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Abstract
In arid and semiarid environments, various natural and anthropogenic stressors have resulted
in land cover change that has negatively impacted the ecological integrity of the landscape.
Society, however, relies on many ecological processes and functions provided by the landscape
to enhance its wellbeing. The direct and indirect benefits society receives from the landscape are
collectively termed “ecosystem services.” The overarching goal of this thesis was to examine
how the landscape has changed and to analyze how these changes impact the ecosystem services
supplied by the landscape. The Upper San Pedro watershed in southeastern Arizona and northern
Sonora was used as a case study to link land cover change with an array of ecosystem services to
understand the spatiotemporal dynamics of ecosystem service supply. To accomplish this, a
multitemporal land cover dataset for the watershed was updated to extend the temporal coverage
to 37 years across 5 land cover datasets. Indicators serving as proxy variables for a variety of
ecosystem services were assessed for each land cover class. This linkage between land cover and
ecosystem services enabled an analysis of the tradeoffs and synergies within the array of services
each land cover class can provide. Combined with the multitemporal land cover dataset, the
spatiotemporal dynamics of potential ecosystem service supply were analyzed across the
watershed for a 37 year period. Rather than examining the impacts of land cover change on the
biophysical aspects of the environment, this approach enables land managers and decision
makers to explore the implications of a changing landscape on human wellbeing.
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1

Introduction
In addition to the added stress caused by global climate change, dryland systems in the

southwestern US and northern Mexico are experiencing rapid population growth and land use
intensification (Steinitz et al. 2003, Brown et al. 2005, Lang and Nelson 2007, Garfin 2013).
These stressors have caused major shifts in the environment and have led to the degradation of
natural habitat and changes in land cover. The wholesale habitat alterations and restructuring that
come with these land cover changes can result in impacts at multiple scales, such as habitat
fragmentation, altered carbon and nutrient cycles, and changes in global climate patterns
(DeFries et al. 2004). One such place this is seen is the Upper San Pedro watershed, located in
southeastern Arizona and northern Sonora. This transboundary watershed is facing a number of
competing demands for its limited water supplies and has experienced habitat loss and
fragmentation, woody plant encroachment, and extensification of urban and agricultural areas
(Kepner et al. 2000, Steiner et al. 2000).
Because the environment is inherently and intrinsically valuable and contributes
significantly to human well-being (Daily et al. 1997), these land cover changes have multiple
impacts on ecosystem services, which are the direct and indirect benefits society receives from
the environment (DeFries et al. 2004, Metzger et al. 2006, Fisher et al. 2009, TEEB 2010). Each
type of habitat has the ability to provide different sets, or “bundles,” of ecosystem services at
varying capacities (Raudsepp-Hearne et al. 2010). Therefore, as the landscape changes, so too do
the available ecosystem services. The overarching goal of this thesis was to understand how the
changing landscape of the Upper San Pedro watershed has impacted its ability to supply
ecosystem services over space and time.
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1.1

Chapter 1
Chapter 1 describes the development of an updated land cover classification for the

Upper San Pedro watershed. Entitled “Updating a multitemporal land cover dataset to analyze
change: A case study of the Upper San Pedro watershed”, we used a Classification and
Regression Tree (CART) approach to develop the classification with multi-date satellite imagery
and ancillary datasets, resulting in a 30m resolution land cover dataset with an overall accuracy
of 77%. The original dataset that was updated, however, was created using 60m resolution
imagery and a different classification method (Kepner et al. 2000). These inconsistencies limited
the capacity to perform a spatially explicit land cover change analysis, though a broad analysis of
trends was still possible. L. House-Peters provided significant contributions to this chapter by
identifying half of the training and accuracy assessment sites, assisting with ERDAS Imagine
and See5 (Intergraph 2010, Quinlan 2012), and writing a portion of the introduction. See
Appendix A for a detailed description of the methods, results, and conclusions of this study.
1.2

Chapter 2
Entitled “Linking ecosystem service bundles to land cover change in the transboundary

Upper San Pedro watershed,” Chapter 2 utilizes the land cover class scheme from the previous
chapter and links each of the classes with its potential capacity to supply a variety of ecosystem
services. These capacities were bundled together to represent the array of services each land
cover class could supply. By analyzing the varying levels of capacity to supply ecosystem
services within and between land cover classes, I examined the tradeoffs and synergies among
the services chosen. Additionally, because the capacity to supply each service was assessed by
land cover class, I was able to map ecosystem service supply by replacing each land cover class
with its capacity to provide a service. In combination with the series of land cover maps
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developed by Kepner et al. (2000) and the update from Chapter 1, I was able to analyze the
differences in the spatiotemporal dynamics of ecosystem service supply between the United
States and Mexican portions of the watershed for a 37 year period. This research provides a
unique, spatially-explicit look at the potential impact of a changing landscape on society and
human wellbeing. For a detailed description of the research approach, results, and conclusions,
see Appendix B.

2

Conclusion
Taken together, the two chapters represent an approach to characterize the landscape and

to use that characterization to reassess it in terms of its capacity to supply ecosystem services.
While this work was completed for the Upper San Pedro watershed in southeastern Arizona and
northern Sonora, this methodology can be applied to other areas by habitat managers and
decision makers in order to assess how land cover change alters the availability of ecosystem
service supply. However, in order to gain a complete picture of ecosystem service dynamics
across the landscape and over time, it is important to look at the patterns of societal demand for
ecosystem services and relate it to the patterns of ecosystem service supply by the landscape
(Burkhard et al. 2012). Similar to how land cover change alters ecosystem service supply,
shifting population centers and changing demographics alter patterns of ecosystem service
demand. Addressing these changes and understanding these patterns are important future steps
for this research.
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Appendix A- Chapter 1
Updating a multitemporal land cover dataset to analyze change: A case study of the Upper San
Pedro watershed
David J. Chan, Lily House-Peters, and Mitchell Pavao-Zuckerman
Prepared for submission to Remote Sensing of Environment

4.1

Introduction
In the arid and semiarid Southwest of the United States, riparian areas and associated

uplands play host to a number of diverse and critical ecosystem processes and services (Newman
et al. 2006). However, in these water-limited systems, various natural and anthropogenic
stressors are causing major shifts in the environment, leading to degradation of natural habitats
and changes in land cover (Steiner et al. 2000). The wholesale habitat alterations and
restructuring that come with these land cover changes can result in impacts at multiple scales,
such as habitat fragmentation, altered carbon and nutrient cycles, and changes in global climate
patterns (DeFries et al. 2004a). One driver of these changes is rapid population growth, which is
leading to the rapid growth of urban and exurban centers of the Southwest and the extensification
of grazing and agriculture (Asner and Martin 2004, Brown et al. 2005). With this influx of
people comes increased rates of surface and groundwater withdrawal, reducing the alreadylimited water supplies. The groundwater pumping for municipal and agricultural use has the
effect of lowering the groundwater table, which threatens phreatophytic riparian vegetation, such
as Freemont cottonwood (Populus fremontii) and Gooding’s willow (Salix gooddingii)
(Stromberg et al. 1996). Compounding the impact of reduced environmental water availability
due to urbanization is an expected increase in drought frequency due to climate change (Garfin
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2013). The alternation of the environment by these various stressors can be characterized by
examining land cover classifications.
Knowledge of the distribution of land use and land cover across a landscape allows for
analyzing, assessing, and managing environmental, social, and economic problems at large
geographic scales (Mouat et al. 1993). Such maps are generated through the extraction of
thematic information from remotely sensed data (Jensen 2005). The process involves
characterizing information derived from satellite imagery and other ancillary sources into
discreet, homogeneous classes distributed across a landscape. Although classifying the landscape
into precise classes is an abstraction of reality and ignores the imprecision of the real world, land
cover maps are critical tools for modeling and understanding landscape-level patterns (Foody
2002). Furthermore, creating a series of land cover maps from remotely sensed data collected
over large time spans enables quantitative analysis of land cover change. Broad trends and
patterns that occur at large spatiotemporal scales would otherwise be difficult to capture and
understand without a multitemporal land cover dataset (Mouat et al. 1993, Villarreal et al. 2011).
A number of multi-spectral classification methods exist, including unsupervised
classification, supervised classification, soft (fuzzy) set classification, object-oriented
classification, decision tree classification, and knowledge-based expert classification (see Lu and
Weng (2007) for a comprehensive overview). These methods include both parametric and
nonparametric methodologies. Supervised and unsupervised classifications are based on
parametric statistical methods, such as maximum likelihood and ISODATA algorithms. To
utilize parametric statistics, data must meet various statistical assumptions regarding the
distribution of input data. In contrast, nonparametric methods, such as decision tree classifiers,
combine human expertise, computer-based artificial intelligence, and rules based on user
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knowledge and are not required to exhibit a normal distribution (Benediktsson and Swain 1990).
For highly heterogeneous landscapes, nonparametric methods have shown to generally produce
more accurate classifications than parametric methods (Benediktsson and Swain 1990, Friedl and
Brodley 1997, Lu and Weng 2007)
The decision tree structure behind expert classifiers is based on a hierarchical
organization of hypotheses, rules, and conditions. Jensen (2005) describes the tree-like structure
of the classifier by comparing each hypothesis to a trunk of the tree, each rule to a limb of the
tree, and each condition to a leaf of the tree. Decision trees perform a sequence of tests on input
data, utilizing Boolean logic, to return a decision of either true (positive) or false (negative) for
each situation. The decision tree classifier predicts class membership through an iterative
process of partitioning a dataset into increasingly more homogenous subsets until a specific class
membership is reached based on the rules and conditions provided (De'ath and Fabricius 2000).
Due to its nonparametric nature, decision tree classifiers are not required to meet any
assumptions regarding the statistical distribution of the underlying data and can handle nonlinear
and categorical data as well (Friedl and Brodley 1997). Furthermore, the tree structure of the
classifier allows for a more comprehensive understanding by the analyst of the relationships
among the elements that compose the image and facilitates the combined use of spectral data and
ancillary geospatial data (Villarreal et al. 2011). In complex landscapes that contain a diverse
array of landuse and land cover types, the ability to integrate spectral data, image
transformations, and ancillary data decreases classification confusion and error and improves
overall accuracy (Lu and Weng 2007).
An example of a complex landscape facing land use and land cover change is the Upper
San Pedro watershed, located in southeastern Arizona and northeastern Sonora (Figure A.1). In
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this transboundary watershed, there are a number of competing demands for the limited water
supplies, including urban consumption in the cities of Sierra Vista, Arizona and Cananea,
Sonora, the military installment at Fort Huachuca, increasing copper production in the Cananea
mine, irrigated agriculture, livestock production, and the often overlooked water demand from
natural vegetation via evapotranspiration. Additionally, in 1988, 40 miles of the river were
designated as the San Pedro Riparian National Conservation Area (SPRNCA), which granted
federal protection for the riparian corridor (Steiner et al. 2000, Brookshire et al. 2010).
Furthermore, the Upper San Pedro watershed contains critical habitat for seven threatened and
endangered species, five of which rely on wetlands (Steinitz et al. 2003).
Notable trends seen in the watershed from 1973 to 1997 include transitions in native
vegetation assemblages and changes in agriculture and urbanized areas (Kepner et al. 2002,
Miller et al. 2002). Vegetation changes such as woody plant encroachment can have far reaching
ecological, hydrological, and socioeconomic impacts (Huxman et al. 2005). Increased
urbanization and groundwater pumping for irrigation, mining, and domestic use leads to issues
with water quality and quantity, soil erosion, and loss of wildlife habitat and scenic viewsheds
(Steiner et al. 2000). Steinitz et al. (2003) note that while agriculture, grazing, and mining are
decreasing in the United States portion of the Upper San Pedro watershed, these activities are
stable or increasing in the Mexican portion of the basin. The magnitude of these complex
changes to the watershed as a whole, as well as their potential impact on ecosystem processes
and services, can be understood through the examination of land cover datasets (Mouat et al.
1993, Kepner et al. 2004).
The goal of this research is to characterize the landscape of the Upper San Pedro
watershed and analyze how it has changed over time, including the past decade and a half. To do

19
this, we performed a land cover classification that reflects land cover conditions in 2010 in order
to complement a series of land cover maps created by Kepner et al. (2000) for the North
American Landscape Characterization (NALC) project. Though the series already contains four
maps stretching across 24 years, the last map update was in 1997. Since then, however, Arizona
has been experiencing rapid population growth and urbanization (Brown et al. 2005, Lang and
Nelson 2007, MacDonald 2010). Using the methods from a recent high-accuracy land cover
classification in a neighboring watershed as a starting point (Villarreal et al. 2011), imagery from
NASA’s Landsat 5 TM and spatial data from various sources were used in a CART classification
to generate a land cover map for the Upper San Pedro watershed for 2010. The same ten class
NALC scheme was used for this new classification. By employing an identical classification
scheme, trends in land cover change were assessed for the 37-year period, 1973 to 2010. The
ability to quantify comparisons between the NALC classifications and the 2010 classifications,
however, was limited due to differences in methodologies and input data. The utility and
limitations of the updated multitemporal land cover dataset to analyze change are discussed and
analyzed below.
4.2
4.2.1

Methods
Land Cover in the San Pedro
There are several land cover products that have classified the Upper San Pedro

watershed, both focused solely on the watershed, as well as part of a larger classification effort.
These classifications use a variety of different algorithms and class schemes. Overviews of each
of these datasets are provided here.
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4.2.1.1 National Land Cover Dataset
The National Land Cover Dataset (NLCD) was developed by the Multi-Resolution Land
Characteristics Consortium (MRLC). Datasets were developed for 1992, 2001, and 2006 using
NASA Landsat TM/ETM+ (Thematic Mapper/Enhanced Thematic Mapper Plus) satellite
imagery with a spatial resolution of 30m. The 1992 NLCD covers the conterminous United
States, while the 2001 and 2006 NLCD additionally cover Alaska, Hawaii, and Puerto Rico
(Vogelmann et al. 2001, Homer et al. 2007, Fry et al. 2011). Though all three datasets were
produced as part of the same program, changes in methodologies and input data between the
1992 NLCD and the 2001 and 2006 NLCD makes it so that these datasets cannot all be directly
compared to one another, though change products developed by the MRLC for 1992/2001 and
2001/2006 allow for limited comparisons (Fry et al. 2008). The 1992 NLCD has 21 land cover
classes and was produced using an unsupervised classification, while the 2001 and 2006 NLCD
share an identical 16 land cover class scheme. The 2001 NLCD was created using a
Classification and Regression Tree (CART) protocol with See5 (Quinlan 2012). The 2006
NLCD was created by identifying changed pixels between the 2001 and 2006 imagery using the
Multi-Index Integrated Change Analysis (MIICA) method, then classifying those pixels using
CART. Overall accuracy of the 1992 NLCD varied by region, but was 70% for the Southwest
(Wickham et al. 2004). Overall accuracies for the entire 2001 and 2006 NLCD were 79% and
78%, respectively (Wickham et al. 2013).
4.2.1.2 Southwestern Regional Gap Analysis Project
Led by the U.S. Geological Survey (USGS), the Southwestern Regional Gap Analysis
Project (SWReGAP) assessed land cover and biodiversity for Arizona, Colorado, Nevada, New
Mexico, and Utah (USGS National Gap Analysis Program 2004). The land cover dataset was
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based on Landsat ETM+ scenes (30m spatial resolution) acquired between 1999 and 2001. The
project mapped a total of 109 land cover classes for the entire region, with 31 land cover classes
occurring in the Arizona portion of the Upper San Pedro watershed. The classification followed
similar methods as the 2001 NLCD, using See5 to perform a CART analysis. Overall accuracy
for the entire region was 61% (Lowry Jr et al. 2005).
4.2.1.3 New Mexico Cooperative Fish and Wildlife Research Unit
Boykin et al. (2012) developed a 34-class land cover classification for both the Upper and
Lower San Pedro watersheds, including the portion of the watershed that lies within Mexico. The
land cover classification scheme was taken from the SWReGAP land cover legend, and further
aggregated to classes matching the NLCD dataset. Furthermore, they utilized the same training
sites and a similar CART methodology as the SWReGAP to develop a classification using
Landsat ETM+ imagery from 1999-2000. No accuracy assessment was conducted on these data,
however.
4.2.1.4 North American Landscape Characterization Project
As part of the North American Landscape Characterization (NALC) project, Kepner et al.
(2000) developed a series of four 10-class land cover maps for the Upper San Pedro watershed
that spans from the headwaters of the San Pedro River in Cananea, Sonora to the USGS gaging
station near Redington, Arizona. Maps were developed for 1973, 1986, 1992, and 1997 using a
combination of NASA Landsat MSS and TM imagery resampled to a 60m spatial resolution
prior to classification. These classifications relied on the ISODATA procedure to perform an
unsupervised classification. Overall accuracies for the four maps were assessed by Skirvin et al.
(2004) and ranged from 68% to 75%. Due to the consistencies of the classification
methodologies and type of imagery used, these four maps allow for a detailed quantitative

22
examination of land cover change in both the United States and Mexican portions of the Upper
San Pedro watershed for a 24 year span (Kepner et al. 2002).
4.2.2

Imagery Choice
The Upper San Pedro watershed lies in Path 35, Rows 38 and 39 of Landsat’s Worldwide

Reference System. Of importance, too, is choosing which date(s) to use. Further discussed in
section 4.5, this project utilized multi-seasonal imagery to exploit differences in phenological
changes in the vegetation driven by the North American Monsoon (NAM) that occurs during the
summer in this region (Forzieri et al. 2011). To ensure clear scenes, scenes with low cloud
coverage are preferred. This project used scenes from May 27, 2010 and September 16, 2010.
Both scenes are cloudless for the Upper San Pedro watershed area. The next scene after May 27th
(June 12) has 3% cloud cover. The scene prior to September 16th (August 31st) has 15% cloud
cover. Landsat scenes were originally obtained from the USGS EarthExplorer website
(http://earthexplorer.usgs.gov). To reduce the influence of atmospheric scattering and
topographic effects, the imagery were corrected using ATCOR (Richter 2012). The two Landsat
scenes for each date were mosaicked together and clipped according to the boundaries of the
watershed to create a single continuous scene.
4.2.3

Classification Scheme
The classification scheme is identical to the scheme used in the NALC classifications of

the Upper San Pedro watershed. This classification system is a ten class system based on the
biotic communities of North America (Brown et al. 1979). The classes include forest, oak
woodland, mesquite woodland, grassland, desertscrub, riparian, agriculture, urban, water, and
barren. See Kepner et al. (2000) for detailed land cover class descriptions. These classes were
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chosen based on consultation with land managers and stakeholder groups within the Upper San
Pedro watershed (Skirvin et al. 2004).
4.2.4

Training and Reference Data
Training data were collected by digitally delineating polygons of homogeneous land

cover for each class based on high spatial resolution basemap imagery and 1-meter resolution
imagery from the National Agriculture Imagery Program (NAIP) for 2010 (A.1). Effort was
made to collect training data across the entire extent of the watershed in order to capture any
potential variance that may occur due to the existence of significant slope gradients and elevation
changes that occur across the watershed. During the development of the classification, several
classes were overestimated due to high variation within their spectral signatures. These classes
were therefore separated during the training process to improve classification accuracy. Urban
was divided into high density and low density urban. Agriculture was split into three classes,
corresponding to strong Normalized Difference Vegetation Index (NDVI) signals for (I) both
scenes, (II) May only, and (III) September only. NDVI is an indicator of green leaf biomass, with
higher values corresponding to higher amounts of green vegetation (Tucker 1979). These classes
were recombined after the CART process was completed prior to any other post processing or
execution of the accuracy assessment. See Table A.2 for a summary of the training data used to
create the final land cover classification.
4.2.5

CART Configuration and Execution
CART is a three-step process. First the independent variables (the image layers and

ancillary datasets) and the dependent variables (training data converted to a thematic raster) are
loaded into the NLCD Sampling Tool (part of the NLCD Mapping Tool, available at
http://www.mrlc.gov/) in ERDAS IMAGINE (Intergraph 2010). The output of the first step
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generates .data and a .name files that are used in the second step of the CART process. These
files are then loaded into See5, a data mining software (Quinlan 2012), which constructs the
decision tree for classification. Here, See5 was configured to allow the winnowing of attributes,
boosting (10 trials), and global pruning (25%, 2 cases). In the final step, the NLCD Mapping
Tool used the decision tree to produce the classified image as an .img file.
4.2.6

Model Input Data
The input data layers from the land cover classification of the nearby Santa Cruz

watershed by Villarreal et al. (2011) were used as a starting point for this classification of the
Upper San Pedro watershed. A key feature of the input data is the exploitation of the
phenological changes resulting from the North American Monsoon (NAM). The NAM is marked
by an increased amount of precipitation in the region during the summer months (Forzieri et al.
2011). The Upper San Pedro watershed, for example, receives approximately 65% of annual
precipitation during the summer monsoon season, between July and September (Steinitz et al.
2003). As a result, some types of vegetation experience rapid increases in productivity, which
corresponds to intense greening (Forzieri et al. 2011). Due to differences in the response to
precipitation pulses (Hultine et al. 2004), different vegetation classes may experience varying
levels of greening. For the Upper San Pedro watershed, the phenological changes resulting from
the NAM were striking (Figure A.2). These changes were exploited using the multitemporal
Kauth-Thomas (MKT) transformation, which shows differences in brightness, greenness, and
wetness between dates (Collins and Woodcock 1996). Other layers used in the classification
include Normalized Difference Vegetation Index (NDVI), which approximates the greenness of
vegetation; Slope, derived from a 30m digital elevation model from the National Elevation
Dataset (Gesch et al. 2002, Gesch 2007); and Band 3 (red) Texture, generated from a 3x3
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standard deviation window. See Table A.3 for the full list of input layers used in the final CART
classification.
4.2.7

Post Processing
The output land cover map was clipped to only include the study area. We examined the

output map to locate areas of obvious misclassification. Many areas initially classified as Urban
stood out as being incorrectly classified, especially dry streambeds that are spectrally similar to
roads. The Automated Geospatial Watershed Assessment (AGWA) Tool’s Land Cover
Modification Tool was used to manually correct such areas of obvious misclassification (Burns
et al. 2004). A majority filter with a 3x3 moving window was then used to reduce noise and
create a smoother classified surface. To enforce a one acre minimum mapping unit (five pixels),
the Smart Eliminate Tool from the NLCD Mapping Tools (Homer et al. 2007) was used to
ensure each cluster of homogenous pixels contained at least five pixels connected in any
configuration.
4.2.8

Accuracy Assessment
A stratified random sampling approach was taken to perform the accuracy assessment of

the 2010 land cover map. Strata were defined by the output land cover map, with 50 random
accuracy assessment points per class, for a total of 500 points in accordance with
recommendations of Congalton and Green (2008). During the accuracy assessment process, the
identifying land cover information was not accessed. We manually identified each accuracy
assessment site using the same ESRI basemap imagery used for training data collection.
Due to potential georegistration errors between the Landsat and basemap imagery, only
center pixels of 3x3 homogeneous areas of land cover were selected. This was accomplished by
using the Focal Statistics tool in ArcMap 10.1 (ESRI 2010), using a 3x3 neighborhood and
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selecting Variety as the statistics type, which calculates the number of unique values of the cells
in the neighborhood. The Reclassify tool was then used to convert all points with Variety greater
than 1 to No Data, creating a raster layer containing only pixels corresponding to the centers of
3x3 homogenous areas. The pixels were converted to points using the Raster to Point tool. Any
areas covered by training polygons were then removed from consideration to ensure data
independence by using the Erase tool to eliminate points overlapped by training polygons. Next,
the Extract Values to Points tool linked the points to the identity of the land cover pixel it
intersected. These points were then separated by land cover class using the Select tool, and then
50 points from each class were selected using the Create Random Points tool. The randomized
points created in this step lack any information identifying the land cover class. The 50 points
from each class were combined into a single shapefile using the Merge tool. To aid in the
visualization of the boundaries of the pixel being assessed, a 30m*30m square corresponding to
the boundary of the original land cover pixel was created by creating a circular 15m buffer
around each point and using the Feature Envelope to Polygon tool to generate the square around
each of the resulting buffers. To ensure data objectivity and remove any potential bias, a Python
script was written to automate this entire process (Appendix C). Finally, because the output of
the Merge tool did not randomize the order of the output attribute table, a randomized sequence
of 500 numbers was joined to the final list of accuracy assessment points and was used to sort the
list.
Final accuracies were assessed by analyzing overall and individual class accuracies, as
well as performing a kappa analysis. Overall accuracy is the number of correctly classified
sample units divided by the total number of samples. Individual class accuracies are assessed by
looking at both producer’s and user’s accuracies. Producer’s accuracy refers to the likelihood of
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a reference pixel being correctly classified. User’s accuracy refers to the probability that a
classified pixel’s identity will correspond to the same class on the ground in reality (Story and
Congalton 1986). Kappa analysis measures the agreement between the reference data and the
classified map data. The kappa statistic ranges in value between +1 and -1, with higher values
indicating stronger agreement (Congalton and Green 2008).
4.2.9

Change Analysis
Due to differences in methodologies and input data, pixel-by-pixel examinations of land

cover change between the 2010 land cover classification and the NALC series of land cover
maps were not performed. However, land cover change was assessed through a comparison of
the relative proportions of each land cover class across the watershed for each of the datasets. In
addition to analyzing land cover trends for the entire watershed, the land cover data were clipped
to the SPRNCA to look at how the area has changed since the establishment of the protected
area. Although these analyses of land cover change were not spatially explicit, they were able to
be used to assess broad trends in land use and land cover change over several decades.
4.3
4.3.1

Results and Discussion
Accuracy Results
Accuracy was assessed by kappa analysis and overall, user’s, and producer’s accuracies.

The accuracy assessment results were organized into an error matrix (Table A.4). Analysis of the
error matrix revealed an overall accuracy of 77.60% and a kappa of 0.7511. Individual class
accuracies varied from 53% to 100%, (Table A.5). By comparison, Skirvin et al. (2004) reported
an overall accuracy of 72% and a kappa of 0.65 for the 1997 land cover classification of the
same area.
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With an overall accuracy of 77%, the 2010 land cover map has a slightly higher accuracy
than the maps created for the NALC project (Skirvin et al. 2004). The greatest single source of
confusion came from areas of Oak Woodland misclassified as Forest (Table A.4). Both
communities are dominated by evergreen trees, with the primary difference coming from overall
canopy cover and structure (Kepner et al. 2000). This level of detail may be difficult to discern at
a 30m pixel resolution. Mesquite woodland had the lowest producer’s accuracy at 53%. The
largest contribution to this was confusion with Grassland, possibly due to the influence of a
largely grass understory in such areas. Another large source of error with Mesquite Woodland
came with its misclassification as Riparian. The broad definition of Mesquite Woodland (crown
coverage ≥15%; Kepner et al. 2000) is a likely culprit for why Mesquite Woodland is
misclassified as both Grassland and Riparian areas, despite these classes being vastly different
from each other. For the accuracy assessment of the prior NALC classification, Skirvin et al.
(2004) had similar difficulties with Mesquite Woodland accuracies, attributing potential sources
of error to insufficient spatial and spectral resolutions, as well as differences in interpretation
among the groups performing the classification and accuracy assessment. Splitting the Mesquite
Woodland into Mesquite Shrubland and Mesquite Bosque in future classifications could
potentially improve overall classification accuracy. Barren had the lowest user’s accuracy (54%),
with the largest confusion from Desertscrub. This confusion is understandable, as Desertscrub
has sparse foliage surrounded by large amounts of barren ground. Likewise, the NALC
classifications also had difficulty with classifying Barren, having 0% accuracy for the 1986 map
(Skirvin et al. 2004).
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4.3.2

Land Cover Change and Classification
We used a CART methodology to generate a land cover map of the Upper San Pedro

watershed for 2010 (Figure A.3). Grassland (35.50% of total land cover) and Desertscrub
(35.32% of total land cover) were the dominant land covers in the Upper San Pedro watershed,
which is in line with the prior NALC classifications of the watershed (Table A.6). Due to the
improved spatial resolution over the NALC classifications, for every one pixel of land cover in
the NALC maps, the 2010 classification has four pixels. As a result, the 2010 classification was
able to detect finer features, such as roads and dry washes, and was able to show the spatial
configuration of the landscape in more detail.
The addition of the 2010 classification provides an opportunity to analyze recent land use
and land cover changes in the watershed at an enhanced level of detail. One application is
looking at the impact of the establishment of the SPRNCA in 1988 (Figure A.4, Table A.7). The
1986 classification shows the status of the landscape prior to the establishment of the SPRNCA.
While the 1997 classification shows the status of the landscape nine years after the establishment
of the SPRNCA, the 2010 classification presents a vastly different picture of the SPRNCA
landscape. Though some of the change may represent an improvement in classification accuracy
and detail, one impact of establishing the protected SPRNCA can be seen in the elimination of
Agriculture from the area and the increase in Grassland along the river.
Although the 2010 classification and the NALC series share identical classification
schemes, a pixel-by-pixel examination of land cover change between them was not carried out
due to a mismatch in spatial resolution (60m vs. 30m) and classification methodologies
(unsupervised classification vs. CART). Resampling to resolve the disparity could have been
conducted either before or after the classification, though neither was performed in order to
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preserve the relatively high level of detail present in the 2010 classification. If the base imagery
was degraded from 30m to 60m prior to image classification, as Kepner et al. (2000) did for
1986, 1992, and 1997 NALC scenes, the landscape characterization would have contained
significantly less detail. It was also possible to perform the resampling after the data were
classified, however this method greatly reduces amount of area possible for comparison. To
perform a land cover change analysis an area in Spain by resampling a 30m land cover dataset to
match a 60m dataset, Serra et al. (2003) showed that 73.6% of the 30m classification and 85.8%
of the 60m classification were unable to be compared. Regardless of pixel size, however, direct
comparisons between the updated classification and the NALC series would still have been
inadvisable. In line with the incongruity between the 1992 and 2001 NLCD classifications,
comparing the independently created land cover classifications on a pixel-by-pixel basis would
likely show more areas of false change than actual change due to erroneous artifacts resulting
from each different classification method (Fry et al. 2008).
Despite the limitations of comparisons with the NALC series, the 2010 classification
revealed several trends in land cover change that occurred throughout the watershed between
1997 and 2010 (Table A.6). In line with the general pattern of increasing urbanization in the
Southwest (Steiner et al. 2000), there has been a large increase in Urban areas throughout the
watershed. This trend is reflected in the growing populations of the urban centers in the
watershed, such as the 16.2% population increase (6,113 people) in Sierra Vista seen between
the 2000 and 2010 U.S. Census. Agriculture has seen a large decrease throughout the watershed,
especially near Benson, AZ and Sierra Vista, AZ, in line with observations by Steinitz et al.
(2003), declining from 1.91% of the watershed in 1997 to 0.66% in 2010. Another trend seen is a
decline in Riparian areas between 1997 and 2010. Though the strong decline from 1.21% to
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0.32% can potentially be linked to a number of factors, such as natural vegetation transitions or
an improvement in the classification accuracy, it may also be indicative of a declining water
table due to excessive groundwater pumping, which is a trend seen in the regional aquifer (Pool
and Dickinson 2006). According to the class definition, Riparian is principally composed of
cottonwood (Populus fremontii) and Goodding willow (Salix gooddingii), which are both
phreatophytic trees that require access to groundwater for their survival (Kepner et al. 2000). If
the groundwater table declines too rapidly or becomes too deep, widespread mortality of the
riparian gallery forest may occur (Stromberg et al. 1996). The consequences of these changes in
land cover have far reaching ecological, hydrological, and biogeochemical impacts (DeFries et
al. 2004a).
In addition to the biophysical impacts on the watershed, land cover change impacts
society in terms of the direct and indirect benefits they receive from the environment, known as
ecosystem services (Burkhard et al. 2009, TEEB 2010). Different land cover classes can supply
multiple ecosystem services at varying capacities (Rodrıguez and Agard 2005). Therefore, to
understand the impact of land cover change on society, it is important to consider multiple of
ecosystem services simultaneously (Raudsepp-Hearne et al. 2010). By summarizing proxy
variables for ecosystem service by land cover class, multitemporal land cover datasets can be
used to explore the spatiotemporal dynamics of potential ecosystem service supply (Chan and
Pavao-Zuckerman, in preparation). This enables the analysis of tradeoffs among ecosystem
services within each habitat type on the landscape, which can be used to support policy decisions
and guide management efforts (DeFries et al. 2004b).
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4.4

Conclusion
Here, we updated a multitemporal land cover dataset that brings the temporal coverage of

the entire dataset to 37 years. Despite the difference in inputs and methods to between the new
and old land cover datasets, comparing them can yield valuable insights and understandings as
long as the limitations of comparison are kept in mind. Using a multitemporal land cover dataset
to analyze trends in land cover change aids in informing management decisions and modeling
alternative future scenarios for the landscape (Villarreal et al. 2011). Although consistent input
data and methods across all maps in a multitemporal land cover dataset allows for a spatially
explicit examination of land cover change, as seen in the NALC series of land cover maps
(Kepner et al. 2000), data availability changes and methodologies change and improve over
time. This work demonstrates the possibility of adding to a multitemporal land cover dataset
using different techniques and input data, while still retaining some capacity to analyze trends in
land cover change.
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4.6

Figures

Figure A.1. Map of the Upper San Pedro watershed. The study area ranges from the headwaters
of the river in Cananea, Sonora to the USGS gaging station near Redington, Arizona
Figure A.2. False color composite (FCC) images of May (left-hand image) and September (righthand image) depicting the phenological change as a result of the summer monsoon in the Upper
San Pedro watershed. Band 4 (near-infrared) is displayed as red, band 3 (red) as green, and band
2 (green) as blue. Green vegetation appears as shades of red.
Figure A.3. Land cover map for the Upper San Pedro watershed reflecting land cover conditions
in 2010.
Figure A.4. Land cover change in the San Pedro Riparian National Conservation Area
(SPRNCA). The 1986 panel displays conditions prior to the SPRNCA’s establishment (1988),
while the 1997 and 2010 panels show how the landscape in and around the SPRNCA has
changed since its establishment. Land cover classifications for 1986 and 1997 were created by
Kepner et al. (2000).
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Figure A.2.
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Figure A.3.
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Figure A.4.
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4.7

Tables

Table A.1. Reference imagery used to collect training and accuracy assessment data for the 2010
land cover classification of the Upper San Pedro watershed.
Table A.2. Summary of the final training dataset used for the 2010 land cover classification of
the Upper San Pedro watershed.
Table A.3. Input layers for the 2010 land cover classification of the Upper San Pedro watershed.
All input layers were raster files (.img) in signed 16-bit format at a 30m spatial resolution.
Landsat imagery and its derivatives were atmospherically corrected using ATCOR. Band 24 was
eliminated during the winnowing process of developing the regression tree.
Table A.4. Error matrix for the 2010 land cover classification of the Upper San Pedro watershed.
Overall accuracy is 77.60%, kappa 0.7511.
Table A.5. Individual class Producer’s and User’s accuracies for the 2010 land cover
classification of the Upper San Pedro watershed.
Table A.6. Proportional land cover extent as percent for the Upper San Pedro River Watershed
over time (1973, 1986, 1992, 1997, and 2010). Classifications from 1973, 1986, 1992, and 1997
percentages are based on the results of Kepner et al. (2000).
Table A.7. Proportional land cover change within the San Pedro Riparian National Conservation
Area in the Upper San Pedro watershed over time.
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Table A.1.
Date
5/20/2010
11/8/2010
11/8/2010
5/20/2010
3/28/2010
4/11/2010
6/5/2010
6/14/2010
8/14/2010
6/14/2010

Resolution Accuracy
Country
Data Source
(m)
(m)
0.3
4.08
USA
ESRI High Resolution Basemap Imagery
0.3
2.72
USA
ESRI High Resolution Basemap Imagery
0.3
4.08
USA
ESRI High Resolution Basemap Imagery
0.3
5.4
USA
ESRI High Resolution Basemap Imagery
0.5
10.2
Mexico ESRI High Resolution Basemap Imagery
0.5
10.2
Mexico ESRI High Resolution Basemap Imagery
1
5
USA
Cochise County NAIP
1
5
USA
Santa Cruz County NAIP
1
5
USA
Graham County NAIP
1
5
USA
Pima County NAIP
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Table A.2.
Class
Forest
Oak Woodland
Mesquite Woodland
Grassland
Desertscrub
Riparian
Agriculture I
Urban- High Density
Water
Barren
Urban- Low Density
Agriculture II
Agriculture III
Total

Polygons
50
100
254
211
199
116
43
102
31
113
67
25
43
1354

Pixels
8802
10042
5655
29126
10108
2074
1659
12421
849
3661
4970
1061
4480
94908

Area (m2)
7921800
9037800
5089500
26213400
9097200
1866600
1493100
11178900
764100
3294900
4473000
954900
4032000
85417200
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Table A.3.
Bands
1-12
13-24
25
26
27-32
33
34
35

Description
12 band stack of May & September 2010 Landsat
scenes (Path 35, Row 38/39)
12 band Multi-temporal Kauth-Thomas
NDVI May 2010
NDVI September 2010
6 band Principal Components Analysis of the 12 band
Landsat scenes
Slope raster derived from DEM
Red band standard deviation texture May 2010
Red band standard deviation texture September 2010
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Table A.4.

Map
Data

Class ID
1
1. Forest
36
2. Oak Woodland
1
3. Mesquite Woodland
4. Grassland
5. Desertscrub
6. Riparian
7. Agriculture
8. Urban
9. Water
10. Barren
Total
37

Reference Data
2
3
4
14
2
40 5
1 40 6
1
9 38
1
4
8
8
1
2
4
3
1

2
3
2
35

3
60

8
53

5

6

7

8

9

2
40

1
2

1
43
1

41

45

2
45

48
5
76

5
65

10

40

48

2
2
27
31

Total
50
50
50
50
50
50
50
50
50
50
500
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Table A.5.
Class
1. Forest

Producer's
User's
Accuracy Accuracy
97%
72%

2. Oak Woodland
3. Mesquite
Woodland
4. Grassland

67%

80%

53%

80%

58%

76%

5. Desertscrub

66%

70%

6. Riparian

100%

80%

7. Agriculture

96%

86%

8. Urban

91%

82%

9. Water

100%

96%

10. Barren

87%

54%
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Table A.6.
Class
1973 (%) 1986 (%) 1992 (%)*
1997 (%)* 2010 (%)
Forest
1.00
1.00
0.95
0.95
2.10
Oak Woodland
12.55
12.57
12.05
12.09
12.57
Mesquite
2.74
14.14
14.01
13.41
7.71
Grassland
41.35
35.28
34.57
34.81
35.50
Desertscrub
38.99
32.11
31.25
30.26
35.32
Riparian
1.14
0.82
0.85
1.21
0.32
Agriculture
1.15
1.80
2.40
1.91
0.66
Urban
0.45
1.36
1.65
2.22
4.05
Water
0.04
0.01
0.05
0.06
0.03
Barren
0.60
0.91
0.94
0.92
1.74
*1.28% and 2.15% cloud cover in predominantly Forest and Oak Woodland areas (1992 and
1997 classifications, respectively)
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Table A.7.
Land Cover Class 1986
Mesquite Woodland 21%
Grassland
17%
Desertscrub
44%
Riparian
12%
Agriculture
7%
Urban
1%
Barren
0%

1997
20%
16%
41%
14%
6%
2%
0%

2010
10%
34%
46%
3%
0%
4%
3%

50
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Appendix B- Chapter 2

Linking ecosystem service bundles to land cover change in the transboundary Upper San Pedro
watershed
David J. Chan and Mitchell Pavao-Zuckerman
Prepared for submission to Ecosystem Services
5.1

Introduction
In the semiarid southwestern United States and northern Mexico, riparian areas and

associated uplands play host to a number of diverse and critical ecosystem processes and
services. The verdant Fremont cottonwood (Populus fremontii) and Goodding’s willow (Salix
gooddingii) riparian gallery forest has been shown to support high levels of biodiversity,
modulate hydrologic processes, regulate air and water quality, and play a key role in
biogeochemical cycling (Patten 1998, Stromberg and Tellman 2009, Brand et al. 2010),
However, in these water-limited systems, various natural and anthropogenic stressors are causing
major shifts to ecosystems, leading to degradation of natural environments and changes in land
cover (Stromberg 1993). The impacts of these changes can manifest themselves through
hydrological, cultural, biogeochemical, and ecological responses (DeFries et al. 2004a). One
approach to frame these impacts is by linking land cover classes to the ecosystem service
framework.
Ecosystem services refer to the direct and indirect benefits people receive from the
environment (TEEB 2010). Society relies on ecosystem services such as pollination of crops,
provision of food, fiber, and timber, purification of air and water, and provision of recreational
and spiritual opportunities to support and enhance its wellbeing. The ecosystem service
framework has developed in response to the understanding that many of these important benefits
do not have economic markets associated with them (Maleki 2008). For habitat managers and
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decision makers, poor assessments of important ecosystem services due to inadequate valuation
schemes could result in misinformed decisions and unforeseen consequences (Rodríguez et al.
2006).
The key feature of the ecosystem service framework that differentiates it from a typical
analysis of ecosystem functions or processes is the consideration of society’s point of view. This
implies that for something to be considered an ecosystem service, society has either directly or
indirectly created a demand for a benefit that the environment can supply. Animal pollination,
for instance, is required for 35% of the global production volume of food crops (Klein et al.
2007). Carbon sequestration indirectly benefits society by helping to mitigate climate change
(Metz et al. 2005). In this ecosystem service supply-demand dynamic, the magnitude and spatial
distribution of both the ability of the environment to provide an ecosystem service and the
human demand for the service are important components to consider in valuing ecosystem
services (Chan et al. 2006). Over time, as demographics and population centers shift, so too do
patterns of demand for ecosystem services. Likewise, as land use and land cover change occurs,
the ability of the landscape to supply ecosystem services changes in turn (DeFries et al. 2004b).
To understand these complex dynamics, it is necessary to quantify the ecosystem services
provided by the landscape.
An initial reaction may be to shy away from placing measurements and values on nature,
but, as Costanza et al. (1998) point out, this already occurs, such as when the timber output of a
patch of forest is quantified in dollar values. There may be an emphasis on valuing a single
service of interest, but services do not exist in isolation (Rodrıguez and Agard 2005).
Considering multiple benefits simultaneously is critically important in order to ensure ecosystem
services that are otherwise inadequately valued are preserved (Raudsepp-Hearne et al. 2010).
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Done successfully, an evaluation of multiple ecosystem services allows for the comparison and
analysis of tradeoffs of disparate services, such as carbon sequestration and aesthetics. This helps
habitat managers and decision makers better understand the capacity of a landscape to provide
ecosystem services (Chan et al. 2006).
Studies that value, quantify, and map ecosystem services use a variety a metrics and
methodologies (see Egoh et al. (2008), Martínez-Harms and Balvanera (2012), and Crossman et
al. (2013) for comprehensive reviews). Specific to the Upper San Pedro watershed, Bagstad et al.
(2012) applied values from previous studies and used various toolkits, including Wildlife Habitat
Benefits Estimation, Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST), and
Artificial Intelligence for Ecosystem Services (ARIES), in order to derive monetary estimates for
various ecosystem services and applied them to various land use/land cover change scenarios.
Using monetary units as a way to quantify ecosystem services has many advantages, including
being a unit of measure familiar to government officials and the general public, as well as ease of
integration into economic cost-benefit analyses (Bockstael et al. 2000, Maleki 2008). The
monetization of services provides a common unit of measure to compare and contrast many
different services that may otherwise have different units of measure. Placing monetary values
on nature, however, is not without its flaws and limitations. Monetization may lead to a false
sense of precision and an ignorance of the error inherent in the data (Bagstad et al. 2012). An
additional complicating factor in monetization of ecosystem services is individuals may hold
lexicographic preferences for certain ecosystem services. Such preferences are characterized by
ascribing very high intrinsic value to the object of valuation, making it incommensurable with
other services being valued and, as a result, “priceless” by comparison (Wegner and Pascual
2011).
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To avoid the issues related to monetization, one alternative used to understand tradeoffs
and synergies among ecosystem services is through the use of radar charts to graphically depict
bundles of ecosystem services. In this method, each ecosystem service of interest requires
quantifiable indicators that are scaled relative to the range of measures for the service in the
study area. This method has been used in a number of ecosystem service-related applications
(DeFries et al. 2005, Carpenter et al. 2009, Raudsepp-Hearne et al. 2010, NEA 2011, Chang et
al. 2013). Among these studies, the values are normalized using relative scaling, with higher
values representing a higher relative capacity to provide a service (Busch et al. 2012).
Aggregating these values together, a series of radar charts showing the variations between
services within each bundle of services, as well as among the different bundles for each land
cover class. This approach can serve as a way to assess the consequences of land use and land
cover change in terms of its societal impact (DeFries et al. 2005, Raudsepp-Hearne et al. 2010).
A related method to assess tradeoffs among ecosystem services is the creation of a land
cover capacity matrix (Burkhard et al. 2009). As the name implies, the goal of this method is to
associate land cover classes with their capacities to provide a range of services. Similar to the
radar chart method, each ecosystem service requires either a quantifiable indicator or a measure
of expert opinion. Once indicator values are obtained for each service, each land cover class is
ranked on a relative 0 to 5 scale according to its relative capacity to provide a service, with 0= no
relevant capacity, 1= low relevant capacity, 2= relevant capacity, 3= medium relevant capacity,
4= high relevant capacity, and 5 = very high relevant capacity. The maximum value (5) is
assigned to the land cover class that exhibits the highest value in the study area and the other
classes are assigned values relative to this maximum value (Burkhard et al. 2009, Burkhard et al.
2012). The strength of this approach is that it generates a matrix that can accommodate for a
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large number of services and land cover classes. Additionally, because the matrix functions as a
lookup table, maps of ecosystem service supply can be created by replacing land cover map
classes with their capacities to provide a service (Burkhard et al. 2009, Burkhard et al. 2012).
Combined with a multitemporal land cover dataset, spatially explicit maps of ecosystem services
can track changes in ecosystem service supply across the landscape over time, which allows for
comparisons of different areas in terms of the services they are capable of providing.
Stressors to the environment have led to major changes to the landscape and to ecological
processes, resulting in negative impacts to many ecosystem services (Reid et al. 2005). The
heterogonous mixture of land use and land cover types across the landscape provides a variety of
ecosystem services at different capacities (Burkhard et al. 2012). In order to better understand the
provision of ecosystem services by the landscape, we asked the following questions: (1) How are
ecosystem services related to land cover, and how do they change over space and time? and (2)
How do different institutional drivers and political boundaries impact ecosystem services?
To address these questions, we used the transboundary Upper San Pedro watershed in
southeastern Arizona and northern Sonora as a case study. For question 1, we associated a
variety of ecosystem services with a multitemporal land cover dataset by combining a radar chart
technique to assess tradeoffs among ecosystem service bundles (Raudsepp-Hearne et al. 2010)
with a land cover-based approach to associate ecosystem services with spatially-explicit habitat
characterizations (Burkhard et al. 2012). A mixture of qualitative and quantitative indicators
aggregated by land cover class were used as proxies for an array of ecosystem services. By
linking land cover classes with their relative capacities to provide an array of services, ecosystem
service “bundles” were compiled for each class. This allowed for a comparison of the tradeoffs
and relative differences in ecosystem services able to be provided by each habitat type that
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occurs within the watershed. To answer question 2, in conjunction with the multitemporal land
cover dataset, we used the service bundles to analyze the spatiotemporal dynamics of potential
ecosystem service supply between the United States and Mexican portions of the watershed over
time. In all, this work demonstrates a unique, spatially-explicit look at the potential impact of
land use and land cover change on human wellbeing.
5.2
5.2.1

Methods
Study Area
As one of the of the last free flowing rivers in the southwest and home to a lush riparian

corridor, the San Pedro river is a biodiversity hotspot, providing habitat for 389 species of birds
and hosting the second highest mammal species diversity in the world with 84 different species
(Steinitz et al. 2003). In 1988, a roughly 40 mile stretch of the river and surrounding riparian area
in Arizona was designated as the San Pedro Riparian National Conservation Area (SPRNCA) in
order to “protect and enhance the desert riparian ecosystem” (BLM 2013), which has allowed for
the rapid recovery of riparian gallery forest that were previously degraded by the presence of
grazing cattle (Krueper 1995).
The Upper San Pedro watershed covers an area of approximately 7,600 km2 and is
situated at the ecotone of the Sonoran and Chihuahuan deserts. It contains a diverse range of
habitats, including coniferous forests, oak woodlands, grasslands, riparian gallery forests, and
desertscrub. The headwaters of the San Pedro River lies near the copper mining town of
Cananea, Sonora, and flows northward into southeastern Arizona, with the upper extent at the
Redington U.S. Geological Survey gaging station. Sonora contains 26% of the watershed, with
the remaining 74% within Arizona (Figure B.1). Elevation ranges from 900 to 2,900 meters and
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annual rainfall ranges between 228 and 635 mm, with more than half resulting from summer
monsoonal storms (Goode and Maddock III 2000, Kepner et al. 2000).
In this transboundary watershed, there are a number of competing demands for the
limited water supplies, including urban consumption in the cities of Sierra Vista, Arizona and
Cananea, Sonora, the military installment at Fort Huachuca, increasing copper production in the
Cananea mine, irrigated agriculture, livestock production, and the often overlooked water
demand from natural vegetation via evapotranspiration (Steiner et al. 2000). Furthermore, the
San Pedro River provides habitat for seven threatened and endangered species, five of which are
reliant on wetlands for their dominant habitat (Steinitz et al. 2003). The required protection of
these species under the Endangered Species Act on the US side of the border further complicates
the competition for water, as a reduction in available water in the river and degradation of
wetlands would threaten these species.
The two sides of the United States/Mexico border represent drastically different land
ownership patterns and management regimes for the Upper San Pedro watershed. The United
States portion represents a patchwork of private and public lands, including the protected
SPRNCA. In the Mexican Upper San Pedro watershed, the communal ejido system represents
the majority of the landscape (Steiner et al. 2000). From a land use perspective, while
agriculture, grazing, and mining are decreasing in the United States portion of the watershed,
these activities are stable or increasing in the Mexican portion of the basin (Steinitz et al. 2003).
In an effort to document the resulting land cover changes, Kepner et al. (2000) developed a series
of land cover maps for the North American Landscape Characterization (NALC) project to
characterize the landscape over a 24 year period.
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5.2.2

Ecosystem Service Choices
In any attempt to quantify ecosystem services, it is important to realize that there are

potentially other services not being considered. Though studies quantifying ecosystem services
may measure several services simultaneously, they are unlikely to capture the value of all of the
potential benefits coming from the area under consideration. Interactions among services are
complex and may result in secondary effects that operate at different spatiotemporal scales
(Bennett et al. 2009). Therefore, such schemes represent a minimum baseline of the benefits the
landscape actually provides (Heal 2000).
Services chosen to evaluate for this project were based on a list of perceived benefits
provided by the Upper San Pedro watershed that was generated during a stakeholder meeting
held in Sierra Vista, AZ on January 17, 2013. Additionally, a similar list of stakeholder defined
ecosystem services from Bagstad et al. (2012) was also consulted. The ecosystem services that
were considered in this study are Carbon Sequestration, Birding, Aesthetics, Flood Protection,
and Water Quality.
5.2.2.1 Carbon Sequestration
With rising atmospheric CO2 concentrations causing changes in global climate patterns,
the ability of the landscape to sequester carbon is vital to help regulate global climate processes
(Metz et al. 2005). As part of the terrestrial carbon cycle, carbon dioxide can be removed from
the atmosphere by plants via photosynthetic (Guo and Gifford 2002). Over time, this carbon may
then be stored in one of four carbon pools: aboveground biomass as part of plant biomass,
belowground as rooting structures, dead plant detritus, and as soil carbon stocks (Schlesinger and
Bernhardt 2013). Land use and land cover change has the potential to significantly impact the
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ability of the landscape to capture and store atmospheric CO2, as well as leading to the release of
previously stored carbon into the atmosphere (Guo and Gifford 2002).
Though carbon sequestration data for the Southwest are sparse, Bagstad et al. (2012)
assembled and derived carbon sequestration for each of the carbon pools in the Upper San Pedro
watershed from various literature sources. The authors assembled data by each of the 10 NALC
land cover classes for input into the InVEST carbon valuation model. Here, the data were
summed across the four carbon pools to yield a single generalized carbon sequestration rate in
terms of tons per hectare per year for each land cover class. These rates were used to assign
relative capacities for each land cover type to sequester carbon.
5.2.2.2 Aesthetics
While scenic beauty is somewhat an intangible quality of a landscape, it is the quality of
the landscape that is most immediately perceived by the general public and can increase their
sense of value for the landscape (Daniel and Boster 1976, Daniel et al. 1989). For the Upper San
Pedro watershed, Bassett (2001) performed a visual preference survey in order to quantify the
scenic beauty of different habitats in the watershed. The author had respondents classify each of
44 pictures as “Most Attractive,” “Neutral,” and “Least Attractive,” corresponding to values of 1,
2, and 3, respectively. The set of pictures represented a variety of land cover types in the
foreground and a variety of landscape elements in the background (i.e. mountains). Individuals
attending public meetings related to the Upper San Pedro watershed were able to participate
during the study’s duration. In total, 14 individuals chose to participate.
Though the foreground cover type for each picture is already classified, the classification
system used is slightly different than the NALC land cover classification scheme used here for
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mapping. For example, pictures are classified as Northern Desert Scrub and Southern Desert
Scrub, whereas the NALC system has a single Desertscrub class. We reclassified each picture to
fit the NALC classification scheme and the average visual preference score of each picture was
then aggregated by land cover class and relative capacities were assigned.
5.2.2.3 Birding
In combination with a highly heterogeneous and complex vegetation structure, the
location of the Upper San Pedro watershed at the ecotone of the Sonoran and Chihuahuan deserts
and the added biogeographical influences of the Sierra Madre Occidental and the Rocky
Mountains lead to an impressive diversity of bird species (Brand et al. 2009). With several
hundred species of birds utilizing various habitats, birding is an important activity in the
watershed. Major areas for birding include the Ramsey Canyon Preserve and the SPRNCA, with
an estimated 35,272 people visiting these areas for birding and increasing local economic output
by $17 to $28.3 million dollars for the period of time between June 2000 to May 2001 (Orr and
Colby 2002, Brand et al. 2009).
Avian species richness was used as a proxy for potential birding areas. Though a number
of factors influence the decision of an individual to bird at a particular location, including
accessibility and nearby infrastructure, species richness is a factor of high importance that is
closely linked to land cover type (Ellis and Vogelsong 2003). As part of the Southwestern
Regional Gap Analysis Project (SWReGAP), habitat ranges for 817 vertebrate species, including
435 species of birds, were modeled for Arizona, Colorado, Nevada, New Mexico, and Utah
(USGS National Gap Analysis Program 2007, Boykin et al. 2013).
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All habitat models were based on predictive environmental variables, such as elevation,
soils, and a land cover map developed for the SWReGAP project. Each model was further
reviewed by species experts to verify accuracy (Boykin et al. 2007). The habitat models for all
species of birds were clipped to the extent of the United States portion of the Upper San Pedro
watershed and a spatially explicit species richness layer was computed by using the Weighted
Sum tool in ArcGIS (ESRI 2010) to count the number of overlapping species for each point in
the watershed. To aggregate species richness to land cover, a crosswalk (Table B.1) was
developed to convert the SWReGAP land cover classes to the ten class NALC classification
based on similarities in class descriptions between the two datasets (Kepner et al. 2003, U.S.
Geological Survey National Gap Analysis Program 2005). The Zonal Statistics tool was then
used to find the average species richness per land cover class. Though the SWReGAP land cover
and animal habitat models include only the United States portion of the watershed, bird richness
for each land cover class was assumed to not vary across the border for identical land cover
types.
5.2.2.4 Hydrologic Services
Various proxies for hydrologic services were measured using the Automated Geospatial
Watershed Assessment tool (AGWA) (Miller et al. 2007). Developed by the United States
Environmental Protection Agency, the United States Department of Agriculture’s Agricultural
Research Service, and the University of Arizona, AGWA deploys the Soil Water and
Assessment Tool (SWAT) and Kinematic Runoff and Erosion (KINEROS2) hydrologic models
in a Geographic Information System (GIS) framework. SWAT is a continuous simulation model
that is design to predict the impact of management actions on water, sediment, and chemical
yields from large areas over long periods of time (Arnold and Fohrer 2005). KINEROS2 is an
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event-oriented, physically based model that simulates the processes of interception, infiltration,
surface runoff and erosion from small agricultural and urban watersheds (Goodrich et al. 2002).
The SWAT model designed to model larger areas (>1,000 km2), while KINEROS2 is intended to
be used for smaller areas (<100-200 km2) (Burns et al. 2004).
Though hydrologic processes and services act at varying spatiotemporal scales, the
impact of land use and land cover on the hydrology becomes increasingly diffuse as spatial scale
increases. As a result, land cover change that has significant impacts at a hillslope scale may not
significantly change the hydrology at a whole-watershed scale (Brauman et al. 2007). Therefore,
the KINEROS2 model was used to assess hydrologic impacts of land use and land cover change
at a hillslope scale. Without calibration, AGWA cannot provide precise quantitative estimates of
runoff and erosion. However, it can assess relative change resulting from changes in land use and
land cover, which was the functionality utilized here (Hernandez et al. 2000).
In KINEROS2, each land cover class is parameterized by percent canopy cover,
interception, Manning’s n (roughness coefficient), and percent impervious surface area. Specific
parameters for the NALC land cover classes are included with the AGWA tool and were
developed based on Woolhiser et al. (1990) and expert opinion (Miller et al. 2002). Though it is
included as one of the land cover classes, the Water class is ignored during the model
parameterization process (Burns et al. 2004). In the context of KINEROS2, a body of water
would not have capacity to control either runoff or erosion.
To assess the effect of each individual land cover class, the Land Cover Modification
tool, part of the AGWA toolkit, was used to convert a portion of the watershed into a
homogenous coverage of each land cover class (with the exception of water). For each
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homogenous land cover, KINEROS2 was used to simulate a 10 year, 1 hour storm (34.3mm).
Using storms of different intensities, volumes, and durations would result in different model
output values, but because the purpose is to demonstrate the relative impact of land use and land
cover change, only the single storm event was used to simulate model outputs.
5.2.2.4.1 Flood Protection
In arid and semiarid regions, streamflow responses to precipitation pulses are typically
very rapid, often leading to flash floods (Doswell III et al. 1996). While flooding on the San
Pedro River is a natural process and is important for recruitment of riparian vegetation and for
maintaining high biodiversity, agriculture and other human developments in the floodplain of the
river are at risk of being damaged or destroyed by floods. Aggravating the problem, urbanization
and the associated increase in impervious surface area lead to a change runoff rate and peak
flood flows (Grimm et al. 2004). Natural vegetation, however, can reduce and slow peak flows
by retaining water via canopy interception and by reducing the velocity of surface runoff due to
added roughness with plant stems and roots (Darby 1999). The Peak Flow (QP, m3/s) measured
at the outlet of the modeled watershed will be used as a proxy for flood protection, with lower QP
corresponding to higher flood protection.
5.2.2.4.2 Water Quality
Dryland regions experience the highest amounts of erosion in the world. As a
consequence of splash erosion and overland flow, soil and sediment are eroded from hillslopes
and move into stream channels. Increased instream sediment load is one of the most common
causes of degraded water quality. The added instream sediment increases instream turbidity,
which negatively impacts many biological processes, and can smother benthic communities and
spawning habitat (Nichols 2003). In addition to the physical aspects, excess nutrients and heavy
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metals can be transported from upstream hillslopes into the stream channel by the eroded
sediment (Brooks et al. 2004). Vegetative cover helps reduce the amount of sediment reaching
the stream channel in several ways. One way is by dissipating the energy of raindrops that would
otherwise cause splash erosion. This is accomplished via canopy interception and litter
accumulation, which prevent raindrops from directly impacting the soil surface. Another way
vegetation reduces erosion is through the roots, which increases the stability of the soil and
promotes infiltration of runoff (Gyssels et al. 2005, Brooks et al. 2012). The impact of each land
cover type on improving water quality was assessed by comparing the Sediment Yield
(tons/hectare) at the watershed outlet of each of the different modeled watersheds.
5.2.3

Capacity to Provide Services
Indicators for each ecosystem service of interest were obtained from prior studies,

hydrologic modeling, and online databases. These indicators were evaluated for each of the 10
land cover classes used in the series of land cover maps created by Kepner et al. (2000) for the
NALC project. Each service required a different unit of measure, which requires careful
consideration of the assumptions, caveats, and errors inherent to each source. Once values were
obtained for each service, each land cover class was ranked on a relative 0 to 5 scale based on
their capacity to provide a service, with 0= no relevant capacity and 5 = very high relevant
capacity to provide an ecosystem service (Burkhard et al. 2009, Burkhard et al. 2012). The
maximum value (5) was assigned to the land cover class that exhibits the highest value in the
study area. The remaining values were assigned relative to the maximum value through
examination of the distribution of the data and manually assigning class breaks. These capacity
values were compiled into a table to describe the capacity of land cover classes to provide the
ecosystem services of interest. This matrix was then used to create radar charts representing
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bundles of ecosystem services for each land cover class, as well as a lookup table to convert land
cover maps into maps of ecosystem service supply
5.2.4

Service Bundles and Correlations
To analyze how the different ecosystem services were bundled together and the potential

tradeoffs among them, we used the nonparametric Spearman rank correlation test on the land
cover capacity matrix to determine the strength of correlation between all possible pairs of
ecosystem services and to test for the presence of positive or negative associations among the
services being evaluated. Correlations between pairs of ecosystem services indicate the strength
of the tendency for them to be bundled together. A positive correlation indicates a synergy
between pairs of services, while a negative correlation indicates a tradeoff (Raudsepp-Hearne et
al. 2010). The Spearman rank correlation tests were performed using the “Hmisc” package in R
2.15 (Harrell Jr 2013, R Core Team 2013).
5.2.5

Analyzing Spatiotemporal Dynamics
By creating a join between the matrix and land cover data, the matrix functions as a

lookup table, allowing for mapping of potential ecosystem service supply across the landscape.
The Upper San Pedro watershed has a unique series of five land cover maps that range from
1973 to 2010 and includes both the US and Mexican portions of the watershed (Kepner et al.
2003, Chan et al., in preparation). These land cover datasets were combined with the capacity
matrix to generate insight into how potential ecosystem service supply has changed over time in
the Upper San Pedro watershed. As an application of this approach, we examined the different
trajectories of land cover change in the Upper San Pedro watershed on each side of the United
States/Mexico border and linked these changes to ecosystem service supply. This was used to
gain an understanding of how institutional drivers affect ecosystem services.
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5.3
5.3.1

Results
Ecosystem Service Capacity
Values for ecosystem service proxy variables were assembled for each land cover class

across the Upper San Pedro watershed (Table B.2). Each of these values was assigned a capacity
value ranging from 0 (no relevant capacity) to 5 (very high relevant capacity) (Table B.3). These
capacity values were then assembled into radar charts, showing the bundle of ecosystem services
each land cover class has the capacity to provide (Figure B.2). Each bundle exhibited a different
shape, indicating that each land cover class provided a unique capacity to provide an array of
services. Overall, Riparian displayed the highest capacity to supply all services studied, while
Urban and Barren showed the lowest capacities to provide the services studied here.
5.3.1.1 Carbon Sequestration
The carbon sequestration rates of the four carbon pools for each land cover class were
summed together for a single carbon sequestration rate for each land cover type. Due to
limitations in data availability, the carbon data come from multiple literature sources and has
several sources of uncertainty associated with the final numbers. See Appendix A of (Bagstad et
al. 2012) for a full description of the source of spatial data and assumptions of the carbon
sequestration rates presented here. Both Forest and Riparian areas exhibited the highest potential
capacity to sequester carbon, while Barren and Water were found to have no relevant capacity
for carbon sequestration.
5.3.1.2 Aesthetics
Out of the 44 pictures used by Bassett (2001) in the visual preference survey, 2 pictures
were withheld from consideration. One of the excluded pictures focused on a solitary windmill
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rather than the landscape. The other was an evening scene with an indeterminate foreground. The
remaining 42 pictures were aggregated by land cover type. Riparian areas represented the highest
capacity to provide pleasing aesthetics, while Urban and Barren areas provided the lowest
capacities. Two caveats to these data are a small sample size (n=14) and potential bias of
participants. The surveys were completed on a voluntary basis by attendees of public meetings in
southeastern Arizona regarding issues about the Upper San Pedro watershed. A frequent
criticism of public meetings is that only individuals with strong opinions choose to attend,
thereby not including individuals with a more neutral attitude. As a result, the individuals who
chose to participate in the survey may not be a representative sample of the general public.
However, Gundry and Heberlein (1984) demonstrated that the difference in opinion between
public meeting participants and the general public on issues related to natural resource
management was not substantial for 96% of the policy items the authors examined. The results of
the visual preference survey were assumed to be representative of the general public and used
here to evaluate the aesthetic value of each land cover type.
5.3.1.3 Birding
Species richness varied from 0 to 171 bird species (Figure B.3). Data from the
SWReGAP project covered only the Arizona portion of the watershed, though richness is
assumed to be similar for matching habitat types in the Sonora portion of the watershed. Riparian
areas were found to have the highest capacity to provide birding habitat, while Barren areas
exhibited the lowest. While having a wide variety of bird species is an important factor for
birding, there are other factors that influence a birder’s behavior, including accessibility,
presence of rare species, and the surrounding landscape. Without nearby roads or trails, certain
areas may be difficult to access, which would lower the demand for the ecosystem service in
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those places. The presence of rarer bird species has been shown to attract more birders than do
more common species, as well as increases the distance a birder is willing to travel (Booth et al.
2011). The surrounding landscape may impact birding as well. Factors such as habitat patchiness
and presence of nearby surface water have been shown to affect bird abundance in the region
(Brand 2004). Though species richness generalized to land cover does not provide a perfect
estimate of the best birding habitat, it does provide information on an important component of
birder preference (Ellis and Vogelsong 2003).
5.3.1.4 Flood Protection and Water Quality
KINEROS2 was used to compare peak flow and sediment yield at the outlet of the
modeled subwatershed for each of the land cover classes. Outputs yielding lower values for peak
flow and sediment yield were considered to have a higher capacity to provide flood protection
and water quality control. Interestingly, due to a close relationship between runoff and erosion,
the capacity values to provide both flood protection and water quality control were identical for
each of the land cover types. Grassland, Forest, and Riparian areas had the highest capacity to
reduce erosion and peak flows, while Urban and Water displayed no relevant capacity for either.
5.3.2

Service Bundles and Correlations
The Spearman’s rank correlation test was used to look at correlations among ecosystem

services (Table B.4). Of the 10 correlation coefficients, 7 had statistically significant
correlations. No negative correlation coefficients were encountered among the five services and
three ecohydrological variables analyzed here. Values for the coefficients (rs) ranged from 0.47
to 1. Among the five services, flood protection and water quality had the highest correlation
(rs=1) due to the rate of erosion being largely determined by runoff velocity (Hernandez et al.
2000). Birding was found to be significantly correlated with all four of the other services.
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Aesthetics was largely independent of the other services, only being significantly correlated with
birding (rs=0.66).
5.3.3

Spatiotemporal Dynamics of Ecosystem Service Supply
To understand the impact of different land use and management patterns on the

spatiotemporal dynamics of potential ecosystem service supply, we divided each of the land
cover maps at the international border and assessed the total area (Table B.5) and proportion of
each land cover class on each side of the border (Table B.6). Though the Arizona side had a
greater amount of most habitat types in terms of total area, the two sides of the watershed
exhibited different proportions of each habitat type and trajectories of land cover change.
Agriculture, for instance, decreased in the Arizona side between 1997 and 2010 from 2.24% to
0.53%, while it increased slightly in Sonora from 1.03% to 1.06% for the same time period. By
creating a join between the land cover dataset and the capacity matrix (Table B.3), we were able
to reassess the landscape in terms of the changing proportions and total areas of the varying
capacities of the different habitats to supply ecosystem services. Here, the capacity of the
landscape to sequester carbon was used to demonstrate this approach (Table B.7 and Table B.8).
We also analyzed this change in terms of how these capacities varied spatially on the landscape
(Figure B.4). Between 1997 and 2010, the Sonora portion of the watershed saw a strong decline
in a high relevant capacity to sequester carbon and a strong increase in a low relevant capacity to
sequester carbon. During that same time period, however, the Arizona side did not see any
drastic shifts, though a more moderate loss of a high relevant capacity for carbon sequestration
was seen. For the 2010 land cover dataset, the proportion of different capacities to sequester
carbon on each side of the border was generally similar for all categories except the medium and
low relevant capacities, reflecting the dominance of Grassland in Sonora versus Desertscrub in
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Arizona. However, due to the difference in area of the watershed in the two states, Arizona had a
greater area than Sonora for all capacity categories for all years with the exception of the “no
relevant capacity” category for 1973, 1986, 1992, and 1997. As a result, the Arizona portion of
the watershed had a higher capacity to sequester more carbon overall.
5.4
5.4.1

Discussion
Bundles and Correlations
By generalizing static indicators for potential ecosystem supply to land cover classes, we

were able to look at synergies and tradeoffs among ecosystem service supply for different land
cover classes and explore the spatiotemporal dynamics of service supply. Surprisingly, of the
pairs of ecosystem services that were significantly correlated with each other, none exhibited a
negative relationship. This result is likely a function of the types of services that were chosen to
be evaluated rather than a function of the ecological integrity of the landscape. Raudsepp-Hearne
et al. (2010) noted that there are often tradeoffs between provisioning services, such as fisheries
and livestock, and regulating and cultural services, such as carbon sequestration and forest
recreation. None of the five services evaluated here classify as provisioning services (Reid et al.
2005), which is a possible explanation for the lack of negative correlations.
There are several limitations to this approach of using land cover datasets to assess
ecosystem services, however. One limitation is the coarse temporal scale. Although the
multitemporal land cover dataset spans 37 years, the five map updates are on average 7.4 years
apart from each other. This makes it impossible to examine changes in ecosystem service supply
that occur on a shorter seasonal or year-to-year time scale. Another limitation is related to the use
of a land cover classification to organize the landscape. The process of classification involves
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characterizing information derived from satellite imagery and other ancillary data sources into
discreet, homogeneous classes distributed across the landscape (Jensen 2005). The land cover
maps used here divided the landscape into 60m (1973-1997 classifications) and 30m (2010
classification) pixels and assigned each pixel into 1 of 10 classes. This process of classifying the
landscape into precise classes is an abstraction of reality and ignores the imprecision of the real
world. Urban areas, for instance, can be considered a “fine-grained mosaic of different land
covers” (Gill et al. 2008) composed of a variety of vegetation and man-made structures. The
relatively coarse pixel and classification scheme, however, ignored the heterogeneous makeup of
the urban area and generalized it as “Urban.” By assigning single proxy and capacity values to
land cover classes for each ecosystem service, any within-class variation is ignored (Hough et
al., in preparation). However, in order to assess ecosystem services at large spatial and temporal
scales, such generalization was necessary.
5.4.2

Transboundary Analysis of Ecosystem Services
We analyzed the different trajectories of the potential ecosystem service supply over time

across the United States/Mexico border for the Upper San Pedro watershed as way to apply the
ecosystem service mapping technique presented here. Land use and land cover patterns on the
different sides of the border were shown to have different trajectories over time, leading to
differences in ecosystem service supply in terms of both total area and proportion of the
landscape’s capacity to provide ecosystem services. Because the land cover classification scheme
was identical on both sides of the border, the bundle of ecosystem services each land cover class
had the capacity to provide did not change. However, there may have been a difference in
demand for ecosystem services on each side of the border due to the differences in land use and
management between Arizona and Sonora (Steinitz et al. 2003, Nedkov and Burkhard 2012). To
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gain a complete picture of ecosystem service dynamics across the landscape, the next step of this
research is to gain an understanding of the demand for the services. In socio-ecological systems,
the human demand for services is a potential driver for land cover change, which can, in turn,
impact ecosystem service supply (Morehouse et al. 2008, Burkhard et al. 2012)
5.5

Conclusion
We used a multitemporal land cover dataset to explore the spatiotemporal dynamics and

possible drivers of ecosystem service supply across the Upper San Pedro watershed. Our results
suggest that by linking ecosystem service supply to past land cover conditions, stakeholders and
managers are able to examine how the landscape has changed in terms of the benefits they
receive from the landscape. Riparian areas, for instance, cover less than 1% of the watershed, but
provide the highest levels of all ecosystem services assessed here, yet their overall extent has
fluctuated over time (Kepner 2000, Chan et al., in preparation). Similarly, considering land cover
classes by the bundles of ecosystem services they provide helps describe the full impact of land
cover change trends seen throughout the watershed. For instance, when considering the impact of
Mesquite Woodland replacing Grassland, a number of ecohydrological processes are impacted
(Huxman et al. 2005). However, the impact of this transition on the capacity to provide different
ecosystem services is variable. Though Grassland has a higher capacity to provide flood
protection, water quality, and pleasing aesthetics, Mesquite Woodland has a higher capacity to
provide carbon sequestration. Depending on management goals, this transition may not
necessarily be seen as undesirable. Rather than examining the impacts of land cover change on
streamflow, vegetation, and wildlife, the capacity matrix enables land managers and decision
makers to explore the implications of a changing landscape on the benefits they received from
the environment.
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Figures

Figure B.1. Map of the Upper San Pedro watershed. The study area ranges from the headwaters
of the river in Cananea, Sonora to the Redington Gaging Station.
Figure B.2. Radar charts representing the bundles of ecosystem services supplied by each land
cover class for the Upper San Pedro watershed. The vertex of the red line on each radial axis
represents the class’ relative capacity to provide that service. Taken together, each chart
represents the capacity of the land cover class to provide an array of services.
Figure B.3. Avian species richness for the US portion of the Upper San Pedro watershed derived
from SWReGAP habitat models
Figure B.4. Example of using land cover to map ecosystem service supply for the Upper San
Pedro watershed. Carbon sequestration is used here as an example. The top row depicts the series
of 5 land cover maps using the NALC classification scheme. The bottom row replaces the land
cover classes with their relative capacities to sequester carbon based on Table B.3
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Figure B.1
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Figure B.2
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Figure B.3
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Figure B.4
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5.8

Tables

Table B.1. Land cover crosswalk between SWReGAP and NALC classification schemes for the
Upper San Pedro watershed. Classes were matched through comparison of detailed class
description for each scheme (Kepner et al. 2000, USGS National Gap Analysis Program 2005).
Table B.2. Aggregated values for each ecosystem service proxy measure. They represent mean
values for land cover classes across the entire Upper San Pedro watershed.
Table B.3. Completed land cover capacity matrix for the Upper San Pedro watershed. Land
cover classes are assigned values related to their capacity to provide a service. Values range from
0 (no relevant capacity) to 5 (very high relevant capacity).
Table B.4. Spearman's rank correlation coefficients for the ecosystem service capacity values
from each of the land cover classes in the Upper San Pedro watershed (n=10). Coefficient values
may range from -1 to +1 (Zar 1999).
Table B.5. Area in square miles of each land cover class in each state over time for the Upper
San Pedro watershed. Arizona contains 74% of the watershed, while Sonora contains 26%.
Table B.6. Breakdown of the proportion of each land cover class in the Upper San Pedro
watershed by state.
Table B.7. Proportions of the different capacity categories for the Upper San Pedro watershed to
sequester carbon over time.
Table B.8. Area in square miles of the different capacity categories for the Upper San Pedro
watershed to sequester carbon over time.
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Table B.1
SWReGAP Class
Colorado Plateau Mixed Bedrock Canyon and Tableland
North American Warm Desert Bedrock Cliff and Outcrop
North American Warm Desert Volcanic Rockland
North American Warm Desert Wash
North American Warm Desert Pavement
Rocky Mountain Aspen Forest and Woodland
Madrean Pine-Oak Forest and Woodland
Rocky Mountain Ponderosa Pine Woodland
Southern Rocky Mountain Pinyon-Juniper Woodland
Madrean Encinal
Mogollon Chaparral
Apacherian-Chihuahuan Mesquite Upland Scrub
Chihuahuan Succulent Desert Scrub
Chihuahuan Creosotebush, Mixed Desert and Thorn Scrub
Sonoran Paloverde-Mixed Cacti Desert Scrub
Chihuahuan Stabilized Coppice Dune and Sand Flat Scrub
Apacherian-Chihuahuan Piedmont Semi-Desert Grassland and Steppe
North American Warm Desert Lower Montane Riparian Woodland
and Shrubland
North American Warm Desert Riparian Woodland and Shrubland
North American Warm Desert Riparian Mesquite Bosque
North American Arid West Emergent Marsh
Madrean Upper Montane Conifer-Oak Forest and Woodland
Madrean Pinyon-Juniper Woodland
Chihuahuan Sandy Plains Semi-Desert Grassland
Madrean Juniper Savanna
Chihuahuan Mixed Salt Desert Scrub
Open Water
Developed, Open Space - Low Intensity
Developed, Medium - High Intensity
Agriculture
Recently Mined or Quarried

NALC Class
Desertscrub
Barren
Barren
Mesquite Woodland
Desertscrub
Forest
Oak Woodland
Forest
Oak Woodland
Oak Woodland
Oak Woodland
Mesquite Woodland
Desertscrub
Desertscrub
Desertscrub
Desertscrub
Grassland
Riparian
Riparian
Mesquite Woodland
Grassland
Forest
Oak Woodland
Grassland
Grassland
Desertscrub
Water
Urban
Urban
Agriculture
Barren
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Table B.2

Land Cover Class

Carbon
Sequestration
(tons/ha/yr)

Forest
Oak Woodland
Mesquite Woodland
Grassland
Desertscrub
Riparian
Agriculture
Urban
Water
Barren

173.2
124.6
108.4
73
23.6
173.2
42
12.6
0
0

Visual Preference
(1=most attractive,
3=least attractive)
1.29
1.55
1.71
1.63
1.68
1.07
1.67
2.46
1.29
2.34

Avian Species
Richness

Peak Flow
(m3/s)

Sediment Yield
(tons/ha)

92.75
69.07
73.24
77.91
53.76
113.09
91.93
52.57
39.91
29.22

15.92
113.46
113.46
17.94
82.99
11.93
46.22
308.01
—
190.86

0.75
4.57
4.57
0.86
3.19
0.48
1.67
13.91
—
8.61
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Table B.3
Land Cover Class

Carbon
Sequestration

Aesthetics

Birding

Forest
Oak Woodland
Mesquite Woodland
Grassland
Desertscrub
Riparian
Agriculture
Urban
Water
Barren

5
4
4
3
1
5
2
1
0
0

4
3
2
3
3
5
3
1
4
1

4
3
3
3
3
5
4
2
2
1

Flood
Protection
5
3
3
5
3
5
4
0
0
1

Water
Quality
5
3
3
5
3
5
4
0
0
1
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Table B.4
Carbon
Aesthetics
Sequestration
Carbon Sequestration
Aesthetics
0.47
Birding
0.82**
0.66*
Flood Protection
0.78**
0.54
Water Quality
0.78**
0.54
* P< 0.05; ** P< 0.01; *** P< 0.001

Birding

0.85**
0.85**

Flood
Protection

1***
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Table B.5

Class
1973
Forest
23.47
Oak Woodland
219.39
Mesquite Woodland
67.06
Grassland
745.63
Desertscrub
1116.67
Riparian
28.45
Agriculture
30.41
Urban
12.44
Water
0.72
Barren
4.77

1986
23.47
220.85
317.83
648.24
921.35
20.90
46.77
37.63
0.05
11.91

Arizona
1992
23.32
206.71
317.96
632.78
896.33
21.24
57.60
45.90
0.43
12.37

1997
22.27
206.99
299.05
636.02
867.46
30.16
48.99
61.47
0.97
12.34

2010
49.76
275.74
162.38
640.88
956.29
5.98
11.93
108.21
0.13
37.05

1973
5.82
149.35
13.56
469.73
29.21
5.01
3.47
0.83
0.32
12.74

1986
5.79
148.66
97.88
388.73
22.34
3.23
6.13
2.27
0.29
14.72

Sonora
1992
4.55
147.39
93.79
383.33
22.04
3.66
12.99
2.57
1.04
15.31

1997
5.62
148.34
95.08
387.16
21.94
5.43
7.11
3.89
0.66
14.71

2010
11.88
93.68
64.27
402.20
81.39
3.38
7.32
10.64
0.85
14.19
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Table B.6

Class
Forest
Oak Woodland
Mesquite Woodland
Grassland
Desertscrub
Riparian
Agriculture
Urban
Water
Barren

1973
1.04
9.76
2.98
33.15
49.65
1.26
1.35
0.55
0.03
0.21

1986
1.04
9.82
14.13
28.82
40.97
0.93
2.08
1.67
0.00
0.53

Arizona
1992
1.05
9.33
14.36
28.57
40.47
0.96
2.60
2.07
0.02
0.56

1997
1.02
9.47
13.68
29.10
39.69
1.38
2.24
2.81
0.04
0.56

2010
2.21
12.26
7.22
28.50
42.53
0.27
0.53
4.81
0.01
1.65

1973
0.84
21.64
1.96
68.07
4.23
0.73
0.50
0.12
0.05
1.85

1986
0.84
21.54
14.18
56.34
3.24
0.47
0.89
0.33
0.04
2.13

Sonora
1992
0.66
21.46
13.66
55.83
3.21
0.53
1.89
0.37
0.15
2.23

1997
0.81
21.50
13.78
56.12
3.18
0.79
1.03
0.56
0.10
2.13

2010
1.72
13.58
9.32
58.31
11.80
0.49
1.06
1.54
0.12
2.06
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Table B.7

Capacity
0-No Relevant Capacity
1-Low Relevant Capacity
2-Relevant Capacity
3-Medium Relevant Capacity
4-High Relevant Capacity
5-Very High Relevant Capacity

1973
0.24
50.20
1.35
33.15
12.74
2.31

1986
0.53
42.64
2.08
28.82
23.95
1.97

Arizona
1992
0.58
42.55
2.60
28.57
23.69
2.01

1997
0.61
42.50
2.24
29.10
23.15
2.40

2010
1.65
47.35
0.53
28.50
19.49
2.48

1973
1.89
4.35
0.50
68.07
23.61
1.57

1986
2.18
3.57
0.89
56.34
35.73
1.31

Sonora
1992
2.38
3.58
1.89
55.83
35.12
1.20

1997
2.23
3.74
1.03
56.12
35.28
1.60

2010
2.18
13.34
1.06
58.31
22.90
2.21
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Table B.8

Capacity
0-No Relevant Capacity
1-Low Relevant Capacity
2-Relevant Capacity
3-Medium Relevant Capacity
4-High Relevant Capacity
5-Very High Relevant Capacity

1973
5.49
1129.10
30.41
745.63
286.45
51.92

1986
11.96
958.98
46.77
648.24
538.68
44.37

Arizona
1992
1997
12.80
13.32
942.24 928.93
57.60
48.99
632.78 636.02
524.67 506.05
44.55
52.43

2010
37.17
1064.50
11.93
640.88
438.12
55.73

1973
13.06
30.04
3.47
469.73
162.91
10.83

1986
15.01
24.61
6.13
388.73
246.54
9.01

Sonora
1992
16.35
24.61
12.99
383.33
241.18
8.21

1997
15.37
25.83
7.11
387.16
243.42
11.05

2010
15.04
92.04
7.32
402.20
157.95
15.26
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6

Appendix C- Python script for stratified random sampling

#Stratified random sampling script
import arcpy
arcpy.CheckOutExtension("spatial")
rr = raw_input("Give this run a number") #This run number eliminates the need to go back and delete files if
executing this script multiple times
r = str(rr)
print "This is now run " + r
raw_input("Press enter to continue")
#Reset these parameters accordingly. Remember to use \\ instead of \ in file paths
d = "I:\\accuracy_assessment\\" #base directory, needs an "outputs" folder and a "scratch" folder and a
"final_merge" folder
training_poly = "I:\\training_sites.shp" #training polygons shapefile
POINTS = "50" #number of points
landcover_in = "I:\\post_process_r7\\r7_final" #input land cover map
rand_space = "90" #Minimum distance between randomized points in meters. Can be 0 if desired
lc_count = 10 #Highest land cover class grid code. Land cover raster must contain all sequential values between 1
and lc_count.
#Variables. Leave these unmodified:
outputs = d + "outputs"
focal_stats_run_img = d + "scratch\\focal_stats_run" + r + ".img"
reclass_run_img = d + "scratch\\reclass_run" + r + ".img"
raster_point_run_shp = d + "scratch\\raster_point_run" + r + ".shp"
value_to_point_run_shp = d + "scratch\\value_to_point_run" + r + ".shp"
#to convert points to squares:
point_merge_buffer_run_shp = d + "scratch\\point_merge_buffer_run" + r + ".shp"
point_erase_run_shp = d + "scratch\\point_erase_run" + r + ".shp"
mergestring = ""
run_point_merge_shp = d + "final_merge\\run" + r + "_point_merge.shp"
assessment_squares_run_shp = d + "final_merge\\assessment_squares_run" + r + ".shp" #this is the final output of
the stratified random sampling
# Process: Focal Statistics- targets center pixels of homogenous land cover
arcpy.gp.FocalStatistics_sa(landcover_in, focal_stats_run_img, "Rectangle 3 3 CELL", "VARIETY", "DATA")
print "focal stats finished"
# Process: Reclassify- eliminates all pixels not surrounded by homogenous lc
arcpy.gp.Reclassify_sa(focal_stats_run_img, "VALUE", "1 1", reclass_run_img, "NODATA")
print "reclassify done"
# Process: Raster to Point
arcpy.RasterToPoint_conversion(reclass_run_img, raster_point_run_shp, "VALUE")
print "raster to point done"
#Erase overlapping training points with possible AA points
arcpy.Erase_analysis(raster_point_run_shp, training_poly, point_erase_run_shp, "")
# Process: Extract Values to Points
arcpy.gp.ExtractValuesToPoints_sa( point_erase_run_shp, landcover_in, value_to_point_run_shp, "NONE",
"VALUE_ONLY")
print "extract value to point done"
#loops through the grid codes and generates random points. A range of (1,n+1) will yield values 1 to n
for intx in range(1,lc_count + 1):

Thesis Overview 92
x = str(intx)
class_run_all_shp = d + "scratch\\class" + x + "_run" + r + "_all.shp"
arcpy.Select_analysis(value_to_point_run_shp, class_run_all_shp, "\"RASTERVALU\" = " + x) #grabs points of
each land cover class
print "class " + x + "has been selected"
out = "class" + x + "_run" + r + "_points"
arcpy.CreateRandomPoints_management(outputs, out, class_run_all_shp, "0 0 250 250", POINTS, rand_space +
" Meters", "POINT", "0")
if intx == 10:
mergestring = mergestring + outputs + "\\" + out + ".shp"
else:
mergestring = mergestring + outputs + "\\" + out + ".shp;"
print "random points for class " + x + "have been created"
print "Random points have been created. Now merging them together and outlining landcover pixels"
arcpy.Merge_management(mergestring, run_point_merge_shp) #merges all randomized points together
# This will create boxes around each point so that the pixel's boundaries can be assessed
# Process: Buffer- 15 meters here to create a final box outlining the 30m*30m pixel
arcpy.Buffer_analysis(run_point_merge_shp, point_merge_buffer_run_shp, "15 Meters", "FULL", "ROUND",
"NONE", "")
# Process: Feature Envelope To Polygon
arcpy.FeatureEnvelopeToPolygon_management(point_merge_buffer_run_shp, assessment_squares_run_shp,
"SINGLEPART")
print "Finished"

