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Abstract: Expanding urbanization in highly fragile desert environments requires a thorough
understanding of the current state and trends of land uses to achieve an optimal balance between
development and the integrity of vital ecosystems. The objectives of this study are to quantify
land use change over the 25-year period 1990-2015 and analyze temporal and spatial urbanization
trends in the Middle Rio Grande Basin. We conclude by indicating how the results can inform
on-going water resource research and public policy discussion in an arid region. Results show that
the predominant upland mixed vegetation land cover category has been steadily declining, giving
up land to urban and agricultural development. Urban development across the region of interest
increased from just under three percent in 1990 to more than 11 percent in 2015, mainly around
the major urban areas of El Paso, Ciudad Juarez, and Las Cruces. Public policy aspects related to
results from this study include transfer of water rights from agriculture to land developers in cities,
higher risk of flooding, loss of natural ecosystems, and increased water pollution from point and
non-point sources. Various stakeholders can find the study useful for a better understanding of
historical spatial and temporal aspects of urban development and environmental change in arid
regions. Such insights can help municipal authorities, farmers, and other stakeholders to strike a
balance between development needs and protecting vital ecosystems that support the much needed
development, especially in regions that are endowed with transboundary natural resources that often
are incompletely represented in single nation data.

Keywords: transboundary; arid; water resources; urbanization; agriculture; land use; land cover;
environmental impacts

1. Introduction

Concerns on the impact of rapid urbanization on natural resources are increasing with growing
population in many parts of the world [1-4]. Global urban population increased from 746 million in
1950 (30 percent of global population) to 3.9 billion in 2014 (54 percent), and this urban population
proportion is expected to grow to 66 percent by 2050 [5]. Urbanization is indeed a pertinent issue in
the Middle Rio Grande Basin, where, like many arid and semi-arid urbanized regions of the world,
scarce natural resources, such as surface and groundwater, are part of fragile and highly managed
ecosystems. One of the most important pressures on resources is competition between user sectors that
include agriculture, industry, domestic and public water supply, wildlife habitats, and recreation [6,7].
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The basin has supported irrigated agriculture in the area spanning from southern New Mexico to
Far West Texas and northern Chihuahua in Mexico for more than a century [8,9]. Three economically
important urban centers, El Paso, Texas, Las Cruces, New Mexico, and Ciudad Judrez, Chihuahua,
Mexico are now home to a combined population of more than 2.4 million people [10], and the appetite
for more land to accommodate both outward expansion and intense redevelopment is still high [11].
Urban expansion involves increased water use through land use/land cover change—the use of
water in urban landscaping and gardening—as well as growing populations consuming residential,
commercial, and industrial supplies. Recent studies [12-14] remind us that knowledge of the extent
and rate of urbanization is of immense interest to growing urban settlements and watersheds for a
wide range of purposes that include urban planning, water and land resource management, marketing
analysis, tourism, and forestry analysis, among others.

Change detection technologies, such as remote sensing and geographic information systems
(GIS), are often not constrained by administrative boundaries, making the tools ideal vehicles
to promote cross-border studies and to explore transboundary data harmonization opportunities.
Remote sensing-based approaches provide cities with specific alternative techniques to monitor urban
sprawl [15,16]. It follows that urban sprawl can be monitored across administrative boundaries at
various levels using change detection tools. Remote sensing and GIS can help stakeholders to map
where changes are happening, get a better understanding of how development patterns influenced
by human actions and natural climatic and seasonal landscape changes may trend over time, and
therefore evaluate current actions and policies, and anticipate and plan for future changes accordingly.
However, there are widely acknowledged constraints or barriers to the use of remote sensing and
GIS technologies. These include: (1) hardware and expertise costs, (2) data costs from certain remote
sensing platforms that are not free, (3) perceived lack of remote sensing product accuracy, including
spatial, spectral, and radiometric accuracy in comparison to in situ measurements, and (4) concerns
over data continuity and programmatic support [17-19].

A number of investigations have applied remote sensing technology to study land use along
different sections of the Rio Grande Basin. For example, a comparative study involving Landsat
Enhanced Thematic Mapper Plus (ETM+) and IKONOS images was conducted to map active crop
lands in the Upper Valley and Lower Valley of El Paso County, Texas [20]. In [21], a supervised
maximum likelihood classification system was applied on Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) imagery during a feasibility study on the construction of a
binational wetland along the U.S.—Mexico border. The study by [19] mapped riparian vegetation using
high resolution airborne multi-spectral imagery, while [22] used aerial photography and a maximum
likelihood classifier to map invasive weed infestations in the basin. In another example, an evaluation
of airborne hyperspectral imagery was conducted using four different classifiers: maximum likelihood,
spectral angle mapper, mixture tuned matched filtering, and support vector machine in mapping
saltcedar infestations along the Rio Grande in West Texas [23].

However, comprehensive urbanization studies that integrate the whole Middle Rio Grande Basin to
help understand the combined impacts of urban growth and other human impacts on either side of the
U.S.—Mexico border in this shared but vulnerable ecosystem that straddles the two countries are scarce.
For example, a systems dynamic model was developed to simulate future land use changes for a 10 to
20 year time horizon for commercial, industrial, and residential sectors based on Stella software, but
the focus of the case study was the City of Ciudad Juarez in Mexico [11]. Similarly, a rule-based object
oriented classification approach was applied to classify QuickBird imagery in a small area of interest
in the City of Ciudad Judrez [24]. A significant finding from this study was that rapid urbanization
is contributing to significant landscape fragmentation and compromising natural ecological functions
in the desert environment. At the national level, the National Land Cover Database (NLCD) that was
produced by the Multi-Resolution Land Characteristics (MRLC) consortium [25] is the main source of
comprehensive and consistent land-cover data in the United States. The most recent publicly available
national land-cover product is the National Land Cover Database 2011 (NLCD 2011) [26].
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Municipal authorities and other competing users of natural resources in such a water-scarce
a region are well served by a thorough understanding of some fundamental questions associated
with the rapid growth of urban areas. Key questions include: (1) what is the extent, and how fast is
urbanization and other land use changes happening in the Middle Rio Grande Basin region? (2) where
is the land for urbanization coming from?, and (3) what are the impacts of urbanization on agricultural
and other land uses in the region? The objectives of this study are: (1) to quantify land use change
over the 25-year time period and analyze temporal and spatial urbanization trends, including other
broadly defined land use categories (Table 1) and (2) to present how the results can inform on-going
water resource research and public policy discussion in an arid region.

Table 1. Definition of land use categories used in the study.

Land Use Category Description Aggregated USGS NLCD Classes

All open water in natural and

. Water
human-made surface water bodies

Water

All cultivated food crops, pastures,
public parks, residential yards, pecan
trees and riparian vegetation

Agriculture and other

vegetation Pasture/Hay, Cultivated Crops

All barren soil and desert landscape
mixed with upland scrub/shrub
vegetation and forest

Barrenland, Shrubland, Forest,

Upland mixed vegetation Herbaceous/Grassland

All urban developments including low,
medium and high intensity, and
developed open spaces

Adapted from [26].

Developed Open Space, Developed
Low Intensity, Developed Medium
Intensity, Developed High Intensity

Developed

Our selected region of interest for this study is a 16 km (10 mile) wide swath either side of the
Rio Grande from below the Caballo Reservoir in south central New Mexico to downstream of Fort
Hancock (Figure 1). The total study area was 4288 km? (1655 sq miles). This area includes the urban
development in the major population centers of Las Cruces, El Paso, and Ciudad Juarez, as they
expand into the irrigated agricultural zone located along the Rio Grande valley. It begins where river
water is released for irrigation and urban use and ends with the end of the irrigation zone. The uplands
are occupied by mountains and the Chihuahuan desert ecosystem.

In addition to alternative methods for comparing change (Table 2), the following two major types
of change have been suggested: (1) a change in the location of features and (2) a change in character or
magnitude of features [27]. Our study integrates remote sensing and GIS techniques and it focuses
on the “measuring change” and “time series” methods to assess urbanization trends for a 25-year
temporal window from 1990 to 2015 in the transboundary Middle Rio Grande Basin (Figure 1).

Table 2. Methods of comparing change.

Method

Type of Change

Time Pattern

Advantages

Disadvantages

Strong visual impact if

Readers have to visually

Time series Movement or Trend Cycle before change is substantial; compare maps to see
change in character and after shows conditions at each where, and how much
date/time change has occurred
Easier to see movement
Tracki Trend Cycle before and rate of change than Can be difficult to read if
racking map Movement 1 ) .
and after with time series, especially ~ more than a few features
if change is subtle
Does not show actual
Measuring Change in Trend Cycle before Shows difference in conditions at each time;
change character and after amounts or values change is calculated

between two times only
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Figure 1. The study area showing the region of interest delineated by a hillshade.

2. Materials and Methods

40f17

The methodology workflow integrating remote sensing and GIS methods that was applied in this
study is shown in Figure 2. Major steps included imagery data acquisition and preliminary processing,
atmospheric correction and data resizing, noise reduction, and image classification. Selected aspects
of these four major steps are described below. The analysis was performed using a suite of standard
software applications that included ArcGIS Desktop, ArcGIS Online, ENVI, Microsoft Excel, and

Google Earth Pro.

2.1. Data Acquisition and Preliminary Processing

Landsat images were acquired [28] for the years 1990, 1995, 2000, 2005, 2010, and 2015. The region
of interest shown in Figure 1 is covered by the following seven multispectral Landsat scenes
(Path/Row): 031/039, 032/038, 032/039, 033/037, 033/038, 034/037, and 034 /038.
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Figure 2. Workflow diagram showing integrated remote sensing—GIS methods used for the study.

Each scene had 10 percent or less cloud cover. Landsat missions that provided the images for the
chosen region of interest include Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic
Mapper Plus (ETM+), Landsat 8 Operational Land Imager (OLI), and Thermal Infrared Sensor (TIRS).
Acquisition dates for the Landsat images ranged between the months of June and August, and so were
considered “leaf on”. Preliminary processing steps on the imagery included extracting the imagery to
the study area boundaries, creating mosaics, and color correction.

2.2. Atmospheric Correction and Data Resizing

Atmospheric correction was carried out using the widely cited procedure in [29]. Specific
steps included radiometric calibration to determine reflectance at the top of the atmosphere, dark
object subtraction (DOS) for haze and moisture correction, and post-DOS computations to determine
surface reflectance. All atmospheric correction procedures were performed while using the module
implemented in ENVI software, and the steps repeated to cover scenes for all the years analyzed.
The images were then resized to selected regions of interest across the study area.

2.3. Noise Reduction

The minimum noise fraction (MNF) linear transformation procedure was used to transform the
resized images for all analysis years. This noise reduction technique that was widely applied in remote
sensing is implemented in ENVI software (see [30,31] for details), and it reduces inherent spectral
dimensionality and data noise. We approved the final minimum noise Landsat images that were used
for classification based on both eigenvalue plots and visual inspection of the images.

2.4. Supervised Classification

Supervised classification is among one of the most extensively applied land use classification
techniques, for example, [32-37]. The technique involves collecting training samples that are then
used to derive spectral signatures of pixels in an image, and therefore it requires prior knowledge
of land use types in the study area. Pixel signatures are generated and stored in signature files, and
digital numbers (DN) of each pixel are then converted to radiance values [38,39]. The interactive
supervised classification module that was used to classify the minimum noise images is found in
ArcMap software [40]. The module was applied for the six analysis years of 1990, 1995, 2000, 2005,
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2010, and 2015 using the four broad land use categories, as defined in Table 2. Spectral signatures of
the training samples were first analyzed using statistical methods. A satisfactory spectral signature is
one that minimizes confusion between different land use categories to be mapped [41]. The whole
region of interest was classified by assigning each image cell to the training sample category of the
highest probability of match. On average, 150 training samples were created for each land use category
using the 1990 Landsat TM imagery, since this was the year with the least amount of developed land.
A minimum of 500 pixels for each training sample category were used.

2.5. Post Processing Tasks

Post classification processing was done to remove noise generated from misclassified isolated
pixels or small regions in the classified output, and to smooth out boundaries between classified
categories. Conducting post classification processing tasks involves a fine balance between achieving
a good quality classified final output and the potential loss of important map details through the
excessive use of generalization tools [16]. The workflow chart in Figure 3 summarizes the post
processing procedure that was followed in this study. These steps were accomplished through a series
of geoprocessing tools in the Spatial Analyst Extension of ArcGIS.

Classified image

Majority Filter Tool ]

h 4

Majority filtered image

[ Boundary Clean Tool ] »
L 4

Boundary cleaned raster

‘—[ Raster to Polygon Tool ]

Final vectorized map

Figure 3. Flowchart of post processing tasks performed in this study.
2.6. Ground Checking

Field visits were made to selected familiar features in the study region to check for correspondence
between the classified features and their actual location on the ground using portable Global
Positioning System (GPS) units. Because it was not practical to collect GPS points across the whole
study area, some of the land use categories assigned to places that were familiar to our team were
checked through image visualization in Google Earth.

2.7. Accuracy Assessment

The reliability of classification was determined by calculating the overall accuracy as well as
the classification accuracy of individual land use categories. This was accomplished through the
construction of a confusion matrix, or an error matrix of omission and commission [42] for each region
of interest. The following five statistics were calculated: (1) overall accuracy, (2) Kappa coefficient,
(3) user accuracy, (4) producer accuracy, (5) omission error, and (6) commission error. Overall accuracy
represents the proportion of all correct classifications; the Kappa coefficient is a measure of agreement
of accuracy in classification assessment [43]; user accuracy is a calculation of the probability that a
pixel classification is correct on the ground, and producer accuracy is the probability that a pixel of a
particular land use type is assigned the correct land use category. Omission errors represent certain
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categories that were omitted when they exist on the ground, while the commission errors represent
categories that were identified as existing on the ground when in fact they do not.

3. Results

3.1. Accuracy Assessment

We classified 18 maps for each of the years 1990, 1995, 2000, 2005, 2010, and 2015:6 for the larger
region of interest, and six each for the extracted subregions focusing on major urban areas of El
Paso-Ciudad Judrez and Las Cruces. For simplicity, we only detail accuracy assessment results for the
larger region of interest, focusing on analysis year 2015. The quality of our classification is provided
in the form of an error matrix, a widely used tool to present accuracy assessment information in
remote sensing [38,39]. An average of 122 sampling points were used for each analysis year, and the
overall accuracy ranged from 85 percent in 2005 to 93 percent for the year 2015. The overall Kappa
coefficient of 89 percent statistically supported the overall accuracy of the classification scheme used.
Producer accuracy for all land use categories ranged from 80 percent to 95 percent for the year 2015,
and user accuracy from 80 to 97 percent (Table 3). A typical reasonable number of sampling points
is around 25-30 points, and the overall classification accuracy and accuracy for all classes greater
than the 75-85 percent is acceptable, given that accuracy assessment is a compromise between the
ideal and the affordable [3,16,44]. In an evaluation of the national standard U.S. National Land Cover
Database (NLCD) classification system [45], an acceptable overall classification accuracy in the range
of 84-85 percent for most satellite data classification studies is recommended. We generated an average
of 122 points for each analysis year, and the reliability of our classified results is generally acceptable,
since the ranges of our accuracy assessment results are within these minimum recommended ranges
(Table 3).

Table 3. Error matrix for 2015 image showing classification errors of omission and commission.

Classified Actual Category: Ground Truth User’s Error of
i i Accuracy Commission
Category Agriculture and Upland Mixed Total Number )
Other Vegetation Developed Vegetation Water of Samples (%) (%)
Agriculture and o4 1 1 2% 9 8
other vegetation
Developed 0 20 3 23 87 13
Upland mixed 1 1 62 64 97 3
vegetation
Water 1 4 5 80 20
Total 26 22 65 5 118
Produce(l; 92 91 95 80 Overall accuracy 93
accuracy (%)
Error of Kappa
omission (%) 8 ? 5 20 coefficient 8

3.2. Quantification of Regional Land Use Change and Trends

A post-classification comparison technique of the time series images was applied in ArcGIS to
determine the nature, size, and spatial location of changes. Upland mixed vegetation was the most
dominant category based on our broadly defined classes in the delineated areas of interest, followed by
the agriculture and other vegetation category (Table 4 and Figure 4). Our results revealed an increasing
urbanization trend from 2.92 percent (125.2 km?) in 1990 to 11.31 percent (485.1 km?) in 2015 for the
whole region of interest, and this is also reflected in the land use change mapping results for the
25-year period 1990-2015. The main urban centers of El Paso, Ciudad Juarez, and Las Cruces are
unsurprisingly responsible for this increase in urban growth. Close examination of the land use trend
lines in Figure 4 shows that the upland mixed vegetation category is the main contributor of land for
urban development, declining from 84.6 percent (3627.2 km?) in 1990 to 71.4 percent (3060.4 km?) in
2015. In our category definition table, upland mixed vegetation land use includes fallow agricultural



Remote Sens. 2018, 10, 2005 8of17

land, so it is reasonable to expect its proportion to fluctuate with variations in the area under crop
cultivation as well. The trendline for agriculture and other vegetation category was fairly stable,
at just over 10 percent between 1990 and 2010, and it then increased to nearly 19 percent in 2015
(Figure 4). This can be attributed mainly to the intensification of agricultural activities for the 2015
analysis year. The water category trendline is less than 0.5 percent over the whole analysis period,
consistent with a dry region that is not typically endowed with significant open natural surface water
bodies. The nearest large dams of Caballo and Elephant Butte are located just outside the region of
interest that was delineated for this study.

3.3. Land Use Change by Urban Area

To better understand the rate of change around urban areas, we zoomed in and focused on the
three major urban settlements—the neighboring cities of El Paso and Ciudad Juarez combined into one
sub region of interest, and Las Cruces. Similar to the whole region of interest results that are shown in
Figure 4, these two regions of interest were classified using the interactive supervised classification
module in ArcGIS, and the changes quantified using the same four broad categories of land use for the
period 1990-2015. The classification results for the two urban regions of interest are shown in Figures 5
and 6.
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Table 4. Land use quantification results for region of interest and urban areas.

Land Use Category Area (km?)
Year Agriculture and Upland Mixed
Water Ot%ner Vegetation I:7egeta’cion Developed Total Area
Region of Interest
1990 28.80 506.70 3627.22 125.21 4288
1995 17.36 531.12 3610.50 129.24 4288
2000 20.04 520.52 3551.11 196.32 4288
2005 16.58 572.78 3366.08 332.69 4288
2010 16.85 501.78 3371.23 397.12 4288
2015 17.87 725.63 3060.35 485.17 4288
El Paso-Ciudad Juarez Metropolitan Area
1990 2.18 162.93 2072.64 482.26 2720
1995 3.81 149.33 2080.80 486.06 2720
2000 2.72 157.76 1967.10 592.42 2720
2005 7.34 109.89 1993.76 609.01 2720
2010 4.90 162.93 1877.62 674.56 2720
2015 4.90 139.26 1883.87 691.97 2720
City of Las Cruces

1990 2.51 50.35 568.63 4451 666
1995 3.33 74.49 538.87 4931 666
2000 2.79 77.63 533.95 51.64 666
2005 2.72 69.91 540.22 53.15 666
2010 2.86 72.86 522.94 67.32 666
2015 3.45 77.92 511.82 72.83 666
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Figure 6. Land use change around the City of Las Cruces, 1990-2015.

3.3.1. El Paso-Ciudad Judrez Metropolitan Area

The period 1990 to 2015 experienced an increase built up area (Figure 5). Urban sprawl can
be visualized on the time series maps, especially towards east El Paso and southern Ciudad Juarez.
The developed category proportion was about 17.7 percent (482.2 km?) in 1990 and it grew to 25.4 percent
(692 km?) of this sub region of interest, or an increase of 43.5 percent, taking the 1990 level of urbanization
as the base year (Table 4). The agriculture and other vegetation category was nearly constant at around
5 percent for the analysis period. Any slight fluctuations in this largely urban region of interest can be
attributed to changes in the amount of land that was in and out of cropland. The results also show
an overall regression of the upland mixed vegetation category in this metro region, from 76.2 percent
(2072.6 km?2) in 1990 to 69.3 percent (1883.9 km?) in 2015. Reduction of upland mixed vegetation land
can be attributed to the clearing of scrub land for urban development and the cropping of previously
bare agricultural land that was classified under upland mixed vegetation. Change for the water
category was insignificant as expected, less than 0.5 percent throughout the study period for area of
interest that has no significant surface water bodies.

3.3.2. City of Las Cruces

Visual and quantitative results of urbanization trends around the City of Las Cruces are shown in
Figures 6 and 7, and Table 4. An increase in urban developments was mainly to the eastern side of the
city, although there was urban encroachment into the agricultural areas around the southwestern part
of the city (Figure 7). Urban development increased from about 7 percent of the sub region area of
interest in 1990 (44.51 km?) to about 11 (72.83 km?) percent, or a growth of around 63.6 percent using
the 1990 urbanization level as the base year (Table 4). Overall, the upland mixed vegetation land use
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category decreased continuously from 1990 to 2015, and this downward trend is mainly attributable to
the intensification of urbanization, as demonstrated, for example, by the eastward expansion of the
city (Figure 7). The fraction that is covered by the agriculture and other vegetation category fluctuated
between 7.6 percent (50.4 km?) in 1990 and 11.7 percent (77.9 km?) in 2015. A substantial portion
of agricultural land in this sub region of interest is permanently under pecan trees. The pecan tree
cover appears as dark fields in the natural color, 1990 and 2010 change comparison image in Figure 7.
The pecan fields are also shown among the no change white zones calculated in the Normalized
Difference Vegetative Index (NDVI) [46] portion visualized on the right side of Figure 7. Changes in
vegetation cover can be clearly visualized in Figure 7 as increased or decreased areas due to intense
agricultural and urban development, respectively. NDVI change visualization in Figure 7 corroborates
our finding showing a downward trend in the upland mixed vegetation land use category, as shown
by a vegetation decrease as land was cleared for urban development, and an increase in vegetation
cover as upland mixed vegetation or previously fallow fields were now under crops. Similar to other
dry regions of interest in this study, the proportion of open water is an average of less than 0.5 percent
over the analysis period.

1990 NDVI Change for 1990 to 2010

snow/Ice i urban [l water [<lClouds P wetlands - Veg Increase [ Veg Decrease
n, Agriculture - Conifer Forest - Desert z Broadleaf

Figure 7. Visualizing land use and Normalized Difference Vegetative Index (NDVI) change around the
City of Las Cruces for the years 1990 and 2010 (Source: Esri Change Matters Viewer).

4. Discussion

4.1. Accuracy, Uncertainty and Errors

While our user and producer accuracy results were reasonable, difficulties were encountered
in separating pixels for some classes. Accurate reference data is important for testing classification
accuracy [47], and therefore classification errors in our results are partly due to impure training samples
that captured mixed land use categories. For example, spectral mixing for water and agriculture and
other vegetation categories was encountered for some locations where wetlands are known to exist,
although these were isolated cases for this generally dry study region. Bare agricultural land was
classified under the upland mixed vegetation category in our definition of land use categories (Table 2),
and spectral confusion was also problematic between the upland mixed vegetation and developed
categories. This was not a surprise for this study region, where abundant and naturally occurring
stones are extracted from the natural environment and are used in construction projects. Classification
errors are also attributable to the coarse 30 m spatial resolution of the Landsat images that were
used for the study. Two or even more spectral classes were often observed within one pixel using
this course resolution data, and this obviously affected the accuracy of classification. Other possible
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sources of intrinsic uncertainty and error that may have been propagated in this type of study includes
subjectivity in interpreting the classification results, fuzzy boundaries between land use categories,
and uncertainty in the supervised classification algorithm in assigning land use categories to mixed
pixels. An alternative method of estimating classification accuracy is calculating the Kappa statistics
to account for classification agreements due to chance. The overall Kappa coefficient of 89 percent
calculated from Table 3 supported the overall accuracy of the classification scheme that was used in
this study, despite the fact others argue that Kappa normally underestimates overall accuracy and it is
therefore recommended for vegetation mapping [19,44].

4.2. Comparison Classification Results with other Published Work

There is a paucity of comprehensive land use change studies covering both the U.S. side and the
Mexican side of this transboundary metropolitan region to adequately compare our results with. A case
study that was conducted on the Mexican side of the border showed an increase in urban related land
cover between 2002 and 2007 in a third of the area of interest studied [24]. On the U.S. side of the border,
we use the cumulative number of building permits for single-family and multifamily residential units
compiled from U.S. Department of Housing and Urban Development (HUD) data for the City of El
Paso as a proxy for urban development. Figure 8a shows a linear increase for the period 2000 to 2014.
Although building permits do not necessarily reflect all construction activity that happened in this city,
the trend that is reflected in Figure 8a is actually an underestimate because commercial units are not
included in this data, in addition to structures that were constructed without a building permit, or
under a different type of building permit [48]. Both examples on either side of the U.S.-Mexico border
corroborate our findings on increasing urbanization trends in the El Paso-Ciudad Juarez metropolitan
area. In Figure 8b, building permits for single-family and multifamily residential units for the City of
Las Cruces increased exponentially from 2000 to 2005, but slowed down between 2006 and 2011 [49],
reflecting a slowing down in permitting activity for the latter period. The overall trend supports
our finding on increasing the development trends for the analysis period 1990-2015. We verified our
classification results by comparing with reclassified results from the the U.S. NLCD [25]. For the most
recent 2015 analysis year, we used the Data Enrichment algorithm in ArcGIS Online to calculate land
use variables for our three regions of interest and then aggregated the results to the four broad land
use categories in our classification scheme for this study. The results from the land use module in
ArcGIS Online are based on the NLCD dataset for 2011, the latest land cover year that is available
from the USGS that also falls within our analysis time frame for this study. We did not have an exact
match of analysis years between the two classification systems, but we considered the two years close
enough to provide a good sense of the comparison order of magnitudes. The comparison results after
analysis in AGIS Online and aggregating the NLCD system land cover classes are shown in Table 5.
Our results for the four defined land use categories are comparable to those that were derived from the
NLCD classification system in the subregion of interest around the City of Las Cruces—the only area
of interest that is wholly within the U.S. and covered by the NLCD (Table 5). Similarly, comparisons
for years prior to 2015 produced comparable results through the application of geoprocessing tools in
ArcGIS Desktop software to extract and reclassify historical NLCD data according to our customized
land class aggregation scheme that is presented in Table 2. Slight differences between the NLCD
and this study are attributed to possible sources of intrinsic uncertainty and error results discussed
under the classification accuracy section, and the fact that we are not comparing data from exactly
the same time snapshot. Table 5 also highlights the need to conduct a more comprehensive land use
study that covers the transboundary Rio Grande basin on both the Mexico and U.S. sides of the border.
Essentially, we are arguing that, in this transboundary basin, urbanization and other land use practices
on either side of the border will impact shared resources that include both surface and groundwater.
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Figure 8. (a) Cumulative total number of building permits in for the City of El Paso, 2000-2014;
(b) Cumulative total number of building permits in the City of Las Cruces, 2000-2011.

Table 5. Summary of land cover results calculated from National Land Cover Database (NLCD) in
ArcGIS Online compared to results from this study.

Land Use Category Area (km?)

Year Agriculture and Upland Mixed
Water Ot%ler Vegetation l\)/egeta’cion Developed  Total Area
City of Las Cruces
NLCD 2011 041 12.84 72.98 13.78 666
This study 2010 0.43 10.94 78.52 10.11 666
El Paso-Ciudad Juarez Metropolitan Area
*NLCD 2011 0.08 5.96 39.29 16.22 -
This study 2010 0.18 5.99 69.03 24.80 2720
Region of Interest
*NLCD 2011 0.39 11.76 57.62 9.89 -
This study 2010 0.39 11.70 78.64 9.26 4288

* NLCD does not cover Mexico, so variable data is from U.S. side of the border only.

5. Conclusions

This study utilized remote sensing and GIS technologies to assess and visualize trends in urban
and other land uses in a rapidly growing but highly fragile arid environment. The results showed
that urban development across the region of interest increased from just under three percent in 1990
to more than 11 percent in 2015, with most of the urban growth occurring around the major urban
settlements of El Paso, Ciudad Judrez, and Las Cruces. The predominantly upland mixed vegetation
land cover category has been steadily declining, giving up land to urban and agricultural development.
There are significant natural capital implications that are associated with the conversion of land use
from one category to another, especially in relation to the sustainable management of natural resources
in desert environments.

Ultimately, what is at stake as cities in this dry region and other similar locations continue
to urbanize or expand agricultural activities to produce more food for growing populations is the
sustainability of natural areas that are taken over for such developments. Natural areas surrounding
urban areas often provide valuable ecosystem services [50], among them water provision and
purification, erosion control, and recreation, among others. Insights from this study will help to
improve our understanding of historical spatial and temporal aspects of urban development and
environmental change in this region, and help municipal authorities, farmers, and other stakeholders
to strike a balance between development needs and protecting vital ecosystems that support the
much needed development. The findings also provide crucial baseline data for resource managers,
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policymakers, and other stakeholders that are interested in estimating future demand for land
and other shared resources in the basin. Our findings also have important consequences for the
broader domain of transboundary natural resources utilization in economic development. Geospatial
technologies, like remote sensing and GIS, can be applied across administrative boundaries and
they are therefore vehicles that can promote cross-border cooperation through data harmonization
and sharing arrangements at various levels. Groundwater is a key source of water in the Middle
Rio Grande Basin, and there is need for better understanding of the interaction between this key
resource and riparian vegetation along the Rio Grande through more detailed vegetation mapping
and salinity studies using high resolution multi-spectral and hyperspectral imagery. Additional land
use studies that are based on more detailed land use categories covering the whole Middle Rio Grande
Basin are required, taking into account the need to manage shared water resources in this important
transboundary basin in a holistic and coordinated manner. We also recommend a detailed examination
of the driving forces behind the trends and the patterns of land use change revealed in this study as an
area of future studies.

We end by highlighting some potential future research and public policy aspects of this study.
We found that most of the land for urban development in the study region comes from the upland
mixed vegetation category. The loss of grasslands, shrubs, and forests to urban development can lead
to loss of natural habitats and ecological diversity, higher risk of flooding due to increased surface
runoff in paved urban areas, and increased water pollution from point and non-point sources, such
as new industries waste facilities. When considering outdoor recreation, loss of natural landscapes
may decrease income from tourism that is associated with water-dependent natural ecosystems.
Urban landscapes use significantly more water than upland mixed vegetation desert landscapes, an
important factor in understanding regional water demand trends. Impacts of converting natural land
to agriculture include soil erosion, siltation of dams and rivers, non-point source water pollution
from agricultural lands, and fluctuations in groundwater levels, depending on whether there is
depletion or recharge in the process of agricultural irrigation. The conversion of agricultural land
to urban development in this region has resulted in the transfer of existing agricultural water rights
to cities and developers, although the number of transferred water rights is not publicly available.
The quantity of water used per area unit in urban areas versus irrigated agriculture is an important
direction for research, as are policy changes to reallocate possible water savings. Likewise, land use
change implies the alteration of percolation to groundwater. Other impacts include increased point
source pollution from industrial developments, increased unit cost of water in the urban sector when
compared to agriculture, and increased water treatment costs to meet the higher quality water levels
that are required by urban and industrial consumers. The change in water use in the urbanization of
agricultural land is an important topic, and knowledge of land use change thus provides an important
background to this area of future study.
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