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Abstract: The effects of future land use change on arid and semi-arid watersheds in the American
Southwest have important management implications. Seamless, national-scale land-use-change
scenarios for developed land were acquired from the US Environmental Protection Agency Integrated
Climate and Land Use Scenarios (lCLUS) project and extracted to fit the Northern Rio Grande
River Basin, New Mexico relative to projections of housing density for the period from 2000
through 2100. Habitat models developed from the Southwest Regional Gap Analysis Project were
invoked to examine changes in wildlife habitat and biodiversity metrics using five ICLUS scenarios.
The scenarios represent a US Census base-case and four modifications that were consistent with the
different assumptions underlying the A1, A2, B1, and B2 Intergovernmental Panel on Climate Change
global greenhouse gas emission storylines. Habitat models for terrestrial vertebrate species were used
to derive metrics reflecting ecosystem services or biodiversity aspects valued by humans that could
be quantified and mapped. Example metrics included total terrestrial vertebrate species richness,
bird species richness, threatened and endangered species, and harvestable species (e.g., waterfowl,
big game). Overall, the defined scenarios indicated that the housing density and extent of developed
lands will increase throughout the century with a resultant decrease in area for all species richness
categories. The A2 Scenario, in general, showed greatest effect on area by species richness category.
The integration of the land use scenarios with biodiversity metrics derived from deductive habitat
models may prove to be an important tool for decision makers involved in impact assessments and
adaptive planning processes.

Keywords: biodiversity; ecosystem services; land use change; wildlife species; urban growth;
deductive habitat models; wildlife habitat; biodiversity metrics; land use scenarios; Rio Grande River

1. Introduction

With global increases in human population growth, there is a need for research regarding the
relationship between population induced land use change and biodiversity [1,2]. Human induced
changes to biodiversity have occurred more rapidly in the past 50 years than at any other time in history,
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and the forces driving such changes are steady, showing no evidence of decline over time [3]. In the past,
conservation efforts have largely focused on conserving individual species and habitats. More recently,
conservation ecologists have focused on ecosystem services or the goods and services from ecological
systems that benefit people [3]. Consequently, research has focused on the role of biodiversity in
ecological service functioning and maintenance [4,5]. Humans directly depend on ecosystem services;
however, they are continually altering the landscape, leading to biodiversity degradation and loss of
ecosystem integrity [6]. Ecosystem services are diminishing due to increased ecosystem alterations in
response to higher demands and increasing populations [7,8]. The ecosystem services concept suggests
that conservation efforts should focus on ecosystems and landscapes instead of individual species to
preserve biodiversity and ensure the availability of these goods and services [9–11] into the future.

Changes in ecosystems can alter the provision of ecosystem services [3]. The link between
ecosystem functioning and biodiversity is not well understood, but studies have demonstrated that
high levels of biodiversity are linked to ecosystem productivity and thus, the production of ecosystem
services [11–13]. Biodiversity can be affected both directly and indirectly by human population growth,
land use change, and climate change, among other factors [1,14,15]. Direct effects include the loss or
fragmentation of habitat. Indirect effects include the change of processes or functions (e.g., snowpack
and surface flow) that affect the maintenance of habitat and species. The link between wildlife and
ecosystem services has been a topic of several studies [5,11]. For example, endangered species habitats
have decreased directly due to urban development [16]. Previous studies have highlighted a need for
continuing research on the effect of land use change on ecosystem services, biodiversity, and wildlife
habitats [1,5,11,17–19]. Concurrently, there is a need to understand the value of biodiversity as an
ecosystem function and to find the balance between multiple ecosystem services [11,20–22].

In the Southwestern United States, riparian areas provide critical ecosystem functions and are
associated with high levels of biodiversity [18,23–29]. Riparian systems are under pressure from
shifting management practices, population growth, urbanization, and climate change [30,31]. Functions
and services from these spatially limited systems are also affected by stressors within the adjacent
watersheds. The traditional acequia systems in Northern New Mexico provide a similar focal point for
biodiversity, ecosystem function, and ecosystem services [32–34]. Acequias are a network of traditional
gravity fed, unlined irrigation ditches that mirror natural hydrological and ecological functions and
aid in the maintenance of ecosystem services [31,34]. Similar to natural riparian systems, these artificial
historic systems provide hydrological processes that create distinctive vegetation communities both
in composition and structure [33]. This increase in riparian vegetation provides wildlife with an
additional habitat within this limited system. However, the effect of urban growth through alternative
future scenarios may highlight the need for additional acequia maintenance and management.

Studies of alternative futures aim to evaluate the effects that different policies, management,
and scenarios have on biodiversity and ecosystem services [30]. The United States Environmental
Protection Agency (EPA) created the Integrated Climate and Land-Use Scenarios (ICLUS) database
to study the future impacts of population growth and urban development [35]. Our objective was
to determine the effects of urban development and growth on biodiversity and to select ecosystem
services within the Northern Rio Grande Basin based on five alternative future scenarios. We identified
species-rich areas within the Basin, and then investigated the effect of future land-use on species
richness. We compared future land-use scenarios in the Northern Rio Grande river basin using the
ICLUS dataset to measure future urban grow-out effects on four biodiversity metrics [5] derived from
the Southwest Regional Gap Analysis Project (SWReGAP) deductive habitat models [36]. Our effort
quantifies the extent and magnitude of the changes based on alternative future scenarios.
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2. Materials and Methods

2.1. Study Area

The study area was the Northern Rio Grande River Basin (Figure 1) which includes the cities
of Albuquerque (population 556,092), Rio Rancho (population 91,807), and Santa Fe (population
83,008: [37]). This watershed is projected to be in the top 40 highest growing regions in the United
States by 2030 [38]. The study area stretches from the Rio Grande headwaters in Colorado, south to the
confluence with the Rio Puerco downstream of Albuquerque. The study area encompasses an area of
approximately 50,378 km2. Elevations range from 1400 to 4350 m above sea level with precipitation
increasing with elevation [22]. Major vegetation types in the area, as mapped by SWReGAP,
include Southern Rocky Mountain Pinyon-Juniper Woodland, Rocky Mountain Ponderosa Pine
Woodland, Inter-Mountain Basins Semi-Desert Shrub Steppe, and Inter-Mountain Basins Semi-Desert
Grassland [23].
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Figure 1. Map of the study area: the Northern Rio Grande River Basin beginning with the headwaters
in Colorado, flowing south into New Mexico.

2.2. Datasets

The EPA-ICLUS (Version 1.3.1) dataset was used to assess habitat change and effects on
biodiversity metrics. These seamless, national-scale land-use change scenarios for developed land
were acquired from EPA’s Office of Research and Development [35]. The data were extracted from the
national coverage for the Northern Rio Grande Basin. This dataset allowed for analysis of projections
of housing density for the period from 2000 through 2100 for the five ICLUS scenarios, including
a US Census baseline and four modifications consistent with the different assumptions underlying
the A1, A2, B1, and B2 Intergovernmental Panel on Climate Change (IPCC) global greenhouse gas
emission storylines (Table 1; [35]). The five ICLUS datasets were reclassified to identify urban (1) or
nonurban areas (0). The ICLUS national-scale housing-density (HD) scenarios are consistent with
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the Intergovernmental Panel on Climate Change (IPCC 2001) Special Report on Emissions Scenarios
(SRES; [39]) greenhouse gas emissions storylines and they are available in 10-year increments until 2100.

Within the SRES, the A2 scenario is characterized by a high fertility rate (average number of
children that would be born to a woman over her lifetime) and low net international migration;
it represents the highest US population scenario gain (690 million people by 2100), whereas the Base
Case (BC) and B2 scenario are characterized as middle scenarios with medium fertility rates and
medium to low levels of international migration. The differences between BC and B2, as well as
A1 and B1, reflect how housing is allocated, i.e., sprawl vs. compact growth patterns. The primary
difference between these scenarios occurs at the domestic migration level with an assumption of high
domestic migration under A1 and low domestic migration under B1. The effect of different migration
assumptions becomes evident in the spatial model when the population is allocated into housing units
across the landscape. The national US Baseline forecast for 2100 is 450 million people and B1 is lower
at 380 million people. The A2 scenario results in the largest changes in urban and suburban housing
density classes and greater conversion of natural land-cover classes into new population centers or
urban sprawl. The largest shift from suburban densities to urban are typically predicted to occur
between 2050 and 2100 for the A-family.

The United States Geological Survey developed regional level datasets focusing on biodiversity
conservation through the Gap Analysis Program (GAP [40]). GAP mapped land cover and other
environmental factors such as landforms, and elevation to predict suitable habitats for all terrestrial
vertebrates. SWReGAP created 817 species-level habitat models for Arizona, Colorado, Nevada,
New Mexico, and Utah [36].

Table 1. Description of the five Integrated Climate and Land-Use Scenarios [41].

Scenario Description

Base Case (BC) Represents a medium fertility rate, medium domestic migration, and medium
international migration (US Census midline scenario).

A1 Represents fast economic growth, low population growth, and high global
integration. Fertility is low with high domestic and international migration.

B1
Represents a globally integrated world but with more emphasis on
environmentally sustainable economic development. Fertility and domestic
migration are low, while international migration is high.

A2
Represents continued economic development with more regional focus and
slower economic convergence between regions. Fertility and domestic migration
are high and international migration is medium.

B2
Represents a regionally oriented world of moderate population growth and local
solutions to environmental and economic issues. The fertility rate is medium
with low domestic migration and medium international migration.

2.3. Analysis

We extracted ICLUS data for the regional study area and reclassified it into urban and nonurban
areas. The ICLUS dataset identified 13 land cover classifications that were aggregated into four
classifications. The classification was based on acres per housing unit as urban (<0.25 acres/housing
unit), suburban (0.25–2 acres/housing unit), and exurban (2–40 acres/housing unit). Areas with
more than 40 acres/housing unit were considered rural or natural areas [24]. For further analysis,
we combined the urban, suburban, and exurban types into an urban type and rural and natural areas
into a nonurban type.

We derived four biodiversity metrics from 817 terrestrial vertebrate habitat models developed by
SWReGAP [5,36,42]. The four metrics were (1) all terrestrial vertebrate species richness, (2) bird species
richness, (3) number of harvestable species, and (4) number of threatened and endangered species.
The four selected biodiversity metrics represent ecological services or aspects of biodiversity [5].
All terrestrial vertebrate species richness is a summation of all the terrestrial species that could occur
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in each pixel of the watershed out of 817 species modeled throughout the southwest United States [36].
Vertebrate species richness represents a surrogate for all biodiversity. Bird species richness is a
summation of all bird species that could occur in each pixel. Bird species richness represents the
value that the birding community has placed on bird fauna for cultural and aesthetic reasons [43].
Richness may represent the economic value in terms of birding associated tourism, insect pest control,
or seed dispersal [43]. Harvestable species are listed by state wildlife agencies to be of consumptive
use through hunting, trapping, or other harvest. Harvestable species not only provide food for hunters
but also can provide recreational value for hunters and non-hunters. Hunting can also stimulate local
economies through guide fees, outfitting, tourism, and other expenditures. Species were identified
from reviewing state wildlife agency game regulations. The Federal government under the Endangered
Species Act [44] lists threatened and endangered species (T&E). Threatened and endangered species
are valued by society and given legal priority in management. Species were identified from US Fish
and Wildlife Service list. Metrics were the summation of the species models identified for each metric.
Summations were completed in geographic information systems (GIS) software (ESRI ArcMap 10.0).

We calculated and plotted the area in square kilometers for each individual richness value
to identify the amount of species richness by area. We then calculated and plotted the area for
each richness value as the sum of the area of all smaller richness values for area-species richness.
Area-species richness curves were created to classify each biodiversity metric into five species richness
categories including low species richness (1), moderate–low species richness (2), moderate species
richness (3), moderate–high species richness (4), and high species richness (5). Low species richness
was identified as the first inflection point of the curve, moderate–low species richness was the point
between the first and second inflection points. Moderate species richness was identified as relatively
constant increases in species area. The moderate–high species richness was defined as the area between
the third and four inflection points or rounding of the curve. The high species richness category was
identified as the portion of the curve that plateaued.

Beginning with the baseline condition (year 2000), the areas of each species richness category
for each biodiversity metric were quantified for nonurban and urban land cover types for each of the
five ICLUS scenarios using GIS software (ESRI ArcMap 10.0). The change in area (km2) and relative
percentages of land classified as natural or urban were calculated for the four biodiversity metrics
for the year 2000 and 2100 under the five ICLUS future scenarios for the study area. The underlying
species models and resultant biodiversity metrics were based on 2001 imagery and were not available
for prediction for 2100. The four biodiversity metrics did not change over time.

3. Results

3.1. Natural Areas

The amount of natural area converted to the three categories of urban areas (exurban, suburban,
and urban) was calculated for each of the five ICLUS scenarios (Table 2). As expected, the A2 scenario
had the greatest change with a loss of 19,537 km2 (3.49%) of natural areas. The A1 scenario had less
than half the loss of A2 and the other three scenarios had losses of less than 0.28% (B1, B2, and BC).

Table 2. Area (km2) change for land cover types from 2000 to 2100 for the Northern Rio Grande River
Basin by Integrated Climate and Land-Use Scenarios [24].

Land Cover Scenarios

A1 A2 B1 B2 BC
Exurban 4022 1078 820 878 377

Suburban 5007 18,364 274 700 333
Urban 188 95 3 6 3

Natural Areas −9217 −19,537 −1097 −1583 −712
Percent Natural Area Loss −1.65% −3.49% −0.20% −0.28% −0.13%
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3.2. Species Richness

The spatial distributions of the four metrics provided insight into the effect of urbanization on
species richness (Figures 2 and 3). Species richness was shown to be highest for all terrestrial vertebrate
species and all bird species metrics at the lower (Southern) end of the watershed. This area is also in
closest proximity to urban areas including Albuquerque and Santa Fe, New Mexico. As the urban
areas expand, these species rich areas are at most risk and are projected to incur losses.

Total species richness was highest in ponderosa pine forests, pinyon-juniper woodlands,
semi-desert grasslands, and riparian habitats and lower in the spruce-fir forests and agricultural
areas of the San Luis Valley of Colorado. For each richness category and ICLUS scenario, we calculated
the amount and relative percentage of natural area (habitat) converted to urban area (Figures 4 and 5).
Most habitat was lost for the all terrestrial vertebrate species metric in the moderate categories (2–4).
This ranged from a loss of around 200 km2 to over 600 km2, with the least and most species rich
categories losing less than 50 km2 (Figure 6), though in terms of relative percentages, the higher richness
categories (3–5) lost a greater percentage of habitat, ranging from 2 to 8% (Figure 7). This reflects
urbanization with scenarios A2 and B2 consistently predicting the larger loss.

The areas with the highest and lowest total species richness occupied a small proportion of the
study area and areas with moderate species richness occupied the majority of the area. This highlights
a general pattern of area by species richness curves (Figure 6) with (1) species poor areas found in
small areas, (2) followed by a corresponding increase in richness and area; and (3) then a plateauing
curve with a large increase in species richness and a small increase in area. This was also observed
when species richness was plotted by the amount of area for each richness value (Figure 6). In the
study area, riparian habitats were often associated with high species richness.

Birds are distributed across the entire watershed more than terrestrial vertebrates as a whole
(Figure 2). Bird-rich areas are found throughout the watershed including spruce-fir forests, ponderosa
pine forests, pinyon-juniper woodlands, agriculture, semi-desert grasslands, and riparian areas.
For birds, the majority of habitat loss was in category 3 for all scenarios with losses from 400 to
over 1000 km2. All other category losses were around or under 200 km2. Relative percentages were
higher in categories 4 (6–13%) and 5 (10–21%) (Figures 4 and 5). These richness categories (4 and 5)
had losses of greater than 5% for two scenarios in category 4 (A2 and B2) and losses of more than 10%
in category 5 for all scenarios (Figure 5). Similar to the total species richness, areas with the highest
and lowest amounts of species richness occupied small proportions of the study area and areas with
moderate species richness occupied the majority of the area. Areas with more than 80 species occupied
less than 5 km2 (Figures 6 and 7).

Harvestable species are distributed throughout the watershed and though urbanization is
expected to occur where more harvestable species occur, this was a small proportion of the area
(Figure 3). We calculated the amount and relative percentage of natural area (habitat) converted to
urban (Figures 4 and 5). Harvestable species habitat loss was in the low to moderate categories 1–3
(Figure 4). The range of lost habitat varied with category 1 ranging from 100 to 300 km2, category 2
ranging from 200 to 600 km2, and category 3 ranging from 375 to 650 km2. Three scenarios (A2, B1, B2)
in the lowest richness category had losses at or over 5% with urban conversion increased to almost
seven percent for scenario A2 (Figure 5). Ranges for all categories varied from 1% to 7%. Similar to the
total species richness and bird richness, areas with the highest and lowest species richness occupied a
small proportion of the study area and areas with moderate species richness occupied the majority of
the area. Areas with 13–21 species were the only levels with habitats over 2500 km2 (Figures 6 and 7).



Environments 2018, 5, 91 7 of 17
Environments 2018, 5, x FOR PEER REVIEW  7 of 17 

 

 
(a) 

 
(b) 
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Environments 2018, 5, 91 9 of 17

Environments 2018, 5, x FOR PEER REVIEW  9 of 17 

 

 

 

 

 
Figure 4. Square kilometers of loss of (a) all terrestrial vertebrate species, (b) birds, (c) number of 
harvestable species, and (d) number of threatened and endangered species under five Integrated 
Climate and Land-Use Scenarios [24] by richness category from 2000 to 2100. The number of species 
in each richness category are provided in parentheses. 

0

200

400

600

800

1,000

1,200

Cat 1 (2-55) Cat 2 (56-107) Cat 3 (108-146) Cat 4 (147-184) Cat 5 (185-247)Sp
ec

ie
s R

ic
hn

es
s H

ab
ita

t L
os

s 
be

tw
ee

n 
20

00
-2

10
0 

(k
m

2 )

Species Richness Categories

(a) All Terrestrial Vertebrates

0

200

400

600

800

1,000

1,200

Cat 1 (1-21) Cat 2 (22-33) Cat 3 (34-64) Cat 4 (65-76) Cat 5 (77-157)Sp
ec

ie
s R

ic
hn

es
s H

ab
ita

t L
os

s
be

tw
ee

n 
20

00
-2

10
0 

(k
m

2 )

Species Richness Categories

(b) Birds

0

200

400

600

800

1,000

1,200

Cat 1 (1-10) Cat 2 (11-15) Cat 3 (16-20) Cat 4 (21-26) Cat 5 (27-38)Sp
ec

ie
s R

ic
hn

es
s H

ab
ita

t L
os

s
be

tw
ee

n 
20

00
 a

nd
 2

10
0 

 (k
m

2 )

Species Richness Categories

(c) Number of Harvestable Vertebrates

0

200

400

600

800

1,000

1,200

Cat 1 (0-3) Cat 2 (4) Cat 3 (5) Cat 4 (6) Cat 5 (7-10)

N
at

ur
al

 A
re

a 
Lo

st
 b

et
w

ee
n 

20
00

 a
nd

 2
10

0 
(k

m
2 )

Species Richness Categories
A1 Total A2 Total B1 Total B2 Total BC Total

Figure 4. Square kilometers of loss of (a) all terrestrial vertebrate species, (b) birds, (c) number of
harvestable species, and (d) number of threatened and endangered species under five Integrated
Climate and Land-Use Scenarios [24] by richness category from 2000 to 2100. The number of species in
each richness category are provided in parentheses.
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Figure 5. Relative percent loss of (a) all terrestrial vertebrate species, (b) birds, (c) number of harvestable
species, and (d) number of threatened and endangered species under five Integrated Climate and
Land-Use Scenarios [24] by richness category from 2000 to 2100. The number of species in each richness
category are provided in parenthesis.
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Figure 6. Current area-species richness curves for (a) all terrestrial vertebrate species richness, (b) bird
species richness, (c) number of harvestable species, and (d) number of threatened and endangered
species within the Northern Rio Grande Basin.
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Figure 7. Current species richness by area for (a) vertebrate species richness, (b) bird species richness,
(c) number of harvestable species, and (d) number of threatened and endangered species within the
Northern Rio Grande Basin.
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Federally listed threatened and endangered terrestrial vertebrates have several species-rich areas
with one area between Santa Fe and Albuquerque (Figure 3). Calculations of the amount and relative
percentage of natural area (habitat) converted to urban (Figures 4 and 5) highlights the effect of
urbanization. Species in the threatened and endangered categories 1–3 (low and moderate richness)
were projected to lose the most habitat in scenarios A2 and A1 (Figure 4). These categories will lose
between 200 and 600 km2 of habitat. On a percentage basis, the three most species rich categories (3–5)
were projected to lose less than 10% of their habitat (Figure 5) in scenario A2 All richness categories
within these two scenarios (A2 and A1) lost under 6%. Similar to other richness metrics, the highest
and lowest species richness categories were projected to occupy a small proportion of the study area
and areas with moderate species richness were projected to occupy the majority of the area. Areas with
3, 4, and 5 species were the only levels with habitats over 1000 km2 (Figures 6 and 7).

4. Discussion

Analysis of land use projections identified several regionally important aspects of biodiversity for
the Rio Grande Basin. First, all four scenarios identified losses in natural areas and species richness,
though the magnitude of that loss was variable. Second, riparian areas were shown to be the most
species rich areas within the Northern Rio Grande Basin. This supports previous work in riparian
areas in the US Southwest [18,23,24,45–47].

Each land use scenario identified losses in natural areas. The Southwest is one of the fastest
growing regions in the United States. The population of New Mexico is projected to grow 15.4%
between 2000 and 2030 with medium emigration occurring which is consistent with scenario BC [38].
The Rio Grande has large urban areas (e.g., Albuquerque and Santa Fe) adjacent to the river or along
tributaries. Much of the expected growth or disturbance will be associated with these areas. However,
outlying communities will also expand. This projected increase in population will continue to increase
pressure placed on natural lands, resources, and wildlife.

All four biodiversity metrics (all vertebrate species, bird, harvestable species, and threatened
and endangered species) declined across each species richness category. Scenario A2 had the highest
relative percent of area loss across richness categories. Scenario A2 represents a future where the
population is growing more rapidly than other scenarios due to high fertility rates and slow economic
growth [24]. The most species rich categories experienced larger decreases in the all vertebrate species
and bird metrics with the larger decline in the bird species richness. Threatened and endangered
species were projected to lose the most relative habitat particularly in Scenarios A1 and A2 where the
analysis identified losses of at least 10% across all richness categories.

Each metric represents different ecosystem services or aspects of biodiversity [5]. Vertebrate
species richness, as a surrogate for total biodiversity, declined for all scenarios and mirrored projections
for global biodiversity loss [14]. Placing economic value on this loss is difficult; however, continued
urban growth can lead to habitat loss which is a key factor when species are reviewed to be federally
listed as T&E. Bird species richness declines were larger across all scenarios. Declines in bird species
richness can result in declines in economic value from birding associated tourism, insect pest control,
or seed dispersal [43]. Wildlife watching, which is often associated mostly with birds has been
estimated to provide $56 billion dollars in related expenditures and $166 billion dollars in related
economic benefit [48,49]. Harvestable species declines can affect the recreational value for hunters and
non-hunters. Declines within harvestable species can also reduce the economic activity associated with
hunting on local economies through direct hunting related expenditures ($33 billion) and additional
economic benefit ($78 billion) through guide fees, outfitting, tourism, and other expenditures [48,49].
Declines in T&E habitats put these species under greater threat causing additional governmental
funds to be invested in management. Additionally, other species such as those identified within the
vertebrate species and bird species richness may warrant becoming listed.

The richest area for all species occurs within riparian habitats near the Rio Grande and tributaries
where urban development is occurring most rapidly [45]. The Northern portion of the Rio Grande,
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primarily in the mountainous regions, is under federal management, unlike much of the riparian and
lowland areas [40]. While riparian habitats may be under stress from urbanization and climate change,
the mountainous forests are under stress from climate change.

Riparian habitats are transition zones between upland habitats and aquatic habitats and are
driven by hydrological processes including surface flooding and groundwater flow [31]. The response
to these processes is a distinct vegetation community, both in composition and structure, from the
surrounding uplands [23]. Changes in these hydrological processes may affect riparian vegetation that
occurs in these spatially limited (2% of the entire Southwest US) narrow bands along waterways [25].
As our analysis and others have shown, riparian areas support numerous terrestrial wildlife species
including a high diversity of avian species [23,26,50,51]. Riparian vegetation provides water, forage,
corridors, and refugia for terrestrial wildlife and aquatic species [27]. Of the vertebrate species known
to occur in New Mexico, 479 of 867 species (55%) rely, at least in part, on riparian, wetland, or aquatic
habitats for their survival [45]. Approximately 80% of all sensitive and specially classified vertebrate
species in New Mexico use riparian areas or aquatic habitats during their life cycles [45].

The forests in Southwestern US have already been affected by climate change through increases in
severe wildfire, insect outbreaks, and earlier snowmelt and peak runoff [52–54]. These factors influence
the disturbance patterns and habitat of the wildlife species within these species rich areas. Increases
in temperature changes can push species such as the American pika (Ochotona princeps) past critical
thermal limits [55].

Federally threatened and endangered species are projected to be at the greatest threat in these
scenarios. Many of these species have been listed because of threats to habitat. These species, such as the
Southwestern willow flycatcher (Empidonax traillii extimus) and Mexican spotted owl (Strix occidentalis
lucida), often occur in small numbers in limited or modified habitats. The Southwestern willow
flycatcher occurs in riparian areas, and the Mexican spotted owl occurs in montane forest habitats.
The habitat of these and other species continue to be stressed by land management practices,
urbanization, or climate change.

Watersheds across the Southwestern United States are threatened by land use practices,
population growth, and urbanization [30,31]. Our analysis supports research on riparian
areas as well as community resilience and the sustainability of traditional acequia systems in
Northern New Mexico [32–34]. Biodiversity, species richness, and related ecosystem services are
supported by the continued use of acequias and the extension and maintenance of riparian habitats
along these water systems. Acequia communities respond to changing dynamics, identification of
potential tipping points for the sustainability of these systems, and the relationship between acequia
systems, riparian vegetation, wildlife, and biodiversity [32–34].

This analysis was based on predicted habitat and urban growth scenarios. We did not include
environmental factors associated with urban growth (e.g., water contaminants, air contaminants,
and invasive species) that can accompany the urbanization process. Other direct and indirect impacts
of urban grow-out can also increase habitat loss or loss of use. The metrics were derived from
modeled habitats based on a land cover dataset circa 2000 [36,56,57]. This dataset does not account for
vegetation changes between 2000 and 2100; thus, future scenarios through time were compared to the
same baseline habitat data. This was a first level effort to understand the effect of land use over time
on biodiversity metrics and ecosystem services. The complexity of modeling changes in vegetation
and thus species over time based on land use and climate were well beyond the original scope of this
work. Recent efforts have looked at land use and climate in Eastern US forests [58,59]. Vegetation
changes due to climate change will likely exacerbate results. Environmental stochasticity, such as fire,
flooding, or drought, could also be a factor.

5. Conclusions

Alternative future studies such as this are useful tools in evaluating the effects of different policies,
management regimes, and scenarios on biodiversity [30]. Few projects have focused on similar
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questions at these scales [19,30]. Additional studies are needed to look at these broad scales across
varying geographies, at finer scales, and under different future scenarios [1,18]. This research provides
an example of a large-scale investigation of future urban grow-out and its impact on a watershed in the
Southwestern United States. The analysis can inform managers and policy makers on potential patterns
of growth and the resultant impact on biodiversity and ecosystem services. The analysis identified
areas of conservation need and can assist in policy and management that proactively conserves
biodiversity instead of retroactively protecting what remains. The richest areas within this study were
the riparian habitats adjacent to the rivers and tributaries within the watershed. These same areas
are associated with acequia systems. Focused conservation along the river, acequias, and riparian
vegetation in areas of high biodiversity should help mitigate those direct impacts of urbanization.

Urbanization and climate change will continue to affect habitats and species. Planning for
continued development must also take biodiversity and the resulting loss to ecosystems services
into account. Our study identified not only the areas at risk based on forecasted land use scenarios
but quantified the impact of varying alternative futures on all vertebrate species, bird, harvestable
species, and threatened and endangered species metrics. Areas near current urban areas are at highest
risk as development is predicted to expand from these sources. Land management that maintains or
increases habitat such as acequia management will help to alleviate losses in other areas. The ecosystem
services paradigm and metrics like these provide additional tools to inform decision makers during
the planning process.

Author Contributions: K.G.B. conceptualized and guided the entire project. E.A.S. and K.G.B. conducted the
analysis and wrote the manuscript. W.G.K., M.C.A., and A.F., provided input into conceptualizing the project and
participated in manuscript development.

Funding: This study was funded in part by the New Mexico Agricultural Experiment Station and grant #1010516
of the National Science Foundation Dynamics of Coupled Natural and Human Systems. Additional financial
assistance was provided by US Environmental Protection Agency Interagency Agreements (DW-14-95827201 and
DW-14-95527201) administered by the Office of Research and Development (ORD)and U.S. Geological Survey’s
Gap Analysis Program under Research Work Order (G14AC00104). Additional financial assistance was provided
by the USGS New Mexico Cooperative Fish and Wildlife Research Unit and the New Mexico State University,
Agricultural Experiment Station.

Acknowledgments: We thank three anonymous reviewers for their comments that improved this manuscript.
We also thank Darin Kopp, Allison Leimer, Forrest East, and Rachel Guy for their assistance through the course of
the research.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Mattison, E.H.A.; Norris, K. Bridging the gaps between agricultural policy, land-use and biodiversity.
Trends Ecol. Evol. 2005, 20, 610–616. [CrossRef] [PubMed]

2. Crossman, N.D.; Bryan, B.A.; de Groot, R.S.; Lin, Y.-P.; Minang, P.A. Land science contributions to ecosystem
services. Curr. Opin. Environ. Sustain. 2013, 5, 509–514. [CrossRef]

3. Millennium Ecosystem Assessment. Ecosystem and Human Well-Being: Biodiversity Synthesis; World Resources
Institute: Washington, DC, USA, 2005.

4. Tilman, D. Causes, consequences and ethics of biodiversity. Nature 2000, 405, 208–211. [CrossRef] [PubMed]
5. Boykin, K.G.; Kepner, W.G.; Bradford, D.F.; Guy, R.K.; Kopp, D.A.; Leimer, A.K.; Samson, E.A.; East, N.F.;

Neale, A.C.; Gergely, K.J. A national approach for mapping and quantifying habitat-based biodiversity
metrics across multiple spatial scales. Ecol. Indic. 2013, 33, 139–147. [CrossRef]

6. McKee, J.K.; Sciulli, P.W.; Fooce, C.D.; Waite, T.A. Forecasting global biodiversity threats associated with
human population growth. Biol. Conserv. 2004, 115, 161–164. [CrossRef]

7. Hutton, J.M.; Leader-Williams, N. Sustainable use and incentive-driven conservation: Realigning human
and conservation interests. Oryx 2003, 37. [CrossRef]

http://dx.doi.org/10.1016/j.tree.2005.08.011
http://www.ncbi.nlm.nih.gov/pubmed/16701444
http://dx.doi.org/10.1016/j.cosust.2013.06.003
http://dx.doi.org/10.1038/35012217
http://www.ncbi.nlm.nih.gov/pubmed/10821280
http://dx.doi.org/10.1016/j.ecolind.2012.11.005
http://dx.doi.org/10.1016/S0006-3207(03)00099-5
http://dx.doi.org/10.1017/S0030605303000395


Environments 2018, 5, 91 15 of 17

8. Corvalán, C.F.; Hales, S.; McMichael, A.J.; Organization, W.H. Ecosystems and Human Well-Being: Health
Synthesis: A Report of the Millennium Ecosystem Assessment; World Health Organization: Geneva, Switzerland,
2005; pp. 12–37.

9. Franklin, J.F. Preserving biodiversity: Species, ecosystems, or landscapes? Ecol. Appl. 1993, 3, 202–205.
[CrossRef] [PubMed]

10. Levin, S.A. Ecosystems and the biosphere as complex adaptive systems. Ecosystems 1998, 1, 431–436.
[CrossRef]

11. Braat, L.C.; de Groot, R. The ecosystem services agenda: Bridging the worlds of natural science and
economics, conservation and development, and public and private policy. Ecosyst. Serv. 2012, 1, 4–15.
[CrossRef]

12. Yachi, S.; Loreau, M. Biodiversity and ecosystem productivity in a fluctuating environment: The insurance
hypothesis. Proc. Natl. Acad. Sci. USA 1999, 96, 1463–1468. [CrossRef] [PubMed]

13. Balvanera, P.; Pfisterer, A.B.; Buchmann, N.; He, J.-S.; Nakashizuka, T.; Raffaelli, D.; Schmid, B. Quantifying
the evidence for biodiversity effects on ecosystem functioning and services: Biodiversity and ecosystem
functioning/services. Ecol. Lett. 2006, 9, 1146–1156. [CrossRef] [PubMed]

14. Sala, O.E. Global biodiversity scenarios for the year 2100. Science 2000, 287, 1770–1774. [CrossRef] [PubMed]
15. Swetnam, R.D.; Fisher, B.; Mbilinyi, B.P.; Munishi, P.K.T.; Willcock, S.; Ricketts, T.; Mwakalila, S.; Balmford, A.;

Burgess, N.D.; Marshall, A.R.; et al. Mapping socio-economic scenarios of land cover change: A GIS method
to enable ecosystem service modelling. J. Environ. Manag. 2011, 92, 563–574. [CrossRef] [PubMed]

16. Liu, J.; Ouyang, Z.; Taylor, W.W.; Groop, R.; Tan, Y.; Zhang, H. A framework for evaluating the effects of
human factors on wildlife habitat: The case of giant pandas. Conserv. Biol. 1999, 13, 1360–1370. [CrossRef]

17. Lawler, J.J.; Lewis, D.J.; Nelson, E.; Plantinga, A.J.; Polasky, S.; Withey, J.C.; Helmers, D.P.; Martinuzzi, S.;
Pennington, D.; Radeloff, V.C. Projected land-use change impacts on ecosystem services in the United States.
Proc. Natl. Acad. Sci. USA 2014, 111, 7492–7497. [CrossRef] [PubMed]

18. Villarreal, M.L.; Norman, L.M.; Boykin, K.G.; Wallace, C.S.A. Biodiversity losses and conservation trade-offs:
Assessing future urban growth scenarios for a North American trade corridor. Int. J. Biodivers. Sci. Ecosyst.
Serv. Manag. 2013, 9, 90–103. [CrossRef]

19. Samson, E.A.; Kepner, W.G.; Boykin, K.G.; Bradford, D.F.; Bierwagen, B.G.; Leimer, A.K.K.; Guy, R.K.
Evaluating biodiversity response to a forecasted land use change: A case study in the South Platte River
Basin, Colorado. In Observing, Studying and Managing for Change—Proceedings for the Fourth Interagency
Conference on Research in the Watersheds; USGS Scientific Investigations Report; USGS: Reston, VA, USA, 2011;
Volume 5169, pp. 56–62.

20. Larigauderie, A.; Prieur-Richard, A.-H.; Mace, G.M.; Lonsdale, M.; Mooney, H.A.; Brussaard, L.; Cooper, D.;
Cramer, W.; Daszak, P.; Díaz, S.; et al. Biodiversity and ecosystem services science for a sustainable planet:
The DIVERSITAS vision for 2012–2020. Curr. Opin. Environ. Sustain. 2012, 4, 101–105. [CrossRef] [PubMed]

21. Oliver, T.H.; Heard, M.S.; Isaac, N.J.B.; Roy, D.B.; Procter, D.; Eigenbrod, F.; Freckleton, R.; Hector, A.;
Orme, C.D.L.; Petchey, O.L.; et al. Biodiversity and resilience of ecosystem functions. Trends Ecol. Evolut.
2015, 30, 673–684. [CrossRef] [PubMed]

22. Kremen, C. Managing ecosystem services: What do we need to know about their ecology? Ecol. Lett. 2005, 8,
468–479. [CrossRef] [PubMed]

23. Thompson, B.C.; Matusik-Rowan, P.L.; Boykin, K.G. Prioritizing conservation potential of arid-land montane
natural springs and associated riparian areas. J. Arid Environ. 2002, 50, 527–547. [CrossRef]

24. Skagen, S.K.; Kelly, J.F.; van Riper, C.; Hutto, R.L.; Finch, D.M.; Krueper, D.J.; Melcher, C.P. Geography of
spring landbird migration through riparian habitats in Southwestern North America. Condor 2005, 107, 212.
[CrossRef]

25. Szaro, R.C. Riparian Forest and Scrubland Community Types of Arizona and New Mexico.
Desert Plants (USA) 1989, 9, 69–138.

26. Naiman, R.J.; Decamps, H.; Pollock, M. The role of riparian corridors in maintaining regional biodiversity.
Ecol. Appl. 1993, 3, 209–212. [CrossRef] [PubMed]

27. Brand, L.A.; Stromberg, J.C.; Goodrich, D.C.; Dixon, M.D.; Lansey, K.; Kang, D.; Brookshire, D.S.; Cerasale, D.J.
Projecting avian response to linked changes in groundwater and riparian floodplain vegetation along a
dryland river: A scenario analysis. Ecohydrology 2011, 4, 130–142. [CrossRef]

http://dx.doi.org/10.2307/1941820
http://www.ncbi.nlm.nih.gov/pubmed/27759318
http://dx.doi.org/10.1007/s100219900037
http://dx.doi.org/10.1016/j.ecoser.2012.07.011
http://dx.doi.org/10.1073/pnas.96.4.1463
http://www.ncbi.nlm.nih.gov/pubmed/9990046
http://dx.doi.org/10.1111/j.1461-0248.2006.00963.x
http://www.ncbi.nlm.nih.gov/pubmed/16972878
http://dx.doi.org/10.1126/science.287.5459.1770
http://www.ncbi.nlm.nih.gov/pubmed/10710299
http://dx.doi.org/10.1016/j.jenvman.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/20932636
http://dx.doi.org/10.1046/j.1523-1739.1999.98418.x
http://dx.doi.org/10.1073/pnas.1405557111
http://www.ncbi.nlm.nih.gov/pubmed/24799685
http://dx.doi.org/10.1080/21513732.2013.770800
http://dx.doi.org/10.1016/j.cosust.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25104977
http://dx.doi.org/10.1016/j.tree.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26437633
http://dx.doi.org/10.1111/j.1461-0248.2005.00751.x
http://www.ncbi.nlm.nih.gov/pubmed/21352450
http://dx.doi.org/10.1006/jare.2001.0922
http://dx.doi.org/10.1650/7807
http://dx.doi.org/10.2307/1941822
http://www.ncbi.nlm.nih.gov/pubmed/27759328
http://dx.doi.org/10.1002/eco.143


Environments 2018, 5, 91 16 of 17

28. Brand, L.A.; White, G.C.; Noon, B.R. Factors influencing species richness and community composition of
breeding birds in a desert riparian corridor. Condor 2008, 110, 199–210. [CrossRef]

29. Brand, L.A.; Dixon, M.D.; Fetz, T.; Stromberg, J.C.; Stewart, S.; Garber, G.; Goodrich, D.C.; Brookshire, D.S.;
Broadbent, C.D.; Benedict, K. Projecting avian responses to landscape management along the Middle Rio
Grande, New Mexico. Southwest. Nat. 2013, 58, 150–162. [CrossRef]

30. Steinitz, C.; Arias, H.; Bassett, H.; Flaxman, M.; Goode, T.; Maddock, T.; Mouat, D.; Peiser, R.; Shearer, A.
Alternative Futures for Changing Landscapes: The Upper San Pedro River Basin in Arizona and Sonora; Island Press:
Washington, DC, USA, 2003; ISBN 978-1-55963-224-9.

31. Fernald, A.G.; Baker, T.T.; Guldan, S.J. Hydrologic, riparian, and agroecosystem functions of traditional
acequia irrigation systems. J. Sustain. Agric. 2007, 30, 147–171. [CrossRef]

32. Fernald, A.; Tidwell, V.; Rivera, J.; Rodríguez, S.; Guldan, S.; Steele, C.; Ochoa, C.; Hurd, B.; Ortiz, M.;
Boykin, K.; et al. Modeling sustainability of water, environment, livelihood, and culture in traditional
irrigation communities and their linked watersheds. Sustainability 2012, 4, 2998–3022. [CrossRef]

33. Fernald, A.; Guldan, S.; Boykin, K.; Ochoa, C.; Al, E. Linked hydrologic and social systems that support
resilience of traditional irrigation communities. Hydrol. Earth Syst. Sci. 2015, 19, 293–307. [CrossRef]

34. Turner, B.; Tidwell, V.; Fernald, A.; Rivera, J.; Rodriguez, S.; Guldan, S.; Ochoa, C.; Hurd, B.; Boykin, K.;
Cibils, A. Modeling acequia irrigation systems using system dynamics: Model development, evaluation,
and sensitivity analyses to investigate effects of socio-economic and biophysical feedbacks. Sustainability
2016, 8, 1019. [CrossRef]

35. Bierwagen, B.G.; Theobald, D.M.; Pyke, C.R.; Choate, A.; Groth, P.; Thomas, J.V.; Morefield, P. National
housing and impervious surface scenarios for integrated climate impact assessments. Proc. Natl. Acad.
Sci. USA 2010, 107, 20887–20892. [CrossRef] [PubMed]

36. Boykin, K.G.; Thompson, B.C.; Deitner, R.A.; Schrupp, D.; Bradford, D.; O’Brien, L.; Drost, C.;
Propeck-Gray, S.; Rieth, W.; Thomas, K.; et al. Predicted animal habitat distributions and species richness.
In Southwest Regional Gap Analysis Final Report; US Geological Survey, Gap Analysis Program: Moscow, ID,
USA, 2007.

37. U.S. Census Bureau. American FactFinder—Results; U.S. Census Bureau: Suitland, MD, USA, 2015.
38. U.S. Census Bureau. Interim State Population Projections. 2005. Available online: http://www.census.gov/

population/projections/data/state/projectionsagesex.html (accessed on 2 September 2016).
39. Nakicenovic, N.; Alcamo, J.; Grubler, A.; Riahi, K.; Roehrl, R.A.; Rogner, H.-H.; Victor, N. Special Report

on Emissions Scenarios (SRES), A Special Report of Working Group III of the Intergovernmental Panel on Climate
Change; Cambridge University Press: Cambridge, UK, 2000; ISBN 0-521-80493-0.

40. Prior-Magee, J.S.; Boykin, K.G.; Bradford, D.F.; Kepner, W.G.; Lowry, J.H.; Schrupp, D.L.; Thomas, K.A.;
Thompson, B.C. Ecoregional Gap Analysis of the Southwestern United States: The Southwest Regional Gap Analysis
Project Final Report; U.S. Geological Survey, Gap Analysis Program: Moscow, ID, USA, 2007.

41. US Environmental Protection Agency. Land-Use Scenarios: National-Scale Housing-Density Scenarios Consistent
with Climate Change Storylines (Final Report); US Environmental Protection Agency: Washington, DC, USA,
2009.

42. Boykin, K.G.; Thompson, B.C.; Propeck-Gray, S. Accuracy of gap analysis habitat models in predicting
physical features for wildlife-habitat associations in the southwest US. Ecol. Model. 2010, 221, 2769–2775.
[CrossRef]

43. Wenny, D.G.; Devault, T.L.; Johnson, M.D.; Kelly, D.; Sekercioglu, C.H.; Tomback, D.F.; Whelan, C.J. The need
to quantify ecosystem services provided by birds. Auk 2011, 128, 1–14. [CrossRef]

44. United States Congress. Endangered Species Act; United States Congress: Washington, DC, USA, 1973.
45. New Mexico Department of Game and Fish. Comprehensive Wildlife Conservation Strategy for New Mexico;

New Mexico Department of Game and Fish: Santa Fe, NM, USA, 2006; p. 526.
46. Arizona Game and Fish Department. Arizona’s State Wildlife Action Plan: 2012–2022; Arizona Game and Fish

Department: Phoenix, AZ, USA, 2012; p. 233.
47. Ochoa, C.G.; Guldan, S.J.; Cibils, A.F.; Lopez, S.C.; Boykin, K.G.; Tidwell, V.C.; Fernald, A.G. Hydrologic

connectivity of head waters and floodplains in a semi-arid watershed. J. Contemp. Water Res. Educ. 2013, 152,
69–78. [CrossRef]

48. Hohensee, P.; Samuel, M.; Drake, D. For what it’s worth: Appreciating the economic value of wildlife.
Wildl. Prof. 2017, 11, 40–43.

http://dx.doi.org/10.1525/cond.2008.8421
http://dx.doi.org/10.1894/0038-4909-58.2.150
http://dx.doi.org/10.1300/J064v30n02_13
http://dx.doi.org/10.3390/su4112998
http://dx.doi.org/10.5194/hess-19-293-2015
http://dx.doi.org/10.3390/su8101019
http://dx.doi.org/10.1073/pnas.1002096107
http://www.ncbi.nlm.nih.gov/pubmed/21078956
http://www.census.gov/population/projections/data/state/projectionsagesex.html
http://www.census.gov/population/projections/data/state/projectionsagesex.html
http://dx.doi.org/10.1016/j.ecolmodel.2010.08.034
http://dx.doi.org/10.1525/auk.2011.10248
http://dx.doi.org/10.1111/j.1936-704X.2013.03169.x


Environments 2018, 5, 91 17 of 17

49. U.S. Fish and Wildlife Service; U.S. Census Bureau. 2011 National Survey of Fishing, Hunting, and
Wildlife-Associated Recreation; U.S. Fish and Wildlife Service: Washington, DC, USA; U.S. Census Bureau:
Suitland, MD, USA, 2011; p. 172.

50. Cartron, J.L.E.; Stoleson, S.H.; Stoleson, P.L.; Shaw, D.W. Riparian areas. In Livestock Management in the
American Southwest: Ecology, Society and Economics; Elsevier: Amsterdam, The Netherlands, 2000; pp. 281–328.

51. Hubbard, J.P. Importance of riparian ecosystems: Biotic considerations. In Importance, Preservation, and
Management of Riparian Habitat: A Symposium (RR Johnson and DA Jones, Tech. Coords.); RM-43; USDA Forest
Service: Washington, DC, USA, 1977; pp. 14–18.

52. Westerling, A.L.; Hidalgo, H.G.; Cayan, D.R.; Swetnam, T.W. Warming and earlier spring increase western
U.S. Forest wildfire activity. Science 2006, 313, 940–943. [CrossRef] [PubMed]

53. Mccarthy, P.D. Climate change adaptation for people and nature: A case study from the U.S. Southwest.
Adv. Clim. Chang. Res. 2012, 3, 22–37. [CrossRef]

54. Bentz, B.J.; Régnière, J.; Fettig, C.J.; Hansen, E.M.; Hayes, J.L.; Hicke, J.A.; Kelsey, R.G.; Negrón, J.F.;
Seybold, S.J. Climate change and bark beetles of the Western United States and Canada: Direct and indirect
effects. BioScience 2010, 60, 602–613. [CrossRef]

55. Calkins, M.T.; Beever, E.A.; Boykin, K.G.; Frey, J.K.; Andersen, M.C. Not-so-splendid isolation: Modeling
climate-mediated range collapse of a montane mammal Ochotona princeps across numerous ecoregions.
Ecography 2012, 35, 780–791. [CrossRef]

56. Lowry, J.; Ramsey, R.D.; Thomas, K.; Schrupp, D.; Sajwaj, T.; Kirby, J.; Waller, E.; Schrader, S.; Falzarano, S.;
Langs, L.; et al. Mapping moderate-scale land-cover over very large geographic areas within a collaborative
framework: A case study of the Southwest Regional Gap Analysis Project (SWReGAP). Remote Sens. Environ.
2007, 108, 59–73. [CrossRef]

57. Lowry, J.H., Jr.; Ramsey, R.D.; Thomas, K.A.; Schrupp, D.; Kepner, W.; Sajwaj, T.; Kirby, J.; Waller, E.;
Schrader, S.; Falzarano, S.; et al. Land cover classification and mapping. In Southwest Regional Gap Analysis
Final Report; Prior-Magee, J.S., Ed.; US Geological Survey, Gap Analysis Program: Moscow, ID, USA, 2007;
Chapter 2. Available online: http://swregap.nmsu.edu/ (accessed on 1 May 2018).

58. Rogers, B.M.; Jantz, P.; Goetz, S.J. Vulnerability of eastern US tree species to climate change. Glob. Chang.
Biol. 2017, 23, 3302–3320. [CrossRef] [PubMed]

59. Miller, K.M.; McGill, B.J. Land use and life history limit migration capacity of eastern tree species.
Glob. Ecol. Biogeogr. 2018, 27, 57–67. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.1128834
http://www.ncbi.nlm.nih.gov/pubmed/16825536
http://dx.doi.org/10.3724/SP.J.1248.2012.00022
http://dx.doi.org/10.1525/bio.2010.60.8.6
http://dx.doi.org/10.1111/j.1600-0587.2011.07227.x
http://dx.doi.org/10.1016/j.rse.2006.11.008
http://swregap. nmsu. edu/
http://dx.doi.org/10.1111/gcb.13585
http://www.ncbi.nlm.nih.gov/pubmed/27935162
http://dx.doi.org/10.1111/geb.12671
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Datasets 
	Analysis 

	Results 
	Natural Areas 
	Species Richness 

	Discussion 
	Conclusions 
	References

