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Where landowners, non-profit organizations, and government agencies prioritize conservation activities has
significant implications for people, ecosystems, and climate resilience. Our study builds on conservation
decision-making scholarship by analyzing the relationships between biodiversity priorities, social vulnerability,
climate risks, and projected population growth in Texas to identify geographies that simultaneously support
multiple goals. Drawing from publicly available datasets, we show the potential for existing conservation pri-
orities to exacerbate the inequitable distribution of environmental goods and services, especially for lower-
income residents, communities of color, and socially vulnerable populations. Using bivariate local indicators
of spatial autocorrelation, we demonstrate effective ways to avoid negative social impacts by identifying syn-
ergistic locations with high levels of social vulnerability and biodiverse landscapes. We overlay these locations
with climate risks to further prioritize areas that could meet biodiversity, social vulnerability, and climate
adaptation needs. Lastly, we consider how future population growth may inform the urgency of conservation
activities given potential development pressures. Our study contributes to academic and policy debates seeking

to jointly address biodiversity conservation, climate change, and environmental justice concerns.

1. Introduction

In 2021, the Biden-Harris Administration committed to conserving
30% of U.S. lands and waters by 2030 (America the Beautiful Inter-
agency Working Group, 2021), offering an important opportunity to
expand upon the 13% of currently conserved lands (USGS, 2018). The
“America the Beautiful Initiative” encompasses a broad array of objec-
tives, including using multi-sectoral locally-led efforts to protect biodi-
versity, sustain ecosystem services, address social inequalities, and
reduce the impacts of climate change (America the Beautiful Inter-
agency Working Group, 2021). How and where non-profit organiza-
tions, private landowners, and local government agencies prioritize
conservation efforts over the next eight years will likely have major
implications for people and ecosystems in the face of climate change.

Emerging research seeks to understand where conservation actions
could provide "win-win-win" opportunities to meet multiple objectives
associated with biodiversity conservation, reducing social vulnerability,

and adapting to climate change (Albert et al., 2019; Arkema et al., 2017;
Belote et al., 2021; Pineda-Pinto et al., 2022). Yet, few studies concur-
rently examine the connections between these three objectives, espe-
cially in locations with high population growth and land use conversion
where habitats may be most at risk (Gourevitch et al., 2021; Sims et al.,
2022). In this study, we build on conservation decision-making schol-
arship by analyzing the relationships between biodiversity conservation
priorities, social vulnerability, and climate risks in Texas to identify
potential synergistic geographies on the ground.

The United States is predicted to grow by 47 million people by 2040,
with approximately 70% of that growth occurring in the Sun Belt, a
rapidly urbanizing but climatically stressed region stretching across the
southern U.S. (University of Virginia Weldon Cooper Center, 2018). The
Sun Belt is home to over 60% of the U.S. population and multiple global
and national biodiversity hotspots. The region faces interconnected
socio-ecological challenges, including population growth, large-scale
land use change, increasing social inequality, and biodiversity loss
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(Economic Policy Institute, 2016, 2016; Frey, 2021; Fulton et al., 2020;
Sohl et al., 2016; Stein et al., 2000). Specifically, Sun Belt states have
experienced the highest number of billion-dollar weather and climate
disasters and contain many of the areas most at risk for future impacts
(Hsiang et al., 2017; Smith, 2020a). Those risks include increases in
temperature and heatwaves, droughts, wildfires, heavy precipitation
and associated flooding, sea level rise, and more intense and frequent
storm events (Jones et al., 2015; Mazdiyasni and AghaKouchak, 2015;
USGCRP, 2018).

Climate change and future population growth pressures in the Sun
Belt will likely drive further land use conversion and have repercussions
for biodiversity and ecosystem services, especially in states with fewer
conserved lands (Fulton et al., 2020; Hamilton et al., 2022; Jenkins
et al., 2015; Sohl et al., 2016; Stein et al., 2000; USGCRP, 2018). Climate
impacts, particularly changing precipitation patterns, rising seas, and
increasing temperatures, require many species to move to adapt, but
habitat fragmentation limits species’ ability to track suitable locations
resulting in species decline (Fischer and Lindenmayer, 2007; Foley et al.,
2005; McGuire et al., 2016).

Furthermore, disaster and environmental justice scholarship pro-
vides evidence that climate risks are not equally distributed and often
disproportionately impact lower-income residents, people of color, and
other groups subjected to various forms of structural oppression (Hsu
etal., 2021; USGCRP, 2018; Wilson et al., 2010). Research suggests that
these groups are often relegated to living in locations with greater
exposure to risks, possess fewer resources to reduce threats, incur
greater impacts from disaster events, and have longer and more difficult
recovery processes (Drakes et al., 2021; Howell and Elliott, 2019; Rufat
et al., 2015; Schmeltz et al., 2016; Thomas et al., 2019). Social vulner-
ability has emerged as a term and concept to explore how multiple social
processes converge to produce inequitable risk exposure and disaster
recovery trajectories (Cutter et al., 2003; Emrich and Cutter, 2011; Ja-
cobs, 2019) and to design programs to reduce those harms and in-
equalities (Rufat et al., 2015; Tate et al., 2021). While considering social
vulnerability in program design does not address the underlying power
structures that drive those inequalities, researchers argue that programs
that do not focus on populations or locations with high social vulnera-
bility are likely to maintain or amplify those inequalities (Tate et al.,
2021; Van Sant et al., 2021).

Efforts to address these interconnected issues include multi-sector
and multi-scalar conservation activities encompassing infrastructure
investments, property buyouts, development regulations, incentives for
private landowners for voluntary conservation efforts, nature-based
solutions like land conservation and green infrastructure, and more
(Lempert et al., 2018). However, many of these solutions have docu-
mented inequalities in terms of which places and people benefit from
these interventions and how they may amplify unequal climate risks
(Anguelovski et al., 2016; Hino et al., 2017; Keenan et al., 2018; Shokry
et al., 2020). For example, while understudied in the U.S., research by
Villamagna et al., (2015, 2017) indicates that conserved lands dispro-
portionately benefit white residents by providing ecosystem services
that could support climate adaptation. In response, researchers have
begun to investigate where and how "win-win-win" conservation op-
portunities might emerge (Albert et al., 2019; Arkema et al., 2017;
Belote et al., 2021; Pineda-Pinto et al., 2022). Similarly, government
entities and non-profit organizations are working to embed equity into
climate resilience and biodiversity conservation efforts (Brune, 2020;
Bruno and Jepson, 2018; Bowan, 2020; California Senate Bill 535, 2012;
Exec. Order No. 8, 14008, 2021; Harris County Flood Control District,
2018; Kohl, 2021; Pellow, 2001; Rudd et al., 2021).

To contribute to academic and policy debates on the potential for
targeting conservation actions in high-impact locations to achieve the
greatest amount of co-benefits, our study evaluates relationships be-
tween conservation priorities, measures of social vulnerability, and
climate risks in Texas. Here, we ask three questions. First, are there
differences in measures of social vulnerability and climate risks between
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census tracts with and without biodiverse landscapes? Second, do tracts
with higher levels of biodiverse landscapes and social vulnerability
spatially coincide in Texas? Third, where do high climate risks and
population growth areas overlap with clusters of high biodiverse land-
scapes and social vulnerability? We answer these questions using two-
tailed student’s t-tests, bivariate local indicators of spatial autocorrela-
tion, and spatial analysis techniques. This study extends previous
research establishing conservation priorities based on biodiversity hot-
spots or climate impacts on species dispersal and parallel work inte-
grating social inequality analyses into conservation outcomes and future
prioritization considerations (Anderson et al., 2016; Jenkins et al., 2015;
Simkin et al., 2022; Sims et al., 2022; Van Sant et al., 2021; Villamagna
et al., 2017). Our results highlight areas that potentially meet multiple
land management objectives related to biodiversity conservation, social
vulnerability, and prioritizing areas most at risk from climate impacts.

2. Data and methods
2.1. Site

We focused our analysis on census tracts in Texas, the second-largest
state by size (695,000 kmz) and population (29.7 million residents). We
selected Texas because it is the Sun Belt state with the highest number of
high-impact climate-related extreme events and has the largest pro-
jected population growth for the Sun Belt region (Smith, 2020b; Uni-
versity of Virginia Weldon Cooper Center, 2018). Texas also has
substantial racial and economic segregation, high levels of biodiversity
and endemism, and more than 95% private land ownership, making the
state an important location for identifying synergistic conservation op-
portunities (Stein, 2002; Taylor and Fry, 2012; USGS, 2018).

2.2. Data

To evaluate potential win-win-win conservation opportunities in
Texas we brought together publicly available datasets on biodiversity,
social vulnerability, climate risks, and population growth to provide a
prioritization approach that accounts for concurrent threats and op-
portunities in multiple social and ecological dimensions (Table 1).

2.2.1. Biodiverse landscapes

We used The Nature Conservancy’s Resilient & Connected Network
(RCN) as our proxy for biodiversity priorities. The RCN identifies areas
with a high degree of climate resilience, confirmed biodiversity, and
connectivity (Anderson et al., 2016). The RCN defines a resilient site as
“an area of land where high microclimatic diversity and low levels of
human modification provide species with connected, diverse climatic
conditions they will need to persist and adapt to changing regional cli-
mates” (The Nature Conservancy, 2022). Biodiversity represents areas
with “rare species population, exemplary natural communities, or intact
habitat” (The Nature Conservancy, 2022). Connectivity includes loca-
tions where species can “disperse, migrate and adapt to a changing
climate” and was derived from “wall-to wall flow analysis that simulated
species moving along climate gradients while avoiding anthropogenic
barriers” (The Nature Conservancy, 2022).

We used the simple RCN layers, which divide Texas into 30-meter
cells, representing areas with four mutually exclusive categories: areas
with resilience, biodiversity, and connectivity; areas with resilience and
connectivity; areas with resilience and biodiversity; and other areas. We
compiled the first three categories into one measure for biodiverse
landscapes, which we divided by the total land area to obtain the percent
of land area in a census tract that contains biodiverse landscapes.

We selected the RCN because it is one of the few publicly available
datasets that incorporates climate change and associated impacts on
species movement and refugia in identifying priority conservation
landscapes across the contiguous United States (Anderson et al., 2016).
The RCN has been extensively peer-reviewed and used by federal and
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state policymakers, land trusts, and NGOs to guide conservation stra-
tegies (Anderson et al., 2023). By design, the RCN identifies large,
connected, natural habitat patches, and therefore, predominantly ex-
cludes geographies with higher levels of anthropogenic land uses
(Anderson et al., 2016). While our study focuses on spatial analysis to
identify larger-scale conservation opportunities, significant research has
shown cities contain important biodiversity and ecosystem services and
therefore this study may miss relevant urban priorities
(Gomez-Baggethun et al., 2013; Nowak, 2010; Shaffer, 2018). We are
unaware of urban conservation priority datasets that are publicly
available, cover Texas or the contiguous United States, and incorporate
climate change. Future research could develop a complementary
approach for urban areas or use local-level biodiversity datasets to un-
derstand conservation opportunities at the city-scale.

2.2.2. Social vulnerability

We measured social vulnerability using the Centers for Disease
Control’s (CDC) estimates at the census tract (Centers for Disease Con-
trol and Prevention, 2016). The CDC methodology uses 15 demographic
variables to create a normalized score of 0-1 to rank overall vulnera-
bility, with O being the least vulnerable and 1 being the most. The 15
variables include measures such as unemployment, poverty, race/-
ethnicity, educational status, housing types, and vehicle access. These
variables draw from disaster and hazard research that finds positive
correlations between social factors and uneven exposure and impacts
from disaster or hazard events, and more difficult recovery processes
(Cutter et al., 2003; Fatemi et al., 2017; Otto et al., 2017). We converted
the 0-1 rank to 0-100 to have a common numerical range for study
variables.

Research and policymakers predominantly use two social vulnera-
bility index (SVI) models, the CDC model used here, and the University
of South Carolina’s SoVI (Cutter, Boruff and Shirley, 2003; Rufat et al.,
2019). The SoVI model incorporates 29 variables linked to disaster im-
pacts and recovery. The most recent free, compiled, and publicly
available SoVI dataset is at the county level and uses 2014 data (SoVI,
2023). A temporally updated or smaller scale analysis requires users to
create an index through principal component analysis. Here, we used the
CDC model because the accessibility, temporality, spatial scale, and
non-technical requirements ease replication for practitioners wanting to
undertake a similar approach.

Our use of social vulnerability as a decision-making criterion aligns
with policy and planning efforts across multiple levels of government;
however, social vulnerability as a concept and modeling tool has been
critiqued (Centers for Disease Control and Prevention, 2016; Cutter
et al., 2013; FEMA, 2022; Harris County Flood Control District, 2018;
Jacobs, 2019; Ribot, 2014). Criticisms include concerns that social
vulnerability concepts bypass engagement with larger systems of
oppression that manufacture vulnerability, as well as emerging research
questioning the empirical correlations between the indices with actual
disaster impacts (Fazel-Zarandi et al., 2018; Jacobs, 2019; Kehler and
Birchall, 2021; Méndez et al., 2020; Rufat et al., 2019; Spielman et al.,
2020). In a partial response to these concerns, we also evaluated race,
ethnicity, and poverty rates; however, future research could use other
established quantitative environmental justice methods.

2.2.3. Climate risks

We created four variables to estimate flood, heat, drought, and
combined climate risk at the census tract scale. Climate risks were
selected based on the Texas State Climatologist’s 2021 assessment of
extreme events with the greatest human and economic impacts, and
risks with publicly available data at the census tract scale across Texas
(Nielsen-Gammon et al., 2021). For flood risks, we calculated the percent
of a census tract covered by the 100-year floodplain (inland and coastal)
to estimate flood exposure. The 100-year floodplain was derived from
the Environmental Protection Agency’s (EPA) EnviroAtlas floodplain
map for the Conterminous United States (Pickard et al., 2015; Woznicki
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et al., 2019). EnviroAtlas estimates were used in place of the Federal
Emergency Management Agency’s (FEMA) National Flood Hazard Layer
maps, as FEMA has not evaluated most of west and northwest Texas.
While the EnviroAtlas estimates are not as accurate as FEMA layers, they
provide complete state coverage. We used the percent of a census tract
covered by the 100-year floodplain and calculated a percentile rank to
compare relative flood risk across the state. The percentile rank is used
for the figures in the paper.

Exposure to heat risk was measured as the average number of days
per year (between 2010 and 2020) over 100°F (approximately 38 °C)
using data from the CDC’s National Environmental Public Health
Tracking Network (Centers for Disease Control and Prevention, 2022).
The CDC calculates days over 100°F by combining North American Land
Data Assimilation System measures of surface air temperature, humid-
ity, and surface pressure into temperature estimates at the census tract
scale. We used the average number of days and a calculated percentile
rank to compare relative extreme heat risk across the state. The
percentile rank is used for the figures in the paper.

Drought risks were calculated as the annualized frequency of drought
risk at the census tract scale, which was derived from the FEMA National
Risk Index (FEMA, 2022). FEMA calculates annualized frequency by
averaging the number of days per year (2000-2018) a census tract
overlaps with areas experiencing either an “Extreme” or “Exceptional”
drought event as declared by the U.S. Drought Monitor (Zuzak et al.,
2021). We used the average number of days and a calculated percentile
rank to compare relative drought risk across the state. The percentile
rank is used for figures in this paper.

We ranked census tracts within Texas to create a combined relative
climate risk index. Existing research often examines individual climate
risks; however, there is a growing body of scholarship and practice that
attends to concurrent threats to better prepare for compounding climate
impacts (Arneth et al., 2020; Bixler et al., 2021; ; Ciurean et al., 2018;
Drakes and Tate, 2022; Mazdiyasni and AghaKouchak, 2015; Piontek
et al., 2014). To contribute to this literature, we used the percentile rank
calculated for flood, heat, and drought risks at each tract. We added
those values together and percentile-ranked the tracts from 0 to 1, with 1
indicating relatively higher climate risks. We converted the 0-1 rank to
0-100 to have a common numerical range for study variables. This
approach follows the CDC’s social vulnerability index methodology
(Centers for Disease Control and Prevention, 2016).

Lastly, we compiled 2020-2060 population growth estimates from the
Texas Water Development Board’s (TWDB) 2021 Population and Water
Demand Projections (Texas Water Development Board, 2021). TWDB
projections were derived from the Texas State Demographer and pro-
vided at the county level, which were then assigned to census tracts
based on their county location. We used the percent growth and a
calculated percentile rank to compare relative population growth pre-
dictions. The percentile rank is used for figures in the paper.

Table 1
Summary table of dependent and independent variables in Texas at the census
tract level (n = 5202).

Variable Mean Std. Dev Min Max.
Biodiverse Land (%) 8.8 17.9 0.0 95.2
Social Vulnerability 58.6 29.6 0.0 100.0
Poverty (%) 16.8 12.0 0.0 83.4
White (%) 43.2 27.6 0.0 100.0
Black (%) 11.6 15.6 0.0 99.0
Latinx (%) 39.2 28.1 0.0 100.0
Asian (%) 3.9 6.9 0.0 70.6
Floodplain (%) 12.4 16.2 0.0 100.0
Days over 100°F 37.1 20.8 0.0 85.6
Drought Rate (yr) 38.8 18.1 12.1 127.9
Climate Risk Index 50.0 28.9 0.0 100.0
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2.3. Methods

We used a two-tailed student’s t-test to assess if there are differences
in measures of social vulnerability and climate risks between census
tracts with and without biodiverse landscapes. Dependent variables
included the overall social vulnerability score, race, ethnicity, poverty
rates, flood, heat, drought, and the climate risk index. Similar research
used comparison of means tests or spatial overlays to assess potential
environmental justice issues related to race and income and proximity to
conservation areas with different land managers (i.e., public and pri-
vate) (Sims et al., 2022; Van Sant et al., 2021; Villamagna et al., 2017).
Our work extends those approaches by assessing future conservation
priorities, climate risks, and socio-demographics together. This
approach allows us to understand if tracts with biodiverse lands have
higher climate risks and could offer high-impact opportunities for land
protection, nature-based solutions for climate adaptation, or similar
conservation activities. It also provides initial insights on potential
environmental injustices if future conservation activities concentrate in
areas with less social vulnerability, lower poverty, or fewer people of
color.

Following our t-tests, we completed exploratory spatial analysis
using bivariate local indicators of spatial autocorrelation (LISA) to un-
derstand if census tracts with higher levels of biodiverse landscapes and
social vulnerability spatially coincide, which can help identify areas that
may address joint socio-ecological goals. Recent efforts to incorporate
issues of social inequality into conservation priority setting have used
traditional statistics and suitability analyses to identify locations that
could address both needs (Gourevitch et al., 2021; Sims et al., 2022).
While overlay analysis is an important approach to visually under-
standing associations, it does not assess the statistical relationship be-
tween variables. In contrast, bivariate LISA describes the statistical
relationship between both variables and how those relationships vary
over space (Anselin, 1995).

Spatial statistics are increasingly used in evaluating climate or
disaster risks and spatial relationships with socio-demographic variables
or measures of social vulnerability (Cutter and Finch, 2008; Koks et al.,
2015; Mennis and Jordan, 2005; Tate et al., 2021). For example, Gaither
and colleagues used bivariate LISA to assess the relationships between
social vulnerability and wildfire plumes in the southeast United States
(2015), while Tate et al., evaluated social vulnerability and flood risk
hotspots across the contiguous United States (Tate et al., 2021). Both
studies used bivarate LISA methods to identify statistically significant
areas where high social vulnerability spatially coincided with high risk
and therefore indicated priority locations for risk reduction strategies
(Gaither et al., 2015; Tate et al., 2021). Here, we are using a similar
analysis but shifting the focus to identifying locations where positive or
negative spatial autocorrelation exists between social vulnerability
values in a census tract and a spatially lagged measure of biodiverse
landscapes in neighboring tracts (Anselin, 1995).

After generating a number of spatial weights including first-order
queen’s contiguity and K-nearest neighbor (k = 2-6), we selected the
first-order queen based on the autocorrelation coefficient (Chi and Zhu,
2008). Our global bivariate Moran’s I was 0.0083 (p < 0.05, 999 per-
mutations), indicating low but positive spatial autocorrelation. We used
the same queen’s first-order spatial weights matrix for the bivariate
LISA. Analysis outcomes identified tracts with positive spatial autocor-
relation, or clustering, where high levels of social vulnerability are
surrounded by high values of biodiverse landscapes (High-High) or low
observations of both (Low-Low). Areas identified as High-Low or
Low-High have negative spatial autocorrelation.

Following our bivariate LISA analysis, we selected tracts where high
values of social vulnerability were surrounded by high values of bio-
diverse landscapes (High-High) and used those as a baseline map. The
baseline map provides insights into locations where conservation ac-
tivities may offer opportunities to improve both human and ecological
well-being. We then overlaid existing climate risks (flood, heat, drought)
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and the climate risk index to identify areas that could have triple-win
opportunities for biodiversity, vulnerability, and climate adaptation.
Lastly, we overlaid the biodiversity, social equity, and climate resilience
map with projected high population growth areas where urban expan-
sion may increase habitat conversion or fragmentation and where in-
creases in impervious cover may impact local flooding, heat, and
drought risks. By overlaying synergistic clusters with climate risks and
population growth we further refined areas that may offer time-sensitive
opportunities to meet multiple land management objectives. We con-
ducted all analyses in R Statistical Software with final mapping in QGIS
(QGIS Development Team, 2020; R Core Team, 2021; RStudio Team,
2020).

3. Results

3.1. Socio-demographics and climate risks in locations with and without
biodiverse landscapes

We found that 37% of all census tracts intersected with biodiverse
landscapes and had higher combined climate risks (53 vs. 48) including
greater floodplain exposure (15% vs. 11%), more days over 100°F (38
days vs. 36 days), and lengthier drought events (42 days vs. 37 days)
compared to tracts without biodiverse landscapes (p < 0.05 for all
comparisons) (Table 2).

Results also indicated that tracts with biodiverse landscapes had
lower social vulnerability scores (57 vs. 60), levels of poverty (14% vs.
18%), and fewer Black (9% vs. 13%), Latinx (30% vs. 45%), and Asian
American residents (2% vs. 5%) (p < 0.05 for all comparisons) (
Table 2).

3.2. Social vulnerability and biodiverse landscapes

Our bivariate LISA analysis revealed three patterns of synergies and
tradeoffs where locations for conservation activities might address both
biodiversity and social vulnerability, or be in conflict. First, we found a
concentration of synergies (dark blue), defined here as census tracts with
high levels of social vulnerability surrounded by high levels of biodi-
versity, along the southern border (Fig. 1). Second, in many of the larger
urban areas, we found clusters of low social vulnerability and low
biodiversity (red), along with urban tradeoffs, defined as tracts with
high levels of social vulnerability surrounded by low levels of biodi-
versity (light blue). Third, synergies were also present in central and
northwest Texas (dark blue) but were often interspersed with tradeoffs,
represented by tracts with low levels of social vulnerability surrounded
by high levels of biodiversity (pink).

We used a two-tailed student’s t-test to compare synergy and tradeoff
clusters with high biodiverse landscapes (i.e., clusters of high levels of
social vulnerability surrounded by high levels of biodiversity compared
to clusters of low levels of social vulnerability surrounded by high levels
of biodiversity). The amount of biodiverse landscapes in the clusters

Table 2
Two-tailed t-statistics results for census tracts with and without biodiverse
landscapes in Texas (n = 5202).

Variable Census Tracts with Census Tracts t p-value
Biodiverse Land without
Biodiverse Land
Social Vulnerability 56.7 59.7 3.6 0.000
Poverty (%) 14.4 18.1 11.9 0.000
White (%) 57.5 34.8 -31.1 0.000
Black (%) 8.5 13.5 12.0 0.000
Latinx (%) 29.7 44.7 20.1 0.000
Asian (%) 2.2 5.0 15.6 0.000
Floodplain (%) 14.7 10.6 -8.5 0.000
Days over 100°F 37.9 36.6 -2.3 0.012
Drought Rate (yr) 42.0 36.9 -9.6 0.000
Climate Risk Index 52.9 48.3 -5.6 0.000
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Il High SVI - High Biodiverse Land
High SVI - Low Biodiverse Land
Low SVI - High Biodiverse Land

Bl Low SVI - Low Biodiverse Land

[] Not significant

V

Fig. 1. Bivariate local indicators of spatial autocorrelation between social vulnerability
and biodiverse landscapes.

(40.5% vs. 43.5%) were not statistically different (p > 0.05), but mea- (Table 3).
sures of social vulnerability (77.3 vs. 38.0), poverty (18.6% vs. 9.4%),
and Black (9.6% vs. 4.5%) and Latinx residents (31.6% vs. 16.1%) were
approximately two times higher in the synergy clusters (p < 0.05)

Table 3
Two-tailed t-statistics results for census tracts with high social vulnerability and high biodiversity clusters compared to low social vulnerability and high biodiversity
clusters in Texas (n = 745).

Variable Synergies: Tradeoffs: t p-value
High Social Vulnerability and High Biodiversity Clusters Low Social Vulnerability and High Biodiversity Clusters
Biodiverse Land (%) 40.5 43.6 -1.9 0.063
Social Vulnerability 77.3 38.0 39.6 0.000
Poverty (%) 18.6 9.4 17.9 0.000
White (%) 56.0 76.2 -14.8 0.000
Black (%) 9.6 4.5 7.7 0.000
Latinx (%) 31.6 16.1 11.7 0.000
Asian (%) 0.7 1.2 -2.2 0.005
Days over 100°F 37.8 41.8 -3.2 0.001
Drought Annual Rate 43.0 45.3 -1.5 0.141
Floodplain (%) 14.1 12.5 1.4 0.171
Climate Risk Index 53.2 55.2 -1.0 0.302
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3.3. Climate risks and population growth

Our third analytical approach found that areas with the greatest
overlaps between biodiverse landscapes, social vulnerability, and high
drought and heat risks (> 90th percentile) occurred in the more arid or
semi-arid regions of the state, whereas the highest flood risks were more
dispersed (Fig. 2).

In addition to the individual climate risk information provided by
our analysis, we overlaid a combined climate risk index and identified
49 census tracts with high biodiverse landscapes, social vulnerability,
and the highest (> 90th percentile) combined climate risks (dark purple)
(Fig. 3). These tracts were spread across the state, but there was a strong
concentration along the southern border.

Lastly, we included population growth predictions through 2060 and
classified the 49 census tracts identified above by the level of urgency
given expected development pressures (Fig. 4). Three census tracts in
central Texas emerged as priority areas where high biodiversity, social
vulnerability, climate risks (> 90th percentile), and future population
growth (> 90th percentile) coincided (red) (Fig. 4). There were also
seven census tracts with above median (50th-90th percentile) (orange)
population growth projections. Together, these ten census tracts are
located in rapidly growing exurban communities in major metropolitan
statistical areas. The last two future population growth categories
covering the 30th-50th percentile (yellow) and the 0-30th percentile
(green) indicated areas that still address biodiversity, social vulnera-
bility, and climate adaptation goals but are less likely to face the same

High SVI & Biodiverse Land w 0-10% Drought
High SVI & Biodiverse Land w 10-50% Drought
I High SVI & Biodiverse Land w 50-90% Drought
I High SVI & Biodiverse Land w 90-100% Drought

e ¥
r‘:'a

[ High SV1 & Biodiverse Lands w 0-10% Flood

[ High SVI & Biodiverse Lands w 10-50% Flood
I High SVI & Biodiverse Lands w 50-90% Flood
I High SV1 & Biodiverse Lands w 90-100% Flood
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land use pressures.
4. Discussion
4.1. Socio-demographic and climate disparities in biodiverse landscapes

Our initial two-tailed student’s t-test comparing tracts with and
without biodiverse landscapes offers insights for land managers seeking
to jointly address climate change and environmental justice concerns.
Finding that tracts with biodiverse landscapes had statistically signifi-
cant higher values for flood, heat, drought, and overall climate risks
suggests targeting biodiversity conservation activities in these areas
could have potential co-benefits for climate adaptation. A growing body
of evidence supports this type of integrated nature-based solution for
managing ecosystems for climate mitigation and adaptation and the
synergistic potential for conserving biodiversity and providing addi-
tional ecosystem services (Frantzeskaki et al., 2019; Girardin et al.,
2021; Seddon et al., 2020). Nature-based solutions are increasingly
featured in biodiversity conservation strategies along with climate
mitigation and adaptation efforts across multiple sectors and scales
(Fargione et al., 2018; Mawdsley et al., 2009; Seddon et al., 2020). Given
the predicted increases in climate risks in this geography and globally,
especially related to extreme rainfall, heat, and droughts, it will be
essential to manage conservation actions for both biodiversity and
climate adaptation (USGCRP, 2018).

Our t-test analysis also emphasized the potential for environmental

—5

High SV1 & Biodiverse Land w 0-10% Heat
High SV1 & Biodiverse Land w 10-50% Heat

I High SVI & Biodiverse Land w 50-90% Heat

Il High SV & Biodiverse Land w 90-100% Heat

Fig. 2. Significant clusters of high social vulnerability related to high biodiverse landscapes overlaid with drought (yellow), heat (red), and flood (blue) risks

(percentile ranks).
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Galveston
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High SVI & Biodiverse Lands w 10-50% Climate
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Fig. 3. Significant clusters of high social vulnerability related to high biodiverse landscapes overlaid with climate risk index (purple) (percentile ranks).

injustices if conservation activities do not center equity as a primary
goal. We found that tracts with biodiverse landscapes had fewer Black,
Latinx, and Asian American residents, along with lower poverty rates
and overall social vulnerability scores. A major implication of this
finding is that conservation activities focusing solely on biodiversity
targets could disproportionately benefit less socially vulnerable pop-
ulations, white residents, and wealthier communities. This could in-
crease disparities associated with nature-based solutions and their
impacts on reducing climate risks and providing other ecosystem ser-
vices. These results support emerging scholarship documenting envi-
ronmental injustices associated with inequitable proximity and access to
conserved areas in multiple regions in the United States (Sims et al.,
2022; Van Sant et al., 2021; Villamagna et al., 2017). Our outcomes also
align with studies exploring the potential for nature-based solutions to
amplify inequalities for lower-income residents, communities of color,
or other groups that have been made vulnerable to climate impacts
(Bremer et al., 2021; Shi, 2020; Tozer et al., 2020).

4.2. Tradeoffs and synergies between social vulnerability and biodiverse
landscapes

The bivariate LISA analysis identified synergistic locations along the
southern border. Outcomes indicating high levels of social vulnerability
along the border are consistent with established scholarship character-
izing Texas border counties as some of the most socially vulnerable lo-
cations in the United States, where residents face high levels of
persistent poverty, inadequate infrastructure, and extensive environ-
mental injustices (Durst and Ward, 2014; Grineski et al., 2013; Rowles
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et al., 2020; Cutter and Finch, 2008; Summers et al., 2018; USDA ERS,
2015). Similarly, the high concentration of biodiverse landscapes aligns
with ecological studies documenting the region’s significant diversity,
endemism, and endangered species (Fowler et al., 2018; Leslie, 2016;
Titley et al., 2021). Drawing attention to where synergistic locations
occur provides additional insights into where land management pro-
grams and conservation activities may offer opportunities to improve
both human and ecological well-being.

Results showing that major urban areas have varying levels of social
vulnerability but limited biodiverse landscapes suggest that cities are
important locations for addressing socio-ecological inequalities but may
offer fewer opportunities for large-scale conservation efforts. We ex-
pected cities to have divergent measures of social vulnerability given
long-standing research on urban segregation along with disaster and
environmental justice scholarship on the urban socio-spatial inequalities
of environmental harms and benefits (Bailey et al., 2017; Bullard, 1994;
Hoffman et al., 2020; Jacobs, 2019). The limited amount of biodiverse
landscapes in and around cities seemingly contradicts extensive schol-
arship showing that cities are critical for biodiversity and ecosystem
services (Gomez-Baggethun et al., 2013; Nowak, 2010; Shaffer, 2018).
This contradiction is likely related to our use of The Nature Con-
servancy’s Resilient & Connected Network (RCN) to measure biodiverse
landscapes. The RCN was designed to focus on large habitat landscapes,
which tends to exclude major urban areas. Future research could utilize
local-level biodiversity datasets that highlight conservation opportu-
nities at the city-scale. This could be especially critical for environ-
mental justice efforts given the high population density in cities and the
increasing attention to urban applications of nature-based solutions for
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Fig. 4. Significant clusters of high social vulnerability related to high biodiverse landscapes overlaid with climate risk index (>90th percentile) and differentiated by

population growth projections (percentile ranks).

climate mitigation and adaptation (Bremer et al., 2021; Kato-Huerta and
Geneletti, 2022; Shi, 2020; Tozer et al., 2020).

The third major implication from our bivariate LISA analysis stems
from the proximity between areas of tradeoffs (low levels of social
vulnerability surrounded by high levels of biodiversity) and synergies
(high levels of social vulnerability surrounded by high levels of biodi-
versity) in central and northwest Texas. We found comparable amounts
of biodiverse landscapes in those clusters; however, measures of Black,
Latinx, and Asian American residents, poverty levels, and overall social
vulnerability were almost two times higher in synergy -clusters
compared to tradeoff clusters. These outcomes extend our earlier anal-
ysis demonstrating economic, racial, and vulnerability inequalities be-
tween tracts with and without biodiverse landscapes to emphasize the
potential for equity impacts within areas with similarly high levels of
biodiversity. Our results contribute to broader scholarship stressing the
need to understand the distributional impacts of conservation actions in
areas with comparable biodiversity opportunities and to incorporate
social equity into conservation planning and decision-making (Cousins,
2021; Lieberknecht, 2009; Merenlender et al., 2004; Palfrey et al., 2021;
Villamagna et al., 2017).

4.3. Focusing conservation activities in areas of high social vulnerability,
biodiverse landscapes, climate risks, and population growth

Our overlay analysis highlights regions in Texas with concurrent
threats and opportunities. Understanding which climate risk poses the
greatest threats to communities and ecosystems is an essential compo-
nent of spatially targeting nature-based solutions to facilitate both
human and ecological adaptation capacity (Arneth et al., 2020; Reaney,

274

2022; Seddon et al., 2020). In our analysis, the semi-arid Great Plains
ecoregion that extends from Texas to Canada emerged as a
drought-prone location (Fig. 2A). Like many other parts of the Great
Plains, much of the land is under livestock and agricultural use and has
severely depleted local and regional aquifers (Steward and Allen, 2016).
Given those socio-ecological conditions, conservation activities for
drought resilience could focus on working with landowners to conserve
and restore wetlands and alter irrigation practices. These types of pro-
grams have been shown to support local aquifer recharge, provide
habitat for local and migrating species, and sustain water sources for
human, agriculture, and livestock needs (Texas Playa Conservation,
2022-a; Texas Playa Conservation, 2022-b).

By combining climate risks into an index, we found that again the
southern border region emerged as an area with significant social and
ecological precarity, which is amplified by climate-driven extreme dry-
wet-dry conditions that characterize many parts of the US-Mexico bor-
derlands (Archer and Predick, 2008; Mazdiyasni and AghaKouchak,
2015; Stewart et al., 2015; USGCRP, 2018). Our results suggest the
southern border area offers important large-scale conservation oppor-
tunities, like establishing networks of land trusts, parkland, and wildlife
refuges, which may become increasingly important as governments,
NGOs, and communities prepare for amplified flows of people and
species due to climate change and other drivers (Barros et al., 2014;
Nadin et al., 2017; Titley et al., 2021).

Lastly, by incorporating population growth, we further refined areas
that may offer time-sensitive opportunities for conservation actions or
land use regulations. We identified high population growth areas in
rapidly growing exurban communities which may require more urgent
attention to land use policies or habitat protection efforts given expected
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development pressures and their associated impacts on habitat conver-
sion, impervious cover, increasing climate risks, and rising costs of land
acquisition. There are debates regarding the economic and ecological
effectiveness of conserving habitat in highly urbanizing areas compared
to less fragmented locations; however, the growing consensus is that
both approaches are necessary (Brooks et al., 2006; Mokany et al., 2020;
Wintle et al., 2019). Understanding where population growth may drive
land use change takes these debates into account and could inform
prioritization efforts, especially across the Sun Belt region where social
inequality, biodiversity loss, climate change, and rapid population
growth challenges converge (McKee et al., 2015; U.S. Census Bureau,
2021; USGCRP, 2018).

5. Conclusion

Three major contributions emerged from our analysis. First, our
multidimensional approach extends current conservation prioritization
scholarship that primarily focuses on one or two major drivers of
biodiversity loss. In the past, researchers have characterized priorities
based on their potential to address the misalignment between U.S.
protected areas and species habitat needs (Jenkins et al., 2015). Others
like the Nature Conservancy’s Resilient & Connected Network, used in
this study, have selected areas that could best support existing biodi-
versity and climate-driven shifts in species ranges (Anderson et al.,
2016). More recently, studies have incorporated future land use pres-
sures (Simkin et al., 2022) or begun to focus on issues of social inequality
(Gourevitch et al., 2021; Sims et al., 2022). This study documents how
addressing concurrent threats and opportunities may influence spatial
priorities beyond what would emerge if the analysis was limited to one
or two factors.

Our second contribution offers conservation organizations, land
managers, and policy-makers a methodology to identify high-impact
conservation areas with the potential to simultaneously meet biodiver-
sity, social vulnerability, and climate adaptation objectives while being
responsive to population growth pressures. Importantly, our prioritiza-
tion approach holds addressing social vulnerability and biodiversity as
equally weighted conservation goals. Environmental justice advocates
and community groups have long proposed this type of prioritization,
and it is a growing area of practice for conservation organizations and
government funding allocation schemes (Bowan, 2020; Brune, 2020;
Bruno and Jepson, 2018; Exec. Order No. 8, 14008, 2021; Harris County
Flood Control District, 2018; Jacobs, 2019; Kohl, 2021; Méndez et al.,
2020; Pellow, 2001; Thomas et al., 2019).

The process we have outlined here identified key geographies that
target multiple social and ecological objectives at once. Importantly, as
part of this analysis we did not assume which conservation activities
should be prioritized, what ecosystem services those would yield, and
how those services would be distributed, which are critical questions
that would guide next steps in conservation strategy and action. We
would recommend that after identifying potential high-impact “win-
win-win” areas, the next steps would require further engagement with
local communities and conservation organizations to refine appropriate
locations, safeguards, and types of conservation activities for different
geographies. Inclusive of that approach is describing which benefits
might result from various conservation activities and how those benefits
would be distributed. Community engagement and qualitative methods
can help ensure that prioritization efforts reflect local needs and desires
and consider ecological gentrification pressures (Battaglia et al., 2016;
Carmichael and McDonough, 2018; Dooling, 2009; Faber and Kimel-
berg, 2014; Kehler and Birchall, 2021; Wolch et al., 2014). The Nature
Conservancy’s “Scaling Up Nature-based Solutions” (SUNS) is an
example of this type of approach. SUNS program staff work directly with
local stakeholders to identify their priorities and create a customized
portfolio of solutions that address both climate risks and habitat benefits
(The Nature Conservancy. (n.d.-b), 2022). As a starting point, this study
provides conservation NGOs and land managers operating with limited
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resources and multiple competing priorities with a replicable and scal-
able way to map initial synergistic areas.

Our last contribution highlights the wide range of settings that
emerged as high-impact conservation priorities, and we suggest these
offer potential implications outside of Texas and directions for future
research. Our analysis found “win-win-win” opportunities in rapidly
developing exurban locations, the drought-prone Great Plains, and the
highly vulnerable borderlands. Future research could evaluate if similar
opportunities arise in analogous areas. For example, testing if synergies
also emerge in other exurban locations like near Atlanta, which shares
similar climate threats, population growth projections, and conservation
challenges as the areas we identified in central Texas (Barten and Ernst,
2004; Benez-Secanho and Dwivedi, 2020; Immergluck and Balan, 2018;
Lichter and Ziliak, 2017; Miller, 2012; Muse et al., 2022; Sun et al.,
2018), could provide important results for larger-scale conservation
planning. This may be especially insightful as the U.S. moves closer
towards 90% of the population living in urban centers (United Nations,
2019). For areas with dominant climate risks, like the drought-prone
Great Plains, future research might evaluate how to adequately scale
conservation efforts given the high percentage of private landowners
and the national importance of regional aquifers and agricultural pro-
duction (Augustine et al., 2021; Barnes et al., 2020; Brown et al., 2017;
Cameron et al., 2014). Lastly, our research suggests that the
Texas-Mexico border region offers critical large-scale conservation op-
portunities to increase human and ecological resilience to escalating
extreme dry-wet-dry conditions. Understanding where to expand
ongoing research and programs working to jointly address
socio-ecological challenges across the broader US-Mexico borderlands
may be critical as human and non-human species migrate toward
climate refugia (Chester, 2005; Liverman et al., 1997; Petersen et al.,
2018; Pezzoli et al., 2014; Schlyer, 2021; Varady et al., 2013). Ulti-
mately, our work suggests that it is possible and important to prioritize
habitats that offer multiple co-benefits as we work towards meeting
national commitments to conserve 30% of U.S. lands and waters by
2030.
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