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ABSTRACT 

Riparian ecosystems of the southwestern United States are highly valuable to both the ecological 

and human communities which surround them. Over the past century, they have been subject to 

shifting management practices to maximize human use, control, ecosystem service, and 

conservation. This creates a complex relationship between water policy, management, and the 

natural ecosystem necessitating research on spatial and temporal dynamics of riparian vegetation. 

The San Acacia Reach of the Middle Rio Grande, a 60 mile stretch from the San Acacia 

Diversion Dam to San Marcial, has experienced multiple management and river flow 

fluctuations over the past 80 years, resulting in threats to riparian and aquatic ecosystems. This 

research was completed through the use and analysis of multi-source remote sensing data, GIS, 

and a review of the on-the-ground management decisions to better understand how the location 

and composition of the riparian vegetation has been affected by these shifting practices. This 

research focused on four phases, each highlighting different management practices and river 

flow patterns during the last 80-years. Each of these periods provides a unique opportunity to 

observe a direct relationship between river management and riparian land cover response and 

change. Overall, management practices reduced surface river flows and limited overbank 

flooding and resulted in changes in the composition, density, and spatial patterns of the 

vegetation, including increased non-native vegetation growth. Restoration efforts over the past 

few decades have begun to reduce the presence of non-native species. Despite these changes, this 

ecosystem was shown to be extremely resilient in maintaining its function/service throughout the 

entire study time frame.   

KEYWORDS – riparian ecosystems, GIS, remote sensing, river research, land cover change, 

river management 

 



10 
 

1. INTRODUCTION 

No less than the storied Nile and Euphrates rivers, the large rivers of the Southwestern 

United States are central to life. Throughout history, rivers have sustained life and provided 

space for life to grow, space we recognize today as vital areas critical for ecosystem services. For 

example, the Colorado River, Rio Grande River, and Gila River each offer necessary resources 

in support of today’s large cities, including Las Vegas, Albuquerque, and Phoenix, respectively. 

With large populations and annual precipitation around 10 inches, these cities are dependent on 

water distributed from rivers. However, rivers also provide water resources to the natural riparian 

ecosystems which encompass them. Characterized as narrow-belts of vegetation along perennial 

or ephemeral rivers and streams, riparian ecosystems consist of less than 1% of the western 

landscape of the United States (Knopf, 1988). Despite their relative size, more than half of all 

species in southwestern states are completely dependent on the vegetation types within these 

ecosystems (Knopf, 1988). However, due to recent questions of water scarcity in the western 

United States from urban and agricultural uses, these ecosystems are vulnerable to environmental 

degradation. This degradation, coupled with potential physical loss of riparian habitat, would 

have extreme repercussions for biodiversity of the region. 

1.1 Problem Statement 

As modern climate projections indicate an increased likelihood of less precipitation 

events with greater severity, more extreme droughts, and increased temperatures across the 

southwestern United States (Garfin et al., 2013), riparian ecosystems will become more and more 

threatened. These changing climate variables will likely impact the way in which our rivers are 

managed. For instance, the increased risk of flooding results in the construction or improvement 

of flood control measures, such as what is currently planned along the Middle Rio Grande in 
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central New Mexico (MRGCD, 2014). A reduction in water resources will likely result in the 

allocation of water for human use and consumption, rather than for ecosystem use. Nevertheless, 

there is little known about how these management decisions will directly impact the spatial, 

temporal, and compositional patters of the riparian vegetation.  

However, similar changes in management practice have occurred for well over a hundred 

years along our western rivers. Using aerial imagery, we have the ability to review past impacts 

on fluctuating management on riparian vegetation. Many of these management techniques have 

been in response to the current water needs within the system at that time. Our ability to 

understand what happened then can help us prepare for what may occur in response to the 

projected climate changes. 

1.2 Goals and Objectives 

The overall design of this research is to determine if there is a relationship between 

periods of changing river management practices, resulting river flow dynamics, and climate 

variable fluctuations on the riparian vegetation along a portion an arid Southwest river basin. 

This research was geographic in nature and was designed to quantify the spatial, temporal, and 

compositional vegetative changes across multiple structured research periods, otherwise known 

as management phases. A remote sensing, GIS, and historical review approach was applied to 

answer the following research question: What is the response of riparian vegetation, within a 

dryland river basin, to fluctuating management practices and climate-driven variables? 

Additionally, the two following sub-questions were also asked within this research: 
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(1) What are the specific management practices and how have the spatial and 

compositional patterns of the vegetation responded to each specific 

management/river flow fluctuation?  

(2) Can we use these results to inform future management practices? 

1.3 Literature Review 

Within this research, there are three larger theoretical frameworks that are considered. 

Each of these frameworks view the role of the river and its value within both an anthropogenic 

centered society and an ecosystem centered society. This research will be approached in a way 

that comprehends and qualifies the river as a system which is dependent on as well as influences 

both humans and the environment. Ecosystem services is the first framework that we assessed.  

1.3.1 Ecosystem Services 

The term ecosystem services was first coined in 1983 by Paul Ehrlich and Harold 

Mooney (1983) as a relation to the “controls” within the ecosystems that support the structure 

and allow for the flow of energy and material passing (Ehrlich and Mooney, 1983). However, it 

was first broadly used during the 1990’s as a way to define natural habitat, biological systems, or 

ecosystem goods as benefits, directly or indirectly, to human life (Costanza et al., 1997; Daily, 

1997). These two definitions display varying viewpoints on the role of humans within ecosystem 

services. For instance, some scholars argue that humans can benefit from ecosystem goods as an 

aesthetic experience or an economic gain through trade (Daily, 1997), that humans are the 

beneficiary of ecosystem services. On the other hand, others believe that human transport and 

influence within the environment is a “weed” due to it being an invasion of a non-natural control 

rather than being a benefit to human life (Ehrlich and Mooney, 1983). These debates about 
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anthropogenic influence are important when focusing the spotlight on riparian ecosystems and 

the tradeoffs between management and the natural ecosystem 

Furthermore, rivers have been found in the literature to be a challenging function within 

the theoretical framework of Ecosystem Services. For instance, many argue that rivers provide 

essential services and goods that are vital for human survival (Postel and Richter, 2003). In his 

presidential address in 1901, U.S. President Theodore Roosevelt described rivers as networks for 

storage of resources as well as a danger due to the risk for floods. This ultimately led to extreme 

changes for rivers throughout the 20th century, including the construction of dams and reservoirs 

(Postel and Richter, 2003). John Loomis highlights that rivers, including the Platte River in 

Colorado, have been modified to diversion channels and irrigation canals in order to support 

human services (Loomis et al., 2010). Additionally, this management of river channels also 

provides a secondary benefit due to its increased prevention of floods.  

These examples exemplify how rivers benefit both the natural and human ecosystems in 

relation to the theoretical framework of ecosystem services. The availability and control of water 

for diversion and agriculture has increased while the risk of floods has decreased (Loomis et al., 

2010). Conversely, our appreciation of the riparian ecosystem as a unique and threatened habitat 

highlights our aesthetic appreciation of the natural habitat that exists. 

1.3.2 Resilience, Thresholds, and Feedback Loops 

The two other theoretical frameworks that are considered within this research are 

resilience theory and Coupled Human and Natural System (CHANS). The term resilience is 

defined by C.S. Holling as the ability of an ecosystem to accept changes and, yet, still persist 

(Holling et al., 1973; Gunderson, 2000). It is included in this research in order to highlight the 
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characteristic of riparian ecosystems to not be in constant equilibrium, but rather to shift and 

respond to both short and long term changes in certain driving variables (Holling et al., 1973). A 

CHANS framework, on the other hand, reviews systems in which human components and a 

natural components interact (Liu et al., 2007). Instead of simply understanding the ability of a 

system to persist, CHANS reviews the system as a potentially highly complex system in which 

humans and ecosystem are embedded within each other and react to each other through 

ecosystem services (Liu et al., 2007).  

The similarity between these two frameworks is their appreciation of the positive and 

negative feedback loops as well as the concept of thresholds (Walker and Meyers, 2004; Briske 

et al., 2006). Defined as space and time boundaries between states (Stringham et al., 2003), 

thresholds determine where and when a system changes to another, or how resilient the system 

is. The system is viewed, theoretically, within a cup and ball diagram in which the level of 

resilience of the system determines the level of the threshold the cup would need to cross 

(Gunderson, 2000). This level of resilience then determines the direction of the feedback loop, 

whether positive or negative (Walker and Meyers, 2004). Negative feedback loops make the 

ecosystems return to the original balance while positive feedback loops enhances changes in the 

ecosystems.  

For riparian ecosystems, many are highly centered within a coupled human and natural 

systems, both theoretically and physically. This includes the Middle Rio Grande, of which this 

research is focused on. Management decisions, driven by both human needs and ecosystem 

responses, are impacting the ability of the riparian system to persist, potentially pushing the 

system, or portions of the system, beyond the defining threshold. As the larger goals of 

management have begun to shift from human centered to ecosystem centered since the mid-
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1990’s (Molles et al., 1998), the ecosystem has the potential to increase its threshold and remain 

in balance. These concepts are important due the projected changes in climate variables, which 

threaten the resilience of riparian ecosystems.  

2. PRESENT STUDY 

2.1 Study Area 

This research takes place along a portion of the Middle Rio Grande in central New 

Mexico, known as the San Acacia Reach (SAR). The SAR stretches 65 kilometers from the San 

Acacia Diversion Dam to the town of San Marcial (Figure 3 – Appendix A), with a spatial 

extent of 18,941 hectares. This research is focused entirely within the active floodplain, which 

contains the riparian vegetation. Comprised of predominantly native Rio Grande Cottonwood 

(Populus deltoids ssp. wizlizenii) and non-native Saltcedar (Tamarix chinensis), many other 

native and non-native tree, shrub, and grass species are present in the basin (Cartron et al., 2008). 

The basin is dependent on a bi-modal precipitation regime and is fed by both monsoonal rains in 

the summer as well as winter precipitation and snowmelt from the surrounding mountains 

(Crawford et al., 1993; Loftin et al., 1995). Large areas within the floodplain of the SAR are 

privately owned, however, the study area also included land from the Fish and Wildlife Service 

Bosque del Apache National Wildlife Refuge.  

2.2 Methodological Approach 

This research applies a three step methodological approach to answer the research 

question and sub-questions. This approach allows for a broad, yet detailed overview of the 

management practices as well as quantifies each of the land cover changes in response to 

fluctuating management practices and river flows.  
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First, a historical review of the management practices was completed in order to 

determine the specific management phases considered in this research. This included a review of 

both primary sources including informal interviews and field visits as well as secondary sources 

including documents, visuals, and literature from both regional and local experts. A full time-

series of major management practices was constructed. With this overview, four specific 

management phases were determined, each offering a unique viewpoint of the relationship 

between management practices and changes in the land cover.  

Second, multiple land cover classifications were constructed. This was completed using 

the two following approaches: (1) digitizing historic aerial imagery, and (2) Classification and 

Regression Tree (CART) modeling with satellite imagery. The two approaches to construct land 

cover classifications were included for two reasons. First, the timing of the classification was 

essential. The first two classifications, 1935 and 1962, occurred before satellite imagery was 

available. The final two classifications, 1999 and 2014, utilized satellite based data. A fifth date, 

1987, was included and utilized both a digitized and a CART classification to allow for an 

overlap and direct comparison between aerial imagery and satellite imagery based classifications. 

The digitization based classification of aerial imagery was necessary in order to represent the 

earlier management phases. Second, the vegetation within the bosque is extremely heterogeneous 

across space and time (Naiman et al., 2005). A single date, object based classification, with 

vectors surrounding large scale groups of vegetation structure requires a relatively homogeneous 

landscape (Blashke et al., 2000; Blashke, 2010; Walter, 2004). Utilizing moderate resolution 

satellite based imagery, a pixel-by-pixel based approach was possible and was expected to 

identify a more complex and dynamic vegetation structure. Furthermore, satellite imagery allows 



17 
 

for a multi-date assessment which can utilize plant phenological characteristics to better 

differentiate between vegetation types.  

 The third step with this methodological approach was to aggregate the various 

classifications, stratified by management phase, and determine the statistical change. This 

includes the net overall change for each land cover class as well as the change both to and from 

each land cover class. When analyzed in response to the expected changes hypothesized within 

the historic review, conclusions could be made related to how much the fluctuations in 

management and river flow have influenced the land cover change within the reach.  

2.3 Data  

A combination of multiple data sets were utilized within the research. Aerial imagery 

sources include the following: (1) United States Bureau of Reclamation (USBR) remotely sensed 

historic aerial imagery, (2) United States Geological Survey (USGS) remotely sensed Landsat 

satellite imagery, and (3) United States Department of Agriculture (USDA) remotely sensed 

National Agriculture Imagery Program (NAIP) aerial imagery. Additionally, Middle Rio Grande 

planform data sets were utilized within this research. The following sub-sections provide more 

detail about each specific data set.  

2.3.1 Historic Aerial Imagery and Planforms 

The historic aerial imagery was provided by the USBR office in Denver, Colorado. 

Multiple sources were responsible for the production of the aerial imagery, depending on the 

year at question. The 1935 imagery source is not noted. The 1962 imagery was compiled by 

Abram Aerial Survey Corp. of Lansing, Michigan. The 1987 imagery was produced by Thomas 

R. Mann and Associates, Inc. of Albuquerque, New Mexico for the Middle Rio Grande Project. 
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Finally, the 2001 imagery was produced by Pacific Western Technologies, Ltd. of Albuquerque 

New Mexico.  

The single band images were mosaicked to allow for consistency in color and texture 

symbology between the various scenes. Once mosaicked, it was utilized to digitize the various 

classifications for 1935, 1962, and 1987. The 2001 imagery was also utilized to select the 

training points for the 1999 CART classifications.  

Planform river datasets, developed by the USBR, were also utilized within this research. 

Developed using the same historic aerial imagery, these data sets provided more detailed 

information about the planforms present within the basin. For the digitizing process, the 

planforms provided information about the characteristics of active river channel and the extent of 

the active floodplain and were used as a validation source.  

2.3.2 Landsat Satellite Imagery  

The USGS Landsat program is the ‘longest continuous space-based record of the Earth’s’ 

surface (Landsat Science, 2015). Designed to provide information for policy makers and land 

managers to make decisions on environmental situations, the Landsat program was launched in 

1972 and is currently running (Landsat Science, 2015). 

The Landsat 5 – Thematic Mapper (TM) and Landsat 8 – Operational Land Imager (OLI) 

imagery was employed in this research. The quality of the imagery as well as available dates for 

download was determined using the USGS Earth Explorer website 

(http://earthexplorer.usgs.gov/). Once the scene IDs of the desired images were determined, the 

imagery was ordered from the Land Satellites Data System (LSDS) Science Research and 

Development (LSRD) website (http://espa.cr.usgs.gov/) and downloaded. The downloaded 
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imagery is from the Climate Data Record (CDR) collection, meaning the imagery was 

atmospherically corrected surface reflectance data (Landsat CDR, 2015). Due to where the SAR 

was located in relation to the extent of the each Landsat scene, multiple scenes for each date 

were ordered and mosaicked.  

A total of 52 cloud-free images (over the SAR) were ordered from the LSRD website 

over the three various years. Three months were chosen to show the following phenological 

characteristics of the vegetation as well as allow for consistency between three years: (1) green-

up of the vegetation – March, (2) maximum vegetation – July, and (3) senescence of the 

vegetation – September. These images were used within the CART modeling process. 

Along with the full stacks for each date, three vegetation indices were utilized. The first 

index was the Normalized Difference Vegetation Index (NDVI) (Huete et al., 2002). The second 

index was the Soil Adjusted Vegetation Index (SAVI) (Huete, 1988; USGS, 2015). The final 

index was the Normalized Difference Moisture Index (NDMI) (USGS, 2015; Gao, 1996). 

Similarly to the full stacks, these indices were included within the CART modeling process.  

2.3.3 National Agriculture Imagery Program (NAIP) Imagery  

The final data set employed within this research was the USDA NAIP remotely sensed 

aerial imagery (NAIP Imagery, 2015). The imagery was downloaded from the Geospatial Data 

Gateway for Socorro County in New Mexico (https://gdg.sc.egov.usda.gov/GDGOrder.aspx). 

Multiple years were available beginning in 2006, however only 2014 was downloaded to align 

with the final management phase.   



20 
 

For New Mexico, NAIP imagery is only available with three spectral bands in the visible 

range allowing for a true color image. Additionally, it has a spatial resolution of 1 meter. The 

imagery was utilized to select the training points for the 2014 CART classification.  

2.4 Results and Discussion 

The overall results of this study indicate that there was a correlation between fluctuating 

management practices and river flows on the land cover within the San Acacia Reach. This 

correlation was both direct and indirect, depending on the specific type of management practice. 

For instance, construction of flood control and water conveyance measures directly influenced 

where the active channel was located as well as removed certain areas of vegetation and allowed 

for agricultural growth. This direct influence was mostly present within management phase 1. 

However, by controlling the river flow, these measures also had large indirect impacts on the 

spatial and compositional patterns of the vegetation.  

Overall, the river flow fluctuations had the largest influence on the characteristics of the 

land cover, particularly the vegetation. Phases in which river flow was low and overbank 

flooding was limited (Management Phases 2 and 4) resulted in increases in invasive riparian 

forest, particularly with Tamarix chinensis. During phases in which overbank flooding was 

common, coupled with perennial flows within the system (Phase 3), increases in cottonwood 

riparian forest occurred. Overall, within all phases assessed in this research, we observed a 

general densification of the vegetation.  

Although net land cover changes were the primary value considered, changes to and from 

each class were also determined. Overall, most of the vegetation changes were multi-directional. 

This highlights the resilience of the riparian vegetation. With management practices and flow 
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dynamics influencing specific vegetation changes, a multi-directional change indicates that other 

multiple processes are occurring within the riparian system.  

2.5 Conclusion 

Overall, this research offers stakeholders, land managers, researchers, and the general 

public the ability to better understand how our historic and current river management have larger 

implications for the surrounding riparian habitat. Whether direct or indirect, the riparian forest is 

susceptible to both anthropogenic induced changes as well as ecosystem induced changes. 

However, with river management activities that are designed for a coupled human and natural 

system, the riparian habitat has shown resilience by shifting in various ways, both 

compositionally and spatially. This research can inform future management decisions by learning 

from the past.    
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ABSTRACT 

Riparian ecosystems of the southwestern United States are highly valuable to both the ecological 

and human communities which surround them. Over the past century, they have been subject to 

shifting management practices to maximize human use, control, ecosystem service, and 

conservation. This creates a complex relationship between water policy, management, and the 

natural ecosystem necessitating research on spatial and temporal dynamics of riparian vegetation. 

The San Acacia Reach of the Middle Rio Grande, a 60 mile stretch from the San Acacia 

Diversion Dam to San Marcial, has experienced multiple management and river flow 

fluctuations over the past 80 years, resulting in threats to riparian and aquatic ecosystems. This 

research was completed through the use and analysis of multi-source remote sensing data, GIS, 

and a review of the on-the-ground management decisions to better understand how the location 

and composition of the riparian vegetation has been affected by these shifting practices. This 

research focused on four phases, each highlighting different management practices and river 

flow patterns during the last 80-years. Each of these periods provides a unique opportunity to 

observe a direct relationship between river management and riparian land cover response and 

change. Overall, management practices reduced surface river flows and limited overbank 

flooding and resulted in changes in the composition, density, and spatial patterns of the 

vegetation, including increased non-native vegetation growth. Restoration efforts over the past 

few decades have begun to reduce the presence of non-native species. Despite these changes, this 

ecosystem was shown to be extremely resilient in maintaining its function/service throughout the 

entire study time frame.   

KEYWORDS – riparian ecosystems, GIS, remote sensing, river research, land cover change, 

river management 
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1. Introduction 

Riparian ecosystems of the southwestern United States are considered to be particularly 

valuable for ecosystem services and diverse species habitats, yet are sensitive and susceptible to 

various land use changes (Poff et al., 2011). Sitting at a transition zone between the terrestrial 

uplands and aquatic ecosystems, riparian areas are highly productive and provide habitat for a 

disproportionately large diversity of plant and animal species in relation their spatial coverage 

(Knopf et al., 1988; Gregory et al., 1991; McDonnell and Goodrich, 2012). Many species are 

entirely dependent on riparian habitat for survival (Johnson et al., 1977), particularly in arid 

environments. This includes animal species such as the Rio Grande silvery minnow 

(Hybognathus amarus), southwestern willow flycatcher (Empidonax traillii), and western 

yellow-billed cuckoo (Coccyzus americanus occidentalis) (Katz, 2007; Dudley and Bean, 2012; 

Johnson et al., 2007). Similarly, these ecological benefits extend beyond the natural ecosystem, 

providing humans with agriculture, water provisioning, and recreation, and therefore river 

systems have long been managed by humans for their personal benefit and consumption. The Rio 

Grande River and many other large rivers of the Southwest have been home to human settlement 

for thousands of years (Phillips et al., 2011). These settlements have resulted in anthropogenic 

centered management practices based around agricultural land uses, which include the 

construction of irrigation infrastructure and flood control measures. Until the late-1800’s, 

however, many of these management practices were small-scale and susceptible to large floods, 

including the traditional New Mexican gravity fed irrigation canals known as acequias as well as 

local dams (Rivera, 2012; Simmons, 1972). 

Beginning in the late 19th century and extending into the early 20th century, water 

management practices were adapted as United States water laws begun to change, highlighting 
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the river as both a risk to society and a natural and economic resource (Clark, 1987; Postel and 

Richter, 2003). For instance, in the state of New Mexico, this lead to the establishment of many 

large scale management structures, including the 1905 construction of the first Bureau of 

Reclamation dam, Elephant Butte Dam (Kelly et al., 2007). These large-scale structural changes 

have often resulted in undesirable, surprising, and potentially unknown consequences for the 

natural riparian ecosystem. Furthermore, riparian ecosystems of the Southwest are particularly 

vulnerable to biophysical changes surrounding them. These include groundwater depletion, the 

construction of dams, invasive species, and water diversion among others (Poff et al., 2011). 

Although each river system will be impacted differently, there will likely be overall losses to the 

integrity of the larger ecosystem (Postel and Richter, 2003). 

 Despite that most current river management practices are designed to maximize human 

water use, recent changes prioritizing the conservation of native and endangered plant and 

animal species have begun to shift the larger goals of river management (Genova et al., 2012). 

Within a Coupled Human and Natural Systems (CHANS) framework, there is a reciprocal 

feedback and connection between the natural and human systems (Liu et al., 2007). As the larger 

goals of management shift and become a response to changing environmental conditions, this 

stabilizes the system. For instance, anthropogenic-focused management can negatively affect the 

natural system. As a response, ecosystem-focused management, such as habitat restoration, 

returns balance to the system (Figure 1). Understanding the attainment of the objectives and 

connected decisions behind these varying management practices is an essential part of placing 

this research within a CHANS framework (Hull et al., 2015; Scott and Beuchler, 2013). 

Applying this approach allows for a better understanding of not only how river management 

affects a natural riparian ecosystem, but also how the changing riparian ecosystem potentially 
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affects river management and the ecosystem services received by society (Zvoleff and An, 

2014). 

 

 

Overall, the overarching design of this research project is to address questions 

surrounding the response of the riparian vegetation to management and climate by using remote 

sensing and spatial analysis techniques to quantify land cover dynamics in the context of micro- 

and macro-management phases (Merritt and Cooper, 2000; Shafroth et al., 2002). This research 

addresses these questions from both a management and land cover angle and consequently 

examines the landscape response to management decisions. First, this research will quantify the 

spatial, temporal, and compositional change of riparian vegetation along a southwestern river 

over a period of 80 years using multi-source remote sensing data. Specifically, this will be done 

to better understand what vegetation has changed along the floodplain as well as where these 

changes have occurred, highlighting both the direct and indirect impacts of a combination of 

management decisions and fluctuating climate on the vegetation. Second, this research will 

Figure 1 – This figure represents this research within a coupled human and natural systems (CHANS) 

framework. Within this framework, river management takes into account coupled human and natural 

systems, resulting in a balanced and sustainable management approach. 
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review the main management activities and decisions during the past 80 years. Third, we 

examine how these particular human and riparian river systems are coupled and to what extent. 

Because river systems in the southwest are essential for human agency, understanding the 

specific reasons behind these historical management decisions as well as their direct impacts on 

the vegetation can help managers and researchers improve their efforts to conserve and restore 

the riparian vegetation as well as predict potential future impacts. 

2. Data and Methods 

2.1 Study Area 

 

 

Figure 2 – This map shows the study area for this research that is focused on the San Acacia Reach 

(SAR) of the Middle Rio Grande in central New Mexico. The SAR extends about 65 km from the San 

Acacia Diversion Dam to the town of San Marcial. Multiple surrounding mountain ranges drain into 

the system, as well as the Rio Puerco from the western side. A portion of the SAR also flows through 

the Bosque del Apache National Wildlife Refuge (NWR).  



32 
 

The research study area is the San Acacia Reach (SAR) of the Middle Rio Grande 

(MRG). The MRG is a 160 kilometer portion of the Rio Grande in central New Mexico, 

stretching from Cochiti Reservoir (35°37’27” N, 106°19’25” W) to San Marcial (33°41’18” N, 

106°58’50” W), and is considered to be one of the most extensive stretches of cottonwood –

willow riparian forest remaining in the Southwest (Crawford et al., 1993). The SAR, the southern 

portion of the MRG, stretches from the San Acacia Diversion Dam (34°15’20” N, 106°53’14” 

W), north of Socorro, to San Marcial, a length of roughly 65 kilometers (Figure 2).  

As a semiarid grassland and shrubland ecosystem through which the river flows in a 

southern direction, the MRG is dependent on both monsoonal summer precipitation as well as 

winter and spring storms from the Pacific Ocean (Crawford et al., 1993; Loftin et al., 1995).  

Sitting within a draining basin of the Magdalena, Manzano, Sandia, Jemez, Sangre de Cristo, and 

San Juan mountain ranges, the system is additionally fed by high elevation snowmelt in the 

spring (Crawford et al., 1993). The temperatures within the basin are considered mild, with a 

maximum mean temperature from June to September of 23.6° C (~75° F) at the Bosque del 

Apache and a mean minimum of 13.3° C (~55 ° F) during the same months (Bhattachariee et al., 

2008). During the winter, the basin-wide mean minimum temperature is around 4° C (~40° F) 

(Crawford et al., 1993).  

Although historically a meandering and braided system with extensive irrigation, 

sedimentation and high groundwater levels contributed to flooding and salinity issues for the 

early citizens within the MRG (Thompson, 1996). In the 1920’s and 30’s, levees were 

constructed along the floodplain, which limited the river channel and helped to establish the 

current bosque vegetation (Crawford et al., 1993). Bosque is the Spanish word for the forest 

which immediately surround the river and is only present within the immediate floodplain. These 
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physical changes, which helped establish the modern location and vegetation composition of the 

bosque, were among the first large scale management practices within the reach, and initiate the 

start of the timeframe traversed in this study.  

 Mostly dominated by the Rio Grande Cottonwood (Populus deltoids ssp. wizlizenii), 

many other native and non-native species are present within the bosque. Common native species 

considered in this study include the Coyote Willow (Salix exigua), Goodding’s Willow (Salix 

gooddingii), Alkali Sacaton (Sporobolus airoides), and other ephemeral and annual smaller 

grasses. Non-native species include the Saltcedar (Tamarix chinensis) and Russian Olive 

(Elaeagnus angustifolia), along with other invasive grass and herbaceous species (Cartron et al., 

2008; Hink and Ohmart, 1984). The upland areas are primarily a Chihuahuan desert comprised 

of Creosote (Larrea tridentata), Velvet Mesquite (Prosopis velutina), and grasses (Ellis, 2001), 

but are not included in this research.  

Land ownership within the SAR is a mix of both private and public land, with a 70.1% 

being private (Bureau of Land Management Surface Land Ownership (2012) – 

http://rgis.unm.edu/getdata/#map). Private land, within this reach, mostly consists of agricultural 

production and riparian vegetation. Conversely, 28.6% of the land belongs to the US Fish and 

Wildlife Service (USFWS), and includes the Bosque del Apache National Wildlife Refuge. The 

remaining 1.3% of land belongs to either the State of New Mexico, New Mexico Game and Fish, 

and the United States Bureau of Land Management.  

Additional sediment flows and floods from the Rio Puerco, which merges with the Rio 

Grande as a tributary less than 20 km upstream of the San Acacia Diversion Dam, have greatly 

influenced the physical landscape and local management practices of the SAR. During a 2003 

summer monsoonal flood pulse along the Rio Puerco, lasting several days, 76% of the immediate 
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volume of the Rio Grande at San Acacia was from the Rio Puerco (Vivona et al., 2006), 

highlighting its influence on large flow volumes. Additionally, due to upstream erosion, the Rio 

Puerco has long been known to carry large amounts of suspended sediment, much of it being 

clay sized material (Molnár and Ramírez, 2001; Nordin, 1963). Although it’s not fully 

understood how much these variables have impacted management within the SAR, they are 

essential to consider in order to highlight the uniqueness of the SAR in relation to upstream 

reaches.  

2.2 River Management Phases and Research Periods 

We review the major coupled human and natural system interactions which have 

occurred within the SAR, as well as the drivers of these interactions, in order to understand the 

spatio-temporal manifestations during each specific research period, or management phase. This 

process was completed through a detailed evaluation of the temporal changes in large scale 

management practices within the SAR and the distinct hydro-periods of fluctuating precipitation 

and river flow from 1935 until 2014, a period of nearly 80 years. Due to the complex interactions 

of these human and natural agents, this mixed method review consisted of a qualitative literature 

review and an informal interview process, as well as a quantitative assessment of the natural 

river and climate dynamics (Johnson and Onwuegbuzie, 2004) to build a historical geography of 

the Rio Grande management activities (Webb, 2014; Sauer, 1941).   

Primary sources included informal interviews and discussions with local experts from the 

Bureau of Reclamation Albuquerque Area Office, the Bosque del Apache NWR, the University 

of New Mexico, the USFWS Southwest Regional Office in Albuquerque, the City of 

Albuquerque Open Space Division, and the Middle Rio Grande Conservancy District. Within 

these multiple discussions, the sources discussed their knowledge of management practices and 
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provided an overview of the full study time frame. Secondary sources used included literature 

from both local and regional experts. Visuals, graphics, figures, and official documentation was 

also considered and assessed.  

Drivers of Each Management Phase 

  

 

Overall, four river management phases, or research periods, were established. Each phase 

begins and ends with a snapshot of the current land cover structure and is defined by the 

aggregate land cover change across the entire multi-year period. Although limited by the 

temporal resolution and availability of the aerial imagery, each phase aligns with major physical 

and structural changes within the reach. Additionally, each phase highlights a shift in the mindset 

surrounding the use of both the river and the bosque. Figure 3 displays the specific drivers 

Figure 3 - This diagram shows the environmental and management factors which are considered to 

frame each management phase (i.e. Research Period (Pd.)) between 1935 and 2014. It also shows the 

management themes which connect each of the transitions between respective phases. The system is 

very dynamic and is shaped by large scale human and natural drivers which occur during each 

respective phase. 
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which have influenced each research period and well as their respective interconnectedness. 

Many of the large scale management practices set the stage for river changes during the 

following periods. This is highlighted by the connection between each period in Figure 3. A 

more detailed review of the management activities and climate fluctuations is provided in the 

results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 
 

2.3 Land Cover Classifications 

2.3.1 Land Cover Classification System 

 

      

Formation Class Formation Subclass Formation 

General   

 Active River Channel  

 Non-Active River Channel  

 Cleared Floodplain  

 Disturbance/Canal  

 Island  

 Urban  

 Open Water  

Agriculture   

 Active Agriculture  

 Fallow Agriculture  

Forest/Woodland   

 Mixed Riparian Forest  

  Cottonwood Riparian Forest 

  Invasive Riparian Forest 

 Mixed Riparian Woodland  

  Cottonwood Riparian Woodland 

  Invasive Riparian Woodland 

Shrubland   

 Mixed Wooded Shrubland  

  Invasive Wooded Shrubland 

 Shrubland  

Savanna   

 Herbaceous  

 Tree Savanna  

 Shrub Savanna  

 Grassland Savanna  

 Wetland  

Sparse   

 Barren  

  Shrub Barren   

 

Table I – This table shows the 25 different land cover classes utilized in this study. There are six 

formation classes, twenty five formation subclasses, and five formations.  Depending on the outcome 

of the various classifications, a different number of available classes can be applied.   
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The classification system used in this study is a modified version of the National 

Vegetation Classification Standard (NVCS) scheme. It is modified to represent the vegetation 

structure and composition within a semiarid southwest riparian ecosystem.  

The classification system for this research is dependent on both the research questions 

being asked as well as knowledge of expected vegetation types within the reach. The hierarchy is 

defined by six formation classes, 1) general, 2) agriculture, 3) forest/woodland, 4) shrubland, 5) 

savanna, and 6) sparse. Formation classes are the highest unit of vegetation rank and are defined 

by dominant growth forms (FGDC, 2008). From there, 20 formation subclasses are listed, 

highlighting more general diagnostic growth forms (FGDC, 2008). Finally, it was imperative for 

this study to differentiate between cottonwood-willow dominant and invasive dominant systems. 

It is well researched that flow regimes influence invasive vegetation growth (Merritt and Poff, 

2010). With non-native Tamarix chinensis, water usage is believed to be similar to that of some 

native vegetation species such as cottonwood (Populus spp.) (Nagler et al., 2007). Concern 

within the SAR is focused more on the social and aesthetic value of the riparian ecosystem 

(Hultine et al., 2009). To allow for this, five formations were considered (Table I). A more 

detailed table is provided in Appendix A showing the 25 total classes and their properties. A 

similar classification scheme and approach was applied to map riparian vegetation of a 

southeastern Arizona riparian ecosystem (Villarreal et al., 2012).  

To differentiate between certain classes, both vegetation composition and density were 

considered. Riparian forest requires at least 60% tree cover. Riparian woodland is designated for 

tree cover below 60%. If the vegetation composition of the tree cover is either mixed between 

native and non-native species or undetermined due to clarity of the imagery, it was classified as 

both mixed riparian forest and mixed riparian woodland. If the system was dominated solely by 
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cottonwoods, it was classified as cottonwood riparian forest/woodland. If dominated by invasive 

vegetation, it was classified as invasive riparian forest/woodland. To help determine the level of 

forest density, the Crown Density Scale from the Forest Health Monitoring Field Methods Guide 

document produced by the Environmental Protection Agency was applied (EPA, 1994) 

(Appendix B).  

Similarly, for wooded and invasive wooded shrubland, tree cover was greater than 10% 

within a system dominated by shrub vegetation. Shrubland was determined with tree cover below 

10% within a shrubland system. For savanna dominant classes, similar composition and density 

characteristics were considered. 

2.3.2 Multi-source Data and Land Cover Classification Methods 

Two methods were applied to construct the land cover classifications from historical and 

more contemporary imagery. The first method of land cover classification was through visual 

interpretation and digitization of aerial imagery. This method was used to construct the 

classifications for 1935, 1962, and 1987. The second method used satellite imagery to construct a 

land cover map through a Classification and Regression Tree (CART) model. This classification 

method was completed for 1987, 1999, and 2014. For both methods, unique spectral and textural 

properties were considered in order to differentiate between the various land cover classes.  

A multi-method approach to the land cover classifications was included in this study for 

multiple reasons. First, Landsat data is publically available and free of cost. Second, a desired 

output of this research is for continued application of these methods within this basin and other 

western riparian basins. There are multiple positive and negative tradeoffs between both of the 

methods applied (Cunningham, 2006). However, digitized classifications can be more subjective 

whereas the application of Landsat imagery allows for pixel by pixel analysis. Finally, digitized 
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classifications were included to cover for periods before Landsat imagery was available. 

Beginning in the 1970’s, Landsat provides greater availability of dates to show changing 

phenology and temporal characteristics of the vegetation.  

The digitization of historic aerial imagery has long been used as an accurate method of 

constructing land cover classifications (Cunningham, 2006). Using ArcGIS software, the aerial 

imagery was displayed in a meter based coordinate system (NAD 1983 UTM Zone 13N). 

Zooming to within 1:1,500, the active river channel and land cover classes on both sides of the 

channel were digitized (Figure 4). Upland vegetation, along the historic channel, was not 

digitized.  

 

 

 The aerial imagery from 1935, 1962, and 1987 were provided by the Bureau of 

Reclamation (BOR) Denver Office. Multiple single band, 8-bit/pixel tiles, with spatial 

Figure 4 - This figure shows the on-screen digitization process. Historic aerial imagery were 

interpreted and land cover class boundaries were digitized.  
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resolutions ranging from 0.2 – 1 meters, were mosaicked together to create full, reach-wide 

images for each of these dates. The images were georeferenced before application. The 1935 

imagery was not orthorectified, resulting in potentially significant positional error in areas of 

higher elevation above the floodplain. However, these errors are minimal within the active 

floodplain. For 1962 and 1987, the imagery were centered on the river channel, and often do not 

span more than 2 km. This resulted in a general loss of aerial coverage of vegetation for areas 

greater than 1 km away from the active river channel. Furthermore, the 1987 imagery extends 

from San Marcial to roughly 3 km north of the town of San Antonio. This has resulted in the loss 

of roughly half of the aerial coverage for the San Acacia Reach (SAR).  

To increase the accuracy of the digitizing process and overcome some inconsistencies 

and spectral differences in the aerial imagery between the three years, several methods were 

applied. First, the number of possible classes for 1935 was limited to the formation classes and 

the formation subclasses. Differences between dominant cottonwood and dominant invasive 

species were not detectable in 1935 and therefore not included. For 1962 and 1987, the full suite 

of classes was included. Second, other input data layers were included to improve the accuracy 

of the classification. Basin structure platform datasets, produced by the U.S. Bureau of 

Reclamation (Makar et al., 2015), utilizing the same input aerial imagery, were included to better 

map the active river channel, bar islands, and major structural shifts along the active floodplain. 

Finally, previous vegetation classifications of areas north of the SAR were also used as controls 

for determining specific vegetation classes (CABQ, 1995). In the digitizing process, similar 

vegetation structures could be compared to previously known areas. These input data layers were 

used for the 1935 and 1962 land cover classifications.  
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Classification and Regression Tree (CART) modeling was used to construct the land 

cover classifications for 1987, 1999, and 2014. CART models are rule-based and use 

independent variables and data sets to determine the correct class membership for each pixel 

(Hansen et al., 1996). This research utilized the See5 regression tree model software within 

ERDAS Imagine software (Quinlan, 2014).  

A combination of publically available free Landsat TM (Thematic Mapper – 5) and 

Landsat OLI (Operational Land Imager – 8) surface reflectance imagery and vegetation indices 

were downloaded and used as the independent variables in the CART model (Path 33/Rows 36 

and 37; Path 34/Rows 36 and 37). The imagery was atmospherically corrected and can be found 

within the U.S. Geological Survey Climate Data Record (CDR) collection. The imagery was 

ordered and downloaded from the Land Satellites Data System (LSDS) Science Research and 

Development (LSRD) website (http://espa.cr.usgs.gov/).  

The phenology of non-native species, such as tamarisk, varies from that of native species 

including the Rio Grande Cottonwood, therefore a multi-temporal image approach was employed 

in order to exploit times when there was high variability between different land cover classes. 

Moderate Resolution Imaging Spectroradiometer (MODIS) 16-day composite NDVI time series 

data were downloaded for the years 2000 through 2014 (http://daac.ornl.gov/MODIS/). Three 

250 meter pixels were selected for each vegetation group dominated by either tamarisk, 

cottonwood, or grassland/shrubland savanna. Due to spatial heterogeneity of vegetation within 

the riparian corridor, locations were limited and had a potential to include minimal amounts of 

other vegetation types. Values across all years for each vegetation type were averaged by each 

16-day composite date. Landsat dates were chosen to match green-up, peak vegetation, and 

senescence of the vegetation types, yet also allow for consistency between years (Figure 5). 
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Further background into the CART modeling and the imagery used within this research, 

including the specific dates and scene IDs, can be found in Appendix C. 

 

 

The training points were collected using aerial imagery provided by the Bureau of 

Reclamation. For 1987, the coverage of training points was limited to the coverage of aerial 

imagery, north of San Antonio to San Marcial. For 1999, aerial imagery was not available. 

Therefore, 2001 high resolution and color aerial imagery was included as well as the use of the 

Landsat imagery for 1999. For 2014, aerial three band NAIP color imagery (Geospatial Data 

Gateway – Socorro County, New Mexico - https://gdg.sc.egov.usda.gov/GDGOrder.aspx) were 

available for the entire reach and were utilized in conjunction with the Landsat imagery. The 

training points were collected to represent each of the desired output land cover classes. Within 

SEE5, 55% of the training points of each class were used for training while 45% were used as 

validation. An error value was determined within the model and is used as an accuracy 

assessment value. Due to spectral similarities for multiple classes, a reduced number of land 

Figure 5 – This graph shows the NDVI time series for invasive, cottonwood, grass/shrub savanna 

vegetation. The time series was averaged using three points per class, from 2000 to 2014. The vertical 

lines represent the time of the imagery used in the research: 1) mid-May, 2) mid-July, and 3) late-

September. 
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cover classes were classified within the CART model. The full list of classes included for the 

CART classifications is displayed in Table II.  

 

     

Class 

ID 
Class Name Class Description  

10. General 

11 Active River Channel Actively used for water flow, OR, non-active but utilized for high flows 

14 Disturbance/Canal 
Cleared land for road or canal, AND, cleared/altered by humans, AND, 

purposely disturbed land not used as road or canal 

16 Urban Urban development, AND, cleared/altered by humans for urban use 

20. Agriculture 

21 Active Agriculture Actively used for agriculture 

30. Forest Dominant 

31 Mixed Riparian Forest/Woodland 
Tree cover is > 60%, AND, vegetation is mixed between native and 

invasive species 

32 
Cottonwood Riparian 

Forest/Woodland 
Tree cover is > 60%, AND, dominant vegetation species is cottonwood 

33 Invasive Riparian Forest/Woodland Tree cover is > 60%, AND, dominant vegetation species is invasive 

40. Shrub Dominant 

41 Mixed Wooded Shrubland 
Tree cover is < 60%, AND, vegetation undetermined between native and 

invasive species 

43 Shrubland Tree cover is < 10%, AND, vegetation species is not defined 

50. Savanna Dominant 

51 Herbaceous/Grassland Savanna 
Tree cover is < 10%, AND, shrub cover < 10% WITHIN savanna 

dominant ecosystem 

52 Tree/Shrub Savanna 
Tree cover is > 10%, OR, shrub cover > 10% WITHIN savanna dominant 

ecosystem 

55 Wetland 
Tree cover is < 10%, AND, overall vegetation cover is > 10%, AND, site 

is flooded 

60. Sparse 

61 Barren No presence of vegetation, AND, within the floodplain (not upland) 

 

2.4 Land Cover and Management Impact Analysis in Space and Time 

To determine the overall spatial and compositional change of the vegetation and channel 

structure between each period as well as across the full time frame of this study, a land cover 

Table II – This table shows the land cover class structure for the CART based classifications. It also 

includes the class descriptions.   
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change analysis was applied. Each digitized classification, 1935, 1962, and 1987, was converted 

to a 30 m raster format from a vector using ArcGIS software in order to match the Landsat-based 

CART modeled classifications in 1987, 1999, and 2014. Once scaled, each combination of years 

was then stacked, or aggregated. Subsequently, the temporal changes of each pixel representing 

management phases from 1935 – 1962, 1962 – 1987, and 1935 – 1987 were determined. The 

overall spatial extent of each specific class was quantified between management phases. Within 

the aggregation, only areas of overlap between the combined years were assessed. For any 

combination of aggregation including the year 1987, only the spatial coverage of the 1987 

classification was included. 

Land cover change between each CART modeled classification, 1987, 1999, and 2014 

was then determined. Similar to the digitized classifications, the modeled results were scaled by 

an increasing value of 100 and then aggregated to show combined change for each pixel. 

Because the CART classifications are completed using Landsat imagery, the entire extent of the 

SAR active floodplain was classified. Through aggregation of the CART classifications, spatial 

and composition change was quantified for each period from 1987 until 2014.  

Because this study is focused on the land cover change in relation to specified 

management phases rather than the entire study period as a whole, results were derived to 

represent change across each period. Hypotheses of expected land cover change were derived 

from the review of the primary and secondary sources for each period. Patterns and correlations 

were determined and compared to expected land cover changes. Using Microsoft Excel Pivot 

Tables, the changes between each specific land cover class could be quantified. Land cover 

change matrices were built showing how each class evolved across the management phase.  
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To characterize the changes which occurred within the reach over the full 80 years of this 

study, the results for each phase were summarized and compared. The goal of this approach was 

to understand the larger changes which occurred within the San Acacia Reach in response to 

management and river flow fluctuations as well as better understand how the changes were 

linked to one another.  

Due to differences in the way in which land cover was determined by each method, a 

continuous change for each pixel for the entire study time frame was not completed. However, a 

cross-walk of methods was completed for 1987 in order to evaluate comparability and agreement 

between them (Cunningham, 2006). Additionally, this was used to corroborate the 1935, 1962, 

and 1987 digitized classifications. The 1987 CART classification was scaled by a value of 100 

and aggregated with a simplified 1987 digitized classification to show pixel variability. The 

digitized classification was simplified to match the land cover structure of the CART 

classification. Areas in which there was no change between rasters were removed, while areas in 

which change between classes existed were quantified. A value of comparability between 

methods could then be determined. Because SEE5 provides an accuracy value within its 

modeling process, a comparative accuracy could be considered for the digitized classifications. 

This accuracy value was also used to determine the quality of each CART modeled 

classification. 

3. Results and Discussion 

3.1 Land Cover Classifications and Accuracy Assessments  

Six land cover classifications were constructed. The classifications for 1935, 1962, and 

1987 were digitized from aerial photography (Figure 6). The supervised classifications for 1987, 

1999, and 2014 were modeled (Figure 7). The aerial imagery utilized for 1935 provided the 
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greatest amount of spatial coverage within the reach and therefore was the largest digitized 

classification, 16,686 hectares (ha). The 1987 aerial imagery and classification, covering only the 

southern portion of the reach was the smallest digitized classification, 6,139 ha. The 1962 

classification covered 10,431 ha. The classifications for 1987, 1999, and 2014 were produced 

using a regression tree model with Landsat imagery that covered the entire area of the active 

floodplain of the SAR, 18,942 ha each.  
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Figure 6 – This map shows the digitized classifications for 1935, 1962, and 1987. The full suite of 

classes was included in the legend. The Cleared Floodplain class was only included in the 1962 

classification. The Full Active Floodplain was displayed in the background using black. Because the 

aerial imagery did not cover the full floodplain, this highlights which portions of the reach were not 

included for each year. The 1987 classification only covered an area from San Antonio to San Marcial.  
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Figure 7 – This map shows the CART modeled classifications for 1987, 1999, and 2014. The full 

suite of classes was included in the legend. The barren class was only present in the 1999 and 2014 

classifications. These classifications covered the full extent of the SAR.   
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The 1987 CART classification had an overall error value of 21%. The 1999 CART 

classification had an error value of 7%. The 2014 CART classification had an overall error value 

of 15%. The main driving variables within all of the models varied between years, however, 

consistencies were found in the early and mid-season NDVI, NDMI, and the full stack green 

band as well as the late season SAVI, Near Infrared and red bands.   

Based on the crosswalk, the 1987 digitized and CART classifications had a direct 

agreement of 49.8%. The active river channel and active agriculture classes were the most 

comparable, with an average agreement of 80.9%. The least comparable class was tree/shrub 

savanna with an agreement of 7.2%. For invasive riparian forest, the digitized classification 

mapped over twice as much coverage as the CART classification, 21,319 ha to 9,730 ha. This 

very much decreased the overall agreement between the two classification techniques. For 

cottonwood riparian forest within the digitized classification, 53.2% was mapped as mixed 

riparian forest within the CART classification. When simplified to map all forest types as one, 

the overall comparability of the forest class increased to 64.5%.  

Overall, there was only a moderate level of agreement. The digitized classification land 

cover map resulted in higher density tree coverage. This was most obvious with the shrubland 

class as well as with the tree/shrub savanna class. Although fallow agriculture was mapped as an 

agricultural formation subclass within the digitized classification, it was entirely classified as 

lower density riparian vegetation within the CART classification, including shrubland and 

herbaceous/grassland savanna. Additionally, there was more variation pixel by pixel due to the 

object based versus the pixel based techniques that were applied. This also reduced the overall 

agreement of the classifications.  
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3.2 Land Cover Change per Management Phase 

Across each period, there were multiple correlations between the management and river 

flow fluctuations. Despite that many land cover changes could be directly correlated to the 

fluctuating climate and management factors, not all changes were. Many of the land cover 

changes were multi-directional across time and space and could potentially return to balance, 

similar to a negative feedback loop (Walker and Meyers, 2004). For other locations, certain 

thresholds were met, due to abiotic or biotic factors not management induced, and permanent 

ecological changes did occur (Briske et al., 2006). Finally, there were regions in which there was 

no change at all. Whether or not initiated by management practices or river flow variables, this 

ecosystem demonstrated its resilience in many functions.  

3.2.1 The First Management and Land Cover Response Phase: 1935 – 1962 

The first period, from 1935 until 1962, represents the time between the construction of 

the San Acacia Diversion Dam to the construction and operation of the Low-Flow Conveyance 

Channel (LFCC). In 1934, the Middle Rio Grande Conservancy District (MRGCD) constructed 

the San Acacia Diversion Dam as a way to divert river water into the local irrigation canals. This 

was designed to provide an economic boost to the Middle Rio Grande valley as well as provide a 

method for sedimentation and flood control for the river (USBR, 2009). However, due to 

unexpected and large scale flooding events particularly in 1941 and 1942, which resulted in 

increased sedimentation, increased vegetation growth, and an enlarged floodplain, the state of 

New Mexico and the MRGCD were not meeting the obligations of water transfer to Texas 

derived from the Rio Grande Compact of 1938. The water was moving across the floodplain 

rather than down it. Specifically, the MRGCD and the state were accruing debits, as much as 

500,000 acre feet from 1943 to 1956 (Gorbach, 1999). Further contributing to this increase in 
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debits was a severe drought in the 1950’s (Phillips et al., 2011). In response, the Bureau of 

Reclamation and the Corps of Engineers began construction of the Low Flow Conveyance 

Channel in order to directly channel water from the San Acacia Diversion Dam to Elephant Butte 

Reservoir. Because construction of the LFCC was initiated late within the first research period, 

many of its impacts on the riparian vegetation likely became present during the second research 

period. However, many of the structural changes were initiated within the first management 

phase which led to two major physical land cover changes.  

First, the construction of the LFCC increased disturbance/canal by over 300%, from 

351.1 ha to 1053.5 ha. Roughly over 150 meters wide when combined with the pre-constructed 

levee, the LFCC extended the entire portion of the San Acacia Reach. Additionally, the LFCC 

was mostly converted from both active river channel and riparian forest as it cut through the 

floodplain to straighten and limit the 1962 active river channel.  

Second, active agriculture increased by 485.9 ha during this phase, from 1133.2 ha to 

1619.1 ha, a growth of 46%. Two factors helped institute this change. First, the construction of 

the San Acacia Diversion Dam and the levee system provided much greater flood control within 

the reach. Second, the LFCC, by lowering the water table, had reduced the salinization issues 

which had plagued the reach for years. Combined, these management changes helped introduce a 

larger agriculture class. Much of this agriculture had been converted from riparian forest which 

was cut off from the active floodplain due to the LFCC construction, a total of 753 ha.  

Although the construction of the LFCC completely eliminated the accrued debits by 

1972, it had large implications for the natural vegetation surrounding the river. The LFCC would 

often direct the entire flow of the river through the channel, resulting in a perennial floodplain 

with long periods without surface water. Sitting ten to twenty feet below the surface of the river, 
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it also pulled ground water from the aquifer (Phillips et al., 2011, pg. 140). Those two factors 

resulted in reduced water availability for the riparian ecosystem. Along with the construction of 

the LFCC was the installation of the jetty jacks along the river banks in the 1950’s and 60’s. 

These ten-foot tall metal jack structures worked by trapping debris and sediment on the outside 

of their line. This created higher banks along the channel which the river could not easily flow 

over, as well as held seed for vegetation to grow (Phillips et al, 2011), limiting the width and 

movement of the channel.  

Furthermore, beginning in the late 1950’s and early 1960’s, the MRGCD and Bureau of 

Reclamation undertook mechanical clearing of a roughly 600 feet width area of land 

immediately surrounding portions of the active river channel, along portions of the reach. In 

response to the 1948 and 1950 United States Flood Control Acts (80th Congress, 1948; 81st 

Congress, 1950) as well as the 1940’s MRGCD Rio Grande Comprehensive Plan, this was done 

in theory to destabilize the floodplain and allow for a less incised and more open channel. Other 

potential factors include the removal of Saltcedar along the floodplain (Taylor and McDaniel, 

1998). Within this research, this area of land is referred to as the cleared floodplain.  

Present only in the 1962 classification, the cleared floodplain covered 934.1 ha of the 

reach and was grouped within the simplified non-active river channel class. The specific location 

for this clearing did result in the reduction of both the riparian vegetation and the active river 

channel in those areas. First, some riparian vegetation was cleared within this management 

practice, as portions of shrubland (116.2 ha) and riparian forest (102 ha) each were converted to 

cleared floodplain. Second, 388.1 ha of 1935 active river channel was also converted to cleared 

floodplain. This accounted for nearly 35% of the original active river channel. Complementing 

the conversion to cleared floodplain was an additional conversion of 128.6 ha of active river 
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channel to non-active river channel. Overall, non-active river channel, including the cleared 

floodplain, increased by 858.5 ha from 218.9 ha to 1140.4 ha.  

Finally, with the jetty jacks stabilizing large vegetation banks, it was expected that there 

would be an increase in general density of vegetation coverage (Crawford et al., 1999). Simply, 

less dense vegetation types would likely become denser while open land would begin to support 

riparian vegetation, and potentially invasive vegetation. This did occur during this phase and was 

evidenced by the amount of both shrubland and grassland savanna, each representing low density 

vegetation, decreasing by 435 ha and 318.2 ha, respectively. This change represented 60% of the 

shrubland vegetation and 58% of the grassland savanna. For shrubland, 238.1 ha were converted 

to riparian forest highlighting an increase in vegetative density. For grassland savanna, 151 ha 

were converted to active agriculture while 173.4 ha were converted to a mix of riparian forest 

(113.6 ha) and shrubland (39.4 ha). 

3.2.2 The Second Management Phase: 1962 – 1987 

The second phase from 1962 until 1987 represents the time in which the Low-Flow 

Conveyance Channel (LFCC) was in operation. After completion of the LFCC in 1959, water 

was directed into the channel. As implied by its name, this channel was designed to efficiently 

and effectively direct low river flows into Elephant Butte, at much as 2,000 cubic feet per second 

(cfs) (US DOI, 2000). Because the majority of flows reaching the San Acacia Diversion Dam 

were below 2,000 cfs, all water within the river went down the Conveyance Channel resulting in 

a dry floodplain. With this particular occurrence within the floodplain, it was expected that due 

to limited surface water and reduced overbank flooding through the 1970’s, invasive vegetation 

would become much more pronounced within the reach. 
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This was the case as invasive riparian forest nearly doubled in size during this phase, 

from 680.76 ha to 1562.8 ha. A sum of 190.9 ha were converted from active river channel (53.2 

ha), non-active river channel (9.3 ha), cleared floodplain (99.9 ha), and disturbance canal (28.5 

ha), representing the general classes. Mixed riparian forest accounted for 357.8 ha while 25.3 ha 

of cottonwood riparian forest were also converted to invasive forest. Additionally, the large 

increase in invasive riparian forest was due to conversion from the lower density vegetation 

types, including mixed wooded shrubland (71.8 ha), invasive wooded shrubland (46.5 ha), and 

shrubland (106.4 ha). Shrub savanna (18.8 ha) and wetland (66.2 ha) also accounted for 

conversion from the herbaceous dominant classes.  

This overall conversion to invasive forest was expected for two main reasons. First, with 

limited river flow within the floodplain reducing both the occurrence of overbank flooding and 

the consistency of flood pluses, there can be large impacts on the vegetation (Stromberg et al., 

2010). With more consistent, and less severe flooding, cottonwood trees can become established 

(Scott et al., 1996). This did occur within this management phase as both cleared floodplain (21 

ha) and mixed riparian forest (117.6 ha) were converted to cottonwood forest, but on a limited 

basis. However, this phase witnessed very limited flooding with potential for no surface flow 

(Figure 9). Over the full length of the second management phase, these long-term processes 

likely helped establish larger groups of invasive vegetation rather than cottonwood forest. 

Second, the LFCC lowered the groundwater tables (Phillips et al., 2011). It is believed that 

invasive species, such as Tamarix sp., have deeper and thicker roots (Stromberg, 2013). A 

consistently lower groundwater table coupled with reduced surface water is positively correlated 

with increases in invasive vegetation.  
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 Figure 8 shows the conversion of grouped vegetation types to both cottonwood and 

invasive riparian forests during this second management phase. The four groups of vegetation 

include the general classes, the forest/woodland classes, the shrubland classes, and the 

herbaceous classes.  Overall, conversion to cottonwood riparian forest was mostly from the 

forest/woodland classes (71.5%) and the general classes (19.9%). On the other hand, conversion 

to invasive riparian forest was mixed between the four groups: forest/woodland was responsible 

for 49%, shrubland for 22%, general for 19%, and herbaceous for 10%. This highlights how the 

invasive riparian forest expanded across all land cover types during this management phase in 

response to the presence of reduced flow dynamics.  

Conversion to Cottonwood and Invasive Forests from Groups of Vegetation 
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Figure 8 – This graph shows the conversion of four groups of land cover classes to both cottonwood 

riparian forest and invasive riparian forest during the second management phase. The left bar 

represents conversion to cottonwood riparian woodland. The right bar represents conversion to 

invasive riparian forest. 
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 However, beginning in the late 1970’s, this situation began to change as yearly 

precipitation increased and river flows reached higher levels resulting in the filling of Elephant 

Butte by 1985 and the elimination of Rio Grande Compact debits (Figure 9). Many factors 

potentially led to this, including a large southwestern El Niño in the winter between 1982 and 

1983 (Figure 9). As this happened, the high water levels within Elephant Butte began to deposit 

sediment within the lower reaches of the Low-Flow Channel. Maintenance costs began to rise 

and it was no longer an effective or necessary method for transporting water. By March 1985, all 

flows down the Low-Flow Channel were cancelled (US DOI, 2000). Simultaneously, two 

physical changes were occurring within the larger MRG basin during the 1970’s. First was the 

construction of Cochiti Dam, north of Albuquerque. Necessary for flood control, Cochiti Dam 

has been responsible for trapping a majority of upstream sediment as well as controlling 

downstream discharge (Richard et al., 2005). Much of its larger impacts were limited to the basin 

above the SAR, however, Cochiti’s ability to control river discharge did better control flood 
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Figure 9 – This graph shows the daily river discharge (cfs) for the Second Management Phase at the 

San Acacia Floodway gauge located at the San Acacia Diversion Dam. Between 1962 and 1982, a 

majority of the flows were non-existent or below 500 cfs. Occasional flooding events allowed for 

periods of large river discharge.  
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pulses within the SAR. Second, as described in the first management phase, there was the 

presence of mechanical clearing of the land parallel to the active river channel. As this structural 

change continued into, and ultimately stopped within the second management phase, its impact 

on the location and composition of riparian vegetation became more pronounced.  

 With these management practices, coupled with fluctuating climate variables, two 

hypotheses of expected land cover change were determined. First, although continuing through 

the 1970’s into the early 1980’s, the systematic clearing of the floodplain had ended by the 1987 

classification.  With this, it was expected that, similar to the previous period, low density 

vegetation would become present on this landscape type in areas not converted to active river 

channel. Second, increased precipitation beginning in the late 1970’s through the 1980’s would 

result in the increase in density of the overall vegetation within the reach due to the presence of 

surface water.  

By 1987, the cleared floodplain class was no longer present on the landscape. This 

allowed for 15% of the total overlapped area to be converted to other land cover classes. The 

largest conversion occurred with 210.1 ha being converted to active river channel. This was a 

direct response to its design as a method to increase movement and reduce incising of the 

channel within the floodplain. However, much of the cleared floodplain was also converted to 

varying density vegetation classes. This was also hypothesized. For instance, 107.8 ha were 

converted to grassland savanna. A total of 45.9 ha were converted to mixed wooded shrubland. 

Finally, 21 ha were converted to shrub savanna. Conversion to high density forest also occurred, 

with 99.9 ha being converted to invasive riparian forest, 21.4 ha to mixed riparian forest, and 21 

ha to cottonwood riparian forest. Overall, this management practice left large portions of open 
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land directly along the active river channel which were open to the growth and densification of 

the vegetation.  

Increases in the density of vegetation also occurred within other land cover classes. Shrub 

savanna coverage increased by nearly 100%, from 47.5 ha to 95.5 ha. Including conversion from 

the cleared floodplain (13.7 ha), much of this increase occurred as a combination of the active 

river channel (18.6 ha), and non-active river channel (23.8 ha). Additionally, 23.9 ha of shrub 

barren was converted to shrub savanna, highlighting an increase in coverage density. Grassland 

savanna also witnessed a large increase in coverage, from 37.6 ha to 151 ha. Similar to shrub 

savanna, 123.1 ha were converted to grassland savanna from former active river channel (15.3 

ha) and cleared floodplain combined (107.8 ha). These examples of increasing low density 

vegetation as well as densification of the vegetation were likely influenced by both a reduction of 

surface water on open areas of land allowing for periods of growth as well as increased 

precipitation during the later portion of the period.  

Finally, large increases in cottonwood riparian woodland and invasive riparian woodland 

also occurred during this period. Invasive riparian woodland increased by 226%, from 99.7 ha to 

325.4 ha, a growth of 225.7 ha. However, for invasive riparian woodland, 200.3 ha were 

converted from mixed riparian forest. There are two factors that likely lead to this result. First, 

much of this conversion occurred outside of the LFCC as well as within the former agricultural 

areas surrounding San Marcial. Considered as a decrease in vegetation density, this was 

potentially due to a reduction in both water resources and the occurrence of flooding. Second, 

mapping error due to reduced spatial resolution in the 1962 aerial imagery potentially influenced 

this spatial and compositional change. Cottonwood riparian woodland also increased by 1133%, 

from 8.4 ha to 103.2 ha. There were two main factors which led to the increase in cottonwood 
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riparian woodland. First, 32.8 ha were converted from mixed wooded shrubland. This highlights 

an increase in density of vegetation, as projected from the large increase in precipitation during 

the late 1970’s and middle 1980’s. Second, 56.1 ha were converted from a combination of mixed 

(16.4 ha), cottonwood (23.6 ha), and invasive riparian forests (16.1 ha). Similar to the increase in 

invasive riparian woodland, this was considered a decrease in density. Potential factors included 

over-mapping of riparian forest in the 1962 classification as well as natural factors including 

reduced overbank flooding and limited water resources.  

3.2.3 The Third Management Phase: 1987 – 1999 

The third research period from 1987 until 1999 represents the time between the end of the 

operation of the LFCC until a period of change in public awareness over restoration efforts along 

the Rio Grande. More importantly, this period also represents a time of increased precipitation 

and water availability within the reach. Beginning in the early 1980’s and extending until the late 

1990’s, including the timeframe of management phase 3, the volume of Elephant Butte ranged 

between 60% and 100% capacity, 1,200 to 2,000 thousand acre feet (Figure 10). Additionally, 

overbank flooding was occurring more often during this period. Although not consistent across 

the full extent of the reach, it is estimated that overbank flooding occurs between 2,000 and 

2,500 cfs within the SAR, depending highly on the exact location and the level of channel 

incision that has occurred. At the U.S. Geological Survey San Marcial floodway river gauge 

(33°40’44.7” N, 106°59’49.2” W), where measurements of river flow have been recorded since 

1949, overbank flooding, above 2,500 cfs, likely occurred on at least 12 occasions within this 

period. It occurred almost once every year, except 1990 and 1996, lasting more than two months 

continuously on multiple occasions.  Native vegetation species within southwestern riparian 

ecosystems, such as the cottonwood, are adapted to occasional overbanking or flooding (Rood et 



61 
 

al., 2007; Poff et al., 1997).  Flooding and overbanking rejuvenates the ecosystem as a short term 

disturbance, similar to upland forest fires (Rood et al., 2007).  

 

 

Due to these variables, it was hypothesized that cottonwood vegetation would increase 

during this phase while much of the invasive forest, established during the second phase, would 

not greatly change. Overall, this phase did experience a large increase of cottonwood riparian 

forest, from 1152.9 ha to 3059 ha. Much of this conversion was from either mixed forest (652.6 

ha), invasive forest (405 ha), or mixed woodland/shrubland (627.8 ha). This was likely due to an 

increase in both precipitation and the occurrence of overbank flooding during this phase. With 

overbank flooding potentially occurring yearly, for multiple months at a time, this provided an 

opportunity for young cottonwood establishment, particularly in areas less established such as a 

woodland/shrubland forest. Along the Rio Grande, cottonwood establishment is known to occur 

within three years of an overbank flooding event, usually located in areas moistened specifically 

Figure 10 – This figure shows the volume of Elephant Butte from 1970 to 2015. During the third 

research period, the volume was within 60% and 100% capacity the entire time. Within the forth 

research period, the volume was much lower, below 10% of capacity at times.    
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due to flooding (Howe and Knopf, 1991; Taylor et al., 1999; Mahoney and Rood, 1998). Young 

seedlings become established and are supported by consistent water availability in the following 

years (Mahoney and Rood, 1998). Conversion to cottonwood riparian forest also occurred from 

disturbance/canal, active agriculture, and shrubland. Conversely, invasive forest decreased by 

482.5 ha, from 1480.3 ha to 997.8 ha. Much of the 1987 invasive forest converted to cottonwood 

forest (405 ha) and mixed woodland/shrubland (271.5 ha). This was due to the river flow 

patterns as well as potentially due to mapping issues of invasive forest in either the 1987 or the 

1999 classifications. However, it is possible that much of the cottonwood establishment occurred 

during the later years of the second management phase because it would take multiple years for 

the imagery to clearly show cottonwood habitat.  

Second, because flows down the LFCC were cancelled, this resulted in the re-initiation of 

perennial flows within the floodplain. It was hypothesized that this led to increased densification 

of vegetation immediately surrounding the river channel. This increase in density would occur 

most likely with the riparian woodland/shrubland classes and the grassland/shrubland savanna 

classes as well as the other low density vegetation classes.  

Generally, this did occur across the management phase. First, shrubland decreased by 

500.5 ha, from 1891.4 ha to 1390.9 ha. Although a large amount of shrubland was converted to 

disturbance/canal (351.5 ha), it was also converted to cottonwood forest (207.6 ha) and mixed 

woodland/shrubland (246.2 ha). Highlighting a decrease in density, it was also converted to 

herbaceous/grassland savanna (148.1 ha) and tree/shrub savanna (188.6 ha). During this phase, 

mixed woodland/shrubland also decreased slightly by 134.1 ha, from 2387.6 ha to 2253.5 ha. 

Much of this decrease was due to the large increase in cottonwood forest (627.8 ha) as well as 

conversation to shrubland (362.4 ha).    
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On the other hand, both the herbaceous dominant classes increased in coverage across 

this phase. First, herbaceous/grassland savanna increased from 1140.3 ha to 1277.2 ha, a total of 

136.9 ha. Tree/shrub savanna also increased from 490.7 ha to 1066.9 ha, a total of 576.2 ha. 

Much of this increase for both classes was from a combination disturbance/canal and active 

agriculture. Additionally, mixed woodland/shrubland and shrubland both were converted to the 

herbaceous dominant classes. This generally highlighted a decrease in density of the vegetation, 

which was not expected to occur. This was potentially due to either conversion on the landscape 

from active to fallow agriculture, growth on disturbed areas of land, as well as the presence of 

fire within the reach.  

3.2.4 The Fourth Management Phase: 1999 – 2014 

Initiated during the third management phase was an intellectual shift surrounding riparian 

ecosystem restoration (Molles et al., 1998; Goodwin et al., 1997). Despite the timing in this shift, 

much of the resulting impacts on the vegetation did not become apparent until the fourth phase. 

Respected for their biodiversity, productivity, vegetative habitat, and their position as a ‘land-

water interface’ (Gregory et al., 1991), riparian ecosystems began to be seen as threatened 

ecosystems in the public eye. In 1999, the United States Fish and Wildlife Service released the 

Rio Grande Silvery Minnow Recovery Plan (USFWS, 1999). This recovery plan lists multiple 

methods which have the potential to indirectly influence vegetation patterns and characteristics, 

yet are designed to increase the potential habitat for the fish species. This includes river structure 

modification and increasing flows (USFWS, 1999).  

This period was also experiencing increased levels of vegetative restoration, particularly 

in response to growing tamarisk stands. Although limited management efforts to control tamarisk 

have been ongoing since the 1940’s along southwestern rivers including the Salt River, the 
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Colorado River, and the Rio Grande (Taylor and McDaniel, 1998), project scale and funding 

were limited.  This started to change in the 1990’s, particularly in the Bosque del Apache NWR, 

as the discourse surrounding restoration evolved. Researchers, the public, and land managers 

became invested in not only restoring the most effective stream and flow patterns as done in 

early restoration efforts, but also improving the natural riparian ecosystem and helping re-

establish the ecosystem to represent the time before anthropogenic disturbance (Goodwin et al., 

1997). Much of this evolution towards more modern restoration efforts was initiated due to 

reasons including but not limited to awareness of increased fire risk, aesthetic habitat experience, 

water conservation, and species protection. Within the SAR, private land owners have begun to 

invest in tamarisk removal with help from local and federal groups and agencies.  

Impact on the vegetation during the fourth period was further enhanced due to multi-year 

drought conditions. The volume at Elephant Butte was reduced, below 10% volume by the end 

of 2012, resulting from reduced flow within the SAR (Figure 10).  

Together, these changes have had large impacts on the bosque vegetation. First, during 

this phase was the initiation of restoration within the reach. There are many potential impacts to 

the vegetation related to this, some being specifically located. First, north of San Antonio there 

was the systematic removal of invasive shrubland along the privately owned area on the east side 

of the floodplain. This occurred in 2008, two years after a fire burned the vegetation in 2006. 

Pre-fire, more of a cottonwood and mixed riparian forest with patches of invasive forest, this 

region showed high invasive post-burn vegetation re-growth. Cleared mechanically in 2008, the 

region had developed into a mixture of shrubland, mixed woodland/shrubland, 

herbaceous/grassland savanna, and cottonwood forest by 2014.  
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Similarly, in the riparian area immediately surrounding the Bosque del Apache, 

restoration efforts removed an area of invasive forest. Because young cottonwoods were not 

specifically planted, it was expected that this region would likely be converted to a mixed 

woodland/shrubland or tree/shrub savanna in 2014. That did occur, as well as an increase in 

cottonwood forest in the area. Although these examples are limited in geographic scale, similar 

projects have been aimed at reducing invasive vegetation across the reach. 

Because this was also a period of low precipitation and general drought, there was 

reduced overbank flooding. Overbank flooding did occur, particularly during the strong monsoon 

seasons of 2005 and 2006, but it was less common. This reduction in water resources, similar to 

the second management phase, would likely lead to changes in the moderate to low density 

riparian vegetation classes as well as potentially lead to increases in invasive forest.  

By 2014, two large changes in the vegetation demonstrated that hypothesis. First, 

invasive riparian forest increased by 978.5 ha, from 997.8 ha to 1976.3 ha. A large amount of 

this increase was from mixed woodland/shrubland (362.8 ha). Second, cottonwood forest 

decreased during this phase from 3058.3 ha to 1906.1 ha. Although potentially due to mapping 

issues of the forest, cottonwood forest was mostly converted to the other forest classes mixed 

forest (335.3 ha) and invasive forest (475.7 ha). Each of these changes highlight an increase in 

vegetative density. Conversely, large areas of cottonwood forest were also converted to 

woodland/shrubland (247.8 ha) and shrubland (446.9 ha). Indicating a decrease in density, this 

was potentially due to fires, as experienced in the restoration example above, or due to issues in 

the mapping process.  
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3.3 Synthesis of 80 years of Management and Land Cover Change  

 Due to the differences in methods between the 1935 and 2014 classifications, a direct 

comparison was not possible. However, a review and synthesis of the multiple management 

phases provides a perspective of the large scale land cover changes in response to management 

within the full research time frame. Figure 11 provides a summary of the major land cover 

changes which occurred within each management phase. There were multiple patterns between 

the phases and across the study periods. 

 

 

 First, there was a large increase in disturbance/canal and active agriculture due to the 

LFCC and initial management efforts designed at increasing the economic efficiency and flood 

control within the reach. This resulted in an immediate reduction in active river channel and open 

Figure 11 - This figure provides an overview of the land cover changes which occurred during each of 

the management phases.   
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land due to the clearing of the floodplain. Because there were consistent surface flows with 

occasional flooding through the 1950’s, there was general densification of the vegetation.  

 However, beginning in the 1960’s, this open land, coupled with the reduction in river 

flow resulting from the LFCC, increased not only the presence of vegetation, but also density of 

vegetation. Although not perennial, ground water, precipitation, and occasional flooding 

provided sufficient water resources for overall vegetative growth during this period.  

 Beginning in the late 1970’s and extending through the 1980’s, the vegetation continued 

to increase. However, because this period was experiencing high river flows and overbank 

flooding, much of this increase in density was due to an increase in cottonwood riparian forest. 

Many of the less dense, shrub dominant regions, began to develop into to woodlands and forests. 

Additionally, many of the open areas, including disturbance/canal and formerly active 

agriculture, begun to change to herbaceous dominant classes, such as grasslands and tree 

savannas.  

 Beginning in the fourth management phase there was a shift in discourse surrounding the 

role of the riparian ecosystem. Although geographically small in scale, restoration efforts have 

begun to reduce the presence of invasive riparian forest present within the reach. Despite these 

efforts, drought conditions have led to the continued densification of the vegetation and presence 

of invasive forest.  

4. Conclusion 

 By reviewing the history of modern river management along a portion of the Middle Rio 

Grande River and relating it to riparian land cover change, it is clear that there is a direct 

coupling between the two. Each of the four river management/river flow and land cover phases 

reviewed in this research were unique representations and considerations of the coupled larger 
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ecosystem and the general human needs. In response, vegetation and the surrounding land cover 

classes were also impacted differently depending on the multifaceted goals of the management 

efforts. For the last two phases, in which fluctuating climate variables and river flows were 

highlighted, the vegetation responded as expected. Overbank flooding, due to increased 

precipitation, positively impacted the native cottonwood riparian forests. Drier periods resulted 

in increases in non-native invasive riparian forests and mixed woodland/shrubland. For the first 

two phases, which were highly centered on the control of the flow of the river, a majority of the 

results were also expected. For instance, the reduction of river flow led to an increase in density 

of the invasive vegetation. The areas immediately surrounding the former active river channel, 

along the cleared floodplain, also supported low to moderate density vegetation growth. 

 Despite the occurrence of the expected responses to the management efforts and climate 

fluctuations, this research highlighted the resilience and dynamic characteristics of this riparian 

ecosystem along the Rio Grande River. Ecological resilience demonstrates the ability of a system 

to persist despite multiple changes (Holling, 1973). With the various changes that occurred over 

the full 80 years of this study, the ecosystem retained much of its vegetative diversity and 

adapted in a variety of ways. However, there are many questions surrounding the ability of the 

ecosystem to continue to exist in the same manner. Climate projections from the 2013 National 

Climate Assessment for the Southwest indicate increased temperature, decreased snowpack and 

runoff, as well as increased risk of flooding in the southwest (Garfin et al., 2013). Each of these 

projections directly impact the riparian vegetation as well as influence anthropogenic based 

management practices. With increased groundwater pumping and the increasing risk for 

intermittency of the river, drastic vegetative changes within the ecosystem may occur (Stromberg 

et al., 2013).  
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 Much of the management practices within this reach were responsible for changing the 

physical structure within the system. Figure 12 shows a generalized cross-section of the 1935 

floodplain versus a cross-section of the 2014 floodplain. The largest change was in relation to the 

limitation of both the river channel and the extent of the vegetated floodplain. With the 

construction of the Low Flow Conveyance Channel, the vegetated floodplain was limited to its 

boundary with the LFCC on the west and the upland areas on the east. This helped result in a 

more incised river channel with limited or no lateral movement, impacting the vegetation 

structure. There sort of practices are occurring or have occurred in many southwestern river 

systems.  

 

 

 This research also applied a multi-method approach in order to determine the land cover 

classifications. This was necessary due to the imagery available for each specific classification 

year. It required a large effort to accurately digitize three different years and periods. This object-

Figure 12 – This figure shows the generalized cross section of the floodplain in both 1935 and 2014, 

looking north. There were major changes within the structure of the floodplain across the research 

timeframe. By 2014, many areas west of the Low Flow Conveyance Channel begun to support 

agriculture. Areas located on the terrace begun to support more non-native vegetation. Within the 

active floodplain, the riparian vegetation was variable.  
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based method was subjective in nature, and considered the vegetation within the larger 

surrounding natural contexts. It was less detailed than the pixel-based CART modeled 

classifications. However, it is believed to be more accurate (Cunningham, 2006). Although less 

subjective, depending on the collecting of training points, the CART models classified each pixel 

separately. The major difference in method between the two types of classification resulted in a 

relatively low percentage of agreement. 

 Although this research reviewed changes in large scale management practices, each 

lasting multiple decades, it’s important to highlight that management is continuous. The agencies 

which manage the many qualities of human health, river health, and ecosystem health along the 

Rio Grande, continuously make changes in response to the current properties of the river. As 

management goals shift to highlight more of a coupled human and natural system in which 

habitat restoration and species protection are essential, influences on the vegetation will also 

shift. Furthermore, with the initiation of smaller scale restoration efforts located along specific 

locations of the reach, rather than the full reach, large scale changes will likely become less 

pronounced.  

  This methodological approach allows for a continuous assessment of vegetation change 

through the use of Landsat imagery. With global Landsat coverage, this approach can also be 

applied anywhere. Despite the focus on one river system, the larger goal of this research is to 

highlight the history of management practices and their influence on the spatial and 

compositional aspects of riparian vegetation of an arid, southwestern river basin. As crucial 

ecosystems for human recreational use, aesthetics and service as well as plant and animal 

species, understanding how these habitats have evolved in response to management and climate 

fluctuations is essential. It also allows for land managers, policy makers, and stakeholders to 
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have the opportunity to communicate and determine better methods for management practices 

(Rogers, 2006).  
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Appendix B – Land Cover Classification Structure and Description 
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Appendix C - Crown Density Reference Scale 

 

 
 

 
 

Appendix D - CART Modeling and Landsat Imagery 

 

CART models begin by utilizing known training points aligned with each explanatory 

variable to determine a splitting value for each variable, also known as a terminal node or rule. 

The splitting values are binary divisions of the each explanatory variable and are dichotomous, 

similar to a branching tree (Lawrence and Wright, 2001; Villarreal et al., 2012 - 2). The rules are 

then applied to the full set of input spatial datasets. Each pixel is considered separately and 

classified into the most correct input class.  

The full download for each image included original image metadata, surface reflectance 

for each band, top of the atmosphere brightness temperature, as well as the full suite of available 

spectral vegetation indices including Normalized Difference Vegetation Index (NDVI), Soil 

Adjusted Vegetation Index (SAVI), and Normalized Difference Moisture Index (NDMI). In 

studies where vegetation change is analyzed, these indices are used as proxies to represent 

landscape biophysical properties (Nagler et al., 2009). Each of these indices can be derived 

directly from the original Landsat scene but were processed before the download.    

Each index included in the CART modeling provides certain characteristic used to 

differentiate between land cover classes. The Normalized Difference Vegetation Index (NDVI) 

Figure 1 – This figure was used to determine the vegetation crown density within the digitizing 

process. (EPA, 2004) 
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applies a ratio of the Red band (TM band 3, OLI band 4) and the Near Infrared band (TM Band 

4, OLI band 5) and is known for its ability to detect general vegetative growth and activity 

(Huete et al., 2002). For Landsat TM, the NIR band is band 4 and the Red band is band 3. For 

Landsat OLI, the NIR band is band 5 and the Red band is band 4.  

 

𝑁𝐷𝑉𝐼 =
(𝑁𝐼𝑅 𝐵𝑎𝑛𝑑 − 𝑅𝑒𝑑 𝐵𝑎𝑛𝑑)

(𝑁𝐼𝑅 𝐵𝑎𝑛𝑑 + 𝑅𝑒𝑑 𝐵𝑎𝑛𝑑)
 

 

The Soil Adjusted Vegetation Index (SAVI) applies a similar method to the NDVI, but 

utilizes a soil brightness correction variable (Huete, 1988). This index was applied specifically to 

differentiate between high NDVI vegetation types with varying base cover. The soil brightness 

correction factor, L, L ranges from 0 to 1. With an L value of 0, there is no correction and the 

equation is the same as the NDVI equation. With an L value of 1, there is what would be 

considered an area of no green vegetation. The value of 0.5 is the default value used with most 

situations. An L value of 0.5 was used in the Landsat index calculation (USGS, 2015).  

 

𝑆𝐴𝑉𝐼 =
(𝑁𝐼𝑅 𝐵𝑎𝑛𝑑 − 𝑅𝑒𝑑 𝐵𝑎𝑛𝑑)

(𝑁𝐼𝑅 𝐵𝑎𝑛𝑑 + 𝑅𝑒𝑑 𝐵𝑎𝑛𝑑 + 𝐿)
∗ (1 + 𝐿) 

 

Finally, the Normalized Difference Moisture Index (NDMI) calculates a ratio of the NIR 

band and the first Short Wave Infrared (SWIR) band (TM band 5, OLI band 6) (USGS, 2015). 

Also known as the Normalized Difference Water Index (NDWI) (Gao, 1996), the NDMI shows 

vegetative liquid water. For Landsat TM, the NIR band is band 4 and the first SWIR band is 

band 5. For Landsat OLI, the NIR band is band 5 and the first SWIR band is band 6.  

 

𝑁𝐷𝑀𝐼 =
(𝑁𝐼𝑅 𝐵𝑎𝑛𝑑 − 𝑆𝑊𝐼𝑅 𝐵𝑎𝑛𝑑)

(𝑁𝐼𝑅 𝐵𝑎𝑛𝑑 + 𝑆𝑊𝐼𝑅 𝐵𝑎𝑛𝑑)
 

 

Landsat imagery has a spatial resolution of 30 meters and temporal resolution of 16 days. 

However, because the SAR lies directly in the overlap of paths 33 and 34, the temporal 

resolution was increased to roughly 8 days allowing for a greater availability of imagery (Figure 

1). Table I shows the available, cloud free, dates of Landsat imagery for 1987, 1999, and 2014 
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respectively. A GIS boundary limited to the floodplain of the MRG from the San Acacia 

Diversion Dam to San Marcial was used to clip the input Landsat imagery in order to remove the 

upland vegetation areas.  

 
 

 

 
          

1987  1999  2014 

May 5, 2015  May 15, 2015  May 15, 2015 

June 22, 2015  June 7, 2015  June 9, 2015 

July 24, 2015  June 16, 2015  June 25, 2015 

August 18, 2015  July 25, 2015  July 2, 2015 

September 10, 2015  August 19, 2015  July 18, 2015 

September 19, 2015  September 11, 2015  August 28, 2015 

October 5, 2015  September 20, 2015  September 20, 2015 

  September 27, 2015  October 6, 2015 

  October 13, 2015  October 22, 2015 

    October 22, 2015     

Figure 1 – This figure shows the location of the SAR in relation to the Landsat scene boundaries. The 

SAR is located within the overlap between Paths 34 and 33. Because it is located in both Rows 36 and 

37, it is necessary to mosaic both images within their respective Paths. 

Table 1 – This table shows the available, cloud-free, Landsat dates for each year. The bordered boxes 

highlight the dates which were used within the CART model.  
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For 1987, three Landsat TM scenes were included in the CART model. Multiple scenes 

were mosaicked for each date to cover the full extent of the active floodplain. The first date was 

May 5, 1987 (Scene IDs: LT50340361987125XXX02; LT50340371987125XXX07). The second 

date was July 24, 1987 (Scene IDs: LT50340361987205XXX02; LT50340371987205XXX04). 

The third date was September 20, 1987 (Scene IDs: LT50330361987262XXX02; 

LT50330371987262XXX07). For 1999, mosaicking multiple Landsat TM scenes was again 

necessary to cover the full floodplain. Three dates were included in the modeling process. The 

first date was May 15, 1999 (Scene IDs: LT50330361999135XXX02; 

LT50330371999135XXX02). The second date was July 25, 1999 (Scene IDs: 

LT50340361999206XXX01; LT50340371999206XXX01). The third date was September 20, 

1999 (Scene IDs: LT50330361999263XXX02; LT50330371999263XXX02). For 2014, three 

Landsat OLI scenes were included in the CART model. Because of a slight shift in the coverage 

of the Landsat OLI scenes, mosaicking was not necessary for the 2014 imagery. The first scene 

was from May 15, 2014 (Scene ID: LC80340362014135LGN00). The second scene was from 

July 18, 2014 (Scene ID: LC80340362014199LGN00). The final scene was from September 20, 

2014 (Scene ID: LC80340362014263LGN00).  

 


