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H I G H L I G H T S

• We conduct an analysis of urban impact
on biodiversity and ecosystem services
(BES).

• We find synergistic spatio-temporal re-
lationships between BES at multiple
scales.

• Loss of BES accelerated under the North
American Free Trade Agreement
(NAFTA).

• Green infrastructure to integrate BES is
critical for the San Antonio River Basin.
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A fundamental premise of theMillennium Ecosystem Assessment is that biodiversity and ecosystem services are
key determinants of long-term sustainability of social-ecological systems. With a continuing decline in local and
global biodiversity and ecosystem services, it is crucial to understand how biodiversity and various ecosystem
services interact and how land change may modify these interactions over time. However, few studies have
been conducted to quantify these relationships. In this study, we present the first empirical comparative results
to analyze how spatial associations between biodiversity and ecosystem services (BES) changed at multiple
scales between 1984 and 2010 in the rapidly urbanizing San Antonio River Basin (SARB), Texas, USA. We
found statistically significant positive spatial associations among biodiversity, carbon storage, and sediment re-
tention both in the entire SARB and the urbanwatersheds in Bexar County. Overall, biodiversity and carbon stor-
age declined across the SARB, while sediment retention remained relatively stable. Moreover, the rates of
biodiversity loss and carbon storage degradation were negatively related to the urban expansion and have accel-
erated since the inception of the North American Free Trade Agreement (NAFTA) in 1994. During the pre- and
post-NAFTA periods (1984–1995 and 1995–2010, respectively) the rates of biodiversity loss increased from
0.7% to 0.9%, and the rates of carbon-storage loss increased from0.1% to 1.4% per annum in the urbanwatersheds.
Our hotspot analyses indicate that the upstreamwatersheds in the Basin, which supplywater to the critically im-
portant Edwards Aquifer, should be targeted for priority conservation to mitigate the adverse impacts of land
change on BES. Our results suggest the strong need for green infrastructure policies that integrate biodiversity
conservation and sustainable use of multiple ecosystem services to address the environmentally deleterious
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impacts of the extensive land change under the NAFTA and to ensure the long-term social-ecological sustainabil-
ity of the rapidly urbanizing SARB.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Land change to meet the increasing economic demands of rapidly
growing human populations have significant implications for long-
term sustainability and social-ecological resilience (DeFries and
Eshleman, 2004; Foley et al., 2005; TEEB, 2010; IPBES, 2015). Urban ex-
pansion is one of themost critical alterations in land-use and land-cover
affecting both biodiversity and ecosystem functions (MEA, 2005;
Grimm et al., 2008; Güneralp and Seto, 2013), and threatening many
species through habitat degradation and fragmentation (Czech et al.,
2000; Mckinney, 2002; Hansen et al., 2005). However, the links be-
tween biodiversity and ecosystem services are poorly understood, espe-
cially in urbanizing areas (Chapin et al., 2000; Cardinale et al., 2012;
Balvanera et al., 2014).

Nelson et al. (2009) found that a range of ecosystem functions are
synergistically associated with biodiversity and, therefore, policy inter-
ventions that aim to simultaneously enhance both biodiversity and eco-
system services are justified. Based on this justification, they proposed
payments for carbon sequestration to moderate development-related
impacts on biodiversity and ecosystem services. Other studies also re-
ported generally high association between biodiversity and ecosystem
services (Turner et al., 2007; Harrison et al., 2014). However, some re-
searchers have not found strong spatial congruence between biodiversi-
ty and ecosystem services (Egoh et al., 2009), as well as low overall
correlation and relatively low pair-wise overlaps in spatial relationships
between biodiversity and ecosystem services (Chan et al., 2006). Impor-
tantly, despite the growing recognition of significance of biodiversity
and ecosystem services inmoving social-ecological systems toward sus-
tainability (Fischer et al., 2015; Virapongse et al., 2016), none of these
studies investigated how the associations among biodiversity, carbon
storage, and sediment retention were altered at multiple scales over
time due to land change.

The San Antonio River Basin (SARB) is an ecologically diverse region
in south-central Texas. The rapidly urbanizing San Antonio-New
Braunfels Metropolitan Statistical Area (MSA) is located within this
Basin, and San Antonio is the seventh most populous city in the US
and ranked third in terms of net population increase in 2016 (USCB,
2015, 2017). The city, strategically located along the North American
Free Trade Agreement (NAFTA) corridor, which has been facilitating tri-
lateral trade among Canada, Mexico, and the United States (Brookings
Institution, 2013), functions as a major multi-modal transportation
hub within this corridor (TTI, 2007; TxDOT, 2013). The population in
the SARB has increased from 1980 to 2010 by nearly 80% during the
last 30 years due primarily to the economic growth in and around the
City of San Antonio; its population is projected to further grow to
about 2.5 million by 2050 (TWDB, 2010).

Our research was primarily motivated by growing concerns about
biodiversity loss and degradation of ecosystem services including nega-
tive effects on the supply of high-quality water from the Edwards Aqui-
fer, a regional karst aquifer replenished in part by the SARB (SCBD,
2010; Cardinale, 2011). For instance, the Golden-cheeked Warbler
(Setophaga chrysoparia) is an endangered neotropic songbird that
breeds in Ashe juniper (Juniperus ashei)-oak woodlands that are in-
creasingly impacted by land-cover change in the Texas Hill Country
(Kroll, 1980; Duarte et al., 2013; IUCN, 2016). Second, with a carbon-in-
tensive economy and expanding NAFTA transportation corridor, Texas
ranks first among US states in terms of total carbon dioxide (CO2) emis-
sions (USEIA, 2016). Third, sediment coming from urbanization-related
soil erosion directly affects watershed health andwater quality (Bush et

al., 2000). Thus, we address the following questions: (1) What are the
quantitative changes in biodiversity and ecosystem services in the
SARB in response to the land changes from 1984 to 2010?; and (2)
how did the spatial associations between biodiversity and ecosystem
services in the SARB change during the same period?

2. Methods

2.1. Study area

The San Antonio River Basin (SARB), one of the major drainage ba-
sins in South Texas, covers an ecologically diverse area of 10,862 km2.
The central part of the basin includes part of the heavily urbanized
San Antonio-New Braunfels Metropolitan Statistical Area (MSA). The
City of San Antonio is located about 140 miles northwest of the Gulf of
Mexico and 150 miles northeast of Laredo on the Mexican border (Fig.
1; San Antonio Chamber of Commerce, 2015). The upper half of the
SARB intersects with the environmentally-sensitive Edwards Aquifer
drainage and recharge zones (SARA, 2015), whereas the lower part of
the basin is mostly rural and flows southeastward through the Gulf
Coastal Plains. The EdwardsAquifer recharge zone (EARZ) is a limestone
area where surface water recharges the aquifer. The SARB is character-
ized by higher elevation in the north-west near the EARZ (Fig. 1). The
upper reaches of the SARB are also characterized by steep elevation
and periodic flash flooding; it has been referred to as Flash Flood Alley
along the Balcones Escarpment (TWRI, 2016).

We selected “watershed” as the unit of analysis because it is funda-
mental to the provision of key ecosystem services for surface-flow reg-
ulation and groundwater recharge, and often, it represents the scale of
management needed to sustain properly-functioning ecosystems
(Kreuter et al., 2001; Troy and Wilson, 2006; Brauman et al., 2007).
The SARB consists of 107 sub-watersheds at Hydrologic Unit Code
(HUC) 12 level and contains almost the entire Bexar County (Fig. 1).
We divided Bexar County into two parts as urban and peri-urbanwater-
sheds in order to characterize detailed changes over time in biodiversity
and ecosystem services (collectively referred to as BES henceforth).
Three urban watersheds (i.e., the Leon Creek, the Upper San Antonio
River, and the Salado Creek Watersheds) with 16 sub-watersheds cov-
ering 1579 km2 comprise Bexar County; the peri-urban watersheds
consist of 22 sub-watersheds surrounding the urban watersheds of
the Bexar County; and the upstream watersheds and downstream wa-
tersheds consist of 20 and 49 sub-watersheds, respectively (Fig. 1).

2.2. Quantification of biodiversity and ecosystem services

In our study we targeted the period from 1984 to 2010 in order to
focus on the potentially NAFTA-related land changes. Our study period
also allows us to exclude the confounding effects of the rapid develop-
ment of the Eagle Ford Shale as a result of oil and gas extraction that
started around 2010 (Railroad Commission of Texas, 2016). In part,
the Eagle Ford Shale underlies Wilson and Karnes Counties, which in-
corporate the south-central part of the SARB. We used the watershed
boundary dataset in terms of Hydrologic Unit Code (HUC) 12 level,
which is delineated and geo-referenced to U.S. Geological Survey
(USGS) 1:24,000-scale topographic base maps (https://tnris.org)
(TNRIS, 2015). We also employed Integrated Valuation of Ecosystem
Services and Tradeoffs (InVEST) (Sharp et al., 2016) to analyze changes
in biodiversity, carbon storage, and sediment retention (Table 1). The
ecological production function method (EPFM) used in InVEST
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