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ABSTRACT 

Riparian systems are comprised of interacting aquatic and terrestrial elements that 

contribute distinctively to the natural capital of arid landscapes.  Riparian vegetation is a 

major component of riparian systems, providing the ecosystem services required to 

support watershed health.  The spatial and temporal distributions of riparian vegetation 

are influenced by hydrologic and disturbance processes operating at scales from local to 

regional.  I believe both these processes are well suited to monitoring using synoptic and 

multitemporal approaches.   

 The research in this dissertation is presented as 3 related studies.  The first study 

focused on historical riparian dynamics related to natural disturbance and land use.  

Using current and historical riparian vegetation maps, we examined vegetation change 

within catchments of varying land use intensity.  Results suggest that land use activities 

and wastewater subsidy affect the rate of development and diversity of riparian 

community types 

 The second study used moderate resolution satellite imagery to monitor changes 

in riparian structure and pattern within a land cover change framework.  We classified 

Landsat Thematic Mapper satellite imagery of the Upper Santa Cruz River watershed 

using Classification and Regression Tree (CART) models.  We tested the ability of our 

models to capture change at landscape, floodplain, and catchment scales, centering our 

change detection efforts on a riparian tree die-off episode and found they can be used to 

describe both general landscape dynamics and disturbance-related riparian change. 

 The third study examined historical and environmental factors contributing to 



 

 

9 

spatial patterns of vegetation following two riparian tree die-offs.  We used high 

resolution aerial imagery to map locations of individual live and dead trees and collected 

a suite of environmental variables and historical variables related directly and indirectly 

to land use and disturbance history.  We tested for differences between groups of live and 

dead trees using Multi-response Permutation Procedures and found strong relationships 

between historical factors and mortality incidence. 

 The results from these studies demonstrate the importance of examining historical 

information and spatial linkages across scales when monitoring riparian vegetation.  

From a land management perspective, the results identify the need for landscape-level, 

ecosystem-based management programs to maintain functioning and spatially connected 

riparian systems.   
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CHAPTER 1. INTRODUCTION 

1.1 Explanation of the Problem 

Riparian systems are biologically important components of landscapes worldwide, 

supporting a disproportionate amount of ecosystem services and species diversity 

compared to adjacent terrestrial ecosystems (Ward 1998, Brauman et al. 2007).  Climate 

change and land use change have been cited as the main drivers impacting riparian 

biodiversity globally (Sala et al. 2000).  Riparian ecosystems, now less than 2% of the 

landscape in the southwestern United States, are thus one of the most biologically 

significant and threatened in this region (Stettler 1996, Krueper 2000).  Riparian 

vegetation of the southwest  has decreased  in area or disappeared completely in many 

areas over the past century, the result largely of human activities and climate change 

(Busch and Smith 1995, Logan 2002, Webb and Leake 2006).  

Riparian zones link aquatic and terrestrial systems and are dynamic interfaces that 

influence and are influenced by  these systems (Bendix and Hupp 2000).  Riparian 

vegetation communities are dynamic and spatially patchy, the result of interactions 

between fluvial processes, disturbances and community successional development (Hupp 

and Osterkamp 1996).  Flooding is the principal natural disturbance affecting riparian 

vegetation; and major flooding impacts spatial and structural heterogeneity of riparian 

communities by  rearranging geomorphic, topographic and biological features within the 

floodplain (Swanson et al. 1988, Bendix and Hupp 2000).  In addition to flooding, 

climate variability and anthropogenic disturbances (e.g. drought, groundwater pumping, 

livestock grazing, and irrigation) impact riparian community stability and influence 
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spatial distributions of vegetation community types (Krueper 1993, NRC 2002).  Rapidly 

changing river dynamics, climate change and land use pressures each affect the viability 

and spatial distribution of riparian vegetation in distinct ways, making ecosystem 

monitoring a significant and challenging task. 

Riparian systems in the arid Southwest have been the foci of human settlement 

and agricultural activity throughout history (Dobyns 1981, Krueper 1993, Logan 2002).  

Riparian systems provide a number of valuable social, economic and ecological services 

that make them indispensable to a sustainable and habitable landscape:  Riparian 

vegetation stabilizes river channels reducing the impact of flood events, acts as buffers to 

filter waterborne nutrients and provide habitat corridors for local and migratory species, 

and supports a high level of biodiversity (Naiman et al. 1993, Naiman and Decamps 

1997, Brauman et al. 2007).  Apart from supplementing water needs for agricultural and 

residential uses and providing ecosystem services, riparian systems have recreational and 

aesthetic value and are correlated positively with property values (Malanson 1995, Bark-

Hodgins and Colby 2006).  Despite clear advantages to maintaining healthy riparian 

systems, many riparian areas of the southwest have become degraded or disappeared 

completely as a result of water management and land use policies (Bryan 1928, Logan 

2002, Webb et al. 2007).   

Investigations of the spatial and historical dynamics of riparian systems are best 

understood through terms and concepts developed in the field of landscape ecology 

(Gregory et al. 1991, Naiman et al. 1993, Malanson 1995, Ward et al. 2002).  Landscape 

ecology is concerned with spatial and temporal dynamics of landscapes and the 
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dialectical interaction between landscape heterogeneity and biotic and abiotic processes 

(Turner 1989).  Riparian systems can be understood though the spatial and temporal 

interactions of geomorphic, hydrological and terrestrial processes (Gregory et al. 1991, 

Ward et al. 2002).  Hydrologic and geomorphic processes (i.e. flooding and channel 

migration) are the main forces affecting the spatial distribution and successional 

(temporal) patterns of riparian plants.  Riparian vegetation can also be viewed as an 

ecotone to adjacent upland terrestrial systems and is influenced by energy flows and 

disturbances from these systems (i.e. fire).  Riparian systems are further impacted by 

human activities within the surrounding landscapes that directly or indirectly influence 

the fundamental processes described above (Allan 2004).  

Riparian systems in the western United States have in recent years become 

susceptible increasingly to both natural and anthropogenic disturbances as changing land 

use and climate patterns alter hydrological function (Grimm et al. 1997, Skartvedt 2000, 

Elmore et al. 2003, McClain et al. 2003).  Land managers charged with monitoring these 

systems must adopt a landscape perspective that addresses complex relationships between 

climate variability, land use, and riparian change.  Monitoring riparian systems and 

watersheds at the landscape level requires vegetation maps and land cover/land use maps 

that are detailed, accurate, and timely.  In addition to baseline vegetation and land cover 

data, analysis of spatial and spatio-temporal data describing historical landscape 

dynamics and pattern can support management, conservation, and restoration of riparian 

systems (Gregory et al. 1991, Malanson 1995, Harris 1999).  Rivers and associated 

riparian vegetation are dissected typically by multiple private and public property 
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boundaries from their source to their termination.  Future management requires a 

regionally integrated co-management, integrating interests of both private land owners 

and agendas of public lands managers, with a goal of conserving regional networks of 

riparian vegetation.  

1.2 Approach 

The chief aim of this research is to inform natural resource management activities and 

contribute to ecological understanding of riparian systems through analysis of vegetation 

change at multiple temporal and spatial scales.  I institute a bottom-up approach in this 

dissertation, using field methods, historical aerial photography and multispectral satellite 

imagery to characterize landscape dynamics of a representative Sonoran desert 

watershed.   

1) Establish a baseline riparian vegetation dataset of high spatial (0.5 ha minimum 

mapping unit) and categorical (40 classes) detail. 

2) Apply vegetation mapping techniques to historical high-resolution imagery to 

establish a record of long-term vegetation change.  

3) Use a baseline vegetation map data as training for landscape-level 

classification of moderate resolution, multispectral Landsat TM imagery and test 

whether moderate resolution imagery is suitable for decadal monitoring of 

riparian vegetation and changing watershed conditions. 

4) The multi-scale data sets described above are incorporated into a model 

examining the role of land cover, land use, and historical disturbance in regulating 

and influencing current patterns of riparian vegetation. 



 

 

14 

1.3 Organization of the Dissertation 

This dissertation research is presented in three manuscripts.  The first manuscript 

(Appendix A), “The Influence of Wastewater Subsidy, Flood Disturbance and 

Neighboring Land Use on Current and Historical Patterns of Riparian Vegetation 

in a Semi-Arid Watershed” presents methods for  current and historical riparian 

vegetation mapping using high-resolution aerial imagery and field surveys.  Using 

mapped vegetation community data we examine existing vegetation in context of 

historical vegetation change, land use, water use and disturbance.  Laboratory and field 

methods for the vegetation mapping research were designed and conducted by M.L. 

Villarreal, Dr. Sam Drake, Dr. Stuart Marsh, and Amy McCoy as part of the 

Environmental Protection Agency supported “Santa Cruz County Vegetation Mapping 

and Native Plant Ordinance Project”.  I devised the approach and analysis of historical 

vegetation types from aerial photography as part of a Landscape Dynamics Monitoring 

Protocol development project supported by the National Park Service Sonoran Desert 

Network (NPS-SODN) and Sonoran Institute.  This research focuses specifically on 

riparian vegetation development in areas subsidized by treated wastewater.  Our results 

indicate that increased water availability in the form of treated wastewater positively 

influenced the amount and distribution of Riparian Forests and Riparian Woodlands in 

the study area. While wastewater subsidy increased the amount of forest and woodland, 

this came at the expense of decreased diversity of community types, patch heterogeneity 

and community stability. The second manuscript (Appendix B) “Mapping and 

Monitoring Change in Riparian Vegetation Distribution, Structure and 
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Composition with Landsat TM and Regression Tree Models” was also designed as 

Landscape Dynamics Monitoring research for NPS-SODN.  This research utilizes multi-

date Landsat images classified using Classification and Regression Tree (CART) models 

to monitor both general watershed change and catchment-scale structural change in 

riparian vegetation.  I was the primary researcher on this project with research design 

guidance and expertise provided by Dr. Wim van Leeuwen and significant research 

assistance from Jose Raul Romo. Results from this research indicate CART modeling of 

multi-temporal Landsat imagery can provide accurate land cover data for mapping, 

monitoring and detecting riparian change over time.  The third manuscript (Appendix C) 

“The Influence of Disturbance Legacies, Historical Vegetation Change, and Local 

Environmental Conditions on Spatial Patterns of Riparian Tree Mortality” uses 

Multi-response Permutation Procedures (MRPP) and Factor Analysis (FA) to test and 

explain relationships between historical land cover/land use, environmental factors, and 

past disturbances on riparian tree mortality.  This study was designed and implemented 

primarily by me with Dr. Stephen Yool providing assistance on study design and 

theoretical framework and Amy McCoy providing geographical and historical 

background on the study area and disturbance episodes, as well as some data analysis.  

We found that spatial patterns of tree mortality were linked to historical flood disturbance 

events, post-flood climate patterns and land use. 
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CHAPTER 2.  PRESENT STUDY 

The methods, results and conclusions of this dissertation are presented as three individual 

research papers.  The following is a summary of each research paper and salient findings. 

A complete description of research design, detailed results and discussion can be found in 

the three appendices. 

 

Appendix A - The Influence of Wastewater Subsidy, Flood Disturbance and Neighboring 

Land Use on Current and Historical Patterns of Riparian Vegetation in a Semi-Arid 

Watershed. 

 

Riparian vegetation provides valuable ecosystem services from water filtering and 

channel flood control to wildlife habitat and recreational uses (Brauman et al. 2007).  In 

arid environments riparian systems and associated ecosystem services may be 

compromised when human water demand exceeds available supplies.  Riparian 

conservation and restoration efforts must balance the requirements of humans and 

ecosystems and therefore requires innovative approaches to achieve long-term 

sustainability.  One such approach is the recycling of treated wastewater to support 

riparian vegetation. To clarify the effects of wastewater effluent on riparian vegetation, 

we mapped vegetation along the Santa Cruz River in Arizona and compared vegetation 

composition and historical dynamics in areas with wastewater subsidy from the Nogales 

International Wastewater Treatment Plant (NIWTP) to areas without.  To understand 

better the historical variability and vegetation history of the sites prior to and after the 
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introduction of treated effluent we mapped the vegetation along sections of the Santa 

Cruz River using historical aerial photography.  In addition to wastewater, we focused 

our analysis to examine the influence of agricultural land use change and historical 

groundwater use on the riparian areas of the Santa Cruz River.  

 We mapped current (2006-07) vegetation along a 51 km stretch of the Upper 

Santa Cruz River using remote sensing and field methods and mapped vegetation 

retrospectively at select sites using six dates of historical aerial photography (1936, 1956, 

1975, 1984, 1996, and 2004).  We used spatial analysis techniques to quantify types and 

rates of land use and vegetation change over the 70-year period and examined these 

changes in the context of land and water use.  Our results illustrate profound effects of 

effluent on riparian vegetation: Riparian Woodlands and Forests developed more rapidly 

and occupied a greater percent of the floodplain at sites receiving direct effluent supply 

since 1972 compared to sites with no effluent subsidy.  While effluent sites had more area 

of Forest and Woodland others, they exhibited a lower diversity of community types and 

patch heterogeneity. 

 

Appendix B - Mapping and Monitoring Change in Riparian Vegetation Distribution, 

Structure and Composition with Landsat TM and Regression Tree Models. 

 

 Riparian vegetation of the southwestern United States is highly dynamic in space 

and time, affected primarily by hydrologic disturbances, drought and land use (Webb and 

Leake 2006).  Despite being temporally and spatially dynamic and biologically 
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important, riparian systems are often neglected in land cover change models designed to 

map and quantify change over time.  We developed a land cover classification system 

that incorporates riparian structural diversity and applied the system to land cover 

classifications derived from multi-temporal Landsat TM imagery.  Classification was 

accomplished using non-parametric Classification and Regression Tree (CART) models 

considered more flexible than more traditional parametric approaches (i.e. Maximum 

Likelihood) and well suited to physiognomic vegetation classification (Pal and Mather 

2003).  

We mapped land cover and riparian vegetation at approximately 10 year intervals 

(1987-2006) for the Upper Santa Cruz River watershed and analyzed the relationship 

between upland land cover change and riparian vegetation change.  We examined the 

ability of CART-based land cover maps to adequately describe riparian vegetation 

change by creating post-classification change maps of an area that experienced a major 

riparian tree-die off.  Change map validation indicated that riparian structural change is 

most accurately identified when disturbance magnitude is high. Results show that the 

primary change resulting from the die-off disturbance was compositional rather than 

structural:  Cottonwood mortality occurred primarily within patches of mixed riparian 

woodlands (Cottonwood–Willow-Mesquite) that remained woodland types dominated by 

resilient mesquite trees. 

 

Appendix C - The Influence of Disturbance Legacies, Historical Vegetation Change and 

Local Environmental Conditions on Spatial Patterns of Riparian Tree Mortality. 
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 Large-scale mortality of woody riparian vegetation serves as a leading ecological 

indicator of declining watershed health and provides early warning signs for adaptive 

management.  Woody riparian vegetation is sensitive to small fluctuations in surface and 

groundwater availability and tree mortality episodes are linked often to drought and land 

use (Rood et al. 2003).  While the cause of riparian tree die-offs is almost exclusively 

related to water availability, the spatial patterns of live and dead trees is likely influenced 

by local environment, land use and disturbance history of the floodplain.  We examined 

two die-off episodes (1997 and 2005) that occurred on the Santa Cruz River under 

different climatic and environmental conditions.  We hypothesized that spatial 

distribution of live and dead trees is not random, but related to historical disturbance 

legacies and land use.  

 We tested for differences between groups of live and dead trees using a suite of 

historical, contextual and environmental variables (e.g. tree age, distance from active 

channel, distance from agriculture, soils and topographic curvature).  We used Multi-

response Permutation Procedures (MRPP) to test for differences between groups and 

evaluated the contribution of individual model variables through piecewise MRPP tests 

and factor analysis.  Results suggest that spatial patterns of the recent 2005 die-off are 

linked to a recent flood disturbance and the post-flood establishment of Cottonwood trees 

in the outer edges of the floodplain.  MRPP results indicate that dead trees were younger 

(p = 0.001), farther from the active channel (p < 0.000), and were located in areas with 

greater channel migration over time (p < 0.000) than live trees in the same area.  
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2.1 Summary 

The research protocols and riparian biogeography presented in this dissertation were 

developed to help land managers monitor and analyze riparian condition and historical 

riparian dynamics--to clarify the function and structure of these highly complex, 

endangered systems.  Remote sensing and spatial analysis are used as fundamental 

modalities to define and describe current and past riparian conditions and for analyzing 

spatial patterns of disturbances and their drivers.  Research results highlight the role of 

land use and disturbance in mediating the spatial patterns of riparian vegetation over 

time. With increasing temperatures and greater drought predicted in the west, knowledge 

of historical riparian dynamics and disturbance legacies within the watersheds appear key 

to planning and managing natural resources under changing conditions.  

The most significant findings of these studies can be summarized as follows: 

1) Riparian community diversity and patch heterogeneity are related to historical and 

current levels of agricultural and residential land use within catchments.  Treated 

wastewater is a viable resource for restoration of riparian zones; however areas 

subsidized by wastewater had lower community diversity and may experience 

die-off after reaching some critical threshold.  The results suggest the long-term 

effects of wastewater on riparian communities may not be linear and should be 

subject to further research. 

2) Land cover models can and should include detailed information on riparian 

structure for a more robust understanding of watershed dynamics over time. 

Riparian dynamics and disturbance related change can be accurately modeled 
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using post-classification change detection.  Using Landsat TM and CART models, 

we mapped major structural and compositional vegetation changes following a 

2005 tree-die off on the Santa Cruz River, significant changes that altered the 

connectivity of riparian habitat along the river. 

3) The recent riparian die-off event on the Santa Cruz River was influence by 

historical disturbance and land use legacies.  Trees that established following the 

major floods of 1967 and 1983 were more likely to succumb to mortality than 

trees that established at different time periods.  These trees appear to have 

established far from the active channel and were maintained at these locations 

during a series of uncharacteristically wet years during the 1980s and 1990s.  

Recent drought conditions and groundwater pumping likely led to the mortality of 

these trees, suggesting that other riparian areas in the region might experience 

similar patterns under persisting drought conditions and more intense land use.  

Restoring riparian systems in arid environments to a functional level will require 

management activities that address mulitiscale processes operating within the watershed.  

Complete restoration of riparian systems will involve promoting and maintaining the 

fundamental physical and hydrologic processes while minimizing water use and land use 

conditions that lead to habitat degradation.  The results of this research illustrate the tight 

coupling between water resources and vegetation pattern and structure.  To maintain and 

sustain riparian ecosystem services, a primary activity of watershed management 

agencies should be to limit excessive groundwater withdrawal, especially during periods 

of drought.  Restoration efforts focusing specifically on riparian vegetation should strive 
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to maintain riparian habitat connectivity as well as promote structural and spatial 

heterogeneity of plant communities.  The results of this research describe substantial 

variability, natural and otherwise, in riparian dynamics over space and time; maintaining 

diversity and heterogeneity should be a primary objective of restoration efforts. 

2.2. Future Research 

Results from Appendix A, concerning the relationship between wastewater subsidy and 

community diversity and heterogeneity, are suggestive yet inconclusive.  The relationship 

between effluent and riparian vegetation should be examined more completely to include 

plot-based vegetation data describing species diversity and structural diversity.  Lower 

diversity of community types in areas receiving subsidy may be the result of a number of 

factors:  resource domination and competition by certain species or community types, 

high nutrient loads encouraging a monoculture of Cottonwood Forests and Cottonwood 

Woodlands, land use/vegetation interactions, topographic heterogeneity, and the 

aftereffects of the 2005 Cottonwood die-off.  Closer investigation of these factors may 

provide more insight into the effects of effluent on riparian vegetation development.  

Examining commonalties and differences between vegetation composition and patterns 

on the effluent supported reach of the Upper Santa Cruz River and other effluent 

supported rivers may provide further information on trends, rates and variability of 

riparian vegetation development. 

 The results presented in Appendix B of this dissertation suggest strongly that 

riparian vegetation can be monitored using a time series of moderate resolution 

multispectral satellite imagery.  Future research in this area should examine temporal and 
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spatial scales necessary to monitor riparian vegetation health regionally.  Accurately 

modeling and monitoring regional trends in riparian vegetation is a major effort, but we 

believe some of the challenges may be minimized with some aggregation of class levels 

(e.g. combining Shrub Savanna and Herbaceous) and a reduced number of the image-

derived variables used in this dissertation.  Finally, an analysis of the relative contribution 

of variables to the final CART model will offer insight into the biophysical relationship 

between image data and physiognomic structure of vegetation classes and help streamline 

and simplify the monitoring process. 

 Riparian tree die-off is in many cases related to changes in water use and land use.  

Future research should focus on water requirements and thresholds for riparian 

sustainability and examine potential relationships between effluent water quality and 

mortality incidence.  Furthermore, qualitative analysis of water management decisions 

and land use changes surrounding the die-offs will help inform future management 

activities and strategies. 
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Abstract 

 Riparian systems are among the most diverse and most threatened ecosystems in the 

western United States and consequently the focus of much conservation and restoration 

effort.  Detailed mapping of existing riparian vegetation and quantitative description of 

historical riparian dynamics can inform and direct ecosystem conservation and restoration 

efforts.  Using historical aerial photography, satellite image data and field methods we 

examine and compare historical riparian vegetation dynamics within catchments of 

varying types and levels of land use intensity along a 51 km stretch of the Santa Cruz 

River in Arizona, USA.  We mapped current (2006-07) riparian vegetation to a 

Formation Class-level (dominant lifeform) through aerial photo-interpretation and refined 

the map to an Alliance-level (dominant species) with extensive field data.  We mapped 

historical vegetation to the Formation-level using six dates of aerial photography (1936, 

1956, 1975, 1984, 1996, and 2004) and quantified rates of land use and vegetation change 

over the 70-year period with spatial analysis techniques.  Our results indicate that the 

current amount, distribution and diversity of vegetation Alliances are linked to direct 

effluent supply.  Sites receiving effluent subsidy since 1972 experienced a rapid increase 

in area of Riparian Forest and Riparian Woodland from 1984-2004, followed by 

subsequent retrogression to herbaceous-dominated Formation Classes from 2004-2006, 

the result of an extensive cottonwood tree die-off.  Sites with no effluent subsidy are 

currently dominated by a mixture of shrub and non-native herbaceous-dominated 

Alliances, but tend to have higher overall Alliance diversity and exhibit more stability 

and resilience over time. 



 

 

29 

Keywords: Vegetation mapping, historical vegetation change, riparian vegetation, land 

use, landscape metrics. 

1.1 INTRODUCTION 

Over the past century agricultural land use and growing urban/rural development in the 

southwest have increased demands on groundwater supply (Webb et al. 2007).  

Residential and agricultural groundwater consumption combined with episodic drought 

threaten native plant communities, especially desert riparian communities sensitive to 

fluctuations in subsurface water availability (Meyer et al. 1999).  Riparian areas provide 

recreation opportunities, wildlife habitat, and  essential ecosystem services required for 

sustainable landscapes (Naiman et al. 1993, Brauman et al. 2007).  Recognizing the 

natural, social, and economic benefits of riparian vegetation, land managers, city 

planners, and land developers throughout the Southwest increasingly favor maintaining 

and restoring riparian habitat as a component of functioning urban and rural landscapes 

(Stromberg 2001, Shah et al. 2007, AWPF 2008).  The relative scarcity of water in arid 

regions necessitates creative solutions to both fulfill human demands and support 

ecosystem function.  Programs and proposals to restore and maintain riparian systems 

with wastewater or other supplemental water sources raise important questions about how 

riparian community types will respond to “guaranteed” perennial surface flow and how 

riparian vegetation can be managed in the context of historical vegetation patterns  

(Stromberg 2001, Shah et al. 2007, AWPF 2008). 

The spatial and temporal dynamics of riparian vegetation and their relationships 
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to disturbance and proximate land use make riparian systems well suited for analysis 

using techniques developed for landscape ecology (Malanson 1995).  Spatial pattern and 

composition of existing riparian vegetation is influenced by a range of abiotic and biotic 

drivers including soils, climate, local land use, disturbance history and historical 

vegetation distribution (Wissmar and Beschta 1998, Harris 1999).  This research 

examines historical land use/vegetation interactions on the Upper Santa Cruz River 

Valley (USCRV) of southern Arizona, USA.  We focus specifically on the impact of 

treated wastewater from the Nogales International Wastewater Treatment Plant (NIWTP) 

on riparian vegetation development and distribution by comparing change in vegetation 

patterns in effluent-dominated and effluent-free river reaches.  We mapped current spatial 

distribution of vegetation communities based on a 2006-07 field-based riparian 

vegetation map and reconstructed historical (1936-2004) vegetation conditions using 

aerial photography.  Using these datasets we address the following questions: 

1. How does the current distribution of riparian vegetation communities differ 

(structurally, compositionally, and spatially) between areas receiving effluent 

subsidy and areas with no subsidy? 

2. Do the amount, distribution, and spatial pattern of current vegetation Formation 

Classes differ from historical conditions?  At what point in time and where did 

important changes in Formation Classes occur and how is this timeframe related 

to disturbance and land use changes within catchments and sub-basins? 

To answer these questions we document vegetation change prior to, and after the 
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introduction of wastewater and examine patterns and changes with coincident data 

describing historical ground and surface water availability, land use change, and 

disturbance of the Santa Cruz River floodplain.   

1.2 Study Area 

The Upper Santa Cruz River Valley (USCRV) provides an ideal location for 

observational research describing relationships between land use and vegetation 

dynamics.  The valley has a long history of human settlement and recent, steady 

population growth driven by the availability of many “new west” amenities; one of the 

most prominent natural amenities is the lush riparian area along the Santa Cruz River 

(Logan 2002, Sheridan 2006).  The bi-national Santa Cruz River originates in the San 

Rafael Valley of Southern Arizona where it flows southward into Sonora, Mexico for 

approximately 20 km before returning north to cross the international border east of 

Nogales (Figure 1).  The river flows northward from the border through Tucson, Arizona 

eventually joining the Gila River near Phoenix, Arizona. For most of its length the Santa 

Cruz is now dry, with perennial surface flow largely restricted to reaches just downstream 

of the NIWTP and water treatment plants in Tucson.  The study area encompasses the 

USCRV from the U.S./Mexico border to the Santa Cruz/Pima County line (Figure 1), 

where the river ceases to flow aboveground.  The 51 km of linear floodplain in this reach 

constitutes a mosaic of agricultural fields, pasture and patches of riparian vegetation in 

various seral stages.  Tumacácori National Historical Park, the site of three colonial 

Spanish Missions dating from 1691-1756, is the primary protected riparian area on the 
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Santa Cruz River.  Most of the other land in the study area is privately owned.   

The USCRV, located within the Sonoran desert at the southern portion of the 

basin and range province, is characterized by mild winter temperatures and high summer 

temperatures.  The average maximum temperature at Tumacácori (1948-2005), 36°C, 

occurs during the month of July and the average minimum is 0°C during January.  The 

USCRV and surrounding areas are characterized by a bimodal precipitation regime, with 

a slight majority of the precipitation received in mid-summer during the North American 

Monsoon, and the rest in winter as Pacific frontal storms (Adams and Comrie 1997).  

Average annual precipitation recorded at Tumacácori (1948-2005) is 40 cm.  Two USGS 

river gauging stations on the Santa Cruz River at Nogales and Continental (located near 

the international border and between Tubac and Tucson respectively) give a good 

indication of flood events and high precipitation (http://waterdata.usgs.gov/).  Major fall 

and winter floods occurred on the Santa Cruz River in December 1967, October 1977, 

October 1983 and January 1993.  Prior to the flood of 1967, most peak flows were 

considerably smaller and occurred as a result of summer rains, indicating a change in 

flood seasonality during the 20th century (Webb et al. 2007). The flood of 1983 was the 

largest on record (Roeske et al. 1989). 

1.3 Description of Study Area Hydrology and Vegetation 

To stratify the USCRV watershed into ecologically meaningful units, we derived 

catchment and associated stream networks from a 10m Digital Elevation Model (DEM) 

using ArcGIS ArcHydro (Maidment 2002).  The Santa Cruz River from the international 
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border to the Santa Cruz/Pima county line is comprised of 11 major catchments (Figure 

1).  Total catchment area varies from 16.9 km2 at Calabazas to 74.9 km2 at Agua Linda, 

and the average width of floodplain varies from 350 m at Guevavi to 1800 m at Agua 

Linda (Table 1).  The floodplain from Buena Vista to Calabazas is generally meandering 

and narrow, constrained by topography.  At Rio Rico South, near the confluence of the 

Santa Cruz River and a major tributary, the river floodplain and the valley in general 

widen considerably.  Treatment plant effluent is introduced into the Santa Cruz at the 

northern section of the Calabazas catchment and terminates at the Agua Linda catchment.  

Stream flow at Buena Vista, Kino Springs, Guevavi and Calabazas is ephemeral; the river 

only flows for short periods following adequate winter or summer precipitation events 

(Figure 2).   

The 11 catchments can be aggregated into areas influenced by three groundwater 

basins with more or less homogeneous groundwater conditions:  1) Buena Vista, Kino 

Springs and Guevavi are part of the micro-basin area, 2) Calabazas, Rio Rico South, Rio 

Rico North and Otero comprise the Rio-Rico Sub-basin, and 3) Tumacácori, Tubac, Agua 

Linda and Amado the Tubac Sub-basin (Figure 2).  Primary inflow sources to the Santa 

Cruz River are precipitation recharge, surface run-off from tributaries and mountain 

fronts, effluent recharge from the NIWTP, incidental agricultural recharge, and 

subsurface groundwater inflow (Nelson 2007).  Spatial patterns of groundwater inflow 

within the main basin are regulated by Sub-basin and Micro-basin dynamics.  The 

southern reach of the river is a network of four shallow alluvial micro-basins constrained 

by impermeable formations, with depths ranging from 12-45 m (Erwin 2007).  Due to 
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their small capacity, groundwater levels in the micro-basins are variable and highly 

sensitive to withdrawal, drought and flood events.  During low-flow periods, the 

upstream micro-basin is the first to recharge; once recharged, surface flow increases, 

filling downstream micro-basins sequentially (Erwin 2007).  Two large Sub-basins, with 

greater depth and hydrological connectivity than the micro-basins, make up the main 

reach of the river from Calabazas to the Santa Cruz/Pima County boundary (Nelson 

2007) (Figure 2).  

Historically, the reach of the USCRV from the US/Mexico border to Amado, 

Arizona flowed intermittently throughout the year supporting only a modest amount of 

perennial woody riparian vegetation.  The NIWTP, established 13 km north of the border 

in 1972, undoubtedly changed the character of downstream riparian vegetation.  Treated 

effluent provides a major input to the Santa Cruz River downstream from the plant and 

the effects of wastewater are both praised and suspect.  The treatment plant, located in 

Rio Rico, Arizona, treats 14 million gallons per day (mgd) of influent from both sides of 

the border, enough water to support perennial stream flow from Rio Rico to Amado.  

Much of the flourishing riparian vegetation downstream from the NIWTP would likely 

not survive without effluent, but a 2005 riparian tree die-off near the treatment plant and 

NPS water quality monitoring at Tumacácori has prompted questions about NIWTP 

wastewater quality and its effects on flora and fauna of the area.  

The woody vegetation of the Santa Cruz River is a mixture of obligate riparian 

species, that require a dependable and accessible water supply (i.e. surface or shallow 
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subsurface flow), and facultative species able to survive on floodplain terraces and in 

xeric uplands.  Both obligate and facultative riparian plants are typically phreatophytic 

and require a permanent supply of groundwater.  The dominant shallow-rooted 

phreatophytes of the Santa Cruz are Fremont cottonwood (Populus fremontii), Goodding 

willow (Salix gooddingii) and elderberry (Sambucus nigra) which primarily exist in close 

proximity to the river channel.  Common deep-rooted phreatophyes include velvet 

mesquite (Prosopis velutina), netleaf hackberry (Celtis laevigata var. reticulata) and the 

non-native tamarisk (Tamarix ramosissima).  Shrubland vegetation in the floodplain 

includes seepwillow (Baccharis salicifolia), desertbroom (Baccharis sarothroides), 

single-whorl cheesebush (Hymenoclea monogyra), and tamarisk (Tamarix ramosissima). 

Shrub species found further away from the floodplain and on terraces include velvet 

mesquite (Prosopis velutina), catclaw acacia (Acacia greggii), graythorn (Ziziphus 

obtusifolia) and wolfberry (Lycium species).  The herbaceous layer typically consists of 

mixtures of non-native Bermuda grass (Cynodon dactylon), amaranth (Amaranthus 

palmeri) and Johnson grass (Sorghum halepense).  

1.4 Historical Change in Riparian Vegetation of Southern Arizona 

The degree of human-caused change to riparian vegetation since European 

settlement is a somewhat contentious issue and estimates of riparian vegetation loss over 

this time period vary considerably (Krueper 1993, Webb et al. 2007).  Webb et al. (2007) 

challenged the widespread acceptance and persistence of a 90% figure of riparian 

vegetation loss in the southwest and used repeat ground photography to document 
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historical changes in riparian vegetation on several major rivers in Arizona.  The authors 

found in many instances a general increase in riparian vegetation during the era of 

photography (Webb et al. 2007).  However, overgrazing and channelization were 

prominent by the late 1800s, suggesting that the earliest repeat-photography established 

reference conditions during a low point of riparian systems (Yeakley 2008).  

Vegetation of the Santa Cruz River has been documented qualitatively in 

historical accounts by travelers, offering insight into historical riparian conditions.  In 

1893 Edgar Alexander Mearns visited the area to collect data on mammals of the 

borderlands, and described the river at the Mission Tumacácori as “broadly bordered by 

trees” and the surrounding uplands as “covered by mesquite and brushland…an ideal 

collecting ground (for mammals)” (Mearns 1907).  In his personal narrative of southwest 

exploration, J.R. Bartlett, travelling the Santa Cruz River south from Tubac during the 

rainy season, described the valley as being “covered with luxuriant grass, and but few 

trees.  The immediate banks of the river, which is here as diminutive as near Tucson, are 

lined with cotton-wood trees of a gigantic size…In some places there are large groves of 

these trees, rendering this part of the valley the most picturesque and beautiful we had 

seen.” (Bartlett 1965).  There is evidence that by the early 20th century riparian vegetation 

of the USCRV was in decline as water demand for agriculture and residential use grew.  

Around the time of the Great Depression, farmers near Tumacácori destroyed thousands 

of mature cottonwood trees in an effort to increase river flow and water availability 

(Logan 2002).  
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Since the 1930s vegetation of the Upper Santa Cruz River riparian area developed 

in response to a handful of factors (Logan 2002).  The most important change was the 

establishment in 1972 of the Nogales International Wastewater Treatment Plant, which 

introduced an “artificial” perennial flow to the river, influencing much of the riparian 

vegetation downstream (Webb et al. 2007).  Other land use activities in the river valley 

including development, livestock grazing, irrigation, and groundwater pumping, 

however, continue to alter the character of  riparian vegetation (Logan 2002, NRC 2002).  

Variable climate conditions, especially long-term drought, can further impact the riparian 

system by reducing the likelihood of colonization and establishment of native plants and 

causing direct mortality through resource reduction (Grimm et al. 1997). 

2. DATA AND METHODS 

2.1 Mapping Current Vegetation 

2.1.1 Classification System 

We integrated field and lab work to produce a riparian vegetation map using the National 

Vegetation Classification (NVC) system as a model (FGDC 2008).  The NVC is arranged 

hierarchically to facilitate classification and mapping at multiple scales. The NVC 

hierarchy is characterized by physiognomy and structure at the highest levels and 

floristics at the lowest levels (Table 2).  The physiognomic levels are defined by the 

physical form of the dominant vegetation and floristic levels defined by diagnostic 

species or co-dominant species.   NVC Formation Classes are based on vegetation 

structure and determined primarily by the relative percent canopy cover of trees, shrubs, 
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and herbaceous plants.  The Alliance is defined by the NVC as a “vegetation 

classification unit… defined by a characteristic range of species composition, habitat 

conditions, physiognomy, and diagnostic species, typically at least one of which is found 

in the uppermost or dominant stratum of the vegetation” (Jennings et al. 2009).   

2.1.2 Formation Class and Alliance Mapping 

Vegetation mapping procedures, as proposed in the NVC model, proceed in a manner 

where all vegetation types are identified and described through ordination of field plot 

data prior to mapping.  We modified the NVC methods by conducting classification and 

mapping simultaneously rather than sequentially.  With high-resolution multispectral 

imagery, aerial photography and some preliminary field reconnaissance, the 

physiognomic vegetation Formation Classes were identified and digitized in ArcGIS.  To 

assist the field-based vegetation Alliance mapping, we developed a Formation Class-level 

polygon map (NVC standard minimum mapping unit = 0.5 ha) of the Santa Cruz River 

floodplain by estimating percent cover of lifeform (tree, shrub, herbaceous) from high-

resolution Quickbird satellite imagery acquired September of 2006.  Formation Classes 

have distinct spectral, spatial and textural attributes that can be interpreted and mapped 

using high resolution multispectral imagery, though species are not reliably identifiable.  

Two land cover classes (Agriculture and Residential) and ten physiognomic vegetation 

Formation Classes were identified, defined by relative percentages of tree, shrub, 

herbaceous and bare ground cover (Table 3).  All vegetation was classified to the NVC 

Formation Class level, with one major modification: forests and woodlands have 
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qualifiers distinguishing Mesquite from Cottonwood-Willow (Table 3).  Three types, 

Riparian Woodland, Riparian Mesquite Forest and Riparian Forest, were mapped at a 

level between Formation Subclass and Division to include environmental and species 

information (Tables 2 and 3).  Mesquite can be accurately distinguished from other 

riparian species (cottonwood and willow) based on spectral and textural signals.  Because 

the rates of establishment and life history strategies of these communities are distinct, as 

are their value as habitat, this important distinction allowed us to address in more detail 

riparian dynamics when applying this classifications scheme to historical aerial 

photographs.  

Formation mapping was followed by systematic field observation of plant species 

(i.e. relevé sampling) within each Formation polygon to identify vegetation Alliances.  

Vegetation Formation polygons were refined (often split) to delineate Alliance polygons 

based on plant species composition. For each Formation Class polygon, vegetation, soils, 

and landform data were collected by field crews using relevé-style plots.  A tentative 

Alliance type was assigned to each Formation polygon based on ranked floristic data (top 

three dominant in tree, shrub and herbaceous categories).  Once all polygons were 

attributed with an Alliance type, polygon field data were compiled and multiple Alliance 

types were condensed based on shared dominant and co-dominant species.  In areas 

where ground access was restricted, we mapped dominant species via a low altitude aerial 

flight (www.lighthawk.org) using a Canon EOS 20D 8.2 megapixel digital camera 

outfitted with a 200mm lens.  We mapped 148 of the total 698 polygons using the aerial 

survey and estimated map accuracy of aerially mapped polygons (100%) using 28 field 
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sampled polygons.  We ultimately mapped 40 unique Alliances in 698 polygons covering 

4,545 ha of the Santa Cruz River floodplain.  Of the 698 Alliances, 100 were mapped as 

Agriculture or Developed land cover types, and the remaining 598 as vegetation 

Alliances.  We calculated number of Alliances and patches per catchment and percent 

catchment occupied by each Alliance, Patch Density (PD) and Patch Richness Density 

(PRD).  Patch Density is a simple measure of the number of patches per unit area, 

measured as: 

 

Where ni is number of patches per catchment and A is catchment area.  Patch Richness 

Density is a measure of number of different Alliance types per area, and offers 

information of diversity of vegetation communities within each catchment.  PRD is 

measured as: 

 

Where m is number of alliance types per catchment and A is catchment area in hectares.  

Both metrics are converted to hectares.   

 We intended to use data derived from catchment transects to make some 

generalized statements about dynamics of the entire Santa Cruz River over time using 

class fragmentation metrics describing such characteristics as area, shape, core area and 

connectivity.  We tested the statistical power of the eleven catchment transects relative to 

the entire mapped 51km of the 2006 Formation Class map by sub-setting the catchments 

from the main map and generating class statistics for the transects and the entire map.  
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We generated a  number of widely used landscape metrics using FRAGSTATS 

(McGarigal et al. 2002) and tested for significant differences between transect values and 

the entire map (Table 6).  Based on comparison of Formation Class statistics derived 

from the 2006 vegetation map and associated transects, we were confident that we could 

adequately describe changes in Area, Shape and Core Area of Formation Classes using 

historical data from the mapped transects (Table 6).  Based on results presented in Table 

6, we calculated Percentage of Landscape (PLAND), Contiguity (CONTIG) and Core 

Area Index (CAI) for 1936, 1956, 1975, 1984, 1996, 2004 and 2006 transect Formation 

Class maps. Contiguity describes the connectedness of patches of a certain Formation 

Class type, where CONTIG values increase as patch connectivity increases (McGarigal et 

al. 2002). In riparian systems CONTIG describes the connectedness of riparian habitat 

types within the riparian corridor.  CONTIG is calculated as: 

/ v  

Where cijr  = contiguity value for pixel r in patch ij , v – sum of the values in a 3x3 cell 

window, and aij = area of patch ij  in terms of number of cells. Core Area Index (CAI) 

indicates the percentage of a patch that is core area relative to patch boundary (McGarigal 

et al. 2002).  We calculated CAI with a relatively small 30m fixed edge distance in order 

to capture small core area changes present in the linear-shaped riparian types.  CAI is 

calculated as: 
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Where aij
c = core area (m2) of patch ij  and aij = area (m2) of patch ij . PLAND is a simple 

metric quantifying the abundance of each Formation Class over a specified area. PLAND 

is calculated as: 

/ A 

where Pi = proportion of the landscape occupied by class type I, aij = area (m2) and A = 

total landscape area (m2). 

2.2 Mapping Historical Vegetation 

Methods for establishing historical vegetation conditions are numerous and vary 

according to time scale and questions being addressed (Swetnam et al. 1999).  Repeat 

historical photographs, for example, cover a relatively short timeframe (~150 years) but 

contain a large amount of visual detail and information.  Documentary research relying 

on repeat ground photography to demonstrate directional vegetation change in the 

southwest have been criticized because change is difficult to quantify, and because a 

ground photograph represents only a single point in space (Bahre 1991, Hart and Laycock 

1996, Hutchinson et al. 2000, Turner et al. 2003, Webb et al. 2007).  Repeat small-scale 

aerial photographs, some of which date back to the 1930s, offer a broad view of the 

landscape and can be easily digitized, standardized, georeferenced and imported into a 

Geographic Information System (GIS) to quantify spatial characteristics of vegetation 

change (Hutchinson et al. 2000, Goslee et al. 2003).   

Applying the Formation mapping techniques described in section 2.1.2, we 
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delineated riparian vegetation from historical panchromatic and color infrared aerial 

photography.  It is difficult, if not impossible to verify the accuracy of vegetation maps 

made from historical aerial photography without “legacy” vegetation data sets (i.e. plots 

or transects) collected during coincident periods.  We field checked the 2006 Riparian 

Formation Class map and found it to be highly accurate (Kappa = 0.941, overall accuracy 

= 95%).  With this level of accuracy we felt confident applying the same Formation 

mapping technique (estimating vegetation lifeform by relative size and shadow effects, 

and percent cover relative to surrounding Lifeforms) to historical aerial photographs.  

The earliest existing aerial photography of the USCRV was collected for the Soil 

Conservation Service in 1936, and subsequent imagery was collected in 1956 and 

repeated at approximately 10-year intervals, for a majority of the river (Table 4).  The 

historical aerial photographs available were of varying quality; however we selected only 

the best sets for analysis, discarding four aerial data sets of questionable quality (1967, 

1980, 1985 and 2003).  Photographic images were georeferenced to USGS orthophoto 

quarter quads using ArcGIS software (ESRI 2008).  For each of the 11 transects we 

mapped 2.0 km of linear floodplain by the floodplain width (with the exception of 

Tumacácori NHP where mapped floodplain was extended to 2.5 km width in order to 

include the entire riparian section of the National Park unit (Figure 2)).  We delineated 

the floodplain boundary based on a 10 m digital elevation model, and mapped floodplain 

vegetation for each photograph date for each of the 11 transects.  To examine spatially 

the change trajectories within each transect we generated a point lattice with 25 m 

spacing and attributed each point with a vegetation class for each year. 
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Aerial image availability/coverage and time series increments varied slightly 

within the Sub-basins.  The availability of aerial imagery was consistent for the Tubac 

and Rio Rico sub-basins from 1936-2006, while the southern reach from the international 

border to the NIWTP was not photographed completely in 1975, leaving a data gap for 

the three transects located within the micro-basin area.  In 2005, a riparian tree die-off 

occurred (over 1,000 trees) within the Rio Rico sub-basin.  The die-off occurred while 17 

mgd of water was being put into the basin, making the causal mechanisms of the 

disturbance somewhat obscure.  The disturbance was likely water related (e.g. 

groundwater overdraft, nutrient clogging of the hyporheic zone, water contamination) but 

the specific cause is still unknown (see Results and Discussion).  We sought to address 

this disturbance and capture changes leading up to and immediately after the die-off by 

mapping Formation Classes using a supplemental aerial photography data set from 2004.   

2.3 Groundwater Data 

Historical groundwater levels were established for each transect from well measurements 

collected by the University of Arizona, the Arizona Department of Water Resources and 

the USGS between 1934 and 2005.  Groundwater levels of the micro-basin catchments 

are highly variable, related to the small size of the individual basins and recent aquifer 

pumping that supplies water to the city of Nogales, Arizona (Nelson 2007).  Groundwater 

levels in the micro-basins display a stair-step pattern related to fill and overflow from the 

small aquifer basins (Figure 3).  It is important to note that well measurements were not 

consistently collected over time or space; initial well measurements were collected as 
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early as 1934 and some as late as 1987, and the number of measurements per time period 

varied considerably (Table 5).  Well measurements and statistics are meant only to give a 

general idea about hydrological conditions for each transect and sub-basin. 

3. RESULTS and DISCUSSION 

3.1 Description of Current Vegetation 

We subset the 2006-07 Formation Class map by catchment and grouped the Classes by 

major lifeforms and land cover types (Tree, Shrub, Herbaceous, Developed and 

Agriculture) (Figure 4).  The micro-basin catchments from Buena Vista to Calabazas are 

dominated by Shrub and Herbaceous Formations while Tree-dominated Formations 

(Forest and Woodland) become prominent near the NIWTP at Calabazas and generally 

increase in area until Agua Linda where effluent flow ceases (Figure 4).  Similarly, an 

examination of the distribution of Alliance types within catchments indicates a majority 

of the Forest and Woodland Alliances, primarily Mesquite- and Cottonwood-dominated, 

occurred in catchments downstream from the NIWTP (Figure 5).  Otero, Tumacácori and 

Tubac catchments are dominated by Forest Alliances and Rio Rico South and Rio Rico 

North are dominated by a mixture of Forest and Woodland, primarily Mesquite-

dominated Alliances (Figure 5).  Cottonwood Forests were restricted to the four 

catchments immediately north of NIWTP, while some percentage of Cottonwood 

Woodlands occurred within each catchment.  The effluent-dominated catchments had 

little to no Shrubland, Herbaceous or Barren Alliances.  Tree Savanna Alliances were 

found in all catchments, ranging from one Alliance type per catchment at Buena Vista 
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and Tubac, to six different Tree Savanna Alliances in the Tumacácori catchment (Figure 

5).  Catchments upstream of the treatment plant tend to be composed of a mixture of 

Herbaceous-dominated Alliances and various Barren (Strand) Alliances with the 

exception of Buena Vista which was dominated by Cottonwood-Goodding Willow 

Woodland, and a mixture of Mesquite Shrubland and Shrub Savanna.  Agua Linda and 

Amado, where the Santa Cruz River again flows only intermittently, are primarily 

composed of xeric Herbaceous, Shrub Savanna and Tree Savanna Alliances (Figure 5).  

 Low Patch Density at Rio Rico North and South suggests a homogeneous riparian 

zone immediately downstream from NIWTP.  PD is generally highest in the micro-basin 

catchments upstream from NIWTP, with the exception of high PD values at Tumacácori 

and Otero which is not a reflection of Alliance heterogeneity but the result of urban 

development and fragmentation of Velvet Mesquite-Catclaw Acacia Forest Alliance in 

the floodplain.  With the exception of Guevavi, Patch Richness Density values indicate a 

slightly greater diversity of Alliance types for micro-basin catchments upstream of the 

NIWTP (Figure 6).  The lower diversity of Alliances at the sites downstream from 

NIWTP may be explained by two processes: the development and dominance of 

homogeneous Forest and Woodland types following the introduction of effluent, and the 

reduction of Alliance diversity following the 2005 tree die-off; these processes will be 

explored in more detail and within the context of historical vegetation change in the 

following sections.  Furthermore, diversity of Alliance types per catchment appears to be 

related to catchment land use with greater PRD in areas of the floodplain with less 

agricultural and developed land (Figure 7).  This trend may be the product of historical 
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land use legacies as well as contemporary land and water use pressures in the more 

developed reaches of the floodplain.  The outlier Tumacácori, with a large amount of 

agricultural/developed land and a PRD of 5.5, generally reduces the strength of the 

correlation; however it is worth noting that much of the agricultural land in the catchment 

is maintained by the National Park Service as a cultural landscape but not actively 

irrigated or cultivated.  

3.2 Historical Vegetation Change 

We focus a majority of our analysis on the effects of effluent, introduced into the system 

in 1972, on riparian vegetation dynamics.  In 1972 the NIWTP had an average monthly 

outflow of 8.2 mgd and was upgraded to handle 17 mgd in 1992 to accommodate the 

growing populations in both Nogales, Arizona and Nogales, Sonora.  From these 

historical data we would expect to see a steady increase after 1972 in riparian or woody 

vegetation in transects downstream from the NIWTP.  However, the immediate effects of 

the effluent on vegetation growth were likely restet by the powerful 1983 flood, and since 

our data present only snapshots of 1975 and 1984, describing effluent-related vegetation 

dynamics in the decade after the establishment of NIWTP is difficult.  We therefore focus 

on the period from 1984 -2006 (post-flood and during the plant upgrade) when examining 

the impact of effluent on the downstream riparian communities.  

3.2.1 All Catchments/Transects 

 In this section we analyze and describe trends in landscape metrics over time for 

vegetation mapped over the entire floodplain, followed by three sections (3.2.2, 3.2.3 and 
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3.2.4) describing in detail historical dynamics of catchment transects within each of the 

three major groundwater sub-basins based on information derived from the spatially-

anchored lattice data. 

We calculated CONTIG for Riparian Mesquite Forest (RMF), Woodland (W), 

Riparian Woodland (RW), Riparian Forest (RF) and Tree Savanna (TS) Formation 

Classes.  The historical Formation Class data indicate connectivity of RMF was greatest 

in 1936 and decreased substantially over the 70-year period (Figure 8).  Historically, 

RMF in the study area was found in long contiguous patches on landforms elevated 

above the channel and typically free from direct flood damage, but these areas have been 

subjected to fragmentation through agricultural conversion and development of 

residential housing and associated road networks.  While RMF increased generally over 

time from 1956 to the present as a result of agricultural abandonment and succession, 

connectivity of this type remains far lower than in 1936 due to the patchy spatial pattern 

of abandonment (Figure 8).  According to the data, most of this RMF fragmentation 

occurred after 1996, about the time growth and urbanization increased in the watershed 

(Villarreal 2009).  RF CONTIG was highest in 1936 and decreased drastically during 

1956, 1975 and 1984 (Figure 8).  RF CONTIG increased again by 1996, likely due to the 

expansion of RF related to effluent.  The drop from 1996-2004 in CONTIG is 

problematic, as RF grew in class area and PLAND during this period (Figures 8 and 9).  

The inconsistency is probably best explained by the succession of smaller patches of RW 

to RF during the period, decreasing the mean CONTIG value of RF. RW CONTIG was 

variable over the time period, and connectivity in general increased in the effluent era 
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followed by a decrease after 2004 (Figure 9). 

CAI was in general highest for Agriculture (A), Shrubland (S) and Shrub Savanna 

(SS).  RMF CAI decreased with time from 40% in1936 to 17% in 2006 as a result of both 

fragmentation of larger patches and reversion of Agriculture patches to woodlands 

(Figure 8).  Similar to CONTIG, RF CAI decreased from 1936-1984, increased by 1996 

during the effluent era, followed by decreases in 2004 and 2006.  Unlike RF, RW CAI 

values decreased from 1936-1975 and increased from 1984-2004 with only a slight 

percentage decrease following the 2005 die-off (Figure 8).  

PLAND values calculated for all 11 transects illustrate two general trends in the 

floodplain over time: a shift in land use from Agriculture to Residential, and a decline in 

percentage of Riparian Forest (RF) and Riparian Woodland (RW) from 1936-1984 and 

subsequent increase following the introduction of effluent into the system (Figure 9).  

PLAND calculated for each individual transect over time more clearly illustrates the 

effect of effluent on development of Forest and Woodland Formations dominated by 

obligate riparian species.  From the earliest aerial photographs taken in 1936 to the recent 

2004 and 2006 imagery, the measurable amount of RW and RF increased at sites at or 

downstream from NIWTP (Figure 11).  RW and RF decreased between 2004-06 at Rio 

Rico North and South and Otero as a result of the 2005 die-off (Figure 11).  Around the 

point where effluent flow ceases to flow aboveground (Amado and Agua Linda), RW and 

RF decreased or disappeared completely from 1936 to 2006 (Figure 10).  Sites upstream 

from the NIWTP, Guevavi, Kino Springs and Buena Vista, with no effluent subsidy and 
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only intermittent natural flow, all reported some cottonwood Forest in 1936 and no 

Cottonwood Forest in 2006, most of which had disappeared from these sites by 1956 

(Figure 12).  All three of the sites however did have RW in 2006, making up 30% of the 

floodplain at Buena Vista (Figure 12).  

3.2.2 Tubac Sub-basin 

Between 1936 and 1975, the primary change at the Amado, Agua Linda, Tubac and 

Tumacácori transects was land use driven (Figure 10).  The conversion of Riparian 

Mesquite Forest and Woodland to Agricultural and Residential land uses was apparent at 

all transects except Tubac, where a small percentage of Agricultural land was retired and 

returned to riparian vegetation types or converted to Residential.  The flood in 1983 

disturbed a large portion of Agricultural land within the floodplain, most of which was 

mapped as Barren or Herbaceous in 1984.  Between 1984 and 1996, Barren and 

Herbaceous areas developed into Riparian types, typical of post-flood vegetation 

dynamics.  At Amado, where surface flow is intermittent and which is generally drier 

than the rest of the sub-basin, 28% of the landscape changed from Barren and 

Herbaceous to Shrub Savanna and Tree Savanna.  At Tubac, which has the lowest level 

of Agricultural land use and the highest historic groundwater average, 7% of the 

landscape developed into Riparian Forest from Herbaceous during the post-flood period.  

Likewise, at Tumacácori Barren sandbars were supplanted by Tree Savanna and Riparian 

Woodlands (Figure 10).  Between 1996 and 2006 most of the change within the 

catchments was land use driven, with some increased Agricultural land use at Amado and 



 

 

51 

Tubac and Residential conversion at Tubac.  At the xeric Amado transect some woody 

plant loss occurred where Shrub Savanna and Tree Savanna was replaced by Herbaceous.  

Conversely, riparian vegetation of the mesic Tumacácori transect responded to effluent 

with maturation of Riparian Woodland and Woodland to Riparian Forest and Riparian 

Mesquite Forest respectively.  In general, the four transects within the Tubac sub-basin 

are characterized by a high level of Agricultural and Residential land use.  While all four 

sites recorded some Riparian Forest and Riparian Woodland in 1936, by 2006 Amado 

and Agua Linda had no Riparian Forest and a lower percentage of Riparian Woodland.  

At Tubac and Tumacácori, where effluent contributes to perennial stream flow, the area 

of Riparian Forest and Riparian Woodland was greater in 1996 and 2006 than in 1936. 

3.2.3 Rio Rico Sub-basin 

The Rio Rico sub-basin is the most reliant upon treated effluent discharged from NIWTP 

immediately north of the Calabazas transect and retains a steady surface flow throughout 

the sub-basin.  Land use of the sub-basin transects follows the river-wide pattern of 

generally decreasing Agricultural land use over time, and a spike of Residential 

conversion within the floodplain after 1956 that levels out in the following decades 

(Figure 11).  Land use at Calabazas has a distinct pattern mostly due to the early 

retirement of Agricultural land from 1936-1956, which was converted to residential 

between 1956 and 1972, coincident with construction of the NIWTP.  At Otero, Rio Rico 

North and Rio Rico South, Agriculture increased from 1936 to 1956 then decreased from 

1956-1975.   
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As a result of the 1983 flood, large portions of Agricultural land near the channel 

were disturbed, abandoned and transformed into Barren, Herbaceous, Shrub Savanna and 

Shrubland classes (Figure 11).  From 1984-1996 these types followed a typical 

successional pathway from Herbaceous and Shrub-dominated to Tree Savanna and 

Woodland types. From 1996-2004, riparian stand development continued with 

conversions from Tree Savanna to Riparian Woodland to Riparian Forest, and Shrubland 

to Woodland and Riparian Mesquite Forest.  At Calabazas, where stream flow is 

primarily intermittent, areas disturbed by the 1983 flood eventually transformed to 

Shrubland and Tree Savanna but never developed into Riparian Woodland or Riparian 

Forest.  A stand of Riparian Forest that comprised 3% of the Calabazas transect in 1984 

and was maintained until the present is located at the confluence of Nogales Wash and 

the Santa Cruz River. It is worth noting that a winter flood in 1967 had some observable 

impact on riparian dynamics during the period from 1956-1975.  At Otero small 

percentages of Agriculture and Riparian Woodland were converted to Herbaceous and at 

Rio Rico South Shrub Savanna converted to Herbaceous, and Tree Savanna to Shrub 

Savanna following the disturbance (verified by 1967 low altitude aerial photographs).  

The early successional advancement of these areas was likely reset following the 1983 

flood. 

3.2.4 Micro-basins 

The three micro-basin transects have unique dynamics related to the heterogeneous 

groundwater network and to land use.  At Guevavi agricultural land increased after 1956 
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while Kino Springs and Buena Vista maintained a relatively low level of agricultural land 

use throughout the 1936-2006 period (Figure 12).  Residential land use is minimal at both 

Guevavi and Buena Vista, but grew significantly at Kino Springs between 1956 and 

1984, the result of a large development adjacent to the river (Figure 12).  Woody riparian 

Formations were generally stable over time in the micro-basin catchments, with a few 

exceptions related to disturbance and catchment land use/water use.  Guevavi was most 

impacted by the 1983 flood, losing a large percentage of Tree Savanna to Barren and 

Shrub Savanna.  Aside from the flood, most of the dynamic change within the micro-

basin area occurred between 1996 and 2006 when the northern micro-basin aquifers were 

pumped to provide water to the city of Nogales, Arizona.  The effect of this pumping was 

most profound at Guevavi, where much of the Riparian Woodland was degraded to 

Woodland (typically Mesquite-dominated), Tree Savanna and Shrub Savanna (Figure 

12).  Buena Vista was also impacted between 1996 and 2006, with the loss of Riparian 

Woodland to Barren.  Kino Springs appears to have not been impacted by the pumping 

and 8% of the area developed from Tree Savanna into Riparian Woodland. 

4. CONCLUSIONS 

Understanding the pattern and distribution of current vegetation requires at least some 

elemental understanding of historical vegetation trends and their interactions with 

anthropogenic and natural disturbance legacies.  The combined analysis of a field-based 

vegetation map with historical and retrospective data sets has provided a clearer 

understanding of these interactions, and may serve as guidance for riparian restoration 
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and conservation in human-altered landscapes.  The USCRV provided a unique field 

experiment to study the interactions between land use, water use, disturbance and 

vegetation change.  Free-flowing effluent has had identifiable effects on the distribution 

and amount of riparian vegetation, yet the changes observed in this study indicate that the 

influence on vegetation is not directional and perhaps subject to thresholds mediated by 

local and regional environmental factors.  

Observations about the USCRV made by early settlers and travelers suggest that 

some sections of the Santa Cruz River were well vegetated with cottonwood forests 

before mechanized groundwater pumping enabled large-scale agriculture in the valley 

(Logan 2002).  By 1936, when the first set of aerial photographs of the valley were 

collected, the riparian zone had been modified by agricultural activities, though historical 

well data suggest the intensity of groundwater pumping for agriculture and residential 

uses was less intense in the late 1930s than later in the century (ADWR).  While data 

from 1936 do not offer reference conditions describing riparian vegetation uninfluenced 

by human activities, they do provide a starting point to examine human-ecosystem 

interaction as land use and human population pressures intensified during the following 

decades.  In 1936 Riparian Forests and Riparian Woodlands occupied approximately 10% 

of the entire USCRV floodplain, and decreased to a low of 4% by the 1980s as 

agriculture and developed areas grew.  Following the introduction of effluent into the 

system and the easing of agricultural land use in the mid-1980s, Riparian Forests and 

Woodlands increased to 10% of the floodplain again.  Data from individual transects in 

the wastewater zone indicate that by 2004 Riparian Forests dominated the riparian zone 
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from Rio Rico North to Tubac, areas dominated  by low-density Riparian Woodland prior 

to wastewater introduction.  Many areas of Riparian Forests reverted to Riparian 

Woodland after the cottonwood die-off in 2005, which suggests that effluent subsidy 

combined with a decade of above-average annual precipitation may have promoted 

excess growth of cottonwood trees in a sub-basin that historically did not support large-

scale and continuous bands of Riparian Forest.  There is also evidence that the die-off 

may be related to a clogging of the hyporheic zone by excess nutrients in the treated 

wastewater (Meixner 2009, personal communication).  In theory, surface and 

groundwater interactions are limited by channel clogging and the effects of effluent 

subsidy on aquifers near the wastewater source are reduced as the water travels greater 

distances to infiltrate the stream bed.  This theory would account for the continued 

development of riparian forests and woodlands further downstream at Tumacácori and 

Tubac.  If clogging of the hyporheic zone is contributing to the decline of the riparian 

zone near NIWTP, effluent supported river reaches may benefit from periodic scouring of 

the channel to maximize infiltration potential, especially during drought cycles when 

precipitation and flooding fail to remove nutrient buildup. 

Historical data from the USCRV support past research describing post-flood 

riparian vegetation dynamics of arid ephemeral streams (Friedman and Lee 2002).  In 

most cases vegetation dynamics following the 1983 flood proceeded from Barren and 

Herbaceous to Shrub Savanna and Tree Savanna from 1984-1996 followed by 

development of mature Riparian Woodlands and Forests.  Effluent discharge into the Rio 

Rico and Tubac sub-basins appears to have accelerated this process in some areas (Rio 
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Rico South, Otero, Tumacácori and Tubac) with rapid development of Riparian 

Woodlands from Barren in the decade following the flood.  The acceleration and 

development of Riparian Woodlands and Forests in effluent-subsidized areas may have 

also impacted riparian Alliance diversity and patch heterogeneity.  Current diversity of 

vegetation Alliances within the USCRV floodplain as measured by Patch Richness 

Density was highest in two catchments of the micro-basins characterized by no effluent 

supply, low agricultural land use and with shallow and relatively discrete groundwater 

basins.  Based on these findings we suggest that restoration and management efforts 

focus on restoring basic hydrologic function (maintenance of surface-ground water 

connectivity), encouraging vegetation community heterogeneity, and reducing potential 

ground water impacts related to agricultural and residential land uses within the 

floodplain. 
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TABLES AND FIGURES 

Table 1. Spatial and hydrological descriptions of the 11 catchment transects analyzed. 

Floodplain Average Catchement Distance 

Basin Catchment name Latitude (UTM) Width Mapped (m) Elevation (m) Area (km2) from NIWTP Surface Flow

Tubac Amado 3508000 1,800 930 20.4 31.5 Intermittent

Agua Linda 3503000 1400 950 74.9 26.5 Perennial

Tubac 3498000 1000 965 36.1 21.8 Perennial

Tumacácori 3493000 1300 990 71.3 16.5 Perennial

Rio Rico Otero 3489000 1300 1010 45.2 11 Perennial

Rio Rico North 3484000 1200 1030 17.5 6.2 Perennial

Rio Rico South 3482000 1500 1040 24.9 3.5 Perennial

Calabazas 3479600 500 1050 16.9 0 Intermittent

Micro-basins Guevavi 3475000 350 1080 69.3 -7.2 Intermittent

Kino Springs 3471000 700 1120 65.5 -13 Intermittent

Buena Vista 3467600 300 1140 57.2 -17 Intermittent  

 
 
 
 
 
 
 
 
Table 2. An example of a National Vegetation Classification System Hierarchy. Adapted 
from FGDC 2008. 
Heirarchy for Natural Vegetation Example: Scientific Name Example: Colloquial Name

Upper Levels Formation Class Mesomorphic Shrub and Herb Vegetation Shrubland and Grassland

physiognomic Formation Subclass Temperate and Boreal Shrub and Herb Vegetation Temperate and Boreal Shrubland and Grassland

Formation Temperate Shrub and Herb Vegetation Temperate Shrubland & Grassland

Mid Levels Division Andropogon – Stipa – Bouteloua Grassland & Shrubland Division North American Great Plains Grassland & Shrubland

physiognomic-floristic Macrogroup Andropogon gerardii – Schizachyrium scoparium – Great Plains Tall Grassland & Shrubland

Sorghastrum nutans Grassland & Shrubland Macrogroup

Group Andropogon gerardii – Sporobolus heterolepis Grassland Group Great Plains Mesic Tallgrass Prairie

Lower Levels Alliance Andropogon gerardii – (Calamagrostis canadensis – Wet-mesic Tallgrass Prairie

floristic Panicum virgatum) Herbaceous Alliance

Association Andropogon gerardii – Panicum virgatum – Central Wet-mesic Tallgrass Prairie

Helianthus grosseserratus Herbaceous Vegetation  
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Table 3. Formation Classes for the 2006-07 Santa Cruz riparian vegetation map, related 
National Vegetation System Formations and descriptions. The vegetation map Formation 
Classes generally adhered to NVC conventions with the exception of Riparian Mesquite 
Forest, Riparian Forest and Riparian Woodland which are closer to NVC Formation 
Subclasses.  
Formation Class NVC Formation Formation Class Description

Agriculture Agriculture Row crops, orchards and pasture

Barren Barren Rock, bare soil and strand

Herbaceous Herbaceous Herbaceous dominated, tree cover < 10%,  Shrub cover < 10%

Riparian Mesquite Forest Forest Tree cover < 60%. Mesquite dominated 

Woodland Woodland Tree cover dominant cover type but < 60% total cover

Residential Residential Areas of high density and low density residential structures

Riparian Forest Forest Tree cover > 60%. Cottonwood and Goodding Willow dominated

Riparian Woodland Woodland Tree cover < 60%. Cottonwood/Willow/Netleaf hackberry dominated

Shrub Savanna Shrub Savanna Herbaceous dominated, shrub cover present but < 10%

Shrubland Shrubland Shrub cover > 50%

Tree Savanna Tree Savanna Herbaceous dominated, tree cover present but < 10%  
 
 
 
 
 
 
 
 
 
Table 4. Aerial photography data sets interpreted for historical and contemporary 
vegetation mapping.  
Date Spectral Cell Size

1936 Aerial Photographs Panchromatic 0.7 m

1956 Aerial Photographs Panchromatic 1.2 m

1975 Aerial Photographs Panchromatic 1.4 m

1984 Aerial Photographs Color Infrared 1.6 m

1996 USGS CIR DOQQ Color Infrared 1.0 m

2004 Aerial Photographs Panchromatic 0.15 m

2006 Quickbird Satellite Panchromatic, Visible and Near Infrared 0.6-1.0 m  
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Table 5. Santa Cruz River catchments and associated well data.  Number and dates of 
collected well measurements were variable. 

Wells 

Catchment (n) Period (n) Elevation (m) Depth  (m) Stdev (m)

Amado 3 1956-1995 94 927 8.5 1.9

Agua Linda 2 1939-2005 86 952 11 2

Tubac 2 1952-2005 45 965 6.7 1

Tumacácori 3 1952-2005 59 989 5.4 0.8

Otero 3 1939-2005 131 1015 7.7 2.7

Rio Rico North 1 1939-2005 19 1030 5.3 3.1

Rio Rico South 2 1934-2005 213 1040 5.7 6

Calabazas 1 1987-2005 21 1050 6.5 4.4

Guevavi 1 1983-2003 52 1115 8.2 2.8

Kino Springs 2 1995-2005 112 1117 6.2 2.8

Buena Vista 2 1939-2005 83 1133 2.6 0.6

Measurement
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Table 6. We generated a suite of class metrics for the 2006 Formation Class vegetation 
map and transect subsets of the same map.  Bold indicates no significant difference 
between map and transect subsets at p = 0.05.   
Acronym Metric Type of Metric Unit p -value

LPI Largest patch index Area/Distance/Edge percent 0.000

PLAND Percentage of landscape Area/Distance/Edge percent 1.000

PD Patch Density Area/Distance/Edge number per 100 ha 0.000

LSI Landscape Shape Index Area/Distance/Edge none 0.000

nLSI Normalized landscape shape index Area/Distance/Edge none 0.444

AREA Area (Mean) Area/Distance/Edge Hectares 0.061

GYRATE Radius of gyration Shape Meters 0.054

SHAPE Shape index Shape none 0.067

FRAC Fractal Dimesion index Shape none 0.100

PARA Perimeter-area ratio Shape none 0.807

CIRCLE Related circumscribing circle Shape none 0.383

CONTIG Contiguity index Shape none 0.974

CORE Core area distribution Core Area Hectares 0.095

DCORE Disjunct core area distibution Core Area none 0.113

CAI Core area index Core Area percent 0.263

PROX Proximity index distribution Isolation/Proximity none 0.005

ENN Euclidian nearest neighbor distance Isolation/Proximity Meters 0.004

CONNECT Connectance index Connectivity percent 0.002

COHESION Patch cohesion index Connectivity none 0.001  
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Figure 1.  Location of Upper Santa Cruz River Valley and map of watershed catchments. 
Boxes represent the location of study transects used for historical vegetation analysis.  
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Figure 2. Mapped Formation Classes (1936-2006) for the Tumacácori transect. 
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Figure 3. Diagram depicting elevation and hydrological conditions for the eleven study 
area catchments. The Nogales International Wastewater Treatment Plant (NIWTP), and 
the transition from intermittent to perennial stream flow, is located at the northern portion 
of Calabazas catchment.  
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Figure 4. Percentage of Floodplain covered by Land Use categories and Vegetation 
Formation types for each catchment, grouped by dominant lifeform. 
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Figure 5. Percentage of Formation Class and Alliance type distribution per catchment. 
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Figure 6. Patch Density and Patch Richness Density of Alliances for each catchment of 
the study area. Richness and Density are generally higher at locations upstream of 
NIWTP, from Calabazas to Buena Vista. 
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Figure 7. Relationship between PRD and Agricultural and Developed land within each 
catchment. The outlier is Tumacácori, a protected cultural and natural area with atypical 
land use dynamics, lessens the strength of the correlation but when removed R2 PRD/AG 
= 0.7601 and R2 PRD/DEV = 0.6332.  
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Figure 8. Change in Contiguity and Class Area Index values, 1936-2006. Formation 
Class key: AG = Agriculture, B = Barren, H = Herbaceous, RMF = Riparian Mesquite 
Forest, W = Woodland, R = Residential, RF = Riparian Forest, RW = Riparian 
Woodland, S = Shrubland, SS = Shrub Savanna, TS = Tree Savanna. 
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Figure 9. Change in Percentage of Landscape (1936-2006) for 11 aggregated transects. 
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Figure 10. Change in Percentage of Landscape of Formation Classes of the Tubac Sub-
basin transects. Smaller bars within the main bars represent the percentage of a Formation 
Class that transitioned to that Class from the previous time period. 
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Figure 11. Change in Percentage of Landscape of Formation Classes of the Rio Rico Sub-
basin transects. Smaller bars within the main bars represent the percentage of a Formation 
Class that transitioned to that Class from the previous time period. 
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Figure 12.  Change in Percentage of Landscape of Formation Classes of the Micro-basin 
transects. Smaller bars located within the main bars represent the percentage of a 
Formation Class that transitioned to that Class from the previous time period. 
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Abstract 

Riparian systems have become increasingly susceptible to both natural and human 

disturbances as cumulative pressures from changing land use and climate alter 

hydrological regimes.  The status and health of riparian vegetation is often an indicator of 

overall watershed condition, making riparian monitoring an important component of 

ecological monitoring programs.  Monitoring riparian vegetation at the landscape scale 

facilitates analysis of complex relationships between riparian vegetation and land use and 

land cover change within the watershed.  Though significant prior research has been 

directed at mapping and monitoring riparian vegetation using airborne and satellite 

remote sensing, image-derived land cover maps tend to collapse multiple riparian 

lifeforms and successional stages into a single riparian cover class, making monitoring of 

structural change difficult.  This article introduces a landscape dynamics monitoring 

protocol that incorporates riparian structural classes into the land cover classification 

scheme and examined riparian change within the context of surrounding land cover 

change.  We tested whether 30m resolution Landsat TM imagery could be used to 

document a riparian tree die-off through the application of multi-date Landsat images 

classified using Classification and Regression Tree (CART) models trained with a data 

set based on physiognomic vegetation characteristics.  To quantify riparian structural 

change we developed a post-classification change map of the flood plain area and 

examined change magnitude and class change trajectories of riparian classes relative to 

mapped disturbance parameters.  Results show that catchments where riparian change 

occurred can be identified from land cover maps; however, the main change resulting 
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from the die-off disturbance was compositional rather than structural making accurate 

post-classification change detection difficult.   

Keywords: CART, Landsat TM, land cover change, riparian vegetation, post-

classification change detection 

 

1. INTRODUCTION 

1.1 Background 

Riparian zones are highly productive and conspicuous components of most arid and semi-

arid landscapes.  In arid systems, riparian vegetation provides a disproportionately large 

number of ecosystem services compared to surrounding desert and upland vegetation 

types (Ewel et al. 2001, Brauman et al. 2007).  Situated at the confluence of 

perennial/ephemeral streams and arid uplands, riparian corridors play an important role in 

the flow of energy, material and wildlife through the landscape (Naiman and Decamps 

1997, Rosenberg et al. 1997).  Riparian systems are dynamic and disturbance dependent, 

hence characterized by a shifting mosaic of vegetation patches.  There is evidence that 

patterns of surrounding land cover types, watershed topographic features and adjacent 

land use can impact riparian habitat, water quality and geomorphology (Briggs 1996, 

Gergel et al. 2002, Allan 2004).  The heterogeneous pattern of riparian vegetation and the 

transient nature of community types require spatial and temporal approaches to model 

dynamics; the influence of adjacent land use/land cover types, the spatial dependency of 

landscape components and the importance of connectivity for species distributions 

encourage landscape perspective for the study of riparian systems (Malanson 1995, 
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Naiman et al. 2005). 

Despite riparian vegetation function, fragility and prominence on the landscape, 

the use of satellite imagery to map and monitor riparian systems has been somewhat 

limited: general Land Use/Land Cover (LULC) projects tend to collapse multiple riparian 

lifeforms and successional stages into a single riparian land cover class, making analysis 

of riparian vegetation dynamics difficult and less effective (Kepner et al. 2000, Homer et 

al. 2004).  Other monitoring schemes are designed to map presence or absence of riparian 

vegetation or assess changes in riparian greenness (Hewitt 1990, Apan et al. 2002, Baker 

et al. 2006, Yang 2007).  These approaches provide useful information when applied to 

single-date classifications or broad scale regional cover assessments; however the 

influence of surrounding land use and landscape elements on the function and pattern of 

riparian vegetation makes a compelling case for addressing riparian vegetation change 

using land cover classifications and landscape analysis.  While satellite-based change 

detection using hard classifications of vegetation and land cover types may provide 

information on landscape processes, accurate detection of cover types, detection of class 

change trajectories and the ability to detect both rapid ecosystem change and progressive 

change are major challenges in space-based ecosystem monitoring efforts (Mas 1999, 

Coppin et al. 2004).  

1.2 Landscape Dynamics Monitoring 

The National Park Service’s Inventory and Monitoring program (NPS I&M), concerned 

with tracking changes in National Parks and surrounding areas, has identified Landscape 

Dynamics (LULC change) and landscape fragmentation as important park “Vital Signs”.  
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Vital Signs, as defined by the National Park Service are “measurable, early warning 

signals that indicate changes that could impair the long-term health of natural systems.  

Early detection of potential problems allows  park managers to take steps to restore 

ecological health of park resources before serious damage can happen” (NPS 2003).  We 

conducted Landscape Dynamics vital sign monitoring research for the NPS I&M Sonoran 

Desert Network at Tumacácori National Historical Park (NHP) of southern Arizona and 

the surrounding Upper Santa Cruz River watershed (USCRW).  Tumacácori NHP is 

located within the Santa Cruz River floodplain and more than 75% of the park land is 

comprised of riparian vegetation types.  The dominance of riparian vegetation within the 

park boundaries and the influence of upstream land cover and land use on ecosystem 

function within park boundaries prompted the inclusion of riparian structural information 

and analysis of riparian dynamics within a general Landscape Dynamics classification 

scheme. 

The chief aim of this research is to examine the feasibility of monitoring riparian 

dynamics within a broad land cover change framework.  We develop a categorical land 

cover classification system that captures the structural diversity of riparian systems and 

test the applicability of the system for Landscape Dynamics monitoring. We explore the 

creation of image-based maps using classification and regression tree (CART;(Quinlan 

1996)) models that 1) are trained using a comprehensive data set based on physiognomic 

vegetation characteristics and 2) exploit local phenological cycles through the use of 

multi-season imagery.  A second aim of this research is to evaluate the use of CART-

derived land cover maps for addressing landscape monitoring questions at multiple 
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temporal and spatial scales (Fig. 1).  Specifically, we sought to identify broad landscape-

level processes with potential influence on  park riparian resources and focus on this 

relationship by examining land cover and riparian vegetation change within the 

watershed from 1987-2006.  We also address a noteworthy one-time disturbance: in 2005 

approximately one thousand trees died along a 10 km stretch of the Santa Cruz River 

upstream from the National Park unit, changing significantly the pattern and structure of 

the riparian corridor.  By comparing change from 2004 and 2006 Landsat TM-based 

classifications with reference data generated from high resolution aerial imagery of the 

same years, we assess the usefulness of CART-based land cover maps for monitoring 

vegetation change and describing riparian dynamics. 

2. MATERIALS AND METHODS 

We tested two hypotheses: 1) high class accuracies can be achieved using CART and a 

physiognomic approach to riparian classification; and 2) decadal riparian vegetation 

change can be detected within this classification framework.  The following sections 

provide a description of our study area and data sets, classification schemes and methods, 

individual map accuracy assessments using the Kappa statistic, and describe how we will 

examine class error by comparing Landsat-based maps with high resolution aerial 

imagery and field verified vegetation maps.  These data sets will be analyzed using a 

nested hierarchical approach with the assumption that broad-scale and long-term land 

cover changes (e.g. watershed urbanization and agricultural intensification) are linked to 

localized riparian vegetation changes and floodplain patch dynamics (Leuven and 

Poudevigne 2002, Wiens 2002).  Using class area statistics derived from the CART-based 
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maps, we will examine both broad watershed and riparian floodplain change over a 

twenty year period, relating the results to regional ecosystem, climate and land use trends.  

Furthermore we will refine the analysis to focus on disturbance-related change in riparian 

structure by development and analysis of a post-classification change detection map 

using 2004 and 2006 CART based classifications.  Using a data set containing point 

locations of individual dead trees within the disturbed catchments, we will verify the 

change map, highlight erroneous change and discuss types and magnitude of riparian 

changes within the die-off area. 

2.1 Study Area 

The project study area is the Upper Santa Cruz River Valley (USCRV) surrounding 

Tumacácori NHP in Southern Arizona, USA.  Tumacácori NHP, the site of three colonial 

Spanish Missions dating from 1691-1756, is a small cultural resources park occupying 

360 acres of the Santa Cruz river valley.  Small in size, the park landscape contains the 

most well developed and diverse riparian habitat in the USCRW and is the only protected 

area along the river.  The Santa Cruz River riparian corridor, which runs through park 

unit boundaries, is habitat for several rare and threatened species of birds and is 

consequently of high conservation value (Wilbor 2005).  

The Santa Cruz River headwaters are located in the San Rafael Valley where the 

river flows south into Mexico, eventually returning north and crossing the international 

border near Ambos Nogales (Fig. 2).  The floodplain from the US/Mexico border to the 

Pima/Santa Cruz County is a patchwork of agricultural fields, pasture and riparian 

vegetation in various seral stages.  The current riparian corridor north of Rio Rico, 
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Arizona is partially sustained by treated effluent discharged from the bi-national Nogales 

International Wastewater Treatment Plant.  During the decades prior to the introduction 

of effluent, the USCRV floodplain supported only a modest amount of riparian 

vegetation as much of the valley hydrological system was impacted by years of irrigation 

and groundwater pumping (Villarreal 2009, Logan etc). Historical accounts of the river 

valley during the settlement era describe flowing water, thick mesquite bosques, gallery 

cottonwood forests, sacaton grasslands and cienegas (marshes) (Mearns 1907, Bartlett 

1965, Logan 2002). Vegetation of the USCRV is supported by a bimodal precipitation 

regime, with a majority of the precipitation received in mid-summer during the North 

American Monsoon (Adams and Comrie 2007).  The average maximum temperature at 

Tumacácori (1948-2005), 36°C occurred during the month of July and the average 

minimum was 0°C during January.  Average annual precipitation from the same time 

period was 40 cm, with a majority of the precipitation recorded in July and August 

(Western Regional Climate Center, http://www.wrcc.dri.edu/). 

The USCRV has a long history of human settlement and development in the 

valley has accelerated over the past few decades; a majority of land parcels along the 

floodplain from the U.S./Mexico border to the Santa Cruz/Pima County border are 

privately owned and many have shifted from ranching and agriculture use to planned 

developments (Sheridan 2006).  Urban development and related ground water extraction 

have likely impacted the ecology of riparian systems through modification of 

hydrological systems, fragmentation and direct loss of habitat (Groffman et al. 2003).  A 

recent increase in residential and commercial development within the watershed have 
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prompted county planners and conservation groups to consider conservation easements 

along the river with particular interest in maintaining connectivity of riparian 

communities. 

2.2. Study Area: Watershed Delineation 

Riparian plant distributions are influenced by a complex of landscape, topographical and 

hydrological interactions.  The Upper Santa Cruz River Valley (USCRV) contains three 

distinct sub-basins with varying levels of surface flow, groundwater pumping, and rates 

of recharge.  We delineated the study area based on watershed catchments to focus more 

clearly on the relationship between riparian vegetation and upland land cover change/land 

use and to subset the data into ecologically meaningful units for vegetation change 

analysis (Moore et al. 1991, Aspinall and Pearson 2000) (Fig. 2).  Catchment and 

associated stream network delineation were derived from a 10 m National Elevation 

Dataset (NED) Digital Elevation Model (DEM).  The main watershed contains 42 

catchments, all draining directly or indirectly into the Santa Cruz River floodplain.  Of 

the 42, 11 catchments drain directly into the Santa Cruz River. 

2.3 Field, DEM and remotely sensed data 

A chief aim of this research was to develop and implement a Landscape Dynamics 

monitoring protocol using multi-temporal satellite imagery.  The spectral, spatial and 

temporal characteristics of Landsat Thematic Mapper (TM) are tailored to the study of 

earth systems and Landsat images have for decades proven invaluable for land cover 

mapping and ecosystem modeling (Cohen and Goward 2004).  We chose to map land 

cover over decadal time period (1987, 1996 and 2006) to examine broad landscape 
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changes, and included one additional off-decade year, 2004, to examine change 

associated with the 2005 riparian die-off.  Pre and post-monsoon Landsat TM images for 

each year were incorporated to exploit phenological characteristics of different vegetation 

and land cover types (Table 1). 

 Images were orthorectified to a Multi-resolution Land Characteristics Consortium 

(MRLC) Landsat TM image (June 2000) and the associated 30 m resolution Digital 

Elevation Model (DEM).  We orthorectified Landsat images using 30 ground control 

points and all images were registered to the MRLC reference image to within a half pixel 

(15m) error.  To minimize atmospheric influence we utilized the Cosine of the Zenith 

Angle (COST) model using Landsat bands 1-5 and 7 (Chavez 1996, Chander et al. 2007).   

2.4 Classification and Regression Tree (CART) Model 

CART models have proven useful for land cover classification and in many cases 

outperformed traditional image classifiers such as the Maximum Likelihood (Hansen et 

al. 1996, Pal and Mather 2003).  Part of the adoption of CART models for remote sensing 

classification stems from the fact that CART is non-linear and makes no assumptions 

about data distribution, encouraging the use of spectral and ancillary layers regardless of 

data scale (Lawrence and Wright 2001).  In general terms, using spectral and ancillary 

data as predictor variables and a list of a priori selected classes as the response, the 

model creates a dichotomous “tree” by partitioning training data recursively.  The 

classification tree rules derived from the training data are then applied directly to variable 

layers, producing a classification image.  Additionally, model accuracy can be increased 

using CART techniques like boosting or bagging (Quinlan 1996, Lawrence et al. 2004, 
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Prasad et al. 2006).  Boosting has been shown to increase accuracy by identifying errors 

in the initial decision tree and applying weights to incorrectly classified training data 

during later model iterations (Lawrence et al. 2004). 

We created an ERDAS Imagine graphical model to generate multiple image-

derived variables for use in the CART model.  Because the CART model evaluates the 

contribution of each variable to the classification, and because computation time is not an 

issue, we generated a suite of variables that likely have some redundancy or are 

functionally equivalent (e.g. multiple vegetation indices) but were regarded as useful in 

the land cover classification literature (Table 2).  In addition to image-derived variables 

we used three ancillary variables (slope, elevation and aspect) derived from a DEM 

(Table 2). 

2.5 Classification Scheme 

We developed a new hybrid classification scheme based on the Anderson Classification 

system and the National Vegetation Classification (NVC) Terrestrial Vegetation 

Classification Hierarchy (Anderson et al. 1976, D.H. et al. 1998, Grossman et al. 1998, 

FGDC 2008).  The NVC was developed to provide a consistent national standard and 

facilitate cooperation and data integration both regionally and nationally and between 

various federal agencies and land managers (FGDC 2008).  The upper levels of the NVC 

hierarchy are defined by lifeform and percent cover rather than floristics, making the 

system suitable for mapping with moderate resolution imagery (Table 3).  We will use 

the broad NVC Physiognomic Classes (Formation Classes), based on vegetation structure 

and determined by height and by percentages of cover occupied by tree, shrub, and 
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herbaceous strata; the major vegetation lifeforms have distinct spectral signatures and 

phenological attributes that can be exploited for classification using multi-temporal 

imagery.  We will then distinguish NVC/Anderson class types further by modifying the 

physiognomic system to include additional qualifiers based on elevation and hydrologic 

attributes (i.e. Upland and Riparian) (Table 3).  One benefit of using the Physiognomic 

system is that successionial stages can be captured within the classification (i.e. shrub 

savanna – tree savanna – woodland), generating useful information for understanding 

riparian dynamics.  Cultural land cover classes were based on Anderson level II classes 

(Table 3). 

2.6 Training Data 

One advantage of the NVC Physiognomic Classification scheme is that structure and 

lifeform can be assessed from high-resolution digital aerial imagery, reducing 

substantially the number of field hours necessary to generate training data and perform 

accuracy assessment.  High-resolution satellite imagery and aerial photography (~1m 

resolution) are used commonly for vegetation mapping applications; Fine-scale resolution 

enables interpreters to distinguish map classes by estimating lifeform height and percent 

cover.  For this research we appropriated the NVC classification system in large part 

because of coincident National Park Service Vegetation Mapping Program and 

Environmental Protection Agency mapping efforts at Tumacácori NHP and the Santa 

Cruz River (Santa Cruz County 2008, Villarreal 2009).  These mapping projects, 

executed during 2006-07, exploited high-resolution Quickbird imagery as a source of 

visual information to produce Formation Class (dominant lifeform) level maps.  
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Formation maps were later used to produce Alliance-level (dominant species) vegetation 

maps by collecting extensive field data for each polygon describing dominant and co-

dominant species in each of the three strata.  Because each Formation polygon was 

checked during the field campaign we were able to produce an accuracy assessment of 

the Santa Cruz/Tumacácori Formation Class maps (Kappa = .96) and use this information 

as training data for the 2006 CART classification.  The high Kappa value suggested 

strongly that training data produced from historical aerial photography could be used to 

train coincident historical Landsat data as well as be utilized for accuracy assessment. 

Suitable training sites for the multi-temporal data set were selected by examining 

historical aerial imagery (1980, 1983, 1992, 1996 and 2006).  Approximately 25-125 

training points per class were identified depending on the estimated amount of total area 

each class occupied.  For example the Water class, uncommon in the study area, was 

assigned 27 training points while Shrubland, the most prevalent land cover type, was 

assigned 122 training points. 

2.7 Change Detection 

There exist several approaches for identifying land cover or vegetation change from 

satellite imagery, each with benefits and drawbacks (Mas 1999, Lu et al. 2004).  Post-

classification change detection was, for this study, preferable to other approaches (i.e. 

spectral differencing, change vector analysis, multi-date principal components), primarily 

because the use of classified imagery offers information on the types of land cover 

changes occurring on the landscape.  However the main drawback of post-classification 

change detection is that the accuracy is generally lower than the product of the individual 
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class accuracies of each map.  We tested the use of post-classification change detection 

for identifying disturbed areas within a section of the USCRV floodplain that experienced 

structural riparian vegetation changes related to an extensive cottonwood tree die-off 

during 2005. 

3. RESULTS, ANALYSIS AND DISCUSSION   

The following sections provide the results of our land cover, landscape, floodplain and 

riparian change analyses.  Also presented are the land cover change accuracy analyses 

incorporating field and fine resolution spatial data, and using the new land cover 

classification scheme (Table 3) and CART technique applied to the topographic variables 

and landscape variables derived from the multi-temporal Landsat data (Table 2). 

3.1 Land Cover Map Accuracy 

CART based classification accuracy for 1987, 1996, 2004 and 2006 land cover maps was 

assessed by generating 420 random points stratified by map class for each date.  We 

verified map accuracy using ground data when and where available (field vegetation 

cover data were collected for the 2006 vegetation map) supplemented with interpreted 

coincident high-resolution aerial imagery (Table 4).  Overall accuracy, user’s and 

producer’s accuracy, and a Kappa statistic were derived from a confusion matrix 

(Congalton 1991).  All maps were over 80% accurate: 1987 (85%), 1996 (82%) 2004 

(81%) and 2006 (83%).  Individual class accuracies varied from 60-100% (Tables 5 & 6).  

CART results were considerably higher than a land cover map made with the more 

traditional supervised Maximum Likelihood Classification and trained with the same data 

set (overall accuracy 44.8 % and Kappa 0.40). 
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3.2 Landscape and Floodplain Change 1987-2006 

Observed land cover change between 1987, 1996, and 2006 provides insight into general 

landscape dynamics (Fig. 3 and 4).  Major land cover changes occurred primarily in 

upland land cover types; decreases in class area of Herbaceous and Shrubland types and 

corresponding increases in Shrub Savannah and Woodland may be attributed to woody 

plant encroachment, specifically the development and maturation of mesquite woodlands 

in areas formerly grassland and desert Shrubland (Archer 1995).  Woody plant 

encroachment, although occurring primarily outside of the Park boundaries, may impact 

hydrology of both the National Park and the Upper Santa Cruz River riparian area 

through competition and reduced availability of groundwater resources in the future 

(Scott et al. 2006).  Park resources and riparian vegetation may also respond to water use 

pressures resulting from expanding human settlement within the watershed (Pringle 

2000).  Between 1987 and 2006 over 4,100 hectares were converted to Residential or 

Commercial/Industrial land uses, a majority of the converted land cover type was 

Shrubland (2,381 ha) adjacent to the Santa Cruz River floodplain (Fig. 5).  From these 

data we can only hypothesize about the causal relationships between land cover change 

and riparian function; however the data do serve as indicators of general Landscape 

Dynamics trends.  Change in Class Area of riparian types, specifically Riparian Forest 

and Riparian Woodland, while small relative to upland types are nonetheless noteworthy: 

both types increased between 1987 and 1996 followed by a decline from 1996 to 2006 

(Fig. 4).  With no major flood disturbance between 1996 and 2006, the overall reduction 

in riparian tree cover suggests declining watershed health. 
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We further examined trends in riparian vegetation by examining rates and amount of 

change exclusively within the Santa Cruz River floodplain.  The CART-based land cover 

maps successfully captured several broad trends in riparian change over the twenty year 

period.  Between 1987 and 1996 the common riparian classes (Riparian Forest, Riparian 

Woodland, Tree Savanna and Shrub Savanna) all increased in area while the Herbaceous 

and Barren classes decreased (Fig. 6).  This trend is likely the result of two events, an 

upgrade of the NIWTP that doubled wastewater discharged amounts from 1972 levels 

and post-flood dynamics following a record flood event in 1983.  The 1983 flood scoured 

the floodplain and removed significant amounts of riparian vegetation setting the stage 

for subsequent riparian tree establishment and stand maturation (Roeske et al. 1989).  The 

observed decline in Riparian types after 1996, likely related to a decade of drought and 

increased urban demand for groundwater, warrants closer examination of spatial pattern 

and magnitude of the disturbance relative to park resources.   

3.3 Riparian Vegetation Change Detection 2004-2006 

Using 2004 and 2006 land cover maps we calculated a change raster containing 138 of 

182 potential change classes.  A common issue with post-classification change maps are 

the considerable amounts of incorrectly identified change pixels resulting from Type I 

and Type II errors (Hall et al. 1991).  After cursory examination of the change raster, the 

original land cover maps and coincident high resolution imagery, we observed four 

common scenarios: 1) no change 2) real change 3) noise and edge related error 4) 

classification error.  The main challenge map users face when analyzing change maps is 

the task of disentangling the error-based changes from real changes.  Metrics describing 
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the shape and size of class patches are useful for identifying errors.  For example, many 

error pixels occurred along class edges, ecotones and transition zones, and are identifiable 

by their structured spatial pattern and shape (Fig. 7).  For example, in Fig. 7, where no 

real riparian change occurred between the riparian corridor and adjacent agricultural 

field, the misclassified change patches have linear and complex shapes that can be 

characterized mathematically with perimeter to area ratio metrics (i.e. Mean Shape 

Index).  Conversely the urbanized patch in the upper right is large and displays a less 

complex shape (Fig. 7).  Noise errors are typically single pixels and can likewise be 

identified by their random spatial pattern and small patch size.  From a riparian 

monitoring perspective, we approached the challenge of identifying relevant change 

classes by first standardizing the change data and discarding insignificant change classes 

(noise), screening and removing change classes not associated with riparian change (i.e. 

Agriculture to Barren), and by examining shape, size and distribution of riparian change 

classes using class metrics.  

A first step toward testing the efficacy of the change map for detecting riparian 

change was to establish the magnitude and spatial pattern of riparian change classes 

relative to tree die-off disturbance parameters.  Using georegistered high resolution 

imagery (2004 panchromatic aerial photography and 2006 Quickbird satellite imagery) 

we mapped locations of individual dead riparian trees (n = 1,082) and remaining live 

trees (n = 434) within disturbed catchments.  We subset the change raster using four 

catchments that comprised the main wooded portion of the USCRV riparian corridor: 

three catchments with varying amounts observed tree mortality (Otero, Rio Rico North 
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and Rio Rico South) and one with no observed tree mortality (Tumacácori) (Fig. 8, Table 

7).  We calculated class metrics (number of patches, mean patch size, patch size standard 

deviation, mean shape index and percent catchment) for all change classes within each of 

the four catchments.  In order to highlight the major changes within each catchment we 

calculated z-scores based on the number of pixels per change class (positive z-scores 

indicate an above average number of change pixels and the greater the z-score the greater 

the deviation from the mean) and selected for analysis only change classes with positive 

z-scores (Table 7).  We further refined the data set by excluding all change classes that 

were not a result of tree die-off or related to riparian structural change (i.e. Agriculture to 

Barren, Shrubland to Herbaceous) (Table 7).  

 The linear relationship between number of dead trees per catchment and percent 

riparian change (R2 =.7463) suggests this metric is a useful first step for identifying 

disturbed catchments within the floodplain (Fig. 9).  In absence of any observed 

disturbance at Tumacácori the 8.4% catchment change indicates a substantial level of 

change error, and additional metrics are required help to filter change errors from real 

change.  Mean patch size (MPS) and Patch Size Standard Deviation (PSSD) when 

examined together to help characterize change by indicating whether the change class is 

composed of large homogeneous areas characteristic of disturbance, or small clusters 

resulting from misclassification and change error.  Using 0.5 hectare as a minimum cutoff 

we further screen unessential changes from larger more substantial change classes.  For 

example, at Tumacácori where no die-off occurred, MPS of all change classes fell under 

0.5 and the largest MPS was 0.38, approximately a four pixel cluster.  Only two classes at 
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Tumacácori, RF∆RW and RW∆W, had PSSD over 0.5 ha (see Table 7 for acronym key).  

RMF∆W and RMF∆RW are error-based change classes; there was no documented 

mortality of mesquite trees during the time period so any change must be attributed to 

error resulting originating from the land cover data sets.  Although both types of RMF 

change classes received positive z-scores at Tumacácori, Otero and Rio Rico North, these 

scores were low compared to other change classes and had MPS and PSSD values well 

below 0.5 ha at all sites (Table 7). 

The three disturbed catchments in comparison had several instances of change 

classes with MPS and PSSD exceeding 0.5 ha.  At Otero RW∆W was most prominent 

with both high MPS and PSSD and claiming 6.1% of the total floodplain change (Table 

7).  At Rio Rico North, the disturbance epicenter, and Rio Rico South, the change class 

RW∆W comprised 8.6% and 4.4% of their respective floodplain area (Table 7).  Another 

large change at Rio Rico South, TS∆SS, comprised 5.2% of the total floodplain area and 

was characterized by both a large MPS and PSSD.  

3.4 Riparian Change Map Accuracy 

We validated the change map using a randomly selected subset of the mapped live and 

dead tree data set (n = 363).  To validate the change classes we examined 2004 

panchromatic aerial imagery (0.5m) and 2006 pansharpened Quickbird imagery (0.6m).  

The validation effort offered information on both change map class confusion and the 

structural and compositional change trends resulting from the disturbance.  

Accuracy data indicate that in many cases the disturbance magnitude was not 

large enough to change vegetation structure: of the 363 points, 71 were assessed from 



 

 

97 

imagery as no change RW∆RW and 70 no change SS∆SS (Table 8).  The accuracy data 

did confirm that RW∆W (70 points) was the primary change resulting from the 

disturbance and the change map performed relatively well in this change category.  It 

should be noted that this conversion was not structural but compositional; a typical 

change involved mortality of cottonwood and willow trees comprising 10-15% of a 

mixed Cottonwood-Willow-Mesquite woodland, resulting in woodland dominated by the 

more resilient Mesquite trees. Another important change class as assessed from the 

validation data was RW∆SS (44 points).  The producer’s accuracy for RW∆SS class was 

55% but a user’s accuracy of 92% indicates the change class was accurately mapped.  

TS∆SS conversion, a relatively common structural change observed in the validation data 

set (22 points), were incorrectly labeled on the change map, however it should be noted 

that a large portion of the mapped riparian change at Rio Rico South was TS∆SS (z-score 

= 3.38) (Table 8).  TS∆SS change is inherently difficult to detect using Landsat because 

the dominant lifeform of both types is herbaceous and therefore characterized by similar 

spectral profiles.  Tree Savanna, Shrub Savanna and Herbaceous classes were often 

confused in the original land cover maps, making compounded errors more common in 

the change map. 

4. CONCLUSIONS 

The inclusion of riparian vegetation structural classes into the land cover classification 

scheme provided important additional information to analyze watershed dynamics at 

multiple scales and address relationships between landscape-level stressors and riparian 

vital signs.  The accuracy of our land cover maps suggests that the flexible, non-



 

 

98 

parametric CART model is well suited for classification of land use and physiognomic 

vegetation types. The spatially nested and diachronic analysis of vegetation and land 

cover uncovered potential links between watershed-level change and habitat change at 

local scales.  Analysis of land cover change at a decadal interval provided, in this case, 

enough change information to ascertain a general decline in riparian health between 1996 

and 2006, but detailed analysis of types, rates and spatial pattern of riparian vegetation 

change required monitoring at more frequent intervals.  

 After identifying non-linear riparian change trajectories from the land cover data 

set, we examined change in riparian patch quality (structure and composition) by creating 

an off decade “in-fill” land cover classification using the same classification methods.  

The 2004-06 post-classification change map contained a substantial amount of Type I and 

II errors, but the overall accuracy of the map was high given the number of change 

combinations present in the map and ground data.  With some data manipulation, a post-

classification change map can be useful for identifying disturbed catchments and 

assessing structural and compositional changes resulting from the disturbance.  In the 

case of the 2005 tree die-off on the Santa Cruz River, riparian tree mortality primarily 

contributed to a change in patch composition from Riparian Woodland to Mesquite 

dominated Woodland.   

Riparian vegetation maps may be more accurately mapped using high-resolution 

multispectral imagery like Quickbird or GeoEye-1 through visual interpretation or 

classified on a per-pixel basis or using object-oriented segmentation and classification.  

While high-resolution imagery may provide more accurate maps, at the watershed scale 
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high resolution mapping techniques are very data intensive, time-consuming and cost 

prohibitive. 

The approach presented in this paper requires significant upfront time and energy 

and a high level of remote sensing expertise to acquire and pre-process satellite imagery, 

develop vegetation indices and image transformations and collect a robust classification 

training data set.  We believe that the benefits of a land cover monitoring approach, 

where changes in class types can be addressed at multiple scales, warrants this additional 

effort and expertise.  Once established, the presented monitoring protocol can be applied 

to create accurate land cover maps with little additional effort.   
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TABLES AND FIGURES 

Table 1. Classification variables derived from the following multi-date Landsat TM 
imagery were used to exploit phenological traits of different vegetation types.  High-
resolution reference imagery was acquired to assist in training and validation of the 
Landsat classifications. 

Landsat TM Cell Size Reference Imagery Cell Size
1987: 05/03 and 09/08 30 m 1984, 1985 and 1992 Aerial Photographs 1-1.5 m
1996: 05/11 and 08/ 31 30 m 1996 USGS CIR DOQQ 1.0 m
2004: 06/02 and 09/06 30 m 2004 Panchromatic Aerial Photography 0.15 m
2006: 05/23 and 08/27 30 m 2006 Pansharpened Quickbird/2007 USGS DOQQ 0.6-1.0 m  

 

 

 

Table 2. Example of Landsat TM (2006) image-derived and ancillary variables used in 
the CART model.  

Image Dates Variable Bands (n) References
2006/05/23   2006/08/27 EVI 1 (Huete et al. 2002)
2006/05/23   2006/08/27 EVI2 1 (Jiang et al. 2007)
2006/05/23   2006/08/27 MSAVI 1 (Qi et al. 1994)
2006/05/23   2006/08/27 NDVI 1 (Tucker 1979)
2006/05/23   2006/08/27 NDWI 1 (Gao 1995)
2006/05/23   2006/08/27 Principal Components 6 (Fung and LeDrew 1987)
2006/05/23   2006/08/27 SATVI 1 (Marsett et al. 2006)
2006/05/23   2006/08/27 SAVI 1 (Huete 1988)
2006/05/23   2006/08/27 TM1-5 TM7 Reflectance 6
2006/05/23   2006/08/27 Tasseled Cap (Kauth-Thomas) 6 (Crist and Cicone 1984)
2006/05/23   2006/08/27 Image Variance Band 3 1 (Asner 2002)
Multidate Multitemporal Kauth-Thomas 12 (Collins and Woodcock 1996)
NA Aspect 1
NA Elevation 1
NA Slope 1  
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Table 3.  Land Cover Classification Scheme as related to NVC Physiognomic Classes.  Asterisk indicates the Land Cover 
Class Description is identical to NVC description. 

ID Land Cover Class NVC Formation NVC Vegetation Formation Description Land Cover Class Description
1 Agriculture Agriculture Row crops, orchards and pasture *
2 Barren Barren Rock, bare soil and strand *
3 Upland Forest Forest Tree cover > 60%, non-riparian *
4 Herbaceous Herbaceous Herbaceous dominated. Tree cover Herbaceous dominated with sparse 

< 10%,  Shrub cover < 10% tree and shrub cover
5 Industrial/ Industrial/ Areas of intensive use with land covered *

Commercial Commercial  by structures & impervious surfaces
6 Riparian Mesquite Forest Tree cover > 60% Tree cover > 60%. Mesquite dominated 

Forest and located adjacent to river channels
7 Woodland Woodland Tree cover dominant cover type but *

< 60% total cover
8 Residential Residential residential structures *
9 Riparian Forest Forest Tree cover > 60% Tree cover > 60%. Cottonwood and 

Goodding Willow dominated
10 Riparian Woodland Woodland Tree cover dominant < 60% Tree cover > 60%. Cottonwood/Willow

/Netleaf hackberry dominated
11 Shrub Savanna Shrub Savanna Herbaceous dominated, Herbaceous dominated with 

shrub cover present but < 10% some sparse shrub cover
12 Shrubland Shrubland Shrub cover > 50% Shrub/desert scrub dominated
13 Tree Savanna Tree Savanna Herbaceous dominated, tree cover Herbaceous dominated with sparse

present but < 10%  tree cover
14 Water Water Water *  
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Table 5. A sample confusion matrix for the 1996 CART classification. 

                   

Class 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Total User's Accuracy
1 Agriculture 24 2 1 1 2 30 0.80
2 Barren 26 2 1 1 30 0.87
3 Forest 29 1 30 0.97
4 Herbaceous 1 2 18 1 3 3 2 30 0.60
5 Industrial/Commercial 1 26 1 2 30 0.87
6 Riparian Mesquite Forest 27 2 1 30 0.90
7 Woodland 3 26 1 30 0.87
8 Residential 2 3 20 3 2 30 0.67
9 Riparian Forest 2 2 3 23 30 0.77

10 Riparian Woodland 1 3 2 23 1 30 0.77
11 Shrub Savanna 26 3 1 30 0.87
12 Shrubland 1 1 3 25 30 0.83
13 Tree Savanna 1 2 27 30 0.90
14 Water 1 2 27 30 0.90

Total 25 32 34 18 26 32 42 24 25 23 36 37 38 28 420

Producer's Accuracy 0.96 0.81 0.85 1.00 1.00 0.84 0.62 0.83 0.92 1.00 0.72 0.68 0.71 0.96

Overall Accuracy 82.6

Kappa 0.81  
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Table 6.  Summary of User’s and Producer’s accuracy, overall accuracy and Kappa coefficients for 1987, 1996, 2004 and 2006 
Land Cover maps. Class accuracy values above 80% are in bold. 

  

1987-2006
Class User's Producer's User's Producer's User's Produ cer's User's Producer's Average

Agriculture 0.94 0.94 0.80 0.96 0.83 0.85 0.74 0.91 0.87
Barren 1.00 0.76 0.87 0.81 0.82 0.53 0.87 0.62 0.78

Forest 0.95 0.95 0.97 0.85 0.89 0.94 0.96 0.96 0.93
Herbaceous 0.84 0.79 0.60 1.00 0.71 0.69 0.73 0.79 0.77

Industrial/Commercial 0.94 0.97 0.87 1.00 0.90 0.88 0.93 0.87 0.92
Riparian Mesquite Forest 0.97 0.85 0.90 0.84 0.87 0.76 0.97 0.91 0.88
Woodland 0.83 0.72 0.87 0.62 0.78 0.68 0.69 0.80 0.75

Residential 0.60 0.93 0.67 0.83 0.62 0.94 0.66 0.83 0.76

Riparian Forest 0.82 0.97 0.77 0.92 0.86 1.00 0.93 1.00 0.91
Riparian Woodland 0.74 0.93 0.77 1.00 0.83 0.91 0.90 0.87 0.87
Shrub Savanna 0.87 0.84 0.87 0.72 0.69 0.71 0.83 0.81 0.79

Shrubland 0.84 0.94 0.83 0.68 0.83 0.82 0.77 0.68 0.80
Tree Savanna 0.76 0.57 0.90 0.71 0.71 0.85 0.80 0.77 0.76
Water 1.00 0.90 0.90 0.96 0.97 0.97 1.00 0.94 0.95

Overall Accuracy

Kappa Coefficient

82.6 80.6
0.79 0.83

83.8

1987 1996 2004 2006

85.4
0.84 0.81  
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Table 7. Statistics describing riparian change between vegetation Classes (e.g. RMF∆W –
Difference between Riparian Mesquite Forest and Woodland) in four catchments along 
the wooded portion of the Upper Santa Cruz River Valley.  Riparian change types can be 
distinguished using class statistics such as Mean Patch Size (MPS), Patch Size Standard 
Deviation (PSSD), Mean Shape Index (MSI) and standard scores. 

∆ Classa Pixels (n ) Patches (n ) MPS (ha) PSSD (ha) MSI % Floodplain z-scoreb

RMF∆W 62 29 0.19 0.19 1.13 0.7 0.37
RMF∆RW 122 50 0.22 0.21 1.11 1.4 1.34
RF∆RMF 92 35 0.24 0.17 1.18 1.0 0.85
RF∆W 45 21 0.19 0.25 1.18 0.5 0.09
RF∆RW 149 42 0.32 0.59 1.17 1.7 1.78
RW∆RMF 84 27 0.28 0.30 1.16 1.0 0.72
RW∆W 184 44 0.38 0.51 1.17 2.1 2.35

738 248 0.26 0.32 8.4

∆ Classa Pixels (n ) Patches (n ) MPS (ha) PSSD (ha) MSI % Floodplain z-scoreb

RMF∆W 102 29 0.32 0.46 1.21 1.6 0.87
RMF∆RW 82 34 0.22 0.26 1.12 1.2 0.60
RF∆RMF 103 22 0.42 0.32 1.32 1.6 0.88
RF∆RW 98 28 0.31 0.34 1.22 1.5 0.82
RW∆RMF 209 38 0.50 0.79 1.31 3.2 2.30
RW∆W 402 61 0.59 0.97 1.26 6.1 4.87
TS∆W 60 20 0.27 0.22 1.15 0.9 0.31

1056 232 0.38 0.48 16.0

∆ Classa Pixels (n ) Patches (n ) MPS (ha) PSSD (ha) MSI % Floodplain z-scoreb

RMF∆W 81 26 0.28 0.25 1.17 2.0 0.61
RMF∆RW 62 26 0.21 0.22 1.12 1.5 0.34
RF∆RMF 100 10 0.90 2.05 1.19 2.5 0.87
RW∆RMF 59 23 0.23 0.13 1.16 1.5 0.30
RW∆W 346 42 0.74 1.42 1.31 8.6 4.27
RW∆SS 80 19 0.38 1.00 1.17 2.0 0.59

728 146 0.46 0.85 18.1

∆ Classa Pixels (n ) Patches (n ) MPS (ha) PSSD (ha) MSI % Floodplain z-scoreb

W∆SS 70 5 1.26 1.94 1.27 2.0 0.98
RW∆RMF 106 11 0.87 0.93 1.38 3.0 1.75
RW∆W 153 23 0.60 0.90 1.32 4.4 2.76
RW∆SS 25 11 0.20 0.15 1.12 0.7 0.01
TS∆SS 182 10 1.64 3.20 1.17 5.2 3.38

536 60 0.91 1.42 15.3

Floodplain Area = 363 ha, Dead Riparian Trees = 565 , Live Riparian Trees = 63

Floodplain Area = 315 ha, Dead Riparian Trees = 150 , Live Riparian Trees = 107

Otero

Tumacácori 

Rio Rico North

Rio Rico South

Floodplain Area = 798 ha, Dead Riparian Trees = 0, Live Riparian Trees > 10,000

Floodplain Area = 592 ha, Dead Riparian Trees = 267 , Live Riparian Trees = 264

 

a RW = Riparian Woodland, RF = Riparian Forest, RMF = Riparian Mesquite Forest, W 
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= Woodland, S = Shrubland, SS = Shrub Savanna, TS = Tree Savanna.  

b Z-scores are based on mean and standard deviation calculated from riparian vegetation 
change class pixels.  Classes with no change, Herbaceous and land use classes were 
excluded.  Tumacácori µ= 39 and σ = 62, Otero µ= 37and σ = 75, Rio Rico North µ= 39 
and σ = 62, Rio Rico South µ= 25 and σ = 45. 
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Table 8. Accuracy of change map classes within the disturbed portion of the USCRV 
floodplain. 

 
Change Class User's Total User's Producer's Total Produ cer's

A∆A 22 0.27 6 1.00
A∆W 10 0.10 1 1.00
A∆SS 6 0.00 0 ―

A∆TS 8 0.00 0 ―

H∆SS 0 ― 3 0.00
RMF∆RMF 4 1.00 7 0.57

RMF∆RW 8 0.13 1 1.00
W∆A 1 0.00 0 ―

W∆A 0 ― 1 0.00

W∆W 2 1.00 4 0.50
W∆RW 9 0.22 2 1.00
W∆SS 1 1.00 4 0.25

RF∆RMF 2 0.50 4 0.25

RF∆W 7 0.00 0 ―

RF∆RF 5 0.80 5 0.80
RF∆RW 8 0.75 11 0.55

RF∆SS 1 0.00 1 0.00

RW∆A 9 0.33 3 1.00
RW∆RMF 5 0.80 5 0.80
RW∆W 52 0.87 70 0.64

RW∆RW 77 0.78 71 0.85
RW∆SS 26 0.92 44 0.55

RW∆S 2 1.00 4 0.50

RW∆TS 1 1.00 1 1.00
SS∆RW 6 0.00 0 ―

SS∆SS 68 0.82 70 0.80
SS∆S 4 0.00 0 ―

TS∆A 2 0.00 0 ―

TS∆H 0 ― 1 0.00
TS∆SS 0 ― 22 0.00

TS∆TS 17 0.76 22 0.59

65.0

0.58

Overall Accuracy

Kappa Coefficient  

Key: A = Agriculture, RW = Riparian Woodland, RF = Riparian Forest, RMF = Riparian 
Mesquite Forest, W = Woodland, S = Shrubland, SS = Shrub Savanna, TS = Tree 
Savanna, H = Herbaceous.  
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What major land cover 
changes and landscape-level 
processes are occurring in 
and around the park? 

What are the spatial and 
temporal patterns?

Individual
Catchments

Monitoring 
Scale

T2006T1987 T1996

Temporal ScaleMonitoring Questions

What are the general trends 
in riparian change and 
floodplain land use? 

Are major disturbances or 
changes identifiable?

What is the spatial pattern of 
the disturbance?

What are the magnitude of 
changes? 
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structure been altered within 
the riparian corridor?
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Figure 1. A nested heriarchical approach to landscape dynamics monitoring allows for 
exposition and anlaysis of ecosystem linkages over space and time.   
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Figure 2.  Map of Arizona, USA, and surrounding region, the study area delineated by 
watershed and catchments, and the locations of Tumacácori NHP units relative to the 
Santa Cruz River.  
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Figure 3.  Upper Santa Cruz River Valley Land Cover maps 1987-2006.  Note that 1987 
was clipped at the southeast because of cloud cover and land cover analysis for all years 
was performed to accommodate the 1987 map extent. 
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Figure 4.  USCRV Class Areas for all cover types for the years 1987, 1996, and 2006. 
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Figure 5. Spatial distribution of urban cover change within the USCRV watershed 1987-
2006. Much of the urban change occurred adjacent to the river floodplain and within 
catchments where tree die-off occurred. 
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Figure 6. Areal extent of land cover classes (ha) within the Santa Cruz River floodplain 
for 1987, 1996 and 2006 based on the CART results. Decadal changes in land cover are 
observed for most land cover types and are particularly different among Barren, 
Herbaceous, Woodland and Shrub Savanna. 
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Figure 7.  Example of post-classification change map illustrating the nature of errors 
occurring around patch edges and at transition areas. The map is overlaid on a 
panchromatic DOQQ.  The fuchsia patch in the upper right corner is location of actual 
land cover conversion (2004-2006) of Shrubland and Woodland types to Residential.  
Much of the remaining change pattern (areas with no color) is likely the result of mixed 
pixels at class borders and class transitions. 
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Figure 8. A subset of catchments utilized for change analysis, the 2005 tree die-off 
occurred within the Rio Rico North and South, and Otero catchments.  
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Figure 9. The linear relationship between disturbance magnitude and percent riparian 
change per catchment suggests the metric can be used to identify disturbed catchments 
and disturbance magnitude with no a priori knowledge of disturbance events. 
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Abstract 

Riparian tree mortality episodes serve as indicators of declining watershed health and 

provide early warning signs for adaptive management.  Using data on two tree die-offs 

(1997 and 2005) we examine spatial and temporal factors with potential to influence the 

spatial pattern of die-off: historical (tree age, historical vegetation change and channel 

change), contextual (vegetation type, distance from agriculture and distance from 

channel) and topographic.  We used multi-temporal high-resolution aerial imagery to map 

live and dead Populus fremontii along the Santa Cruz River in Arizona, USA.  We 

determined approximate establishment dates, mapped changes in channel location and 

vegetation types using repeat aerial photography (1936-2006).  We tested for differences 

between live and dead groups using Multi-Response Permutation Procedures (MRPP) 

and evaluated contributions of model variables with Factor Analysis. Results indicate 

significant differences between live and dead groups (p < 0.000) and piecewise analyses 

of individual variables suggest mortality was linked to spatial legacies of natural 

disturbance, particularly post-flood establishment and migration of the river channel over 

time.  Data from the 2005 die-off indicate dead trees were younger (p = 0.001), farther 

from the active channel (p < 0.000), farther from agricultural fields (p < 0.000), and were 

located in areas with greater channel migration over time (p < 0.000) compared to live 

trees in the same area.  While riparian tree die-off is driven almost exclusively by lack of 

water, we believe information on the historical mechanisms leading up to the die off and 

their manifestation on the landscape can inform resource decisions under changing 

climate and land use.  
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Keywords: Riparian vegetation, disturbance, historical aerial photography, Multi-

Response Permutation Procedures. 

1.1 Introduction 

Riparian and wetland ecosystems, areas of high biodiversity and conservation value in 

arid regions, have become increasingly rare and threatened as a result of human 

modification of natural hydrological systems (Naiman et al. 1993, Naiman et al. 2005).  

Riparian systems are transitional areas between aquatic and terrestrial systems and are 

highly dynamic in space and time; ecological processes, energy flows and disturbances 

from adjacent terrestrial and aquatic systems shape the pattern and structure of riparian 

systems (Malanson 1995, Hupp and Osterkamp 1996, Nilsson and Svedmark 2002).  

Increasing water demand and drought-driven decreases in water supply in the arid 

southwestern United States have in recent decades placed increasing pressure on 

groundwater, surface water and associated ecosystems.  While many vegetation types in 

arid regions have adapted to conditions of low moisture and high temperature, riparian 

vegetation requires direct access to the water table or saturated soils, thus are  more 

sensitive to changes in ground water levels and drought (Scott et al. 1999, Rood et al. 

2003, Naiman et al. 2005).  Reduction of resource availability and changes in the natural 

disturbance regime through hydrological alterations or by changing climate patterns have  

reduced or eliminated many riparian areas in the western and southwestern United States 

(Bahre 1991, Webb and Leake 2006).  Protection and conservation of remaining riparian 

resources requires knowledge of ecosystem function over multiple temporal and spatial 

scales (Roth et al. 1996, Harding et al. 1998, Krueper 2000).  The multi-scale responses 
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of riparian vegetation to  land use and climatic stressors can provide information about 

riparian function in areas with increasing temperatures and growing human populations 

(Allan 2004).  

Riparian vegetation provides a number of critical ecological services necessary 

for ecosystem sustainability and successful land management programs, and is 

consequently of high conservation value (Ewel et al. 2001, Brauman et al. 2007).  

Riparian corridors function during rainy seasons as buffer zones between terrestrial 

uplands and rivers, decreasing overland flow and reducing flood damage downstream 

(Ewel et al. 2001).  Riparian zones are areas of high biodiversity. Woody riparian 

vegetation provides habitat structure and landscape connectivity for migrating species 

(Naiman et al. 1993, Skagen et al. 1998).  The health and status of  riparian vegetation 

sensitive to changes in available water resources can serve as indicators of overall 

ecosystem function and may even serve as ‘early warning signals’ of catastrophic change 

at a regional scale (Scheffer et al. 2001, Elmore et al. 2003). 

1.2 Cottonwood Ecology And Response to Changing Hydrologic Conditions 

Cottonwood-Willow (Populus fremontii-Salix gooddingii) forests and woodlands are the 

most prominent vegetation types found in southwestern riparian zones (Stromberg 1993).  

Cottonwood-Willow forests establish in depositional floodplains along low-gradient 

perennial streams.  Many riparian forests in the southwestern United States are classified 

as groundwater-dependent ecosystems, which rely to a varying degree upon groundwater 

to maintain their composition and function (Boulton and Hancock 2006).  While the total 

contribution of groundwater to streamflow varies widely, hydrologists suggest that 
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groundwater contributes on the order of 40-50 percent of the water to small and medium-

sized streams (Alley et al. 1999).  Depending on the characteristics of the water basin, 

and particularly in arid and semi-arid watersheds, groundwater can be the sole source of 

surface flow during prolonged dry periods and the main source of water upon which 

riparian biota rely to meet their evapotranspiration requirements.  While groundwater is 

integral to the long-term viability of riparian ecosystems, natural streamflow variability is 

the main organizing force in the biotic composition, structure and function of riparian 

systems (Busch et al. 1992).  

The life-cycles of many aquatic and riparian species are dependent upon 

disturbances such as floods to maintain successional growth stages, to distribute seeds, to 

scour the floodplain and to recharge groundwater tables (Poff et al. 1997).  In return, 

robust and age-structured riparian vegetation helps to slow flood flows, mitigate erosion 

and facilitate groundwater recharge.  Alterations to the natural hydrologic flow regime 

result in significant changes to the vegetation composition of the riparian system.  Native 

riparian species that depend upon pulsed and seasonal flooding for seed germination have 

been shown to have decreased recruitment when flood pulses are eliminated from the 

system, and as a result are replaced by more opportunistic, and often non-native, species 

(Nagler et al. 2005). 

Drought is a significant source of stress for riparian ecosystems.  Despite their 

widespread presence in arid and semi-arid landscapes, Populus species are highly 

susceptible to drought-induced physiological and morphological impacts from water 

stress.  Under drought conditions Populus will often exhibit a progressive and sequential 
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response that involves integrated physiological and morphological responses (Scott et al. 

1999).  Populus fremontii, an obligate phreatophyte riparian species, is particularly 

susceptible to drought stress and reduced water availability; the response of Cottonwood 

to decreased water availability can range from stomatal closure and branch and crown 

die-back to complete mortality (Shafroth 2000, Rood et al. 2003).  Shafroth et al. (2000) 

examined responses of Cottonwood, Willow and Tamarisk seedlings and saplings to 

changes in ground water levels, concluding that soil texture and change in ground water 

depth relative to previous levels and patterns produced greater mortality and damage than 

absolute depth (Shafroth 2000).  Cottonwood trees employ several mechanisms to survive 

drought conditions (i.e. stomatal closure and dieback), however, Cottonwood adaptation 

to mesic sites make them vulnerable subsequently to persistent drought  and associated 

variability in water table depth (Leffler et al. 2000, Rood et al. 2003).  Under persistent 

drought conditions when physiological responses are not sufficient to maintain a 

favorable water balance for Cottonwood, morphological changes such as leaf senescence 

and branch die-back are conspicuous indicators of drought stress (Rood et al. 2003).  In 

extreme cases of drought or precipitous groundwater decline, the reproductive status of 

the trees decreases with diminished seed production, and death can soon follow (Rood et 

al. 2003). 

1.3 Riparian Response to Regional Climate Variability 

Climate variability in the southwest during the 20th century played a major part in 

determining the current amount and distribution of riparian vegetation at the regional 

scale.  Favorable climate conditions and a coincident reduction of agricultural, mining 
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and grazing land uses for example apparently increased woody riparian vegetation along 

natural and semi-natural river systems in the southwestern United States during the 

second half of the twentieth century (Webb et al. 2007).  Three major 20th century 

climatic periods impacted riparian systems in southern Arizona, 1) early century floods 

contributed to channel incision, indirectly drew down groundwater levels and caused 

significant hydrological change and vegetation mortality; 2) mid-century drought further 

stressed or killed riparian vegetation; and 3) a period of wetter and cooler climate during 

the final third of the century encouraged germination, establishment and maintenance of 

riparian systems (Bahre 1991, Webb and Leake 2006).  Recent shifts in seasonality of 

flood events, a decade of rising regional temperatures and increased urbanization of rural 

areas over the past quarter century have however produced impacts whose results are not 

yet fully understood.  Prolonged drought in the western and southwestern United States is 

believed to have already affected several upland vegetation types through direct mortality 

(Breshears et al. 2005, van Mantgem et al. 2009) and will likely have large impacts on 

the sustainability of riparian areas, especially when coupled with growing demands on 

groundwater for human use.  

1.4 Riparian Tree Mortality 

We seek to clarify the sensitivity of riparian vegetation to rapidly changing 

hydrologic conditions, focusing on two recent riparian tree die-offs (1997 and 2005) 

along a river system of southern Arizona, U.S.A.  In both cases a large number of 

surviving cottonwood trees dot the river floodplain within the disturbance perimeters.  

We believe these survivors will help clarify causes of both die-off and survival, and thus 
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vegetation responses to drought, disturbance and land use.   

Vegetation distribution is determined in part by environmental conditions, 

resource availability and disturbance history.  Flood disturbance influences riparian plant 

distributions in two ways: by directly causing plant mortality and by establishing soil 

conditions required for stand regeneration.  If  flooding is heavy, and the post-flood 

climate and soil conditions are conducive to tree establishment, trees may establish at 

sites within the channel not suited historically to riparian forest and woodland 

communities (Rood et al. 2003).  Nutrients from excess agricultural runoff and treated 

effluent also may promote artificial post-flood establishment and growth (Nelson 2007).  

Such unnatural riparian growth subsidy may however be unsustainable in the long-term, 

and it is conceivable that once climatic conditions change (e.g. long-term drought) these 

sites may no longer support woodland and forest types.  We believe therefore the spatial 

distribution of live and dead trees is non-random and that mortality and survivorship was 

determined by historical and environmental factors.  More specifically, we hypothesize: 

1) The two die-offs differ in that mortality from the 1997 die-off, which resulted 

primarily from groundwater pumping, was influenced most by local site 

conditions and land use factors rather than broad historical-environmental 

conditions.  The 2005 die-off, having no groundwater shortage and with 

continuous effluent subsidy providing a perennial water supply, was driven by 

historical-environmental factors such as establishment age, establishment location 

and vegetation history. 

2)  The pattern of mortality observed in the 2005 die off was influenced chiefly by 
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recent flood history.  We expect a higher rate of mortality among younger trees 

that established following the most recent flood event as well as greater mortality 

of trees that established at distances far from the active channel.   

3) Trees occurring at sites characterized by historically stable vegetation patches 

(i.e. site resiliency) are more likely to survive than trees in historically unstable 

patches.   

2. Methods 

2.1 Study Area 

The Santa Cruz River originates in the San Rafael Valley of Southern Arizona 

and flows 20 km southward into Sonora, Mexico before returning north to cross the 

international border east of Nogales, AZ (Figure 1).  The river flows northward from the 

international border through Tucson, Arizona, joining the Gila River near Phoenix, AZ. 

History recalls the reach of the Upper Santa Cruz River Valley (USCRV) from the 

US/Mexico border to Amado, Arizona flowed intermittently throughout the year, 

supporting only a modest amount of perennial woody riparian vegetation (Logan 2002).  

Introduction of effluent into the river (via the bi-national Nogales International 

Wastewater Treatment Plant (NIWTP)) began 13 km north of the border in 1972, 

changing the character of downstream riparian vegetation.  The NIWTP treats 14 million 

gallons per day (mgd) of influent from both sides of the border, enough water to support 

perennial flow ~ 30km downstream.  Our study area encompasses the perimeter of two 

die-offs,:1) a section of the Santa Cruz River beginning 8 km north of the U.S./Mexico 

border and spanning 13 km of river floodplain; and 2) from NIWTP, stretching 11 km to 
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the southern border of Tumacácori NHP (Figure 1).  The floodplain in this area 

constitutes a mosaic of agricultural fields, pasture and patches of riparian vegetation in 

various seral stages.  Tumacácori National Historical Park, the site of three colonial 

Spanish Missions dating from 1691-1756, is the primary protected riparian area on the 

Santa Cruz River.  Most of the other land in the study area is owned privately, and access 

to these lands for research purposes was restricted.    

The USCRV is characterized by mild winter and high summer temperatures found 

in the Sonoran Desert ecoregion.  The average maximum temperature at Tumacácori 

occurs in July (36°C), and the average minimum in January (0°C).  The USCRV and 

surrounding areas receive bimodal precipitation, with a slight majority of the 

precipitation contributed  mid-summer by the North American Monsoon, and the 

remainder falling in winter as Pacific frontal storms (Adams and Comrie 1997).  Average 

annual precipitation recorded at Tumacácori between 1946 and 2005 was 38 cm (Western 

Regional Climate Center, http://www.wrcc.dri.edu/) (Figure 2).  USGS river gaging 

stations on the Santa Cruz River give a good indication of flood events and average 

return times (http://waterdata.usgs.gov/):  the largest fall and winter floods on record 

occurred on the Santa Cruz River in December 1967, October 1977, October 1983 and 

January 1993 (Figure 2).  Peak flows were considerably smaller during the decades prior 

to the flood of 1967, and occurred primarily in the summer months, indicating a change 

in flood seasonality during the 20th century (Webb et al. 2007).  

The 1997 and 2005 die-offs differ considerably: the 1997 die-off occurred within 

a constrained reach of the Santa Cruz River characterized by ephemeral flow, a series of 
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connected and shallow groundwater “micro” basins and relatively low agricultural and 

residential land use (Nelson 2007).  The 1997 die-off is attributed to several months of 

groundwater overdraft during 1996-97, when the sub-basins below that reach of the river 

were pumped at Proto Canyon to supply water to the City of Nogales, AZ (Figure 1).  

Well records collected near NPS (National Park Service) Mission Guevavi, near the 

pump station at Proto Canyon illustrate the intensity of the aquifer pumping in 1997 

(Figure 3).  Average depth to groundwater prior to 1996 was 2.01 m, 3.75 m average 

from 1996-97 and maximum depth of 4.12 m in 1997 at the time of the die-off (Figure 3). 

The reach from NPS Mission Calabazas near NIWTP to the main NPS unit Mission 

Tumacácori, where the majority of the 2005 die-off occurred, is a wide, unconstrained 

floodplain reach above a single, deep groundwater basin (Nelson 2007) (Figure 1).  The 

density of the tree die-off within the floodplain, in terms of number of dead, is relatively 

consistent within the die-off perimeter, with some “hot-spot” areas of high density 2-4km 

from the NIWTP. There has been no easily identifiable cause of the 2005 die-off; 

preliminary theories suggest root rot, insect damage, drought, groundwater pumping, or 

nutrient levels/toxic materials in NIWTP effluent.  Since the initial 2005 die-off there has 

been little sign of continued or spreading mortality, making insect damage an unlikely 

cause.  Well measurements of groundwater depth taken from sites in the die-off zone 

indicate that there was measurable drawdown between 2000 and 2004, but the magnitude 

is low relative to historical water levels (Figures 4 and 5).  While the exact cause of the 

2005 die-off is unknown, we suspect a number of conditions contributed to the 

Cottonwood demise: long-term drought, groundwater pumping and possible reduced 
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infiltration in the hyporheic zone. 

2.2 Data 

Analysis of tree mortality episodes requires a retrospective approach, limiting analysis to 

existing data sets.  Large and destructive floods on the Santa Cruz River and their 

proximity to growing ex-urban settlements have been documented by historical aerial 

photo data from 1936 to present (Table 1). These data are the primary source for this 

study, providing information on location and approximate establishment date for 

individual trees, change in active channel and change in vegetation community types.   

2.2.1 Individual Tree Data 

We mapped locations of live and dead Cottonwood trees using georegistered 

high-resolution aerial photography.  For the 1997 die-off (dead n = 740; live n = 425), we 

consulted a 1996 Color Infrared (CIR) Digital Ortho Quarter Quad (DOQQ) (1 m) to 

locate all live trees within the disturbance perimeter and located dead trees by examining 

panchromatic aerial photographs (0.5m) acquired in 2005.  No major flood disturbed the 

study area from 1996-2005 leaving the horizontal Cottonwood remnants in place and 

making identification of individual tree locations straightforward (Figure 6).  For the 

2005 die-off (dead n = 1067, live n = 447) we used the same 2005 panchromatic aerials 

to locate live trees in 2005 and a combination of multispectral Quickbird satellite imagery 

(0.6m) from 2006 and CIR DOQQs from 2007 (1m) to identify standing dead 

Cottonwoods (Figure 7).  We verified live Cottonwood and downed 2005 Cottonwood 

locations using low altitude oblique aerial photography (www.lighthawk.org) captured 

with a Canon EOS 20D 8.2 megapixel digital camera fitted with a 200mm lens.  
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Locations of live and dead trees were plotted in ArcGIS®, and model variables were 

attributed to each location based on spatial overlap or distance calculations. 

We used historical aerial photography to approximate establishment dates for all 

live and dead trees (Table 1).  We identified the earliest date of photography in which 

each tree appeared: If a tree was identified in 1984, it established sometime between 1984 

and the next older set of photographs (in this case 1982).  If more than a decade spanned 

photo dates (i.e. 1936-1956) we mapped with great caution, defaulting to the later date 

when uncertain. 

2.2.2 Vegetation Data 

Historical vegetation data were compiled for a related study examining vegetation 

change from 1936-2006 in the USCRV (Villarreal 2009).  The general process required 

identification and delineation of vegetation Formation Classes from historical aerial 

photography. Formation Classes are defined by dominant lifeform (tree, shrub, 

herbaceous) and percent cover (Table 2).  Each Formation Class has spectral, spatial and 

textural characteristics that can be identified and mapped using high resolution 

multispectral and panchromatic imagery.  One land cover class (Agriculture) and ten 

physiognomic natural vegetation Formation Classes were identified, defined by relative 

percentages of tree, shrub, herbaceous and bare ground cover (Table 3).  Historical 

vegetation was classified to the NVC Formation Class level, with one major distinction: 

forests and woodlands were given qualifiers, distinguishing Mesquite from Cottonwood-

Willow (Table 3).  Three types (Riparian Woodland; Riparian Mesquite Forest; and 

Riparian Forest) were mapped at a level between Formation Subclass and Division to 
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include environmental and species information (Tables 3).   

2.2.3 Topography and Soils 

  We generated a 6m resolution elevation raster of the study area from 2” LiDAR 

contours. Contours were interpolated from a DTM surface of LiDAR-derived mass points 

and photogrametrically defined breaklines. Cell curvature (plan and profile) was 

calculated in ArcGIS using  a 3X3 window (Zevenbergen and Colin 1987, ESRI 2008). 

Soils data were downloaded from Soil Survey Geographic (SSURGO) Database 

(http://soildatamart.nrcs.usda.gov/), accessed 07/16/2008.  Six soil types are present in 

the study area ranging in texture from coarse-loamy to fine-silty (Table 4). The mapping 

unit and categorical/descriptive attributes of the soil types were collected at a much 

coarser scale than other mapped variables used in the analysis, and we acknowledge that 

this loss of categorical and spatial fidelity may limit the potential predictive power of soil 

character on the spatial pattern of tree die-off.  

2.2.4 Active and Historical Channel 

 We delineated active and historical channels from 10 dates of aerial photography 

(Table 1).  For each date we mapped the linear channel where water was visible.  In the 

few cases where above ground water was not visible when the photograph as captured, 

we mapped channel based on spectral cues that helped distinguish a recently active but 

bare channel from surrounding areas.  For example, a waterless channel typically has 

greater pixel brightness values than inactive channels, related to recent scouring of the 

active channel and the establishment of grasses and forbs on remnant channel segments.  

3.1 Model Variables 
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Predictor variables for this study fall into three broad categories: Historical, 

Contextual and Topographic/Soil.  We used nine variables to test for differences between 

groups of live and dead trees.  Historical and contextual variables enabled us to test 

indirectly the hypothesis that the 2005 tree die-off pattern is related spatially to a major 

flood disturbance.  If topographic and soil variables are strongly correlated with 

mortality, then we can assume die-off pattern likely resulted from lack of water 

resources.  

(1) Historical 

1.1 Tree Age (AGE).  We identified AGE as a primary variable because of recognized 

connections between flood events and Cottonwood establishment (Stromberg 

1993).  Differences in age class distributions of live and dead trees may be related 

to flood mechanisms and post-flood climate conditions. 

1.2 Historical Channel Change (CHN∆). The distance the channel migrated from the 

date of tree establishment to the date the die-off. We assume the smaller this distance, 

the greater the chance of survival. 

1.3 Historical Vegetation Change (VEG∆).  This metric describes vegetation change 

at a given location by measuring the variability of vegetation Formation Classes over 

time.  The metric is essentially the sum of unique Formation Classes and the mode of 

Formation Class for a given location.  The mode is ranked subjectively (1-4), as a 

means to separate common riparian flood dynamics from other types of change 

(Table 5).  The idea is to bias the metric on the low end toward a riparian flood 

dynamic where typical changes involve Riparian tree Formation types and Strand 
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(Table 5).  High VEG∆ values imply greater variability of Formation Class at a given 

location over time. 

(2) Contextual 

2.1 Formation Class (FORM).  Vegetation Formation Classes may directly influence 

mortality and survival through competition for water resources.  Furthermore, a 

Cottonwood tree located in a Shrub Savanna polygon might have established on a site 

with soil and hydrological conditions not suitable for sustained growth and long-term 

survival of the riparian tree life-form. 

2.2 Distance from Agriculture (AGDIST). Distance from agriculture was used to 

examine whether survivorship was related to water subsidy by proximate irrigation.  

2.3 Distance from Active Channel (CHN). The variable CHN was used to test if 

mortality was greater at greater distances from the active channel.   

(3) Topographic/Soil 

3.1 Profile Curvature (ProC). Profile curvature is calculated in the direction of the 

maximum slope, where a negative value indicates the surface is upwardly convex at 

that cell and a positive value indicates the surface is upwardly concave.  Site 

convexity and concavity affect soil water content are assumed to influence the ability 

of an individual tree to access ground and surface water (Moore et al. 1991). 

3.2. Plan Curvature (PlanC). Plan curvature is perpendicular to the direction of the 

maximum slope where a negative value indicates the surface is upwardly convex at 

that cell and a positive value indicates the surface is upwardly concave. 

3.3 Soil Class (SOIL). Soil classes in the study area have varying properties that 
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influence infiltration, saturation, the ability of individual trees to establish adequate 

root depth to access groundwater.  

ProC and PlanC were not included in analysis of 1997 trees because channel topography 

likely changed between 1997 and 2004 when the LiDAR data were acquired.  

3.2. Mortality Models 

We examined grouped differences using Multi-Response Permutation Procedure (MRPP) 

(Mielke and Berry 2007).  MRPP is a non-parametric approach similar to Multivariate 

Analysis of Variance (MANOVA) but unlike MANOVA, MRPP probabilities are based 

on calculation of a “distance” or “dissimilarity” matrix for each variable and permutation 

of the matrices through randomization rather than an assumed population distribution. 

The dissimilarity matrix describes similarity or difference among n set of items in 

multidimensional space (McCune and Grace 2002).  MRPP requires a grouping factor 

(i.e., Live/Dead) and one or more model variables.  Using MRPP we compare the 

observed intragroup average dissimilarity values with values that would have resulted 

from all other possible combinations of the data resulting from the permutation process.  

If the hypothesis that the groups are not different is true, then each permutation is equally 

likely. Dissimilarity matrices and permutation procedures were calculated using 

Euclidean distance measures in BLOSSOM Version W2008.04.02 (Cade and Richards 

2001).  

 We tested for significant differences (Pearson Type III) between live and dead 

trees using the entire suite of variables, followed by piecewise examination of each 

variable.  We included a measure of effect size for each observed difference (A). A is a 
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description of chance-corrected within-group agreement and calculated as: 

   A = 1- observed δ/expected δ 

In ecological applications, A values are typically small (i.e. 0.3 is considered high) and 

with large sample sizes like the ones collected for this research, it is common to have 

both a small p value and a small A value (McCune and Grace 2002).  Model structure was 

further assessed using Factor Analysis through the examination of principal components-

based factor loadings, with data points and factor loadings graphically displayed.  

4. Results 

4.1 Multiple Response Permutation Procedure 

Between group MRPP tests of all variables indicate significant difference between live 

and dead groups for both 2005 (p < 0.000, A = 0.013) and 1997 (p < 0.000, A = 0.009) 

(Tables 6 and 7).  These results support the hypothesis that mortality and survivorship 

were non-random for both die-offs, and suggest that one or more of the model variables 

are related to the observed patterns.  Piecewise MRPP tests of group differences for each  

2005 variable revealed no significant difference between groups for soils (p = 0.25, A = 

0.00) and historical vegetation change (p = 0.68, A = 0.00), contradicting hypothesis 

number 3, (i.e., vegetation stability over time would increase survivorship (Table 6)).  

Dissimilarity values between the remaining seven 2005 variables were significantly 

different from expected values, supporting hypotheses 1 and 2.  Live trees were closer to 

the active channel (p < 0.000, A = 0.02), closer to agricultural fields (p < 0.000, A = 0.02) 

and had greater profile concavity (p < 0.000, A = 0.01) (Table 6).  2005 AGE difference 

between live and dead groups was significant (p < 0.001, A = 0.00) but with a smaller 
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effect size than CHN, AGDIST and ProC (Table 6).  

 A different set of significant variables and different relationships between the 

groups and variables are apparent when examining piecewise MRPP tests of 1997 live 

and dead groups: unlike 2005, tree age was not a significant factor (p = 0.06, A = 0.00) 

with the same average age for both live and dead groups (Table 7). Historical vegetation 

change is a significant variable (p < 0.000, A = 0.01), however not in the in the expected 

way, with live trees displaying greater average VEG∆ values than dead (Table 7).  Also 

of note, distance from agriculture was significant and with large effect size (p < 0.000, A 

= 0.05), yet in contrast to the 2005 die-off, live groups were on average located farther 

from agricultural fields than dead (Table 7).  This can be explained by comparing the 

average AGDIST values of 2005 live (176 m) and 1997 live (1509 m): it is appears that 

2005 live trees were more likely to be supported by agricultural water subsidy at close 

distances and 1997 live more likely to be spared “cone of depression” effects related to 

local agricultural groundwater pumping (Tables 6 and 7).  Another major difference 

between 2005 and 1997 is that while distance to active channel and channel migration 

were both significant in 1997 (p < 0.000, A = 0.01 and A = 0.02 respectively), dead trees 

were on average farther from the active channel but had less average channel migration 

than live (Table 7).  In other words, contrary to the results from 2005, 1997 live trees 

experienced more channel migration at a given location than did dead trees.  However, 

considering that most of the reach where the 1997 die-off occurred is ephemeral for most 

of the year, the active channel and channel migration are not important for supplying 

surface water directly to the trees in that area.   
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 Plan and profile curvature were significantly different for live an dead trees in 

2005, and to further test the sensitivity of the MRPP to this variable we compared PlanC 

and ProC values for all live trees within both the 2005 die-off perimeter and live trees 

within the 1997 perimeter.  MRPP results indicate no significant difference in PlanC (p = 

0.174, A = 0.00) and ProC (p = 0.064, A = 0.00) between all 872 living trees in the study 

area, correctly indicating that these two groups came from the same population. 

4.2 Factor Analysis (FA) 

The first four components, each with eigenvalues >1, explained 68% of the data variance 

from the combined 2005 groups (Table 8).  Factor one explained 26% of total variance, 

and within this factor CHN (0.865) and AGDIST (0.408) have the heaviest positive 

loadings, a finding commensurate with the significance values and effect size of the 

MRPP tests (Table X). CHN∆ (-0.825) is negatively associated with CHN, and AGE (-

0.693) and VEG∆ (-0.364) negatively associated with AGDIST (Table 9, Figure 8). 

Factor 2 is primarily comprised of PlanC (0.705) and ProC (-0.722) loadings (Table 9, 

Figure 8).  Factor 3 has no dominant positive or negative loadings, and FORM (0.874) is 

the dominant loading of Factor 4 (Table 9, Figure 9).  

 Examination of point clusters of live and dead trees and loadings plotted over the 

principal factors helps to clarify these relationships (Figures 8 and 9).  Live and dead 

trees, plotted over Factors 1 and 2, mainly differ in their association with CHN and 

CHN∆ (Figure 8).  Plots of Factor 1 and 2 indicate a generally dispersed pattern of live 

trees over both axes while dead trees are clustered more tightly on the Factor 1 axis with 

many points positively associated with CHN (Figure 8).  Interestingly, dead trees cluster 
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on the positive side of the Factor 4 axis dominated by FORM (Figure 9). MRPP results 

for FORM were significant (p < 0.000, A = 0.01), however Woodland Formation Class 

was the mode for both live and dead trees, these results warrant further analysis 

describing the relationship between Formation Class and mortality.  In addition to 

FORM, the variables AGDIST, AGE and CHN seem to separate dead from live on the 

Factor 4 axis (Figure 9).  

5. Discussion 

Results from both MRPP and Factor Analysis suggest the chief variables explaining 

spatial pattern of the 2005 die-off are distance from active channel, age, and distance 

from agriculture.  The following discussion section focuses on each of the three variables 

and their relationship to the 2005 die-off pattern, consulting maps of age class 

distribution, channel change and location of agriculture to help elucidate the findings.  

The final discussion centers on the importance of understanding river and land use 

history for ecosystem management of riparian areas. 

5.1 Age 

The clearest evidence that disturbance history controls die-off pattern is the distribution 

of live and dead age classes for both 1997 and 2005 die-offs (Figures 10 and 11).  The 

main difference is a bi-modal distribution of dead trees and normal distribution of live 

trees in 2005, compared with the matched bi-modal distribution of live and dead trees in 

1997 (Figures 10 and 11).  The two peaks in Figure 11 (11-20 and 31-38 yrs) correspond 

with two largest flood events on record, 1967 and 1983, indicating that Cottonwood 

cohorts established soon after these flood events (Roeske et al. 1989).  That these cohorts 
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were more susceptible to mortality is not directly related to the floods, but to their 

establishment location following the flood events (Figure 12).  Many of the dead in the 

11-20 and 31-38 cohorts are located at the outer edges of the floodplain, far from the 

active channel in 2004 (Figure 12).  Conversely, many of the survivors from these 

cohorts are clustered near the 2004 active channel (Figure 13). 

 Of the 453 dead trees in the 11-20 year cohort affected by the 1997 die-off, 288 

established sometime between 1992 and 1996, only a few years before the die-off (Figure 

10).  This information suggests that when aquifer drawdown is the primary mechanism of 

resource reduction, younger trees with underdeveloped root structure are more at risk 

than older trees.  Furthermore, of the 11-20 year cohort only 165 of the dead established 

between 1984 and 1992, likely germinating after the flood of 1983. Of the 550 trees from 

the 11-20 year cohort that died in 2005, 336 of these established between 1984 and 1985 

(immediately following the flood of 1983) and 184 established between 1992 and 1996.  

These data clarify further the differential effects of flood events on the patterns of die off 

in both cases. 

5.2 Channel and Agricultural land use distances 

Channel movement was considerable in many areas of the unconstrained Santa Cruz 

River floodplain from 1936-2004.  Much of the channel migration followed large or 

moderate storm-driven floods, but the channel has been relatively stable since NIWTP 

increased its capacity in the 1990s.  Live trees from all age cohorts tend to cluster near 

the active channel or near recently active channels that are now remnant (Figures 12 and 

13).  Young trees from the <10 year cohort were susceptible to mortality unless located 
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within several meters of the active channel (Figures 12 and 13). 

Agriculture and pasture are prominent land use activities within the unconstrained 

floodplain where the 2005 die-off occurred.  As evidenced by MRPP and FA, distance to 

active agricultural lands and irrigated pastures played a role in the distribution of live and 

dead trees over space.  Trees from older cohorts (31-38 years) survived the die-off at a 

distance from the active channel when located near an actively irrigated field (Figure 14).  

This suggests that direct water subsidy from these fields helps to maintain growth and 

survival despite exogenous hydrologic and climatic conditions. 

6. Conclusions  

 Historical and environmental variables examined in this paper offer some insight 

into the spatial and temporal mechanisms influencing riparian vegetation development 

and decline under drought and changing land use/water use.  The age class data indicate 

2005 dead Cottonwood were associated with two establishment pulses following floods 

in 1967 and 1983.  Spatial-historical data (distance from channel and channel migration) 

suggest the magnitude of these floods, especially the 1983 flood, influenced greatly the 

spatial distribution dead Cottonwood through the establishment of trees on the floodplain 

margins.  A majority of the survivors are found either at locations near the current active 

channel or adjacent to agricultural fields suggesting the flood distributed cohorts were 

more susceptible to reduced water resources related to drought and groundwater decline. 

6.1 Implications 

Excessive aquifer pumping outside of protected areas can compromise hydrologic 

function and vegetation vigor within protected areas.  In the case of the Upper Santa Cruz 
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River and the 2005 die-off, hydrological modifications were likely related to dewatering 

of the Rio Rico Basin to support growing residential developments. Land managers 

responsible for riparian vegetation and stream biota within protected areas like 

Tumacácori NHP have few management mechanisms to control hydrologic modifications 

originating outside of Park boundaries.  Cooperative, cross-agency ecosystem 

management efforts that engage private land owners and other stakeholders are required 

to conserve and restore deteriorating riparian areas of the western United States.  

Increasing regional temperatures and drought predicted for this region mandates ongoing 

research and increased knowledge of historical activities and legacies within riparian 

watersheds.  For example, in the USCRV, a steady supply of effluent and lack of major 

floods since the mid 1990s has for example entrenched the active USCRV channel.  

Actively redirecting the channel into remnant channels to conserve older cohorts, or 

simulating flood scour to encourage river meander within the floodplain may help restore 

hydrologic balance.  Controls on groundwater use and agricultural land use should be a 

priority for maintaining connectivity of riparian watersheds. 

 The recent die-off on the USCRV may be a harbinger of riparian degradation and 

downscaling of more natural systems throughout the region.  The riparian system of the 

USCRV was balanced precariously in recent decades, with agricultural and residential 

water demands offset by guaranteed water inputs from NIWTP.  That a collapse occurred 

with continued effluent input and only slightly greater pressure on groundwater supplies 

(in contrast to the 1997 die-off), suggests climate may have pushed the system out of a 

sustainable state.  The ENSO-driven flood event of 1983 followed by years of above 
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average precipitation and low temperatures helped bolster growth of riparian areas 

throughout the region (Webb et al. 2007).  The aftereffects of the die-off, as interpreted 

from the data presented in this paper, reveal that trees associated with this period of 

growth were affected disproportionately during the die-off.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 



 

 

146 

REFERENCES 

Adams, D. K., and A. C. Comrie. 1997. The North American monsoon. Bulletin of the 
American Meteorological Society 78:2197-2213. 

 
Allan, J. D. 2004. Landscapes and riverscapes: The influence of land use on stream 

ecosystems. Annual Review of Ecology Evolution and Systematics 35:257-284. 

Alley, W. M., R. E. Reilly, and O. L. Franke. 1999. Sustainability of Groundwater 
Resources. United States Geological Survey, Denver, CO. 

Bahre, C. J. 1991. A legacy of change: Historic human impact on vegetation in the 
Arizona borderlands. University of Arizona Press, Tucson. 

Boulton, A. J., and P. J. Hancock. 2006. Rivers as groundwater-dependent ecosystems: a 
review of degrees of dependency, riverine processes and management 
implications. Australian Journal of Botany 54:133-144. 

Brauman, K. A., G. C. Daily, T. K. Duarte, and H. A. Mooney. 2007. The nature and 
value of ecosystem services: An overview highlighting hydrologic services. 
Annual Review of Environment and Resources 32:67-98. 

 
Breshears, D. D., N. S. Cobb, P. M. Rich, K. P. Price, C. D. Allen, R. G. Balice, W. H. 

Romme, J. H. Kastens, M. L. Floyd, J. Belnap, J. J. Anderson, O. B. Myers, and 
C. W. Meyer. 2005. Regional vegetation die-off in response to global-change-type 
drought. Proceedings of the National Academy of Sciences of the United States of 
America 102:15144-15148. 

Busch, D. E., N. L. Ingraham, and S. D. Smith. 1992. Water-Uptake in Woody Riparian 
Phreatophytes of the Southwestern United-States - a Stable Isotope Study. 
Ecological Applications 2:450-459. 

Cade, B. S., and J. D. Richards. 2001. User manual for blossom statistical software. U.S. 
Geological Survey, Midcontinent Ecological Science Center, Fort Collins, CO. 

 
Elmore, A. J., J. F. Mustard, and S. J. Manning. 2003. Regional patterns of plant 

community response to changes in water: Owens valley, California. Ecological 
Applications 13:443-460. 

Ewel, K. C., C. Cressa, R. T. Kneib, P. S. Lake, L. A. Levin, M. A. Palmer, P. Snelgrove, 
and D. H. Wall. 2001. Managing critical transition zones. Ecosystems 4:452-460 

 
Harding, J. S., E. F. Benfield, P. V. Bolstad, G. S. Helfman, and E. B. D. Jones. 1998. 

Stream biodiversity: The ghost of land use past. Proceedings of the National 
Academy of Sciences of the United States of America 95:14843-14847. 



 

 

147 

 
Hupp, C. R., and W. R. Osterkamp. 1996. Riparian vegetation and fluvial geomorphic 

processes. Geomorphology 14:277-295. 
 
Krueper, D. J. 2000. Conservation priorities in naturally fragmented and human altered 

riparian habitats of the arid west. Pages 88–90 in Strategies for bird conservation. 
Partners in Flight planning process: USDA Forest Service Proceedings RMRS-P-
16. 

 
Leffler, A. J., L. E. England, and J. Naito. 2000. Vulnerability of Fremont Cottonwood 

(populus fremontii wats.) individuals to xylem cavitation. Western North 
American Naturalist 60:204-210. 

 
Logan, M. F. 2002. The lessening stream: An environmental history of the Santa Cruz 

River. University of Arizona Press, Tucson. 
 
Malanson, G. P. 1995. Riparian landscapes. 2nd edition. Cambridge University Press, 

Cambridge. 
 
McCune, B., and J. B. Grace. 2002. Analysis of ecological communities. MjM Software 

Design, Gleneden Beach, Oregon. 
 
Mielke, P. W., and K. J. Berry. 2007. Permutation methods: A distance function 

approach. Springer, New York. 
 
Moore, I. D., R. B. Grayson, and A. R. Ladson. 1991. Digital terrain modelling: A review 

of hydrological, geomorphological, and biological applications. Hydrological 
Processes 5:3-30. 

Nagler, P. L., O. Hinojosa-Huerta, E. P. Glenn, J. Garcia-Hernandez, R. Romo, C. Curtis, 
A. R. Huete, and S. G. Nelson. 2005. Regeneration of native trees in the presence 
of invasive saltcedar in the Colorado River delta, Mexico. Conservation Biology 
19:1842-1852. 

Naiman, R. J., H. Decamps, and M. E. McClain. 2005. Riparia: Ecology, conservation, 
and management of streamside communities. Elsevier Acadmeic Press, San 
Diego. 

 
Naiman, R. J., H. Decamps, and M. Pollock. 1993. The role of riparian corridors in 

maintaining regional biodiversity. Ecological Applications 3:209-212. 
 
Nelson, K. 2007. Groundwater flow model of the Santa Cruz Active Management area 

along the effluent-dominated Santa Cruz River, Santa Cruz and Pima counties, 
Arizona. Arizona Department of Water Resources, Modeling Report No.14. 



 

 

148 

 
Nilsson, C., and M. Svedmark. 2002. Basic principles and ecological consequences of 

changing water regimes: Riparian plant communities. Environmental 
Management 30:468-480. 

Poff, N. L., J. D. Allan, M. B. Bain, J. R. Karr, K. L. Prestegaard, B. D. Richter, R. E. 
Sparks, and J. C. Stromberg. 1997. The natural flow regime. Bioscience 47:769-
784. 

Roeske, R. H., J. M. Garrett, and J. H. Eychaner. 1989. Floods of October 1983 in 
southeastern Arizona: U.S. Geological survey water resources investigations 
report 85-4225-c.77p. 

 
Rood, S. B., J. H. Braatne, and F. M. R. Hughes. 2003. Ecophysiology of riparian 

cottonwoods: Stream flow dependency, water relations and restoration. Tree 
Physiology 23:1113-1124. 

 
Roth, N., J. Allan, and D. Erickson. 1996. Landscape influences on stream biotic integrity 

assessed at multiple spatial scales. Landscape Ecology 11:141-156. 
 
Scheffer, M., S. Carpenter, J. A. Foley, C. Folke, and B. Walker. 2001. Catastrophic 

shifts in ecosystems. Nature 413:591-596. 
 
Scott, M. L., P. B. Shafroth, and G. T. Auble. 1999. Responses of riparian cottonwoods to 

alluvial water table declines. Environmental Management 23:347-358. 
 
Shafroth, P. B., Stromberg, J.C., & D.T.  Patten. 2000. Woody riparian vegetation 

response to different alluvial water table regimes. Western North American 
Naturalist 60:10. 

 
Skagen, S., C. P. Melcher, and F. L. Knopf. 1998. Comparative use of riparian corridors 

and oases by migrating birds in southeast Arizona. Conservation Biology 12:896-
909. 

 
Soil Survey Staff, Natural Resources Conservation Service, United States Department of 

Agriculture. Soil Survey Geographic (SSURGO) Database for [Santa Cruz 
County, AZ]. Available online at http://soildatamart.nrcs.usda.gov accessed 
[07/16/2008]. 

 
Stromberg, J. 1993. Fremont cottonwood-goodding willow riparian forests: A review of 

their ecology, threats, and recovery potential. Journal of the Arizona-Nevada 
Academy Academy of Science. 

 



 

 

149 

van Mantgem, P. J., N. L. Stephenson, J. C. Byrne, L. D. Daniels, J. F. Franklin, P. Z. 
Fule, M. E. Harmon, A. J. Larson, J. M. Smith, A. H. Taylor, and T. T. Veblen. 
2009. Widespread increase of tree mortality rates in the western united states. 
Science 323:521-524. 

 
Villarreal, M.L. 2009. Land use and disturbance interactions in dynamic arid systems:       

Multiscale remote sensing approaches for monitoring and analyzing riparian 
vegetation change. Dissertation. University of Arizona. 

 
 
Webb, R. H., and S. A. Leake. 2006. Ground-water surface-water interactions and long-

term change in riverine riparian vegetation in the southwestern united states. 
Journal of Hydrology 320:302-323. 

 
Webb, R. H., S. A. Leake, and R. M. Turner. 2007. The ribbon of green: Change in 

riparian vegetation in the southwestern United States. University of Arizona 
Press, Tucson. 

 
Zevenbergen, L., W., and R. T. Colin. 1987. Quantitative analysis of land surface 

topography. Earth Surface Processes and Landforms 12:47-56. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

150 

TABLES AND FIGURES 
 
Table 1. Aerial photography and high-resolution satellite data sets acquired for portions 
of the USCRV.  
Date Data Set Spectral Cell Size 

1936 Aerial Photographs Panchromatic 0.7 m 

1956 Aerial Photographs Panchromatic 1.2 m 

1967 Aerial Photographs Panchromatic 1.4 m 

1975 Aerial Photographs Panchromatic  

1980 Aerial Photographs Panchromatic 1.6 m 

1983 Aerial Photographs Color-Infrared  

1985 Aerial Photographs Panchromatic  

1996 USGS CIR DOQQ Color-Infrared 1.0 m 

2003 Aerial Photographs Color-Infrared  

2004 Aerial Photographs Panchromatic 0.15 m 

2006 Quickbird Satellite Pansharpened multi-spectral 0.6 m 

2007 USGS CIR DOQQ Color-Infrared 1.0 m 
 
 
 
Table 2. An example of a National Vegetation Classification System Hierarchy. Adapted 
from FGDC 2008. 
Heirarchy for Natural Vegetation Example: Scientific Name Example: Colloquial Name

Upper Levels Formation Class Mesomorphic Shrub and Herb Vegetation Shrubland and Grassland

physiognomic Formation Subclass Temperate and Boreal Shrub and Herb Vegetation Temperate and Boreal Shrubland and Grassland

Formation Temperate Shrub and Herb Vegetation Temperate Shrubland & Grassland

Mid Levels Division Andropogon – Stipa – Bouteloua Grassland & Shrubland Division North American Great Plains Grassland & Shrubland

physiognomic-floristic Macrogroup Andropogon gerardii – Schizachyrium scoparium – Great Plains Tall Grassland & Shrubland

Sorghastrum nutans Grassland & Shrubland Macrogroup

Group Andropogon gerardii – Sporobolus heterolepis Grassland Group Great Plains Mesic Tallgrass Prairie

Lower Levels Alliance Andropogon gerardii – (Calamagrostis canadensis – Wet-mesic Tallgrass Prairie

floristic Panicum virgatum) Herbaceous Alliance

Association Andropogon gerardii – Panicum virgatum – Central Wet-mesic Tallgrass Prairie

Helianthus grosseserratus Herbaceous Vegetation  
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Table 3. Modified NVC Formation classes used in historical vegetation mapping. 
Formation Class NVC Formation Formation Class Description

Agriculture Agriculture Row crops, orchards and pasture

Barren Barren Rock, bare soil and strand

Herbaceous Herbaceous Herbaceous dominated, tree cover < 10%,  Shrub cover < 10%

Riparian Mesquite Forest Forest Tree cover < 60%. Mesquite dominated 

Woodland Woodland Tree cover dominant cover type but < 60% total cover

Residential Residential Areas of high density and low density residential structures

Riparian Forest Forest Tree cover > 60%. Cottonwood and Goodding Willow dominated

Riparian Woodland Woodland Tree cover < 60%. Cottonwood/Willow/Netleaf hackberry dominated

Shrub Savanna Shrub Savanna Herbaceous dominated, shrub cover present but < 10%

Shrubland Shrubland Shrub cover > 50%

Tree Savanna Tree Savanna Herbaceous dominated, tree cover present but < 10%  
 
 
Table 4. Grouped Formation types with Rank Values used in calculating the VEG∆ 
metric. 
Original Formation Grouped Formation Rank 
Riparian Forest, Riparian Woodland and Wooded 
Herbaceous Riparian Tree 1 

Strand Strand 2 

Mesquite Forest and Mesquite Woodland Terrace Tree 3 

Herbaceous, Shrub Herbaceous and Shrubland 
Riparian Herbaceous and 
Shrubland 4 

Agriculture Agriculture 4 
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Table 5. SSURGO soil series descriptions and taxonomic classes of six soil types found in the study area. 

Map Unit Series Taxonomic Class
CtB Comoro soils Coarse-loamy, mixed, superactive, calcareous, thermic Ustic Torrifluvents
GbB Grabe-Comoro complex Coarse-loamy, mixed, superactive, calcareous, thermic Ustic Torrifluvents
Ge Grabe soils Coarse-loamy, mixed, superactive, calcareous, thermic Typic Torrifluvents
Gu Guest Soils Fine, mixed, superactive, calcareous, thermic Ustertic Torrifluvents
LcF Lampshire-Chircahua association Loamy-skeletal, mixed, superactive, nonacid, thermic Lithic Ustic Torriorthents
Pm Pima Soils Fine-silty, mixed, superactive, calcareous, thermic Typic Torrifluvents

Map Unit Series Series Description
CtB Comoro soils Deep, well drained in stratified alluvium
GbB Grabe-Comoro complex Moderately deep,  well drained in stratified alluvium
Ge Grabe soils Very deep, well drained in stratified alluvium
Gu Guest Soils Very deep, well drained in mixed source alluvium
LcF Lampshire-Chircahua association Shallow, well drained soils formed in igneous alluvium and colluvium 
Pm Pima Soils Deep, well drained in stream alluvium  
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Table 6.  Summary statistics and MRPP results for nine variables used in analysis of 2005 die-off. 

Variable Dissimilarity Mean/Mode* SE Dissimilarity Mean/Mode* SE Observed Expected Variance Skewness T p A

AGE 11.69 1992* na 12.07 1984* na 11.80 11.85 4.88 -2.42 -6.44 0.001 0.00

CHN 136.50 143.97 142.30 99.66 91.34 94.63 125.62 128.18 0.00 -2.45 -37.19 0.000 0.02

FORM 1.38 Woodland* na 1.27 Woodland* na 1.35 1.36 6.58 -2.17 -15.23 0.000 0.01

VEG∆ 1.95 6.004 1.736 1.99 5.966 1.764 1.96 1.96 1.27 -2.43 0.60 0.678 0.00

SOIL 1.77 801772* na 1.72 801772* na 1.75 1.75 2.17 -2.78 -0.26 0.245 0.00

AGDIST 164.86 229.64 153.75 165.25 175.62 164.51 164.97 168.32 0.01 -2.46 -36.92 0.000 0.02

CHN∆ 141.46 -38.68 146.42 83.46 -11.85 81.32 124.33 125.29 0.00 -2.21 -16.20 0.000 0.01

PlanC 0.04 0.0008 0.0457 0.07 0.001 0.076 0.05 0.05 0.00 -2.05 -22.92 0.000 0.01

ProC 0.09 0.0007 0.0930 0.16 0.014 0.154 0.11 0.11 0.00 -2.08 -34.44 0.000 0.02

Dead (n = 1067) Live (n = 447) MRPP Results

 

Variable Dissimilarity Mean/Mode* SE Dissimilarity Mean/Mode* SE Observed Expected Variance Skewness T p A

AGE 11.69 1992* na 12.07 1984* na 11.80 11.85 4.88 -2.42 -6.44 0.001 0.00

CHN 136.50 143.97 142.30 99.66 91.34 94.63 125.62 128.18 0.00 -2.45 -37.19 0.000 0.02

FORM 1.38 Woodland* na 1.27 Woodland* na 1.35 1.36 6.58 -2.17 -15.23 0.000 0.01

VEG∆ 1.95 6.004 1.736 1.99 5.966 1.764 1.96 1.96 1.27 -2.43 0.60 0.678 0.00

SOIL 1.77 801772* na 1.72 801772* na 1.75 1.75 2.17 -2.78 -0.26 0.245 0.00

AGDIST 164.86 229.64 153.75 165.25 175.62 164.51 164.97 168.32 0.01 -2.46 -36.92 0.000 0.02

CHN∆ 141.46 -38.68 146.42 83.46 -11.85 81.32 124.33 125.29 0.00 -2.21 -16.20 0.000 0.01

PlanC 0.04 0.0008 0.0457 0.07 0.001 0.076 0.05 0.05 0.00 -2.05 -22.92 0.000 0.01

ProC 0.09 0.0007 0.0930 0.16 0.014 0.154 0.11 0.11 0.00 -2.08 -34.44 0.000 0.02

Dead (n = 1067) Live (n = 447) MRPP Results
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Table 7.  Summary statistics and MRPP results for seven variables used in analysis of 1997 die-off. 

Variable Dissimilarity Mean/Mode* SE Dissimilarity Mean/Mode* SE Observed Expected Variance Skewness T p A

AGE 15.63 1996* na 14.41 1996* na 15.18 15.21 0.00 -2.68 -1.68 0.067 0.00

CHN 76.19 100.47 69.87 81.91 87.03 78.97 78.27 78.93 0.00 -2.49 -11.56 0.000 0.01

FORM 1.44 Woodland* na 2.44 Woodland* na 1.80 1.88 0.00 -2.22 -57.21 0.000 0.04

VEG∆ 2.25 3.71 2.01 2.47 4.17 2.19 2.33 2.35 0.00 -2.34 -11.25 0.000 0.01

SOIL 3368.80 801772* na 17409.58 801772 na 8490.98 8518.14 94.05 -2.33 -2.80 0.024 0.00

AGDIST 1029.93 900.62 1017.83 1509.52 1582.81 1332.0 1204.89 1274.12 1.11 -2.64 -65.73 0.000 0.05

CHN∆ 84.60 8.48 76.28 73.21 35.73 71.96 80.45 81.99 0.00 -2.30 -29.41 0.000 0.02

Dead (n = 740) Live (n = 425) MRPP Results
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Table 8. Results of PCA-based factor analysis using 9 variables for 2005 live and dead 
groups.  The first 4 factors explain 68 % of the total variance.  

Value Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 Factor 8 Factor 9

Eigenvalue 2.31 1.47 1.26 1.07 0.81 0.75 0.61 0.52 0.20

% of Var. 25.66 16.38 14.05 11.89 8.97 8.31 6.72 5.75 2.27

Cum. % 25.66 42.04 56.09 67.98 76.95 85.26 91.98 97.73 100.00  

 

 

Table 9. 2005 live and dead PCA factor loadings for the first 4 factors.  

Variable Factor 1 Factor 2 Factor 3 Factor 4

AGDIST 0.408 0.314 0.359 0.176

AGE -0.693 -0.103 -0.206 0.353

PlanC 0.029 0.705 -0.450 -0.058

ProC -0.005 -0.722 0.427 -0.028

CHN 0.865 -0.145 -0.189 0.209

CHN∆ -0.825 0.105 0.174 -0.196

SOIL 0.309 -0.413 -0.515 -0.034

FORM -0.076 0.146 0.224 0.874

VEG∆ -0.364 -0.351 -0.572 0.253  
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Figure 1. Study Area and location of 1997 and 2005 Cottonwood die-offs relative to 
Tumacácori NHP and Nogales International Wastewater Treatment Plant.  
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Figure 2. Annual average precipitation measured at Tumacácori (1946-2008) and river 
stage measurements indicating historical floods on the Santa Cruz River.  
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Figure 3. Well measurements from Guevavi 1949-1997. The 1997 die-off occurred in 
1997 when depth to groundwater was greatest. 
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Figure 4. Well measurements from Rio Rico North 1939-2005. Depth to groundwater 
increased from 2000 to 2005 around the time of the die-off. 
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Figure 5. Well measurements from Otero 1940-2005. 
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a)  

b)  

Figure 6. Before and after the 1997 die-off: a) pre-and b) post-die-off imagery, note the 
downed wood in image b. 
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a)  

b)  
 
Figure 7. Imagery depicting a riparian area before and after the 2005 die-off.  Dead and 
live trees were identified from 2004 and 2007 high resolution imagery based on the 
presence and absence of shadows and verified with oblique aerial photography. 
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Figure 8. 2005 live and dead, all variables. Factors 1 and 2 and factor loadings. 
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Figure 9. 2005 live and dead, all variables. Factors 1 and 4 and Factor loadings. 
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Figure 10. Age class distribution of 1997 live and dead trees. General distribution is 
similar for both live and dead and a majority of dead trees were from the youngest cohort, 
suggesting that mortality of individuals was related to root-depth. 
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Figure 11. Age class distribution of 2005 live and dead trees. The class distribution of 
dead trees has two peaks related to the floods of 1967 and 1983.  
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Figure 12. Map displaying patterns of different age classes of live and dead trees relative 
to active and historical channels.  
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Figure 13. Map displaying patterns of live and dead trees in an area with significant 
historical channel migration.  
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Figure 14. Map displaying patterns of live and dead trees, tree age and historical channel 
migration in an area of high agricultural land use.  
 


