0.001-1.0383 males/ha, which did not change
significantly from the original 10-m raster (0.001-1.049 males/ha). The resulting hexagonal
density map had a hexagon width of 100-m and the area of each hexagon was 0.866 ha. The
values of this density map were used as a representation of habitat quality. To parameterize some
of the life cycle events in our model, we translated the density model values into four habitat
categories: low (< 0.0625 males/ha), marginal (0.0625-0.16 males/ha), moderate (0.16-0.25

males/ha), and optimal (>0.25 males/ha).

Movement

We modeled the life cycle to include two movement events. The first movement event
represented breeding dispersal and was set to occur at the beginning of the annual cycle and
applied only to adults (age > 1) to signal breeding dispersal. The second movement event
occurred after reproduction, which applied only to juveniles and represents natal dispersal
(Figure 2.1). Each movement event included two main steps: dispersal and exploration. For both
adults and juveniles, the individual dispersed a certain number of hexagons, guided with 80%
autocorrelation, towards higher valued hexagons. The total number of dispersal steps any
individual took depended on a stopping criterion that averaged the density values of each
hexagon it passed through over a determined path length. Once an individual reached the target
average value, the individual stopped moving and moved onto the exploration step. For adults,

we allowed individuals to move two steps first, and then if the next two steps averaged higher
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than 0.06, they stopped moving. Juveniles, because natal dispersal events are generally longer
than inter-year breeding dispersal events, they moved 15 steps first and then took five steps to
calculate and reach or supersede the average density value of 0.06 required for exploration (Jette
et al. 1998, Lindsay et al. 2008). The number of steps individuals took was tallied. If the defined

maximum distance was reached, the individual stopped moving.

After dispersal, individuals explored the surrounding area to determine if a territory could
be made. We parameterized the model to allow both adults and juveniles to explore 69 hexagons
(or 60 ha) surrounding the hexagon to which they dispersed. If an individual explored and found
a territory, it could then reproduce. Otherwise, the individual would become a non-breeding
“floater” and would have to attempt to find a territory in the following timestep, unless they died
during the survival event. To increase the probability of finding a territory, the movement event
was repeated up to five times stopping when the individual found a territory, reached the
maximum dispersal distance, or concluded the five iterations, whichever came first. For adults,
the maximum dispersal distance was set to 3,400 m, based on records from Fort Cavazos (Groce
et al. 2010). For juveniles, the maximum dispersal distance was set to 114,000 m, based on
records from BCP and the Joint Base San Antonio Camp Bullis. However, few individuals
traveled the maximum distance due to the iterative parameterization of dispersal and exploration.
The parameterization of the movement events took extensive parameter tuning to achieve the

average dispersal rates that match empirical data.

Territory Selection

To create a territory, simulated male warblers needed to find enough hexagons with
habitat quality values that summed to 1. Territory size could start at one hexagon, but we

parameterized the model to have a maximum territory size of 23.094 hexagons or 20 hectares,
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based on the largest territory size recorded in low-density sites at the Balcones Canyonlands
Preserve in Austin, Texas (O’Donnell et al. 2019). The model resulted in an average territory
size of 6.01 ha. Average territory sizes were 15.7 ha (12.7-19.9 ha), 8.3 ha (6.1-15.6 ha), 4.8 ha
(4.3-6.9 ha), and 3.3 ha (0.9-4.3 ha) in low, marginal, moderate, and optimal, respectively. The
range of simulated territory sizes matched the territory sizes from empirically based estimates in

literature (Coldren 1998, Reidy et al. 2016, Pulich 1976, Davis and Leslie 2008).

Reproduction

For the reproduction event, only territory-holding adults were allowed to reproduce
(Figure 2.1). We set reproduction to allow territory-holders to have a maximum of three
offspring. The typical warbler clutch size is 3-4 eggs (Pulich 1976). Based on existing literature,
we parameterized our model to result in an average of 1.45 successful fledglings per male
(Duarte et al. 2016, Groce et al. 2010). To achieve this target average, the probabilities of having
one, two or three fledglings were set to 0.65, 0.25, and 0.1, respectively. We parameterized this
part of the model based on a study that estimated reproductive success as 1.42 (95% CI 1.18-
1.69) fledglings per territory (Duarte et al. 2016). Multiple other studies had similar or relatively
higher estimates of reproductive success (Peak and Thompson 2014, Reidy et al. 2018, Reidy et
al. 2020, Reidy et al. 2023, Groce et al. 2010). After the reproduction event, fledglings became

juveniles that could disperse and search for territories in their own movement event (Figure 2.1).

Survival

We based our survival rates on empirical data from Reidy et al. (2020) and Duarte et al.
(2016). However, multiple other studies have found similar rates (Alldredge et al. 2004, Reidy et

al. 2023). Reidy et al. (2020) estimated mean juvenile survival to be 0.40 and mean adult

59



survival to be 0.57 for the Balcones Canyonlands Preserve. For floaters, we assigned these
means to the moderate habitat quality category because the Preserve is made up of moderate and
optimal habitat. We then reduced and increased this value by 30% to assign values to low,
marginal and optimal habitat elsewhere in the landscape. To address floaters’ reduced access to
resources, we imposed a 40% penalty on the survival rates of each of the habitat quality

categories.

The habitat quality categories are based on the average quality of the hexagons in a
territory. This means that even having a territory with one very low-quality hexagon with
majority moderate to optimal quality hexagons could result in a territory with a lower habitat
quality category than would be expected. Using territory size for survival rates provided a more
accurate representation of resource access than using the coarser habitat quality categories.
Therefore, for territory-holding individuals, the survival rates were linearly extrapolated based
on territory size. Using data from Duarte et al. (2016), survival rates for adults ranged from 0.29
to 0.73 for the smallest and the largest territories, respectively. For territory-holding juveniles,
the survival rates ranged from 0.07 to 0.52 for the smallest to the largest territories. After
iterative tuning, our final model produced mean juvenile and adult survival rates of 0.31 and
0.59, respectively. These rates accurately represent empirical data across study sites (Alldredge
et al. 2004, Duarte et al. 2016, Reidy et al. 2020, Reidy et al. 2018, Reidy et al. 2023). Adults
older than 10 years were removed from the simulation past a decade, matching empirical data
that found the oldest individual on record to be approximately 11 years old (Colon et al. 2015,

Ladd and Gass 1999).
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Model Initialization

Warbler abundance has been widely debated. Pulich (1976) first estimated the population
to total to about 14,950 individuals in 1976, but Wahl et al. (1990) later estimated the carrying
capacity to be between 4,822 to 16,016 pairs based on data from 1974, 1976 and 1981. However,
Morrison et al. (2010) estimated the population to be 220,000 males in 2009 and Mathewson et
al. (2012) estimated it to be 263,339 males based on data from 2008 and 2009. The density
model used to create a relationship between density, habitat quality, and demographics in this
simulation model estimated a similar population size of 217,444 males. Previous research
comparing model-based densities to actual densities from intensive territory monitoring found
that various modeling methods (e.g., binomial mixture models, distance sampling) consistently
overestimate densities in areas of low density and underestimate in areas of high density
(O’Donnell et al. 2019). O’Donnell et al. (2019) did not, however, assess the methodologies used
in the Mueller et al. (2022) density model. Nevertheless, given the uncertainties in both modeled
and actual warbler abundance, we focused on comparing relative abundance among scenarios

rather than making population size estimates.

In our model, initialization occurred on the first timestep. We randomly introduced
100,000 male warblers into the landscape, which immediately triggered an exploration event in
which individuals were able to explore their location and find a territory. If any individuals were
unable to create a territory, they were allowed to try again in the movement event (Figure 2.1).
The model was run for 70 years with the chosen parameters to determine the timestep in which
the population stabilized. We used the calibrated population as a starting point for all of the

climate-change scenario simulations.
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To determine if the number of individuals used to initialize the model affected resulting
abundances, we initialized the model using six different population sizes: 15,000, 30,000,
90,000, 100,000, 200,000, and 300,000. Regardless of the number of individuals used to
initialize the model, it simulated populations between 78,160 and 78,883 males by timestep 70.
This means that our selected model stabilized at a similar abundance regardless of how the

simulation was initialized, and therefore, was not overly sensitive to initialization abundance.

Simulation Scenarios

To produce a baseline scenario, we ran the model using the Mueller et al. (2022) density
model-based habitat layer, representing habitat in the year 2020. In the baseline scenario, the
habitat map remained unchanged for all years. To evaluate the risk of resource loss to warbler
populations, we used four scenarios of habitat change that incorporated projections from an
ensembled Ashe juniper species distribution model (SDM). This SDM was run for four projected
future climates from two generalized circulation models (GCMs) run for two shared
socioeconomic pathways (SSPs) for the time periods 2021-2040, 2041-2060, 2061-2080, and
2081-2100 (Santillana Fernandez et al. In prep). The GCMs included the Max Planck Institute
Earth System Model (MPI-ESM1-2-HR) and the U.K. Earth System Model (UKESM1-0-LL)
(Gutjahr et al. 2019, Yukimoto et al. 2019, Sellar et al. 2019). These GCMs were selected using
GCMeval tool created by Parding et al. (2020), which assesses model fit to past conditions based

on selected parameters (e.g., region, importance of precipitation or temperature).

MPI-ESM1-2-HR represents a negligible change in precipitation with a moderate
increase in temperature, while the UKESM1-0-LL forecasts a significant increase in both
temperature and precipitation. The SSPs used for these GCMs were SSP2-4.5 and SSP3-7.0.

SSP2-4.5 (middle-of-the-road) is a scenario that aims to implement a limit of warming to
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approximately 3°C by 2100. While similar to SSP2-4.5, SSP3-7.0 (regional rivalry) projects a
more extreme climate scenario with increased land-use change and high aerosol emissions
(O’Neill et al. 2016). Santillana Fernandez et al. (In prep) used the SDM to project changes in

the distribution of Ashe juniper for each of the four time periods for the four climate scenarios.

We took the projected distribution maps from (Santillana Fernandez et al. In prep) and
interpolated between the four time periods to create yearly habitat maps from 2021-2090. Each
of the Ashe juniper distribution projections was binarized by applying a presence threshold
(Santillana Fernandez et al. In prep). We then used the yearly binarized maps to modify the map
produced by the Mueller et al. (2022) warbler density model by retaining only areas that were

projected to be suitable for Ashe juniper as potential warbler habitat.

To capture stochasticity inherent in the model, each simulation scenario (the baseline
scenario and the four climate-change scenarios) was run 10 times. Because variation in model
projections was minimal, 10 replicates were more than enough to capture any differences
resulting from the stochastic elements in the model. For example, across baseline model
replicates, the average populations in 2021 and 2090 were 86,978 males and 86,275 males,
respectively. Furthermore, across all model scenarios, the standard deviation did not exceed 460
individuals in any given year. This was expected because although the model contains stochastic

elements, we did not explicitly incorporate environmental stochasticity into the model.

Assessing Changes on Protected Lands

Because the majority of the land within the warbler breeding range is privately owned,
assessing the impact of climate-induced resource loss on protected or actively monitored areas

was an additional goal of our study. We focused on sites that had historical warbler data to
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support our model parameterization. These protected areas included Albert & Bessie Kronkosky
State Natural Area (ABKSNA), Balcones Canyonlands National Wildlife Refuge (BCNWR),
Balcones Canyonlands Preserve (BCP), Fort Cavazos (FC), Garner State Park (GSP),
Government Canyon State Natural Area (GCSNA), Guadalupe River State Park (GRSP), Hill
Country State Natural Area — Louise Merrick Unit (HCSNALMU), Honey Creek State Natural
Area (HCSNA), Inks Lake State Park (ILSP), Longhorn Cavern State Park (LCSP), Pedernales
Falls State Park (PFSP), and South Llano River State Park (SLRSP), which all actively manage
or monitor warbler habitat (Figure 2.1). The majority of these sites are protected for conservation
purposes and recreational use, but some are actively monitored sites that have alternative
purposes such as the Fort Cavazos military installation. Hereafter, we refer to all of these sites
that actively monitor warbler populations as protected areas. We used the warbler habitat
projections to determine the relative changes in the warbler population under the different

climate scenarios.

RESULTS

Range-wide projected abundance changes

The baseline scenario resulted in a stable population over the seventy-year simulation
period (Figure 2.3). Although the baseline scenario used the existing Mueller et al. (2022)
density model as its spatial extent, simulated warblers did not occupy the entire range. The areas
of the range that were occupied in the baseline scenario are shown in gray in Figure 2.4 to

provide a comparison for the future climate scenarios.

Warbler populations declined under all four climate-change scenarios. However, the

degree to which they declined varied greatly. Under the MPI-ESM1-2-HR SSP2-4.5 scenario
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(the scenario resulting in the least climatic change), the population remained stable with a
gradual and slight decline. By 2090, that decline resulted in an 11% loss in the population
relative to the baseline scenario (Figure 2.3). In this scenario, warblers occupied the landscape
similarly to the occupancy pattern created by the baseline scenario with the highest cumulative
occupancy in the central region of the Edwards Plateau, and near the cities of Austin and Killeen
(Figure 2.4a). In this scenario, warblers continued to occupy low quality habitat in high numbers.
Under the SSP3-7.0, the MPI-ESM1-2-HR model showed the warbler population responding
similarly to the SSP2-4.5 projection until approximately 2060 when the population rapidly
declined (Figure 2.3). In comparison to the baseline model, this scenario predicted a 51%
reduction in the population by 2090. Although warbler occupancy persisted in the same crucial
regions as projected by the SSP2-4.5 scenario, occupancy of low and marginal quality hexagons

declined the most in comparison to the other habitat quality categories (Figure 2.4b).

Projections from the UKESM1-0-LL model, run for both the SSP2-4.5 and SSP3-7.0
scenarios resulted in similar population responses with an almost immediate yet gradual decline
that plateaued by approximately 2070 (Figure 2.3). In comparison to the baseline model, we
observed a 94% reduction in the population by 2090 under both of these scenarios. This severe
population reduction left warblers concentrated mainly around the wooded areas near the cities
of Austin and Killeen (Figure 2.4c and 2.4d). However, few warblers occupied the rest of the
baseline range except for some minimal use in the southeastern part of the Balcones Escarpment,

which also had slightly higher occupancy rates under the SSP3-7.0 scenario than the SSP2-4.5.

We averaged our warbler abundance projections for each of the SSP scenarios (Figure
2.3). The average for the SSP2-4.5 scenarios showed an immediate drop in the population

followed by a gradual decrease in the population, which appeared to plateau below 50,000 males
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at around 2060. In this average, the projected population declined in a similar fashion to the
UKESM1-0-LL models but did not lead to such an extensive loss of the population. In
comparison to the baseline scenario, the SSP2-4.5 average predicted about a 52% decline in the
warbler population by 2090. The average for the SSP3-7.0 scenarios showed an immediate drop
in the population similar to the SSP2-4.5 average but showed a nearly linear decline in the
population through 2090. Based on the trend of this SSP3-7.0 average, there appeared to be no
indication that the population would plateau at any time after 2090. By the end of the century, for

this average, the population declined by about 73% in comparison to the baseline scenario.
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Figure 2.3 Simulated Golden-cheeked Warbler populations for baseline conditions and for each
of the four climate-change scenarios. Under the most extreme GCM, UKESM1-0-LL, the
population declines to near extinction by 2090. The SSP2-4.5 and SSP3-7.0 scenarios were
averaged to provide a summary of the two distinct projections of socioeconomic global change.
Although the model is built to be stochastic, the population did not vary significantly across
replicates (n = 10). The standard deviation around the mean was plotted for every scenario, with
the standard deviation staying within 27 and 460 male warblers.
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Figure 2.4 Average cumulative occupancy from 2080 to 2090 by Golden-cheeked Warblers
resulting from simulations run for four climate-change scenarios. The gray background provides
a reference of the extent of occupancy under the baseline model.

Projected abundance within protected lands

We assessed the change in occupancy across selected protected areas within the warbler’s
current range between 2020 and 2090. The protected lands we used account for 1,289 km? of
approximately 68,000 km? of the warbler’s current breeding range. The pattern of population
change across all climate scenarios was similar between protected and unprotected areas, with
the occupancy change in protected areas being lower than in unprotected areas. For example, in

the MPI-ESM1-2-HR SSP2-4.5 scenario, protected areas experienced at least a 4% loss of the
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population whereas unprotected areas experienced approximately a 12% reduction in the
population (Figure 2.5). In the most extreme scenario (UKESM1-0-LL), protected areas
experienced a 70% reduction in the population whereas unprotected areas lost nearly 97% of the

population.

However, the pattern of where the persisting population was located depended on the
climate scenario. In the MPI-ESM1-2-HR SSP2-4.5 scenario, about 82% of the population
occupied unprotected areas in 2090. A similar pattern occurred in the SSP3-7.0 scenario of this
GCM with approximately 79% of the population in unprotected land. This pattern was the
opposite in the UKESM1-0-LL scenarios. In the UKESM1-0-LL SSP2-4.5 scenario, 59% of the
persisting population occupied protected areas. Similarly, in the UKESM1-0-LL SSP3-7.0
scenario, roughly 50% of warblers occupied protected lands in 2090. Thus, under these more
extreme scenarios, warblers disproportionately occupied the protected areas which account for

less than 2% of the warbler’s current breeding range.

For the mildest climate scenario, MPI-ESM1-2-HR SSP2-4.5, all protected areas
continued to host warbler populations until 2090 with the largest average loss (80%) happening
at SLRSP (Figure 2.6). All areas saw little to no reduction in the population except for HCSNA
and LMSNA, which saw averages of 7% and 1% population increases under this scenario. In the
MPI-ESM1-2-HR SSP3-7.0 scenario, four out of the 14 sites—LCSP, PFSP, SLRSP, and
ILSP—saw a complete loss of warbler occupancy by 2090. The sites that saw less than 20% loss
were ABKSNA (2%), BCP (8%), BCNWR (19%), GCSNA (7%), and LMSNA (13%),

suggesting these are the most important protected sites for this scenario.

For the UKESM1-0-LL model projections, the SSP3-7.0 scenario resulted in less of a

population reduction than did the SSP2-4.5, but the outcome was relatively the same for
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protected areas (Figure 2.6). Under SSP2-4.5, 11 out of the 14 sites experienced a complete loss
in warbler occupancy by 2090, whereas the SSP3-7.0 scenario saw a complete loss in 9 out of 14
of the sites. Of the five sites that persisted under the UKESM1-0-LL SSP3-7.0 scenario, GCSNA
consistently hosted a considerable portion of the population (approximately 4%) across all model
replicates even though it experienced an average occupancy loss of 63% by 2090. However, in
the SSP2-4.5 scenario of this GCM, both GCSNA and ABKSNA hosted less than 0.1% of the
population, with some model replicates experiencing complete loss of warbler occupancy within

these sites.

There were three protected areas in which warblers persisted even under the most
extreme climate-change scenarios: BCP, BCNWR and FC. These sites are the largest protected
or actively managed areas where the majority of warbler research has been conducted. All model
runs hosted remnant populations within these sites across all climate scenarios. For the most
extreme climate model (UKESM1-0-LL), these three sites continue to sustain warblers, but at
much lower numbers. Under the UKESM1-0-LL SSP2-4.5 scenario, the populations at BCP,
BCNWR and FC all experienced moderate population reductions (28%, 61%, and 66%,
respectively). In this scenario, by 2090, BCP hosted about 35% of the remnant population
whereas BCNWR and FC hosted approximately 11% and 16%, respectively. Under the
UKESM1-0-LL SSP3-7.0 scenario, the population reduction was most severe at BCNWR (-
92%) and moderate to high at BCP (-40%) and FC (-78%). By 2090, this scenario showed that
BCP hosted about 32% of the remnant population whereas BCNWR and FC hosted only 2% and
12%, respectively. The simulation model detected important regions within these three sites that

managers could prioritize during conservation planning efforts (Figure 2.7).
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Figure 2.5 Mean change in the simulated male warbler population for the protected land versus
unprotected lands between year 2020 and year 2090. The change was calculated for the baseline
scenario and the four climate scenarios with the error bars representing the variability across
model runs. The UKESM1-0-LL climate scenarios (both SSP2-4.5 and SSP3-7.0) showed at
most 70% loss of population in protected lands, while in unprotected lands, this GCM showed
nearly a 97% loss of the population. Although the pattern of loss across scenarios was similar for
protected versus unprotected lands, the population that persists through 2090 in the more extreme
scenarios mainly occupies protected sites rather than unprotected lands.
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Figure 2.6 Mean change in the simulated male warbler population for each of the protected or
managed sites between year 2020 and year 2090. The change was calculated for the baseline
scenario and the four climate scenarios with the UKESM1-0-LL climate scenarios (both SSP2-
4.5 and SSP3-7.0) showing nearly a 100% loss of population at all sites except for BCNWR,
BCP, Fort Cavazos and GCSNA. The error bars represent the SD of the mean occupancy across
model replicates (n = 10). Smaller sites had more variability in occupancy.
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Figure 2.7 Average cumulative occupancy from 2080 to 2090 by Golden-cheeked Warblers at
the three protected sites where they persist for the most extreme climate scenario (UKESM1-0-
LL SSP3-7.0).

DISCUSSION

Forecasting the impacts of climate change and habitat change is essential for planning
and prioritizing effective conservation efforts for at-risk species in the face of environmental
change. We built a spatially explicit population model to assess the potential impact of climate-
induced resource loss on the endangered Golden-cheeked Warbler. We found that projected
climate-driven reductions in the distribution of Ashe juniper have the potential to substantially
impact warbler populations. Nonetheless, there were specific areas in which warblers are likely

to persist.

Our results highlighted three protected sites that have the potential to serve as refugia for
the warbler. Warblers persisted at these sites even under the most severe climate scenario we
considered. Morelli et al. (2016) define climatic refugia as areas relatively buffered from climate
change that enable persistence of valued physical, ecological, and socio-cultural resources. The

areas of persistence at the three sites we identified (Fig. 7) had projected climatic conditions that
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allowed for the persistence of Ashe juniper, which in turn provided adequate habitat to support

warblers.

Conserving and restoring areas that will serve as refugia is likely to be an important
climate-adaptation strategy for protecting species and ecosystems in the face of climate change
(McLaughlin et al. 2022). The warbler is already being managed at the sites that are likely to
host refugia. For example, at BCNWR and Fort Cavazos, understory thinning and prescribed
fires have been implemented or studied as a strategies to reduce fuel loads and diminish the risk
of crown fires in mature juniper-oak woodlands (Long et al. 2017, Reidy et al. 2021, Reemts et
al. 2024). Additionally, with the importance of oaks to warbler foraging behavior, habitat
management that focuses on the protection of both Ashe juniper and oak species will be
essential. With deer herbivory reducing oak regeneration, studies have focused on assessing
strategies (e.g., planting, low-intensity fire) that could improve oak resprouting and seedling
survival in a way that also maintains juniper on the landscape (O’Donnell et al. 2020, Andruk
and Fowler 2015). Therefore, by protecting existing juniper-oak woodlands and associated
successional communities, reducing fire risk, increasing connectivity, and promoting oak
regeneration, managers could reduce the impact of habitat and resource loss on warbler

populations, effectively protecting important climate refugia.

As with any model projections, caution should be taken in interpreting and using the
results of our model in planning. There is at least one reason why our projections might
overestimate the impacts of climate change on warbler populations. Our projected changes in
habitat resulting from juniper range contraction assume that existing junipers will die
immediately in areas that the species distribution model projects to be unsuitable. Although this

is possible, it is also possible that at least some mature trees will remain on the landscape for
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many years, particularly if the lack of suitability is only linked to recruitment. Such a lag in
juniper mortality would reduce the rate of population decline and could result in larger warbler
populations. Conversely, there are reasons that our model might under-predict the impact of
climate change. It is possible that the compounding effects of climate-mediated disturbances
(e.g. drought, wildfire) and land-use change could produce a more substantial decline in both

juniper suitability and warbler habitat availability.

Previous research has shown that both drought and fire can reduce the resilience of
junipers and juniper-oak woodlands. For example, in 2011, a severe drought resulted in mass tree
mortality throughout Texas, especially impacting juniper-oak woodlands (Moore et al. 2016,
Schwantes et al. 2017). Slow growing trees faced a high risk of mortality with some studies
predicting that future severe droughts will lead to severe mortality risk and dynamic water stress
for mature Ashe junipers (Polley et al. 2018, Schwantes et al. 2018). Although it is possible that
the species distribution model we used implicitly captured drought events, we did not explicitly
include these in our simulations. It is possible that including such events could further reduce

warbler populations.

Similarly, although the species distribution model could potentially implicitly capture the
effects of climate change on fire and in turn on the distribution of juniper, we did not explicitly
model the impacts of climate-change driven changes to the fire regime and the resulting impacts
on warbler habitat. Climate-driven increases in the severity and frequency of wildfires in Texas
will likely increase the possibility of devastating crown fires (Gao et al. 2021, Nielsen-Gamon et
al. 2021). In the past, Indigenous stewardship and burning practices, along with the role of bison
and other browsing animals, maintained the mosaic of savannas, shrublands and woodlands of

this region (Fowler and Carden 2024, Stambaugh et al. 2014, Stambaugh et al. 2017). Since
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European settlement, fire suppression has resulted in changes to the successional dynamics and
composition of the ecosystems of central Texas, resulting in high fuel loads and high fire risk. As
a non-resprouting species that may take at least 75 years to recolonize, Ashe juniper may
experience substantial loss in its distribution if faced with increased exposure to fire, reducing
the suitability and distribution of warbler habitat (Fuhlendorf et al. 1996, Fowler and Carden

2024, Reemts et al. 2024).

Studies assessing the impacts of prescribed fire and wildfire on warblers found that the
use of habitat declined considerably after fire, especially in areas of crown mortality (Baccus et
al. 2007, Reidy et al. 2021, Reemts et al. 2024). Additionally, fledgling survival has also been
found to be lower in prescribed fire treatment sites, suggesting that fire could have significant
effects on survival and reproduction. A recently published model found that adult male survival
was negatively related to EI Nifio severity further emphasizing this relationship between
demographic rates and bioclimatic conditions (Reidy et al. 2023). In our model, survival was
kept constant throughout the years of landscape change for the purpose of simplicity. The
additive or synergistic effects of climate change, fire, and drought are likely to induce significant
landscape changes and phenological shifts that will affect interspecific and intraspecific
interactions, migration, and survival of this at-risk species (Cox et a. 2013, Marshall et al. 2013,
Peak and Thompson 2014, Reidy et al. 2021). Explicitly including these mechanisms in our

model would likely result in more dramatic population declines.

In addition, extensive research has documented the negative effect of urbanization and
land development on the quantity and quality of warbler habitat, as well as warbler
demographics (Dreiss et al. 2022, Groce et al. 2010, Appel & Camilli 2010). A recently

published technical report developed an analysis on the impact of projected land-cover change
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on the warbler breeding range (Bunting 2023). The results of this report showed that the most
vulnerable areas are spread along the Balcones Escarpment and the eastern sections of the
breeding range, which are the same areas in which our model predicts persistence. Thus,
protecting habitat from development and other forms of land conversion in these areas is likely

to be critical for the persistence of the warbler.

In early 2025, the U.S. Fish and Wildlife Service (USFWS) published their five-year
status review for the Golden-cheeked Warbler and recommended the species be downlisted to
threatened (USFWS 2025). The original decision to list the warbler as endangered was based
largely on the substantial loss and fragmentation of warbler breeding habitat. However, the
recent review indicated that the species has sufficient high density breeding habitat available and
plenty of low to medium density habitat that will ultimately mature into high-density habitat.
Although downlisting could be justified given their assessments, the review did not consider the
potential impact of climate change on Ashe juniper. Under the most extreme climate scenarios,
our model showed warbler occupancy declined rapidly early in the century and warblers
disappeared almost entirely by the end of the century—all due to the species’ obligate
dependence on Ashe juniper. Our results indicate that climate is likely to be an important stressor
that affects species viability and this assessment, or the associated framework, could be used by
managers in subsequent species status assessments. Regardless of the species’ status, it will be
essential to continue monitoring warbler populations as well as managing juniper-oak woodlands
with the aim of protecting old-growth junipers and promoting oak regeneration. Our results
emphasize the continued need to implement effective conservation and climate mitigation
strategies to secure the persistence of both the Golden-cheeked Warbler and Ashe juniper

through the end of the century.
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CONCLUSION

Using a model-based approach, this research provides insight into the potential effects of
climate-driven landscape change on the persistence of the Golden-cheeked Warbler (Setophaga
chrysoparia). By integrating climate-driven projections of changes in the distribution of Ashe
juniper—a key resource for the Golden-cheeked Warbler—with a recent habitat modeling effort,
we generated a time series of habitat change upon which we modeled population dynamics of the
warbler using a spatially explicit, individual-based, population model. The results suggest that
climate-induced resource loss poses a substantial threat to warbler populations within its

breeding range, painting a dire picture for this endangered species.

In chapter 1, | focused on understanding the implications of the warbler having an
obligatory dependence on Ashe juniper (Juniperus ashei) for nest construction. Through a
species distribution model, we observed a stark decline in suitable conditions for Ashe juniper,
with projections ranging from a 70% range reduction under a moderate emission scenario to a
near-complete loss (99%) by 2100 under the most extreme scenarios. This projected suitability
loss serves as a warning, highlighting the vulnerability of a necessary resource for the warbler

and raising concerns about the warbler’s long-term viability.

Building on this foundation, in chapter 2, | used a population model to explore the
cascading effects of this resource loss on warbler populations. By integrating the SDM
projections into my spatially explicit population model, | simulated warbler occupancy under
four climate futures (Schumaker and Brookes 2018). The results mirrored the trends observed in
the SDM, with substantial declines in warbler populations across all scenarios. These declines
were particularly extensive under the most extreme climate projections from the UKESM1-0-LL

generalized circulation model. While the average of the SSP2-4.5 scenarios suggests a
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population decline of approximately 52% by 2090, the resulting potentially stable population
may not actually be established if climate mitigation and habitat protection strategies are not
implemented. Most importantly, this chapter identified potential refugia on actively managed
lands (e.g., Balcones Canyonlands Preserve, Balcones Canyonlands National Wildlife Refuge,

Fort Cavazos), offering consistent spatial targets for conservation efforts.

Although both chapters hold inherent uncertainties in the modeling approaches, the
results converge on a central message. It is clear that climate change poses a severe threat to
Golden-cheeked Warbler populations. Although my models suggest the potential for population
stabilization under certain conditions, the magnitude of the projected declines emphasizes the
urgent need for proactive conservation interventions, especially within the identified refugia.
Furthermore, | highlight the need for future research to incorporate additional stressors, such as
urbanization, drought, fire and their interactive effects on warbler demographics, to provide a

more holistic understanding of the warbler’s vulnerability to extinction.
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