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DETERMINING SUCCESS IN WATERSHED RESTORATION USING
INTERDISCIPLINARY METRICS: RIO SALADO ENVIRONMENTAL RESTORATION
PROJECT, PHOENIX, ARIZONA
Carly H. Schmidt1

ABSTRACT
Ecological restoration has yet to gain an indepth understanding of the social dynamics that
inform restoration design and enable improved
watershed performance in urban environments. The
Rio Salado Environmental Restoration Project is
unique in that the scale of the project expands to
new reaches of the Salt River with each successful
venture. The 40-year project has been most successful in recent years due to innovative strategies that
capitalize on public outreach and inclusion. Adoption of multi-purpose objectives that include partnerships, public stakeholders, and learning achievement have contributed to the project's success. The
ability of the restored system to withstand flood
events is one of the many examples demonstrating
the project's qualifications as a model for future
urban restoration efforts. Lessons about the social
dynamics that inform urban restoration success
have the potential to augment scientific learning in
ecological restoration.

INTRODUCTION
Conservation, management, and restoration of
watershed ecosystems have become top priorities in
the wake of climate change and rapid urbanization.
This is especially true for developed nations like the
United States (Stromberg 2001). Numerous initiatives are now taking place which emphasize the
reestablishment of riparian ecosystems that have
been severely degraded in the last century (Goodwin et al. 1997). Riparian ecosystems serve
essential functions in southwestern landscapes
including maintenance of water quality, but most
riparian environments are most threatened by
climate change and human disturbance (Brinson
1981).
The Intergovernmental Panel on Climate
Change (IPCC) predicts that the southwestern
United States will be among the most severely
affected environments by drought and extreme
weather events. Climate models show that while
rainstorm events will decrease in frequency
throughout the American Southwest, these events
will increase in intensity (IPCC 2013). While the
relationship between drought and hydrophobicity
are not yet completely understood, there is significant evidence to suggest that the combined effects
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of water repellency and extreme rainstorm events
could result in catastrophic flood damage for aridland urban residents (Elbl 2014).
Phoenix, Arizona is currently facing the challenge of managing resources in the face of rapid
urbanization and prolonged drought. Wetlands in
this region typically run dry in periods between
major rain storms (Megdal 2005). Mitigating the
negative effects of a sustained drought on ecosystem fitness involves implementation of public
sector river restoration projects that utilize feedback
from local and federal agencies and the private
sector. In the wake of massive urbanization and
wetland degradation, restoration initiatives that
address the deteriorating state of the Salt River have
been prioritized by federal agencies and local
government for nearly three decades (Water
Resources Research Center 2012).
The Salt River is vital to many vegetation zones
in its reach from eastern Arizona to the core of
Phoenix (Autobee 2012). The movement to restore
urban streams in the Southwest will challenge
restoration ecologists to define clear parameters for
measuring success, identify the extent of degradation, and decide the best management actions to
reverse degradation and meet the realistic objectives
of watershed restoration (Palmer et al. 2005).
River restoration initiatives seek to maintain or
improve the quality of ecosystem services while
protecting ecological integrity downstream (Palmer
et al. 2005). There is growing need for interdisciplinary success metrics as ecological restoration
efforts become essential in our changing climate.
Subsequently, restoration assessment is essential to
advancing the science of watershed restoration
through adaptive management.
The attitudes and opinions of stakeholders can
be used to define realistic and inclusive objectives
in restoration. However, inclusion is known to
cause internal conflict where interests and
motivations may diverge (Conley 2003). Despite
this challenge, the Rio Salado Environmental
Restoration Project includes a myriad of stakeholders. Specifically, the project prioritizes nongovernmental and public groups, which are often
the most overlooked groups in restoration planning.
Inclusion of these groups has the potential to
increase the longevity of a project and produce
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more meaningful results. This paper will outline the
dynamics that contribute to the ongoing success of
the project, and how non-governmental stakeholders
and public learning have been used for its benefit.

HISTORY OF RIO SALADO
The National Reclamation Act was signed on
June 17, 1902. Thus began a collaborative effort for
a Salt River reclamation project which combined
“executive independence from Congress, nationalization and a scientific approach to natural resource
management” (Autobee 2012). The Salt River Project was widely considered a success in terms of providing hydroelectric power to the Phoenix metropolitan area (Gooch 2007). The dams constructed in
the early 20th century provide resources that still
contribute to western urbanization (Waits 2000).
While the dams provided freshwater support to the
valley, they caused the river to run dry and barren,
surrounded by landfills, sand pits, and industrial
activity (Graf 2000). This urbanization has resulted
in an inhospitable landscape and aesthetic deprivation for Phoenicians.
James Elmore, the founder of the School of
Architecture at Arizona State University, first
recognized the need for large-scale restoration.
Elmore sought to design an experimental scheme
that would emphasize flood control and restore the
Salt River as a dynamic urban wetland and place of
value to Phoenicians. His plan involved engineering
of whitewater rapids, islands, and campgrounds
(Gober 2006). The $2.5 billion project was easily
defeated in municipal vote in 1987.
The Rio Salado Environmental Restoration
Project was developed three years later in 1990 (Fig.
1). This small-scale project focused on a 5-mile
stretch of the Salt River, and was designed in
cohesion with Phoenix residents. Downsizing in
scale gave the project the advantage of using public

participation as a resource for outreach and community cleanup projects (DeSemple 2006).
In 1993, the City of Phoenix was granted an
environmental impact study (EIS) for the Salt River.
After review of the area and collaboration with the
U.S. Army Corps of Engineers (USACE), the Rio
Salado Habitat Restoration Project was allocated
$85 million in 1999. The restored Rio Salado
Habitat Restoration Area was opened in November
2005. Efforts to expand restoration efforts are still
underway, using the original restoration area as a
model for future initiatives and building on the project's successes. The Rio Salado Habitat Restoration
Area has been successful in restoring riparian vegetation, constructing hiking trails, widening stream
channel for flood control, removing accumulated
waste, and returning native wildlife to the area
(DeSemple 2006).

RIO SALADO DESIGN AND SUCCESS
The literature cites many models for measuring
restoration success, many of which are only
relevant in the context of the restoration project in
question. Defining parameters for measuring the
success of a restoration initiative is among the most
challenging elements of learning and advancing the
science. Zedler (2007) attributes this challenge to
unclear definitions, stating that “the language of
restoration ecology still needs clarification, particularly in the use of the term success. Confusion
arising from the use of other terms has been reduced
by redefinition.” Consequently, it is crucial to
identify and communicate objective parameters
when measuring the success of any restoration
initiative.
According to Palmer et al. (2005), the most
efficient projects that aim to restore rivers or
streams are designed at the interface of three axes
of success: ecological success, stakeholder success,
and learning success, shown in Figure 2. Palmer et

Figure 1. Rio Salado Project system in the Phoenix metropolitan area (USACE 2006).

3

Figure 2. Criteria for most effective river restoration
(Palmer et al. 2005).

al. (2005) identified five criteria for measuring the
success of river restoration, with special emphasis
on ecological improvements. These include (1) providing a guiding image of the dynamic state, including structure and natural range of variability; (2)
defining measurable indicators of ecological integrity and ecosystem health based on the types of
stressors causing degradation; (3) measuring the
self-sustainability of an ecosystem; (4) ensuring no
lasting harm to an ecosystem as a result of restoration; and (5) assessing project completion through
pre- and post-restoration monitoring. The Rio
Salado Environmental Restoration Project has
adhered to these objectives for each leg of the
restoration process.

ECOLOGICAL SUCCESS
Restoration success depends heavily on understanding the physical, biological, and structural
elements that affect riparian ecosystems (Goodwin
et al. 1997). Although the Rio Salado Project does
not explicitly use the model set forth by Palmer et
al. (2005), it has met many of its stated objectives.
For example, in regard to criterion two, ecosystem
health of the Salt River has improved in terms of
water quality, increased riparian vegetation abundance, population viability of target species, and
bio-assessment indices (Stromberg 2005). This
information was presented at the Water Resources
Research Center Conference in 2005. Furthermore,
it has been determined that few interventions are
needed to maintain the site, and the wetland ecosystem has demonstrated an ability to recover from
disturbances such as fire, flood, and drought
(Stromberg 2005).
Since the inception of the Rio Salado Project in
the 1980s, restoration design has operated around

the concept that ecosystems are dynamic and will
change with time. In understanding the “open”
nature of the Salt River watershed, restoration
planners, namely the U.S. Army Corps of Engineers, were able to construct a plan in the delicate
balance of defining measurable research indicators
while avoiding determination of a “non-fixed, variable endpoint” (Palmer et al. 2005, Stromberg
2005).
The language of U.S. Army Corps of Engineers’ restoration design adheres to the framework
behind the second criterion, which is to improve
ecosystems and ensure that ecological conditions of
the river are measurably enhanced. Palmer et al.
(2005) state that, “restoration success should not be
viewed as an all or nothing single endpoint, but
rather and an adaptive process where interactive
accomplishments along a predefined trajectory
provide mileposts toward reaching broader ecological and societal objectives.”

STAKEHOLDER SUCCESS
Collaborative approaches to restoration and natural resource management are being hailed as
essential ingredients to successful restoration.
Across the board, collaborative groups are initiating
monitoring and self-evaluation processes, often in
order to integrate participation in an adaptive management approach (Conley 2003).
Collaborative efforts could mean a great number
of things, from governmental partnerships to citizenbased action projects, however they all refer to integrating multiple stakeholder interests into project
design. Partnership among multiple stakeholder and
public groups is theorized to reduce internal conflict, build social capitol, facility a multidisciplinary
approach, and result in a more holistic understanding of the natural environment (Innes 1996). In
addition to the benefits collaboration offers to
project performance, local citizens also expect to be
informed about changes in their environment and
decisions of their local government (Tunstall
2000). According to Palmer et al. (2005), the
criteria to be addressed when measuring stakeholder
success are (1) aesthetics, (2) economic benefits, (3)
recreation, and (4) education. Recall that the Rio
Salado Environmental Restoration Project has been
an ongoing collaborative effort by the City of
Phoenix and the U.S. Army Corps of Engineers
since 1998. For each new stretch of restoration the
USACE has provided a detailed feasibility study
and environmental impact assessment to the public.
In October of 2001, the Project broadened the scope
of its stakeholder inclusion by tasking the engineering firm CH2M HILL with producing a project plan
and contract documents. By including this firm, the
Salt River prioritized establishing a public park that
currently provides residents with access to miles of
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trails and educational facilities (DeSemple 2006).
Aesthetics and recreation opportunities are the most
visible and discussed benefits that the project has
provided to Phoenicians.
A prominent public interest group in the area is
the Rio Salado Foundation, which was created in
2001 in response to the Rio Salado Environmental
Restoration Project. This nonprofit has been active
in performing public outreach regarding the importance of bringing water back to the Salt River and
reinstating riparian habitats (Foundation 2013).
In regard to education, partnering organizations
have been active in establishing youth and citizen
groups which foster the acquisition of environmental knowledge while collecting useful monitoring
and habitat data. As these education programs overlap with the method by which local scientists
advance their understanding of the Salt River, these
programs will be discussed in the section below.

LEARNING SUCCESS
In a study of the Hudson River Estuary Plan,
the authors conclude that the overarching restoration goals of the project were more likely to be
strongly supported than their implementation
methods (Connelly 2002). Unwillingness to accept
temporary and less desirable circumstances in order
to produce a more sustainable and resilient
ecosystem could be due to poor environmental or
scientific literacy. Negative public perceptions have
been combatted in the Rio Salado Project by
involving the public in designing and implementing
restoration methods in cohesion with local scientists
and restoration practitioners.
The Central Arizona-Phoenix Long-Term Ecological Research project (CAP LTER) and the City
of Phoenix have been active in creating and encouraging participation in community-based restoration
projects. Education outreach partner programs capitalize on local knowledge and public participation
to collect data for monitoring and future restoration
planning purposes. By invoking interest and a sense
of responsibility in schoolchildren, the project is
creating a new generation of experienced and scientifically literate citizens who understand the need
for watershed restoration in an environment under
extreme stress (McCarthy 2012). Three leading
community programs are summarized below.
In 2006, CAP LTER began the Service at
Salado program, which joins scientists and local
students in restoring an urban riparian environments. Service at Salado is an after-school club
which involves young students in the scientific
process. With the guidance of graduate students and
CAP LTER researchers, the students work to propose and implement restoration tactics that aim to
maintain a restored habitat. In 2006, nearly 350
middle-school and 50 undergraduate-level students

had participated in the program. In recent years,
middle-school students have been included through
a lottery-style selection process due to the high
level of interest (Saltz 2006).
The Ecology Explorers is an education outreach
program designed and instituted by CAP LTER and
Arizona State University. Through this program,
K-12 school teachers and students can participate in
ecological research being conducted by LTER
scientists. Professional scientists guide students in
collecting data for experiments, which is then used
to inform future restoration planning for the Salt
River. Student research emphasizes wildlife and
arthropod data collection (ASU 2014).
The Southwest Center for Education and the
Natural Environment (SCENE) is a program
designed to provide scientific experience to high
school students since the initiation of the Rio
Salado Environmental Restoration Program in 1998.
This program involves a partnership between the
Julie Ann Wrigley Global Institute of Sustainability, the Leroy Eyring Center for Solid State Science
Research, and private sector supporters. Research
projects completed by high school students in conjunction with professional scientists have addressed
effluent from wastewater treatment plants, water
purification and chlorine tolerance, and electrical
properties of metal/pyrite junctions (ASU 2015).
Not only have these programs contributed to
improving scientific literacy among youth and
Phoenicians, but they have contributed to monitoring
and pre-implementation data that restoration scientists
will use to inform future efforts. Through monitoring
of what has already been achieved and ecosystem
dynamics that have yet to be fully understood, restoration practitioners can learn about the best practices in
their field and advancing the science of ecological
restoration in the context of the arid Southwest.

CONCLUSION
The Rio Salado Environmental Restoration
Project taskforce has demonstrated an ability to produce meaningful change in an urban watershed system. The Project has since become a model for
future restoration initiatives in similar desert environments (DeSemple 2006).
According to Stromberg (2001), in order to
improve success of restoration initiatives, information sharing must be prioritized regarding the quality of riparian ecosystems, causes of degradation,
and strengths or limitations to various restoration
approaches. Although the physical science elements
of designing and implementing restoration are crucial to meet project goals and objectives, it is also
essential that social science is recognized as a key
ingredient of success (Weber and Stewart 2009).
Restoration success is dependent on more dynamics
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than are typically discussed in the scientific
literature.
This analysis of the Rio Salado Environmental
Restoration Project has determined the Project to be
successful in more ways than restoring ecological
integrity to a heavily degraded riparian and aquatic
network. In addition to ensuring the improvement of
ecosystem function and resilience, the Project has
also made contributions that indicate stakeholder
success and learning success. As evidenced by the
vast scope of public environmental education programs, LTER's efforts to include public stakeholders in monitoring and analysis studies, and the
increase in recreational opportunities.
The Rio Salado Environmental Restoration
Project is a prime example that illustrates to environmental scientists, environmental engineers, and
restoration ecologists that a pure scientist approach
to restoration is not enough to ensure success. The
model of Rio Salado supports the approach of
embracing multi-purpose goals including partnerships, public stakeholders, and local policy representatives.
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RESTORATION OF THE LAS VEGAS WASH AND ASSOCIATED WETLANDS
IN LAS VEGAS, NEVADA
Megan Burke1

ABSTRACT
This paper evaluates the historical growth of the
Las Vegas Wash, its subsequent degradation, and
the current efforts to restore and stabilize its channel. The Las Vegas Valley Metropolitan Area is
located in the Mohave Desert in a drainage basin
surrounded by mountain ranges. This drainage basin
and its dynamic system of stream channels constitute the Las Vegas Watershed in which the Wash
is located. The condition of the Las Vegas Wash is
unique, as is a perennial stream that evolved from
an ephemeral wash in response to the rapid urbanization and subsequent production of treated wastewater input into the stream channel. The situation
has created a series of wetland ecosystems along the
Wash, and valuable riparian habitat in such an arid
environment. The Wash and its associated wetlands
system provide a variety of ecological services to
the city of Las Vegas, including storm water conveyance, wastewater effluent filtration, flood protection, and a green space for residents to enjoy.
However, continuous increase in volume and intensity of the stream flow has resulted in severe channel degradation and bank erosion in numerous
locations along the stream channel. After an examination of the historic and present-day conditions of
the Wash and its restoration activities, this essay suggests that future evaluations of the Las Vegas Wash
case study may provide evidence to support the
propagation of collaborative management efforts.

INTRODUCTION
Rising concerns regarding drought, water
resources, and environmental degradation have
spurred a call for watershed management strategies
that are designed along a broader scale and able to
utilize adaptable tactics that can be monitored and
altered when deemed necessary. These large-scale
systems encompass numerous stakeholders and
usages, and require resource managers to develop a
thorough understanding of hydrologic and ecologic
processes in relation to human activity. In 2000,
both the U.S. Secretary of the Interior and the U.S.
Secretary of Agriculture called for a watershedbased approach for resource management and
requested that their corresponding agencies begin to
collaborate with state and local government
agencies, private stakeholders, interest groups, and
public citizens (Koontz and Thomas 2006).
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Watersheds processes provide critical ecosystem services that result in the invaluable protection of anthropogenic and natural resources.
These systems are especially important in the semiarid southwestern portion of the United States, as
these streams and aquatic habitats are substantially
smaller in number than other regions of the country.
Rapidly increasing rates of human development and
urbanization have stressed and degraded a number
of these systems, resulting in a significant increase
in professional focus on watershed restoration
efforts (Black 1997). Impediments to restoration
efforts can be further exacerbated by the complex
dynamics within urban environment and the vested
interests of a number of stakeholders, especially
when the interests of the stakeholders are in direct
conflict with one another. The utilization of adaptive management strategies has been suggested as a
means to address these potential impediments
(Gautam et al. 2014).
Since human settlement in the area began in the
early 1900s, the hydrologic regime of the Las Vegas
Wash has evolved in proportion to population growth
and increased water use and discharge rates. The
transformation of the Wash from an ephemeral
channel into a perennial stream as a result of
increased wastewater effluent discharge is of particular significance to this case study. The dynamic
stream channel system that makes up the Las Vegas
Wash is located within a bowl-shaped drainage basin
surrounded completely by mountain ranges in the
Mohave Desert. The stream channel is approximately
12-miles long, and it acts as the primary drainage
reach of the 1,586 square mile watershed. The Wash
is one of many tributaries – including the Colorado
River – which drains into Lake Mead, the largest
manmade reservoir in the United States (Gautam et
al. 2014). The Wash is considered one of the most
valuable aquatic resources in the southern Nevada
region, as it provides an important spectrum of
ecosystem services for the surrounding natural and
anthropogenic environments. The Wash provides
natural ecosystem services, such as the creation of
aquatic and riparian habitat for abundant plant and
animal species. However, the Wash is valued most
highly for its provision of economically valuable
services to the surrounding metropolitan areas. In
regards to public safety, the wash provides a pipeline
for water discharge and a storm water conduit to
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move surface flows away from the cities, while also
helping to mitigating damage from flood events.
Easily one of the most economically-valued
services provided by the Las Vegas Wash is the
conduit it creates to return withdrawn water back to
Lake Mead. Water is allocated from Lake Mead to
surrounding states based on predetermined water
budgets. In order to allow the area to increase their
water withdraws from the reservoir, the amount of
water returned to Lake Mead through the effluent
water flow of the Wash is “credited” to the city. In
other words, these return-flow credits allow the city
to withdraw excess water from Lake Mead without
impacting their allotted water budget (Weissenstein
2009). The Southern Nevada Water Authority
(SNWA) is permitted to withdraw 300,000 acre-feet
from the reservoir each year. In 2000, return-flow
credits increased the permitted water allocation to
450,000 acre-feet (SNWA 2000). In monetary
terms, the Southern Nevada Water Authority has
valued the ecosystem services provided by the
Wash at over $800 million – the estimated
construction costs of a proposed alternative
wastewater conveyance pipe (Gautam et al. 2014).
As a result of increasing base flows the Las Vegas
Wash has experienced channel degradation and
bank erosion, downcutting of wetland areas, and
degradation to ecosystem services (LVWCC
2000a). In 1998, the degradation of the Las Vegas
Wash and its wetland ecosystems caused a citizen
advisory group to recommend the creation of a
single ruling body, made up of diverse stakeholder
and interests groups, to create and enforce a
restoration and management strategy for the Las
Vegas Wash.
As a result of the recommendation made by the
citizen advisory group, the SNWA created the Las
Vegas Wash Coordination Committee (LVWCC),
a stakeholder management group tasked with
addressing the environmental and water quality
issues associated with the Wash. This essay is
broken into three primary parts to provide a
hydrologic history of the stream channel, a brief
examination of the restoration strategies and tactics
adopted within the adaptive management plan
coordinated by the LVWCC, and discuss the
implications this case study has for restoration of
watersheds in the Southwest. The restoration efforts
utilized within this case study are of great significance due to the holistic and revolving approach
utilized to protect and maintain the integrity of the
entire watershed, and due to the perceived success
associated with this restoration project.

HISTORIC FLOW REGIMES
The Las Vegas Wash floodplain was formed
approximately 24 million years ago as a result of
sediment deposition from surrounding mountain

ranges into the Las Vegas Valley basin. The sediment content associated with this floodplain is
highly erodible silts and clays. Geologic inquiries
regarding the disturbance patterns suggest that the
Wash floodplain has been susceptible to periodic
disturbances characterized by natural cycles of
downcutting and eventual filling of the Wash
channel (LVWCC 2006).
The Wash became a tributary to the Colorado
River about 3 million years ago. The flow regime
was nourished by numerous springs in the upper
region of the watershed which percolated into the
groundwater flow before emerging into the lower
portion of the Wash. The flow from this spring
complex supported the production of grassy
meadows, mesquites, and other deep-rooted vegetation species along the stream channel. The eventual expenditure of the spring system occurred
between 1,000 and 4,000 years ago due to increased
temperatures, decreased precipitation levels, and a
lowered water table. Once the contributing springs
were taxed completely, the ecosystem within the
Wash stabilized at an equilibrium typically associated with an ephemeral stream in an arid environment (LVWCC 2006).
The hydrological regimes remained relatively
undisturbed for over 10 years until human expansion into the western portion of the country began
in the 19th century. Large-scale modern settlement
followed the construction of the railroad network
between Salt Lake City, Utah, and Los Angeles,
California, in 1905. Stream transformation began in
the 1950s after the construction of the Hoover Dam
and the rapid growth of the gaming and entertainment industry resulting in an accelerated urbanization of the Las Vegas Valley. Water and sanitation
demands of growing tourist and residential populations spurred the creation of wastewater treatment
facilities, which began to discharge treated wastewater into the Wash in 1956 (Sun et al. 2013). For
the first time in approximately 2,500 years, the flow
of the Wash was sufficient enough to reach Lake
Mead. The continued anthropogenic addition to the
stream flow caused the floodplain to moisten and
transforms a desert-shrub dominant community into
a riparian greenbelt. By the dawn of the 21st century, the mean annual base flow of the Wash had
grown from the 0.05 m3/sec recorded in the early
1950s to 7.4 m3/sec and the riparian ecosystem
began to experience mass habitat loss as a result of
the still-increasing stream volume and velocity
(Hall et al. 2014).
Population growth between1950 and the 1980s
resulted in a drastic increase in annual base flows
within the Wash channel, supporting the creation of
over 600 hectares of wetland habitat (Weissenstein
2009). When the effluent discharge into the Las
Vegas Wash caused the development of a wetland
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area, a unique habitat was created with abundant
aquatic species, consisting of plants, reptiles, and
migratory birds, causing a simultaneous increase in
recreational activities such as hunting and bird
watching. The natural filtration elements of the wetland ecosystem also provide a mechanism for erosion control and the additional treatment of the
wastewater effluent and runoff from upstream
pollution sources (Stave 2001).
During the same period in which wetland
growth was at a peak, initial signs of intensified
channel degradation and erosion resulting from
continually increasing effluent discharge began to
become evident (LVWCC 2000a). These degradation effects were accelerated by continued population growth and some large-scale flooding events in
the 1980s. In the ten short years from 1990 to 2000,
the population of Las Vegas swelled from 741,459
to 1,375,765 people. The banks of the Las Vegas
Wash could no longer support the extra flow volume and by the year 2000 the amount of wetland
habitat had been diminished down to little more
than 100 hectares (Stave 2001). Decreasing filtration capabilities in combination with increased sediment load delivery into the reservoir cause concerns
regarding the propagation of degraded water quality
into the reservoir.
The majority of precipitation that falls within
the area occurs in the surrounding mountain ranges;
the valley floor receives less than 4 inches of
precipitation each year (SNWA 2000). The base
flow that typically makes up the Las Vegas Wash is
predominately made up of treated wastewater, runoff from urban and suburban areas of the Las Vegas
Valley, and minute amounts of groundwater contribution. The eroded wetland systems are estimated
to channel 153 million gallons per day of treated
wastewater and urban runoff into Lake Mead (Sun
et al. 2013). As the wetlands become more degraded
their effluent filtration and erosion-mitigation
capabilities are diminished. This is particularly concerning for the residents of the metropolitan areas
of Clark County and Las Vegas Valley, as the
points of withdraw for their drinking water supply
are downstream from where the point where Las
Vegas Wash enters Lake Mead. Citizen concern
regarding the drinking water quality of the reservoir
and the health of wetland habitat led to the
establishment of a comprehensive, holistic
management approach for the management of the
Las Vegas Wash.

RESTORATION STRATEGIES AND TACTICS
There are a variety of major players involved in
Nevada and Las Vegas water resource management.
The Southern Nevada Water Authority, the Las
Vegas Valley Water District, and the Nevada Colorado River Commissioner all have regional respons-

ibilities which include water allocation, conservation, infrastructure construction, groundwater management, and wastewater planning. The LVWCC is
currently made up of 29 members who include
businesses, government organizations at the local,
state and federal levels, the Las Vegas University,
and non-profit organizations (Stave 2003). Since its
creation, the LVWCC has utilized an adaptive management approach with a holistic focus on the restoration and protection of the water quality and the
ecological health of the watershed and its associated
wetlands.
The principal restoration goal set by the
LVWCC is the establishment of a sustainable – but
not fixed – watershed system that is able to provide
highly valued ecological services. To meet the challenges of stabilizing, restoring, and protecting the
Wash, certain tactics were given highest priority.
The original comprehensive adaptive management
plan lead to the identification of three focus actions
as the highest priority items. The first action item
was the formation of an agency authorized to oversee and coordinate management and restoration
activities for the Las Vegas Wash. The second strategy was to take immediate actions to aid in channel
stabilization and the reduction of erosion rates
along the banks of the Wash. The final focus
strategy was the appointment of a study team to
determine the degree of wetland creation and
stabilization appropriate to regain valuable ecosystem services (LVWCC 2000a). The adaptive
management plan identified 44 tactical recommendations for use in achieving these strategies. The
restoration tactics adapted as a result of these
recommendations are described in some detail
below.

Comprehensive Programs
The social stewardship tactics recommended by
the LVWCC are some of the more unique attributes
associated with this restoration project. These tactics
include the creation of wildlife management plans
between government and state agencies, educational
programs for children and community members,
community cleanup events, and community event
programs intended to facilitate community involvement. Since 2001, 'Green Ups', community planting
events, are held at multiple locations to encourage
public participation in restorative actions along the
Wash. 'Green-Up' events have drawn more than
7,000 cumulative volunteers (Gautam et al. 2014).
The involvement of the public in these educational programs is intended to provide community
members with a greater awareness of the benefits society receives from ecological services provided by the
Wash. The heightened awareness of ecological principles and their anthropogenic benefits allows citizens
and nonprofessionals to associate value with eco-
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logical solutions and restoration tactics. As of 2014,
the LVWCC has honored 466 educational event
requests, allowing the committee to educate more than
190,000 event attendees (Gautam et al. 2014).

Stabilization of Channel Bed
Increases in stream flow and velocity create
highly corrosive conditions when encountering the
clay and silt banks along the Las Vegas Wash. The
comprehensive adaptive management plan for the
Wash called for the creation of erosion-control
structures to slow stream flow and minimize erosion
rates. The use of weirs and low-height dams were
also recommended to allow for the sustainable
establishment of native vegetation. Since 1998, 14
permanent weirs and 1 demonstration weir have
been constructed along predetermined locations
within the Wash. These structures were each constructed to withstand 100-year floods, and many
were shown to effectively withstand a 50-year magnitude flood event that occurred in 2004 (Gautam et
al. 2014). The materials used in the creation of
these erosion-control structures often differ in
appearance from natural debris and rocks to demolition materials salvaged from casinos and hotels in
the City of Las Vegas (LVWCC 2012).
The employment of revegetation measures and
riprap structures was identified as preferred restoration
tactics for mitigating head cutting of the stream
channel. Four miles of rock-laden riprap structures
and revegetation currently stretch along the banks of
the Las Vegas Wash. These tactics will continue to be
utilized and monitored over the next few decades. The
intention of the LVWCC is to have these measures
carried out so that revegetation will occur from end-toend of the 12-mile long Wash (LVWCC 2014).

Creation of Wetland Habitat
The construction of wetland habitat has been a
primary focus of the strategies employed as part of
the comprehensive management plan. Weir construction, revegetation measures, and coordination
programs among governmental agencies were identified as the primary measures necessary to encourage the creation and protection of valuable wetland
habitats within the Wash. Revegetation measures
and weir construction is used to stimulate the
creation of wetlands basins in two large locations
along the stream channel. These predetermined
locations were selected based on potential ability to
support hydrophilic plant species and provide filtration services in areas with high volumes of urban
runoff. These efforts have currently resulted in a
40% increase in wetland habitat along the Wash and
in the establishment of The Clark County Wetlands,
a 2,900-acre area of the Wash consisting of pro-

tected habitat and a nature preserve that is open to
the public (LVWCC 2012).
The LVWCC recognizes that there are tradeoffs in the provision of ecological services associated with constructed wetlands. While biodiversity
levels and water quality indicators may have a
significantly positive reaction to the creation of
wetlands, they may also diminish the ability of the
area to provide valuable ecological services such as
storm water conveyance (Guatam et al. 2014). The
currently constructed wetlands, and those wetlands
still being constructed, will be monitored over the
next decade to determine if these means can be
appropriately replicated in other locations along the
Wash. In addition to constructed wetlands research,
the LVWCC has initiated a wetlands characterization study. This study is being conducted by the
local Desert Research Institute with grant funding
provided by the Bureau of Reclamation. Its purpose
is to compare key wetland-type characteristics and
identify the functionality that can be reasonably
expected from each type of wetland habitat that is
constructed along the Las Vegas Wash (LVWCC
2012).

FUTURE CONSIDERATIONS
This paper provides suggestions for moving forward that may allow managers to best evaluate the
success metrics of this project. First, although the
implementation of wetland creation programs,
erosion-control structures, and comprehensive communication programs has thus far produced positive
results, long-term monitoring is absolutely essential
to evaluating the long-term success and resilience of
the watershed ecosystem. The socioeconomic and
environmental context in the case of the Las Vegas
Wash emphasizes a need for a holistic management
approach that works to encourage collaboration
between community members and government
agencies, as well as collaboration between competing land-use interests. Finding a balance between
stakeholder values remains one of the largest challenges to the successful implementation of an adaptive management strategy; especially for managing
unique natural systems alongside large expanding
cities (Conley and Moote 2003). Thus, it is recommended that further social and ecological evaluations be conducted in order to assess ecological
success criteria in relation to the socioeconomic
context. Specifically, information regarding equality of stakeholder involvement and their associated
perceptions of restoration success should be documented to determine if the perceived level of the
project's success is shared among stakeholders and
actively involved community members. Participatory evaluations may also help to determine the
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degree of progress currently made towards desired
restoration goals, provide feedback for use as guidance for future restoration or management actions,
and identify larger-context issues that may be
impairing certain adaptive management efforts
(Koontz and Thomas 2006).
A great deal of uncertainty still surrounds the
effectiveness of adaptive management efforts and
their overall impact on the environment (Thomas
and Koontz 2006). Evaluations are needed to buttress the continued enthusiasm for collaborative
management, and to aid decision makers in their
efforts to identify the most appropriate context for
the successful implementation of these management
methods (Palmer et al. 2005). This paper suggests
that interested parties begin to perform ecological
and sociological evaluations of the collaborative
efforts of the LVWCC. These evaluations may help
to inform political regulations surround water management, managerial and operational guidelines for
private and public water users, and the future
application of similar restoration projects in the
Southwest (Conley and Moote 2003).

CONCLUSION
The context surrounding this case study results
in a unique urban approach to water resource restoration. The Las Vegas Valley is now home to
more than two-thirds of Nevada's population, and
plays host to more than 30 million visitors each year
(Pavelko et al. 2009). The large number of visitors
to the area alone creates the potential for collaboration, outreach, and the inspiration of water resource
managers across the country, particularly in the
Southwest. Additionally, the City of Las Vegas was
created on a relatively recent temporal scale, and as
such has a great capacity for the successful implementation of watershed-scale restoration actions;
especially when those restorative actions require
social or structural adaptations (Benvie 2005). Elements of this restoration project that are deemed
successful may be appropriately applied within the
watershed management approaches of other relatively new urban developments.
Urban environments often have social and
structural conditions that make goal-setting less
straightforward for restoration projects. The
end-goal identified by the LVWCC is rather unique
for use in a restoration-based context. Restoration
efforts are not performed as an attempt to restore
the Wash to a historical, natural state – or an ecological state with conditions resembling pre-human
disturbance – but to restore the Wash to a non-fixed
state that will provide valued ecological services,
protect water quality, and support the creation of
wetlands (LVWCC 2000b). The desired state of the
Wash was chosen in conjunction with the resource
managerial goals considered most appropriate for

the particular ecological and sociological context of
the area (Gautam et al. 2014). Moving forward,
tradeoffs between ecological services will need to
be further evaluated to ensure that progress is being
made towards the most-desired ecological state.
The ongoing restoration and managerial actions
executed by the LVWCC have been praised as a
success by various organizations-both involved and
uninvolved with efforts resulting from the comprehensive adaptive management plan. Restoration
projects along the Wash have received numerous
awards including the 2002 Wendell McCurry
Excellence in Water Quality Award, the 2010 Conservation Partners Award, and the American Water
Works Environmental Project of Year in 2011 and
2013 (LVWCC 2014). These awards do indicate
that successful restorative elements are likely being
employed within the management strategies of the
LVWCC; however, more studies into the resilience
and resistance of the Wash are needed in order to
better determine its potential for long-term success
(Buckingham and Whitney 2007, Koontz and
Thomas 2006). This recognition, as well as the high
perception of success association with the Las
Vegas Wash and its wetlands, makes this an appropriate case study for future examinations of collaborative resource management in urban environments. If the current level of perceived success is
accurately indicative of long-term success, future
evaluations may provide evidence to support the
continued propagation of collaborative management
efforts.
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RESTORING THE WATER QUALITY OF THE SAN PEDRO RIVER WATERSHED
Jason Klotz1 and Aregai Tecle1

INTRODUCTION
This paper is concerned with restoring the
quality of water in some portions of the San Pedro
River. There are high concentrations of bacteria in
some parts of the San Pedro River. Our aim is to
find ways of improving the situation. Specifically,
there are two objectives in the study. The first one
attempts to identify the possible sources of the
bacterial contamination and assess its trends within
the watershed. The second objective is to determine
appropriate methods of restoring the water quality.
The main water quality problem is nonpoint source
pollution, which enters the stream and moves along
with it. The magnitude of the problem is affected by
the size and duration of the streamflow, which
brings bacteria-laden sediment. The amount of sediment brought into the system is large during the
monsoonal events. At this time, the streamflow
becomes highly turbid in response to the organic
and inorganic sediments entering the system. Based
on research done for this paper, the amount of
bacterial concentration is strongly related to turbidity. Best management practices (BMPs) have been
designed and implemented to restore the water quality problem in the area. The BMP's consist of
actions such as monitoring, educational outreach,
proper signage, and other range/watershed related
improvement practices. Other issues that contribute
to the increasing amount of bacteria that are briefly
addressed in this paper are bank and gully erosion,
flood control, and surface water and streamflow
issues that occur on the stream headwaters.

STUDY SITE
The San Pedro River starts in the mountains
near Cananea in Sonora, Mexico and flows northward. It enters the United States in southeastern
Arizona and joins the Gila River near the town of
Winkelman, Arizona. The river flows along the valley between the Huachuca Mountains to the west
and the Mule Mountains to the east. The annual
average precipitation over the area ranges between
14 inches (35.56 cm) and 30 inches (76.20 cm),
most of which comes as monsoon rains during July
through September. Streamflow in the river is lowest during the months of April through June, coinciding with the leafing of the vegetation.
Within the San Pedro River basin is a conservation area known as the San Pedro Riparian National
Conservation Area (SPRNCA). This specially designated area covers roughly 57,000 acres (23,067.1 ha)
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of public land that stretches from the Mexican border
north to the town of St. David. The study area in this
paper begins just north of the River's confluence
with the Babocamari River and ends just south of
Dragoon Wash (Fig. 1). The headwater parts of the
rivers and washes in the study area are either
ephemeral or intermittent streams.

WATER QUALITY IN THE STUDY AREA
Human beings and other warm-blooded animals
take in many different types of bacterial contamination into their digestive tracts. Many types of
bacteria are pathogenic and can be very harmful to
humans and other animals. One of the main sources
of such bacteria is contaminated (or polluted) water.
A common way of determining the contamination
of water by bacteria is using an indicator bacteria,
Escherichia coli or E. coli. This is a gram-negative
and rod-shaped member of the genus Escherichia
that is commonly found in the lower intestine of
warm-blooded animals such as humans. It is mostly
harmless, though some strains could be harmful and
even deadly. Because they are commonly found in
the intestines they are used as indicator species for
the various types of bacteria that enter the digestive
systems of both humans and other warm-blooded
animals. The bacteria enter the body of animals and
humans by coming into direct or indirect contact
with the feces of infected animals or humans.
Humans can also acquire bacteria from the consumption of food or water that has been directly or
indirectly contaminated by feces or other bodily
excretions.
In 1972, the Federal Water Pollution Control
Act of 1948 became amended as the Clean Water
Act (USEPA 2015). This law made it unlawful to
discharge point source pollutants into navigable
waterways, unless a permit was obtained. In the
process, the law created standards for the safe
amount of bacteria in freshwater lakes, streams, and
rivers to help protect people from getting infected
or becoming sick when using contaminated waters
for drinking and/or recreational purposes such as
fishing, boating or swimming. In the state of
Arizona, the standard level of bacterial contamination for full body contact (FBC), such as swimming,
is no more than 235 colony forming units (CFU) per
100 ml. The standard for partial body contact, such
as boating and fishing, is no more than 576
cfu/100ml (USEPA 2003). The presence of the
indicator bacteria E. coli in the San Pedro River is
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Figure 1. Study area of the San Pedro Watershed.

an indication of the presence of pathogenic organisms that under full body contact or partial body
contact may enter into the body and become a health
risk. In 2006, according to the Arizona Department
of Environmental Quality, there were bacterial
concentrations that surpassed the Arizona Water
Quality Standard for full body contact (ADEQ
2010) in the San Pedro. This was determined by
collecting various samples from sites along the river
between Dragoon Wash and the mouth of the
Babocomari River (Fig. 1), and analyzing the
samples following commonly used protocols
(Stoeckel et al. 2004).

SOURCE OF POLLUTANTS
In general, water-quality problems may originate from both point and nonpoint sources. According to the Clean Water Act, “point source” pollution
can be defined as
“any discernable, confined and discrete
conveyance type, including but not limited
to any pipe, ditch, channel, tunnel, conduit,
well, discrete fissure, container, concentrated animal feeding operation, or vessel
or other floating craft from which pollutants are or may be discharged.” (Coronado
Resource Conservation & Development
2013).

Nonpoint source pollution, on the other hand, is not
defined under the Clean Water Act, but it is widely
understood to be a type of pollution that arises from
dispersed activities that occur over large areas and
is not traceable to any single source.

Point Source Pollution
The main culprits for point source pollution in
the study area are the four active Arizona Pollutant
Discharge Elimination System (AZPDES) permits.
These permits fall under the Environmental Protection Agencies (EPA) National Pollutant Discharge
Elimination System which controls point source
discharges (USEPA 2015). These permits, acquired
by wastewater treatment plants in Tombstone,
Mammoth, Cielo and other nearby areas, authorize
the discharge of treated wastewater into the ephemeral wash tributaries off the San Pedro River. For
example, the Sierra Vista Water Reclamation Facility was allowed to start making emergency discharges into the San Pedro River when it started
operating in late 2014. Consequently, the reclamation facility is allowed higher permit limits in line
with Arizona’s bacterial water-quality standard for
ephemeral waters (ADEQ 2013). Another important
permit, the Arizona Department of Transportation’s
statewide Municipal Separate Storm Sewer System,
falls under the statewide stormwater management
plan. This permit includes all stormwater discharges
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associated with construction sites, industrial facilities,
etc. It just happens that there is an Arizona highway
covered by the permit which exists upstream of the
San Pedro-Gila River confluence. This can be an
important source of bacteria and other contaminants
that enter the river.
Other important permits are the Multi-Sector
General Permit and the Construction General Permit. The common purpose of these two permits is to
protect the quality and beneficial uses of Arizona's
surface water resources from pollutants that come
from stormwater runoff produced by industrial and
construction activities. As stated in the Clean Water
Act, it is technically illegal to have a point source
discharge of pollutants enter into the waters of the
US, unless authorized by a permit. This includes
stormwater runoff produced by industrial and
construction activity sites. Some of the permits
backed by this protocol are very close to the towns
of Benson, Sierra Vista, and Bisbee in southeastern
Arizona (ADEQ 2013). The locations of these sites
are very close to urban areas where stormflow
runoff mixes with nonpoint source pollution from
the surrounding watersheds. As a result, there is a
high potential for bacteria and other pathogenic
organisms in the area.

Nonpoint Source Pollution
Nonpoint source pollution is associated with
runoff from easily nonidentifiable or diffuse sources
moving over or through the ground and reach downstream waterways. There are many sources of nonpoint source pollution in the study area. The main
ones include: agricultural, livestock, and grazing
activity areas (Crane et al. 1983); urban development and associated septic systems; recreational
use; and wildlife and immigrant travel corridors.
Agricultural activities in the area can be broadly
broken down into two classes of seasonal irrigated
and cropland and pasture land. Both agricultural
areas are located along the floodplain terraces,
making them possible contributors to the nonpoint
source of bacteria and other contaminants. A combination of inadequate soil conservation practices and
careless application of manure to the land have
made these areas become a high potential source for
the bacterial contamination of the stream networks
(ADEQ 2013). It has also been reported that the
bacterial contamination becomes higher when combined with excessive sediment in the waterways
(ADEQ 2013). It is very likely that the bacterial
loading into the San Pedro River is from storm
events on the agriculture fields directly adjacent to
the floodplains.
Southeastern Arizona is particularly vulnerable
to increased bacterial contaminant loading rates due
to its location in an arid and semi-arid climate and
sparsely groundcover area. Overland flow is flashy

in these arid and semi-arid regions, and the chances
of flash flooding in gullies and other drainages that
feed into the San Pedro River increase as a result of
the intense, short-lived monsoonal events that occur
throughout the region. Overland flow and flashflood events have the potential to carry fecal
material from livestock, and other domestic animals
into the river (Kress and Gifford 1984, Coronado
Resource Conservation & Development 2013).
Many agriculture facilities in the area are allowed
to directly apply manure to their allotments. Hence,
the irrigational conditions and stormwater runoff
become major sources of the nonpoint source pollution in the area (ADEQ 2013). The issue can be
exacerbated when not managed properly. Livestock
and other herbivores can overgraze an area removing all shrubs and other vegetative cover and
leaving it bare. Trampling causes soil compaction
leading to lower infiltration rates and increased
overland flow. The increased runoff washes the
fecal material into the stream courses, resulting in
increased loads of bacterial contaminants. The
bacteria and other pollutants can enter along with
percolating water and pollute groundwater. (ADEQ
2013). Since the majority of the land adjacent to the
river is in the San Pedro Riparian National Conservation Area, regulations forbid grazing there. However, there are occasions when trespassing by cattle
does occur (Coronado Resource Conservation &
Development 2013).
Urbanized areas are major sources of excessive
becterial pollutant loading, mainly through stormwater runoff from impervious areas, or through
culverts and other engineered drainage systems that
drain into natural watercourses (Coronado Resource
Conservation & Development 2013). Septic systems
usually exist in locations outside of urban areas
such as in the rural countryside. In the case of a
failed septic system, the problem with E. coli
becomes exacerbated. Failed septic systems occur
from overuse, lack of routine maintenance, absence
of good soil infiltration capacity, clogging of pipes,
decimation of the flora in the area due to chemical
leaching and flooding over the leach fields (ADEQ
2013). In areas where a failed septic system is identified, the causes for bacterial water quality are the
inadequacy and failure of homeowners to keep their
septic systems in functioning order (ADEQ 2013).
By looking at this issue from a general standpoint,
there are great difficulties in remedying this problem due to the dispersed nature of the homes. There
are a couple cities in the area that pose the greatest
concern as sources of pollution. One of them is
Huachuca City, just north of Fort Huachuca. This
smaller municipality has sewer ponds directly adjacent to the Babocamari River. The surrounding
areas also have scattered septic systems that contribute to the problem. The other town is Tomb-
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stone which is located on Walnut Gulch, a tributary
of the San Pedro River (Coronado Resource Conservation & Development 2013).
The chance for bacterial contamination
increases where waters are used for recreational
activities such as swimming, wading, or for day-use
activities and camping (ADEQ 2013). Bacteria loads
also increase in locations where restrooms or other
facilities are not provided. The San Pedro River is
home to many fish, reptiles, mammals, amphibians,
and birds. The SPRNCA acts as a migratory corridor
for many bird species, increasing the number of
birdwatching visitors (Coronado Resource Conservation & Development 2013).
In some cases, wildlife can be responsible for
the bacterial and other contaminant loading into
streams and rivers. Generally, such impacts from
wildlife can be seen more commonly in the higher
elevations of the watershed, where favorable forest
habitat can sustain a higher number of wildlife.
There are less wildlife impacts in the lower arid and
semi-arid regions due to less favorable habitat and
increased presence of human activity. Although
forests provide suitable habitat for wildlife, their
presence may increase bacterial and other contaminant loadings due to having thicker litter and duff
layers that absorb water and reduce overland flow
events.
Foot traffic and related problems from illegal
immigrants can adversely affect bacterial levels in
the San Pedro River. Due to increased federal
enforcement efforts in nearby cities such as El Paso
or San Diego, many illegal immigrants use corridors
in Arizona as ports of entry. The San Pedro River
corridor, with a mild climate and a greater abundance of water, makes it more attractive for
migrants to enter than the harsher desert areas to the
east and west (ADEQ 2013). This generates an
accumulation of human waste that is left in washes
and other adjacent areas along the river's floodplain
to severely impact the water quality during stormwater runoff events.

Other Watershed Conditions
Nonpoint source pollution is dependent on the
amount and duration of stream flow. High turbidity
rates are related to overland flow events that pulse
the sediment in a particular system. As such, monsoonal events throughout the area and the Southwest
aid in increased transport of sediment into the system. Monsoonal events are the best times to monitor
the above issues, and to understand the complex
process of how organic and inorganic sediment/
pollutants enter a system. Analysis and monitoring
projects set up throughout the San Pedro River
revealed that bacteria concentrations in samples
were strongly related to high turbidity and other
stormflow characteristics that result from overland

flow events (Coronado Resource Conservation &
Development 2013). Turbidity and bacterial contaminants are reported to be statistically higher in
monsoonal events than during perennial or intermittent base flows (Coronado Resource Conservation & Development 2013).

WATERSHED IMPROVEMENT
STRATEGIES & RESTORATION
One of the best ways of resolving nonpoint
source pollution problems in a degraded area is by
implementing Best Management Practices (BMP's).
BMP's are a combination of both structural and
non-structural practices that are considered important land management practices and used by various
land management agencies and/or landowners to
arrive at the most successful and economically
beneficial ways of resolving a water-quality problem without adversely affecting other environmental issues. In general, BMP's are usually tied to
specific land use practices, but they can also be
directly used to properly manage the flow while
minimizing the erosive capabilities of waterways. A
series of BMP's to restore the quality of the water in
the San Pedro River watershed are addressed in the
following sections.

Developing Partnerships through
Educational/Outreach Workshops
First, it is important that most stakeholders and
other interested parties must be involved as partners
in restoring the water quality of an area. This
requires educating the public through outreach
workshops and other methods to improve public
knowledge and understanding of the project and
forge a partnership. An educational component can
also encourage early and continuous involvement of
interested parties in selecting, designing and implementing appropriate restoration and management
procedures (Coronado Resource Conservation &
Development 2013). Programs to increase environmental knowledge do exist, however, it is the lack
of coordination, sustained investment, and commitment that are lacking and usually preventing such
programs from succeeding.
Education should be one of the first steps, if not
the first step, that needs to be done to promote any
conservation plan and to act upon it. A good educational approach generates great support for programs and actions that improve the water quality of
the San Pedro River. The development of a partnership among various agencies and other stakeholders
who have a common interest is important for any
restoration measures to be successful. Education
engenders understanding among partners resulting
in better achievement of restoration project objectives. Knowledge of the concerns and limitations of
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each partner and getting involved in the project can
help partners gain ownership of the project, to make
them appreciative of each other and become better
neighbors at the same time (Williams 1997).
A variety of outreach workshops and conferences have already been implemented around the
San Pedro River. Some of these include a rancher’s
conference sponsored by a variety of agencies such
as the Arizona Department of Environmental Quality that is set to continue into the future in order to
act as a service to the community and to provide
continuous education to ranchers. Topics discussed
in such meetings may include issues such as brush
control practices on rangeland, construction and
maintenance of water retention structures, conservation planning, or water quality improvement projects. The Community Watershed Alliance is an
effective organization that utilizes volunteers whose
main foci are to improve the water quality and
environmental conditions in the San Pedro River.
Volunteers are a tremendous asset for collecting
water samples to test for bacterial contamination
levels (Coronado Resource Conservation & Development 2013).
Other potential workshops or conferences that
would be beneficial to the local communities are on
conservation planning, soil erosion and soil quality
improvements, identification and knowledge of
native plants, riparian and water quality improvements, or livestock and land-use planning. Besides
just presentations, a collection of guides, handouts
and reference materials for each topic should be
distributed to all attendees. A hands-on component
where the participants can experience the process of
each workshop should also be offered.

Range Improvement Practices
In a semi-arid environment such as the San
Pedro basin, the use of BMPs in grazing and range
management is important. This is because improper
grazing practices can have many detrimental effects
on the environment. It can lead to the removal of
most vegetative cover, soil compaction and exposure to erosion, degradation of its quality and structural integrity of the soil and an increased loss of the
soil's infiltration capacity. These conditions would
make the soil susceptible to wind and water erosion,
making it easy for microorganisms to move with
surface runoff events and degrade the quality of
water. The Natural Resource Conservation Service
(NRCS) has a plan to deal with such issues and to
promote agricultural and forest productivity and
improve environmental quality. This plan is known
as the Conservation Management Plan (Coronado
Resource Conservation & Development 2013). The
Conservation Management Plan includes several
practices aimed to achieve the overarching goals
that resource managers have. The recommended

BMP’s for effective grazing management include
proper brush management, prescribed grazing
(Morton and Melgoza 1991), fencing of riparian
corridors to keep livestock out of the stream and
riparian areas, building of troughs and watering
holes away from stream courses for wildlife and
livestock use, designating stream crossings for
livestock and using proper riparian buffer zones and
filter strips.
Prescribed grazing or grazing management
practices should aim to improve or maintain the
health and vigor of plant communities. This can
eventually lead to reduced runoff and erosion
processes and maintain a healthy riparian plant
community. The best way to achieve sustainable
grazing is to effectively manage the duration, frequency and intensity of grazing. Filter strips can aid
in retarding the movement of sediment and the
removal of pollutants from runoff events before the
latter have a chance to enter the river. The strips can
also protect channels from grazing and trampling
while allowing organic matter attenuation (NEMO
2011). Contour plowing and terracing and development of irrigation structures such as ditches or pipelines can also be an effective method to combat
erosion and water quality degradation. Where proliferation of shrubs and trees occur to the detriment
of native grasses, methods such as mechanical cutting, or herbicide application, can help promote
vegetation to serve as natural buffers to reduce sediment and bacteria entry into the stream (Coronado
Resource Conservation & Development 2013).

Cleanup of Undocumented
Immigrant Camps
The San Pedro River corridor is an important
travel corridor for undocumented alien immigrants.
The use of these remote pathways by immigrants
leaves an estimated 2,000 tons of trash accumulation consisting of soiled diapers, plastic bottles,
loose excrement and older abandoned vehicles
scattered across the land (Coronado Resource Conservation & Development 2013). An effective way
to manage these issues would be through forming
partnerships with local land management agencies,
such as the Bureau of Land Management (BLM)
and the Environmental Protection Agency (EPA), in
order to share the costs and efforts of implementing
the cleanup process. Having a good outreach program to educate and better inform the public and
recruit potential volunteers to both monitor and aid
in the cleanup process should be a part of the effort.

Signage at the San Pedro River National
Conservation Area
Recreation sites occur on federal lands throughout the study area. Human sources of fecal contam-
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ination that impair the environment have been documented through various monitoring efforts in the
area. Seven of these sites are located upstream from
the SPRNCA, and deposit human feces into the San
Pedro River through overland flow events. Currently, there is a limited enforcement of the pack-in/
pack-out rule in the area (Coronado Resource Conservation & Development 2013). The pack-in/packout rule was created by The Leave No Trace Center
for Outdoor Ethics and asks people who venture into
a recreation area to be courteous enough to pack out
their disposable waste. But there is need for
additional signage along designated trail sites to be
installed to help educate visitors about the pack-in/
pack-out rule. There should also be increased
signage at all visitor centers and local communities
that surround the river. Promoting a pack-in/packout program with greatly enhanced signage should
be able to reduce the level of human fecal material
entering into the riverine systems, and minimize or
avoid the overall bacterial contamination in the area.

REDUCTION OF EROSION AND
SEDIMENTATION
Erosion and sedimentation can affect watershed
ecosystems in several ways. Erosion removes topsoil,
impacting native vegetation and agricultural activities. Erosion also affects the stability of stream banks
and can lead to the loss of valuable agricultural and
residential lands. Suspended sediments reduce water
quality for aquatic species and can change river flow
patterns, modify benthic habitats, and impact bridges,
reservoirs, and other infrastructure.
The erosion process that increases the amount of
sediment entering the San Pedro River and gets
stored there can be prevented. Such prevention can
significantly decrease the turbidity of the water in
the river and make it suitable to serve as refugia for
native fish and other aquatic organisms. In the
process, more storm runoff can be captured in
retention basins, to further contribute to the low
flow volume in the San Pedro River, effectively
reducing the amount of bacteria entering the system.
Decreasing erosion and sedimentation allows the
section of the river to be returned to its natural state,
allowing for better improved habitats for birds and
other animals along this corridor.
A number of effective methods are discussed to
help manage and restore areas of increased erosion
and sedimentation. Establishing and maintaining
perennial vegetative cover and increasing native
grass cover can be helpful for soil and water protection purposes. Erosion can also be decreased by
increasing organic matter through a sequence of
vegetation growth to provide organic residues in the
tilling of agriculture fields. A channel constructed
across the slope with a supporting ridge on the

lower side can assist in stabilizing the watershed,
resulting in reduced erosion processes as a result of
reducing the length of the slope. Field borders and
filter strips can also help reduce the passage of
coarse-grained sediment and other pollutants.
Grade stabilization structures can be used to
control the grade and head cutting in natural and
artificially built channels. Using grade stabilization
structures can reduce stream velocity on both upstream and downstream of the structures, effectively
reducing streambank and streambed erosion, while
at the same time decreasing sediment yield. A number of grade control structures may be needed to
produce the desired results. These structures can be
one rock dams, rock arches with watering holes for
local wildlife, log and fabric structures, cobble rundowns, cross-vanes, Zuni bowls, filter dams, deflectors such as a wicker weir or rock and picket baffles
that can ideally be made from natural materials such
as boulders, cobbles, posts, tree trunks, etc. Weirs,
wicker weirs, boulder weirs and cascading step
pools are examples of vertical control grade stabilization measures. Various sized culverts can also be
utilized on road crossings as grade controls.
There are two methods available to speed the
recovery of disturbed channels to a dynamically
stable form with meander patterns, and reconnecting
the channel to the original floodplain (Zeedyk and
Clothier 2009). The first method is to excavate or
construct the meandering channel to have the width,
depth, slope, sinuosity and various other characteristics appropriate to the watershed. The second method
is through induced meandering. Induced meandering
uses artificial in-stream structures, streambank vegetation manipulation and the power of running water
to expedite channel evolution and achieve proper
floodplain development. Induced meandering is
recommended only for the treatment of incised
channels, specifically Rosgen Types G, F, and some
B type channels (Rosgen 1996). Low-flow periods
are important in induced meandering to permit
maximum growth of riparian vegetation when point
bars and side banks are stabilized. The growth of
vegetation creates increased plant diversity and the
available biomass necessary to capture and retain
sediment deposition during storm events.

CONCLUSION
Suitable conditions for bacterial exceedances
have been determined for the San Pedro River
watershed. These exceedances occur from storm
runoff conditions and the overland flow that ensues.
The San Pedro River provides many services that
affect water quality and ecosystem health in the
study area. These services include but are not
limited to improved hydrologic conditions, sediment transport, deposition and storage, nutrient

19
cycling and filtering irrigation water supply, and
flood plain development and dissipation of stream
energy associated with high water flows to reduce
erosion and help improve water quality (BLM
1998). Other services include development of
improved wildlife habitat including movement and
migration corridors, and support for vegetation communities that aid in streambank stabilization (US
Fish and Wildlife Service 1993). Riparian areas that
consist of ephemeral and intermittent reaches, like
those in the study area, help mitigate and control
water pollution by removing pollutants and sediment
from surface runoff. In the process, these services
play a significant role in improving and maintaining
the physical, biological, and chemical integrity of
the San Pedro River watershed.
To cope with the rapid development of the
Southwest, land management decisions must employ
a watershed-scale approach to address all aspects of
water quality and watershed functions (Varady et al.
2000). Such effective and holistic water resource
management in arid and semi-arid ecosystems
requires knowledge and understanding of the interdependencies between hydrological, biogeochemical
and ecological processes, as well as collaboration
among all stakeholders and interested parties in the
area (Schuett et al. 2001). Integration of these elements along with a watershed-based approach to
land management is necessary to protect the water
quality and riparian habitats in the San Pedro River
watershed. To promote this approach, it is recommended that a comprehensive modeling and monitoring network which includes experimental design,
data collection, analysis and interpretation be established (Newman 2006). Consideration of the cumulative impacts of anthropogenic uses of the area is
critical to effective watershed-based problem assessments and comprehensive and holistic land management decisions in order to maintain and protect the
water quality and the overall watershed health of the
San Pedro River.
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WATERSHED RESTORATION EFFORTS AT HART PRAIRIE
IN NORTHERN ARIZONA
Joshua Kursky and Aregai Tecle1
Hart Prairie is a high-elevation upland riparian
ecosystem on the west slope of the San Francisco
Peaks in northern Arizona. The location is unique,
not only as an upland riparian area in the semi-arid
Southwest, but also for having a wet meadow ecosystem dominated by Bebb willow (Salix bebbiana).
The ecosystem has experienced a high degree of
change since the time of Euro-American settlement.
Along with fire suppression, increased wild ungulate herbivory rates, and conifer encroachment into
a historically short-grass prairie, several humaninduced changes have been made to the topography
of the watershed. Stock tanks, an earthen berm with
associated diversion channels, and a road that cuts
perpendicularly across the direction of water flow
near the base of the watershed have contributed to
the altered drainage patterns and the decreased
water availability to the flora and fauna in the area.
As a result, the Bebb willows and the associated
meadow vegetation are at risk. Most of the willows,
which constitute the majority of the canopy in the
ecosystem, are at a decadent, over-mature stage that
allows a limited recruitment of younger plants
(Maschinski 1991, Waring 1992). Under these
conditions, the plant community may die off leading
to the loss of this rare riparian area forever.
Research on restoration efforts have been
undertaken since the mid-1990s on The Nature
Conservancy’s Hart Prairie Preserve and the adjacent US Forest Service Fern Mountain
Botanical Area. This paper summarizes
the efforts that have been made; most of
which targeted to improve the low
germination rates of willow seeds, and
to restore the geomorphology and
surface flow patterns to their
pre-disturbance conditions.

of the area is divided between a few private estates,
The Nature Conservancy’s Hart Prairie Preserve,
and the USDA Forest Service’s Fern Mountain
Botanical Area (Mullen 2004). All restoration
efforts to date have taken place only on the Forest
Service and The Nature Conservancy lands (USDA
Forest Service 2010).
The study watershed stretches from the top of
Mt. Humphreys (at 3,852 m elevation) to the southwestern edge of The Nature Conservancy’s property
at the base of Fern Mountain (Fig. 1). All together
the watershed encompasses an area of approximately 12 km2 (Gavin 1998). The watershed is
drained by an intermittent stream that starts at the
base of Fern Mountain and flows into Volunteer
Wash, and eventually into the Verde River.
Both gentle and steep slopes characterize the
study site. The eastern portion of the watershed
includes the flanks and top of the highest mountain
in Arizona (Mt. Humphreys). Fern Mountain abuts
the ephemeral stream that drains the watershed, and
its steep slopes lead directly to the channel. As
shown in Figure 1, the wet meadows and the Bebb
willow riparian habitat along the upper reaches of
the drainage area exhibit more moderate slopes of
8% to 12% (Avery 1991, Curry 1997).
The willow community at Hart Prairie is
unique. It is both the southernmost and the largest
Bebb willow-dominated community in the world

SITE DESCRIPTION
Hart Prairie is a short-grass prairie
surrounded by ponderosa pine (Pinus
ponderosa) and mixed-conifer forests
on the western slopes of the San
Francisco Peaks, at elevation of 2,560
to 2,680 m above sea level (Fig. 1).
While historically the prairie was
mostly open meadow, the upper slopes
were mostly encroached by conifers as
a result of fire suppression during the Figure 1. Delineated study area watershed and the locations of the Bebb
last century. Currently, the ownership willow stands (from Gavin 1998).
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(The Nature Conservancy 2005). The
willows are clumped in communities on
the lower, mid, and upper slopes of the
watershed along small rills fed by seasonal springs (Fig. 2). Toward the
upper and eastern ends of the study
area, the drainages become broad and
relatively flat with indistinct banks.
Towards the lower and western sides of
the drainage basin and at the base of
Fern Mountain the rills converge to
form the stream that drains the
watershed (Fig. 2).
The primary inputs to the hydrology
of Hart Prairie are winter snowmelt and Figure 2. Close up of the Bebb Willow stands location in the study area
summer monsoonal rains. In 2004, the (from Mullen 2004).
93-year average annual precipitation in
the area was 564 mm (Mullen 2004). Snowmelt has
The private land in the study area, mostly
been demonstrated to be more important for hydroencompassed by The Nature Conservancy’s Hart
logical recharge than are the monsoonal rains since
Prairie Preserve, was originally intended for agrithe latter are subject to extensive evaporation during
cultural use. German immigrant families, including
warm summers (Gavin 1998). The runoff from the
one headed by August Freudenberger, set up potato
snowmelt infiltrates into the shallow and porous
farms, which were abandoned after only a few years
Sinagua Formation, which overlays the less
due to unfavorable conditions. However, those
permeable geological layers and temporarily retains
short-lived attempts had long-term consequences on
the water. The water table drops as water is lost to
the local geomorphology, as diversion ditches for
spring output and slow leaks through the more imperfield irrigation are still extant and visible in the area
vious underlying geologic strata down to the larger
(Gori and Smith 1996). Freudenberger later
regional aquifer (Gori and Smith 1996, Gavin 1998).
changed his name to Gus Dillman and established
The springs that support the riparian ecosystem occur
the Fern Mountain Ranch, of which the original
where localized perched aquifers, isolated by horihomestead, barn, and root cellar are still preserved
zontal clay lenses within the Sinagua Formation,
on The Nature Conservancy’s property. The ranch
intercept the surface. Spring flow is highly dependent
switched ownership twice in the 20th century,
on precipitation from the current and previous year.
experiencing low-level livestock grazing during
each period until the early 1990s when the ranch
was donated to The Nature Conservancy for the
Land-Use History
express purpose of protecting the rare riparian ecolHart Prairie has been settled by Europeanogy in the area (Gori and Smith 1996, The Nature
Americans since 1877, when Frank Hart built a
Conservancy 2005).
small homestead that included a cabin and outbuildThe actions of one man in the early 20th
ings. He was attracted by summer forage and access
century have most likely had the greatest impact in
to winter range for his sheep (The Nature Conseraltering the geomorphology and surface flow of
vancy 2001a). On the Forest Service-owned part of
Hart Prairie. The man was Charlie Spencer, a
the area, sheep continued to graze through the early
schemer who had organized two failed gold mining
and mid-20th century until 1986, when the condioperations upon his arrival in Flagstaff in 1912
tion of the allotment permit was converted to cattle
(Avery 1981). Some time later, he developed an
grazing. At this time, the permit was transferred to
idea to divert runoff from the snowy San Francisco
the Navajo Nation, and the land has not been grazed
Peaks into man-made reservoirs for sale to the
since, other than by occasionally trespassing cows
growing towns in northern Arizona, the ranching
from neighboring blocks.
operations in the drier areas to the north, and even
In 1987, 170 acres of Forest Service land were
to the Grand Canyon and its burgeoning tourist
designated as the Fern Mountain Botanical Area
industry. As part of the project, Spencer built diver(FMBA). The purpose of the new classification was
sion ditches, canals, and tunnels from the Dillman
to protect and enhance the riparian community, parRanch (currently the Nature Conservancy’s Hart
ticularly the Bebb willows (The Nature ConserPrairie Preserve) to Crater Lake (Colton 1956).
vancy 2001b). Any action by the Forest Service in
Similar to his previous projects, Spencer’s water
the FMBA is influenced by how the plant communharvesting proposal failed to get any attention from
ity is impacted, and whether or not it benefits or
investors and ceased to exist by 1920. The fruits of
harms the overall health of the ecosystem.
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his labor, however, are still present at Hart Prairie
in the form of various canals and diversion ditches
that span the area. Other man-made changes affecting the hydrology and geomorphology of the area
consist of an enclosed spring and a diversion pipeline attributed to a Babbitt family member (Avery
1991). Due to lack of detailed records, it is hard to
identify the responsible party for each individual
diversion.

PROBLEMS FACED BY THE
BEBB WILLOW ECOSYSTEM
There are several ideas that have been suggested as the root causes for the decline in ecosystem health in the study area. They include an altered
hydrology, changes in fire regime, and high levels
of herbivory by wild ungulates (Maschinski 1991,
Waring 1992, The Nature Conservancy 2005). Invasive species have also been identified as an influential factor (pers. comm. with N. Chapman of The
Nature Conservancy, February 10, 2015).
Human-induced changes to the topography of
Hart Prairie are considered to be some of the biggest factors that influenced the health of the ecosystem. Those modifications intercepted surface water
and channeled it away from the Bebb willow dominated area where it historically flowed. The access
road also led to increased erosion rates and a source
of excess sediment in the creek that drains the
watershed (Wirtanen 2007). An indeterminate
amount of water over the years was thus unable to
reach the willow community, limiting the supply of
water to adult willows and preventing the establishment of seedlings, which require near-saturation
soil moisture levels to germinate (Maschinski
1991).
An altered fire regime is another influential
factor affecting the ecosystem. Historically, ponderosa pine forests and upland meadows burned regularly, with a fire return interval of approximately
two to eight years. However, the wet meadow has
much wetter soil conditions than the surrounding
upland prairies and forests to lengthen the fire
interval. By analyzing tree-ring data, researchers
have identified the frequency in years the wet
meadow is likely to burn (Gori and Smith 1996). A
fire return interval of about 19 years is thought to be
the norm for the Bebb willow habitat at Hart
Prairie.
However, as in most of the western United
States, occurrences of natural fires have been suppressed at Hart Prairie since 1905 (Mullen et al.
2006). As a result, large numbers of ponderosa
pines and other conifers have encroached into what
was once historically an open meadow ecosystem.
Moss (2010) determined that what was once prairie
with a density of about 10 trees/hectare (ha) is now
a thick forest ecosystem with conifer densities of up

to 700 trees/ha. Springer et al. (2006) have identified historically prairie areas directly above the wet
meadow that have been colonized at a less aggressive rate to exhibit densities of 16 trees/ha.
Studies have shown that encroaching conifers
affect the hydrology of areas into which they move.
A report by The Nature Conservancy shows that
runoff can increase by up to 20% by thinning the
trees in a watershed regardless of whether the area
is in a wet or dry period (Robles et al. 2014).
Springer et al. (2006) showed that the herbaceous
understory at Hart Prairie consume more water than
conifers do in drier years; however the trees still
play an active role in using up the limited groundwater resources.
The absence of fire has led to a lack of bare
mineral surfaces. In a controlled experiment, plots
of herbaceous understory exposed to fire exhibited
lower biomass and larger areas of bare surface soil
than plots that were not burned (Mullen 2004,
Mullen et al. 2006). In the same study, the burned
plots exhibited an increase in soil moisture during
the four weeks immediately following treatment,
although the burned plots had lower soil moisture
than the control plots in the following years. This is
significant because the bare surface cover ended up
increasing the chances for Bebb willow seed germination (Waring 1992).
While domestic livestock have not intentionally
been a part of the study in the area since 1986 at the
latest, browsing by wild ungulates such as mule
deer (Odocoileus hemionus) and elk (Cervus
canadensis) has done extensive damage to already
stressed plant species. Bebb willow and aspen
(Populus tremuloides), also at risk of extirpation,
are the preferred species of forage, and every plant
not in an elk-proof exclosure exhibits some evidence of browsing (The Nature Conservancy 2001b,
The Nature Conservancy 2005). The only juvenile
willows in the community are in an elk-proof
exclosure, while unprotected seedlings that successfully germinated were quickly grazed to the ground
(The Nature Conservancy 2001b). There are multiple reasons why browsing has become so problematic, including the introduction of a non-native
species of elk and the extirpation of their natural
predators. The stock tanks in and around the Hart
Prairie area are a primary cause for increased predation as they attract and support a higher elk population gathering than historically existed in the area
(The Nature Conservancy 2001a, Mullen 2004).
Invasive species are affecting the reproduction
of the willows and thus the ecosystem as a whole.
Aggressive, matted grasses such as Kentucky bluegrass (Poa pratensis) and nodding brome (Bromus
anomalus) spread quickly, crowd out native grasses
and ferns in the understory, and outcompete native
species for limited resources (pers. comm. with N.
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Chapman of The Nature Conservancy, February 10,
2015). The densely matted sod formed by these
invasive species limit the amount of bare mineral
surface available for Bebb willow germination, and
block seedlings that do manage to germinate from
establishing a root system down to the water table.

RESEARCH AND RESTORATION EFFORTS
Restoration efforts and research to reverse the
degradation of the Bebb willow community and the
riparian ecosystem in the area as a whole began in
earnest in the early 1990s. Early experiments, conducted in an attempt to understand the reasons
behind the lack of juvenile willow establishment,
identified low soil-moisture levels as the primary
cause (Maschinski 1991, Waring 1992). While the
willows were producing viable seeds, the near saturation of the uppermost soil surfaces needed for
germination was lacking. Waring further identified
predation by herbivores and competition from the
herbaceous understory as other probable causes,
since lack of soil-moisture could not solely explain
the plant community’s decline (Waring 1992). An
interview with a long-time Hart Prairie resident and
a field survey ascribed the reduced moisture level in
the riparian ecosystem to topographic changes made
during the Euro-American settlement period (Avery
1991).
A check dam was constructed in July 1991 in an
attempt to retain runoff and increase soil-moisture
levels (Maschinski 1992). The experiment, however, failed to produce seedlings in non-laboratory
settings, not because its assumptions regarding soil
moisture and germination were incorrect, but
because the check dam did not result in increased
soil moisture. Maschinski (1992) postulated that the
check dam was built too late in the dry season to
minimize evaporation and to maximize its water
holding capacity.
An earthen berm and a diversion ditch in a
spring-fed drainage were removed in 1996. For
monitoring purposes, an H-Flume stream-gauging
station was installed to measure the surface water
discharge at the point where the ephemeral stream
exits the watershed. Also a data-logger system was
installed on Nature Conservancy property to record
weather conditions (Avery et al. 1998). The berm
and ditch removal are described in greater detail
below. Curry (1991) used theoretical hydrological
discharge models and a Snowmelt Runoff Model
(SRM) to calculate the quantity of water restored to
the plant community as well as the percentage
resulting from snowmelt. However, the discrepancy
between his predictions and the observed data from
the stream-gauge prompted a rejection of the applicability of the existing models to the hydrology of
Hart Prairie. The models did not take into account
the unique geology of the area, and the SRM was

based on average snowpack conditions that had not
been observed in the field since data recording
began.
Gavin (1998) attempted to address the discrepancy by developing a site-specific hydrological
model using data from the weather station and the
stream-gauge. The model results indicated that the
springs that supported the riparian habitat responded to high variations in the amount of snowmelt; which further indicates that soil-moisture was
very dependent on recharges from winter precipitation. Conditions in 1996 and 1997 (when Gavin
was executing his experiment) were not enough to
meet the minimum soil-moisture levels necessary
for successful willow germination. However, he
simulated that an 8% increase in recharge over 1997
conditions would be enough to meet the threshold
level for a successful willow regeneration, with a
60% chance that precipitation in any given year
would meet these requirements (Gavin 1998).
A monitoring of the topographic restoration was
made to determine the response of the riparian vegetation. Church (2000) analyzed specific indicators
of Bebb willow growth status such as leaf area,
shoot elongation, radial stem growth, and predawn
water potential, but determined that the dam and
diversion ditch removal had no significant effects
on the indicators. While observed weather data
suggested that the optimal moisture level for seedling establishment had still not been met, Church
(2000) believed factors other than topographic modification were influencing the lack of willow regeneration. Church (2000) suggested those factors to be
surface flow interception by encroaching conifers
and competition by herbaceous understory species.
The impacts of increased competition from the
grass and grass-fern understory communities and
the lack of bare mineral surfaces needed for seed
germination were investigated. It is determined that
the two types of understory communities used up a
greater proportion of the available moisture than the
colonizing ponderosa pine and other conifers,
especially in years of below-average precipitation
when understory transpiration consumed any excess
water in the system (Springer et al. 2006). Mullen
(2004) conducted a controlled experiment in which
plots of understory vegetation were treated with
prescribed fire. Her results indicated that earlyseason burning could increase soil-moisture for up
to four weeks following a prescribed burn, although
both early-season and late-season burning led to a
decrease in soil-moisture in subsequent years
(Mullen 2004, Mullen et al. 2006). Burning had the
added benefit of opening up bare patches of ground
deemed necessary for seed germination, with
burned plots exhibiting up to 33% less biomass and
lower percent areal vegetation cover than unburned
plots (Mullen et al. 2006).
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A subsequent monitoring study in 2010, 14
years after topographic restoration efforts were
implemented, found that while species diversity and
richness had increased, the dam and ditch removal
had little to no significant beneficial effect on the
area’s ecological functions (Carr 2010); the relative
abundance of native and wetland plants both
decreased, and the abundance of invasive and
upland species increased. Additionally, restoration
efforts did not have the anticipated effect of
increasing the discharge-to-precipitation ratio in the
stream channels.
Tree thinning and subsequent prescribed burns
were conducted on both The Nature Conservancy
preserve and the USFS Fern Mountain Botanical
Area (Carr 2010, Forest Service 2010). The exact
number of acres treated immediately surrounding
the study area was not obtainable for this paper,
although a visual assessment of the sight confirms
that a large area of ponderosa pine forest to the
northeast of and upslope from the Bebb willow
communities has been cleared and has been
replaced by grass and shrub communities. No data
or analysis has yet determined what, if any, quantifiable benefit these treatments conferred on the
ecosystem.
Elk-proof exclosures have been set up around
several stock tanks and springs in the riparian corridor to discourage browsing by wild ungulates and
to study the effects of grazing cessation. The fences
appear to benefit both willow regeneration and
other native plant species, such as aspens and
Blumer’s dock (Rumex orthoneurus) (The Nature
Conservancy 2001b). But, in accordance earlier
findings, only juvenile willows within exclosures
have survived.

Topographic and Geomorphologic
Restoration
Several efforts have been made to restore the
topography and geomorphology of Hart Prairie to
pre-disturbance conditions. The first restoration
effort in 1996 removed an earthen berm and a diversion ditch from a spring-fed drainage and attempted
to reconstruct the channel’s original gradient. The
contributing watershed above the dam covered a740
acre area, which is approximately 25% of the total
area of the study watershed according to Gavin’s
hydrological model (Curry 1997, Gavin 1998). A
field survey concluded that 24 tons of material
would have to be redistributed along an area of 76
feet long by 8 feet wide to ideally result in a constant gradient of 12% across the former dam site
(Curry 1997). The work was completed using hand
tools and human labor. Along the newly restored
natural channel, vortex rock weirs were installed
every 15 feet. The weirs were designed to prohibit
downcutting and incision in the channels while

attenuating enough discharge to allow vegetation a
chance to naturally colonize the streambed. This in
turn was expected to naturally reinforce the lateral
and vertical stability of the channel.
The restoration was expected to significantly
increase surface flows, stream discharge, and therefore the amount of water available to downstream
riparian communities. However, observed results
did not fit these expectations (Curry 1997, Avery et
al. 1998). Stream discharge did not noticeably
increase, and soil-moisture levels were still too low
for willow germination. Possible reasons for the
absence of expected results include the use of
runoff models that did not incorporate the high
infiltration rates and subsurface flows specific to
Hart Prairie. Other limiting factors such as upslope
encroaching of conifers and remaining stock tanks
and diversions may have also played a roll.
Another geomorphological restoration project
initiated at Hart Prairie is the modification of the
access road to the preserve, which passed perpendicularly across the slope of the riparian corridor
near the base of the watershed. The road and associated drainage ditches funneled and concentrated
surface water that had formerly moved across the
land as a low-energy dispersed sheet flow (Wirtanen 2007). The increased power of the concentrated
flow resulted in a scouring that contributed to the
excess amounts of sediment in the stream draining
the watershed.
In 1999, the Natural Resources Conservation
Service assisted The Nature Conservancy in modifying the 480 feet of access road within the Hart
Prairie Preserve boundaries (The Nature Conservancy 2001a). At an indeterminate date following
March 2007, an Arizona Department of Environmental Quality Water Quality Improvement Grant
was used to modify the remaining 480 feet of unimproved road and 650 feet of drainage ditches still
present on Forest Service land (Wirtanen 2007).
New permeable fill roads were constructed according to the specifications in the Forest Service handbook Managing Roads for Wet Meadow Ecosystem
Recovery, in which a foot-thick layer of coarse rock
is sandwiched between geotextile fabrics at the
original natural surface elevation before being
covered with a road surface of compacted gravel
(Zeedyk 1996). This technique restored the original
surface topography, encouraged sheet flow, prohibited the channelization of runoff, and led to
reduced sediment delivery to downstream points.
This restoration effort can be seen as a success.
The original road’s location near the base of the
watershed led to the interception and concentration
of most of the overland surface flow (that is, surface
flow not in the drainage channels). The modification to the Forest Service portion of the road reintroduced dispersed surface water flow to approxi-
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mately 3.5 acres of the riparian corridor between
the road, the creek, and Forest Road 151 that had
been dry since the original road construction
(Wirtanen 2007). The removal of drainage ditches
adjacent to the road elevated the water table and the
construction technique created patches of bare mineral soil. This led to conditions similar to those
deemed optimal for willow germination, and in fact
led to a 54% increase in the number of observed
willow seedlings in the area (The Nature Conservancy 2001a).

CONCLUSION
Research and restoration efforts at Hart Prairie
have attempted to reverse the degradation of a rare,
Bebb willow-dominated wet meadow ecosystem.
Factors contributing to the declining plant community’s health were identified as low soil-moisture
levels due to altered hydrology, the absence of fire
and subsequent conifer encroachment, increased
grazing pressure from wild ungulates, and invasive
grasses that crowd and out-compete native species.
These factors led to conditions in which viable
willow seeds were not germinating on their own.
Even if every experiment was not successful and
every hypothesis not correct, there has been an
increase in understanding of the complex web of
ecological components affecting the overall health
of the ecosystem in the area.
The actions taken at Hart Prairie can be considered a true restoration effort, according to the
definition in Williams et al. (1997). The goal continues to be the restoration of ecosystem functions
and processes so that the watershed systems can be
stable and self-sustaining, and not merely to create
landscapes that conform to a preconceived notion of
particular habitat types.
Due to established relationships between The
Nature Conservancy, the US Forest Service, and
Northern Arizona University, long-term monitoring
of the site has occurred and should continue. It is
possible that the effects of restoration actions are
cumulative, and need more time to become apparent. An unpublished Nature Conservancy document
mentioned the establishment of permanent transects
across drainage channels where streambed crosssections have been recorded (Gori and Smith 1996).
Resurveying these transects may expose how the
channel morphology has been affected by efforts to
increase water availability and surface flow.
Expanded surveys of the drainage channels would
also allow classifying the streams in accordance
with Rosgen’s system of stream types, offering
further insight into appropriate methods of restoration techniques (Zeedyk and Clothier 2014).
Future possibilities for research and restoration
in the study area include further development of
methods to increase soil-moisture levels and ground

water recharge, to learn more about the effects of
fire on herbaceous understory and the most efficient
way to implement prescribed burns. We can also
learn about the effects of the continued removal of
stock tanks and berms that interrupt surface hydrology, as well as know and better understand about
the effects of tree thinning. An interesting factor to
include in future research will be to assess the
effects of the effluent-based snowmaking efforts at
the Snowbowl Ski Resort upslope from the study
area. The question is to determine whether the
added moisture is available for downslope riparian
communities, or it is used up by the encroaching
conifers and understory plants? Other questions are
whether the available extra moisture can increase
water recharge and raise the water table, and
whether the introduction of the chemically-treated
effluent runoff can affect the various plant communities in the study area or not? Only time and
continued research at Hart Prairie can answer these
questions.
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CASE STUDIES IN STREAM AND WATERSHED RESTORATION
(URBAN, AGRICULTURAL, FOREST AND FISH HABITAT IMPROVEMENT)
Kit MacDonald1
Stream and watershed restoration projects have
become increasingly common throughout the U.S.,
and the need for systematic post-project monitoring
and assessment is apparent. This study describes
three stream and watershed ecological restoration
projects and the monitoring and evaluation methods
employed or planned to evaluate project successes or
failures. The stream and watershed restoration and
evaluation methods described in this paper may be
applicable to projects of similar types and scales.
Rivers and streams serve a variety of purposes,
including water supply, wildlife habitat, energy generation, transportation and recreational opportunities. Streams are dynamic, complex systems that
not only include the active channel, but also adjacent floodplains and riparian vegetation along their
margins. A natural stream system remains stable
while transporting varying amounts of streamflow
and sediment produced in its watershed, maintaining a state of “dynamic equilibrium.” (Strahler
1957, Hack 1960). When in-stream flow, floodplain
morphology, sediment characteristics, or riparian
vegetation are altered, this can affect the dynamic
equilibrium that exists among these stream features,
causing unstable stream and floodplain conditions.
This can cause the stream to adjust to a new equilibrium state. This shift may occur over a long time
and result in significant changes to water quality
and stream habitat. Land-use changes in a watershed, stream channelization, installation of culverts,
removal or alteration of streambank vegetation, water
impoundments and other activities can dramatically
alter ecological balance. As a result, large adjustments in channel morphology, such as excessive
bank erosion and/or channel incision, can occur. A
new equilibrium may eventually be reached, but not
before the associated aquatic and terrestrial environment are severely impaired.
Stream restoration is the re-establishment of the
general structure, function and self-sustaining characteristics of stream systems that existed prior to disturbance (Doll et al. 2003). It is a holistic approach
that requires an understanding of all physical and
biological processes in the stream system and its
watershed. Restoration can include a broad range of
activities, such as the removal or discontinuation of
watershed disturbances that are contributing to
stream instability; installation of control structures;
planting of riparian vegetation to improve streambank stability and provide habitat; and the redesign
1

of unstable or degraded streams into properly functioning channels and associated floodplains. Kauffman et al. (1997) define ecological restoration as the
reestablishment of physical, chemical and biological
processes and associated linkages which have been
damaged by human actions.

BAXTER CREEK RESTORATION PROJECT
Purcell et al. (2002) reported results of restoration and subsequent monitoring of 70-m-long urban
stream in El Cerrito, California. Prior to the restoration effort, a culvert was used to control this segment of the Creek to address flooding and public
health concerns. Shortly after encasing the channel
in culvert, the community of Poinsett Park was constructed and the land overtopping the culvert was
converted to a park. In the early 1990s the City
decided that restoring this stream channel was more
economically practical than repair and maintenance
of the culvert over the long term. Stream channel
restoration included removal of the culvert, reestablishment of channel sinuousity and riparian vegetation, and construction of step-pools (Purcell et al.
2002). The channel now emerges from a culvert at
the northeastern corner the Poinsett Park and flows
freely to the west before it returns underground near
west end of the park.
The objective of restoration of this segment of
Baxter Creek was to return the stream channel to
conditions that existed prior to the culvert installation. However, since areas upstream were either culverted, channelized, or highly degraded, there were
no reference conditions upstream of the restoration
site from which to develop design criteria. Regional
hydraulic relationships between channel dimensions
and drainage areas informed the design of the
restored channel cross-sectional area, width, and
depth. Channel sinuosity and gradient corresponded
to a valley slope of 10%. The designed channel was
2-m wide and 30-cm deep. In order to prevent bank
scour and undercutting, step pools were created
from rock salvaged during culvert removal. These
step pools were approximately 30-cm high.
Two sites were chosen as comparison sites
against which the restored segment of Baxter Creek
was compared. One site was a stream segment of
Baxter Creek that had not been restored. This segment was located approximately 300 m upstream
from the restored site (37°56'N, 122°18'W) and was
near the stream's source. Evaluation of this segment

U.S. Forest Service, Kaibab National Forest, Williams, AZ.
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provided useful information about the stream's preculverted conditions. The other reference site
chosen was a segment of the south fork of Strawberry Creek located on the University of California,
Berkeley campus (37°52'N, 122°15'W). A comprehensive restoration of this stream was undertaken in
the late 1980s (Charbonneau and Resh 1992) and is
an example of successful ecological restoration of
an urban stream channel.
Following restoration, Baxter Creek was evaluated to determine restoration success. The evaluation
included (1) a visual habitat assessment; (2) an evaluation of biological water quality indicators; and (3) a
survey of local community member who lived near the
creek to evaluate their understanding of the stream
restoration effort and their feelings about the results.
A visual habitat assessment was performed at
each comparison site. These were qualitative
assessments of bank vegetative cover, bank stability, and in-stream habitat diversity. The U.S. Environmental Protection Agency's Rapid Bioassessment Protocols (Plafkin et al. 1989) were used for
each habitat assessment. The habitat parameters
evaluated included epifaunal substrate, substrate
embeddedness, velocity to depth ratios, sediment
deposition, channel flow characteristics, degree of
channel modification, riffle frequency, bank stability, protective vegetative cover, and width of vegetated riparian zone. The site of the unrestored segment of Baxter Creek had the lowest score (79)
when physical habitat characteristics were compared among sites. The restored segment of Baxter
Creek in Poinsett Park had a higher rating (119)
than the upstream unrestored segment but scored
lower than the Strawberry Creek site, which was
considered to the best attainable conditions and a
rating of 144.
Benthic macroinvertebrates are the most commonly used organisms for assessing water quality
using biological methods. Members of this diverse
and ecologically important group occur in most
stream habitats and have various sensitivities to
chemical and physical stresses. Replicated samples
of benthic macroinvertebrate collected at the
restored site and the unrestored upstream segment
of Baxter Creek were compared using among parameters including taxa richness and a biotic index.
The restored segment showed improvement in both
biological and habitat quality when compared to the
unrestored segment. However, the Poinsett Park
segment had lower habitat condition and water
quality when compared with Strawberry Creek
which had been restored 12 years earlier. A followup biological assessment conducted in 2004 indicated that there were no improvements in the biologic
assemblages compared to the 1999 findings. The
highly urbanized characteristics of the watershed

were thought to be a factor in the lack of ecological
improvement.
A door-to-door survey was conducted in the
area surrounding the park to obtain information on
residents' opinions and perceptions of the stream
restoration project at Poinsett Park. The questionnaire was designed to evaluate respondents' views
about how well they were informed by the city
about the restoration effort and to understand residents' perceptions about stream restoration in general. Responses to questions varied widely among
respondents. The most common responses provided
as justification for restoring the stream channel
were to reestablish the natural biological processes
and improve the overall landscape (42%), improve
neighborhood aesthetics (20%), and improve water
quality and stormwater management (15%). Several
respondents believed the restoration project would
increase property values in the areas around the
park (58%). When asked whether the restoration
project met their expectations, an overwhelming
82% responded that it did (Purcell et al. 2002).
However, some negative views about the restoration
were expressed by some residents. Some residents
expressed concern that the willows planted along
the channel blocked the views of neighbors across
the street. Other expressed public health concerns
about the creek and the potential for increases in
mosquito and other pest populations. A subsequent
neighborhood survey in 2004 found that approximately half of the residents that moved to the neighborhood since completion of the restoration project
did not know that the creek was previously culverted.
One result of this study shows that although
habitat and ecological conditions improved, engaging local residents in the planning process had both
positive and negative results. The positive results
were that the neighborhood became interested in the
project recognized the value of the investment in
Poinsett Park. Members of the community became
engaged in the restoration project and residents
were willing to communicate their needs and interests. Once the project was completed several residents began working together to renovate the playground in Poinsett Park. Negative effects of engaging local residents included the need for complaint
resolution by city personnel and meeting the needs
of a diverse stakeholder group, which increased
project cost and caused delays in project implementation. This project shows that even though scientific objectives and social perceptions of a restoration project may be disconnected, awareness and
consideration of both can facilitate a more comprehensive understanding of successes and failures of
the restoration effort. Additionally, understanding
of social attitudes can benefit future restoration
practitioners by increasing public support.

30

LAKE CHAMPLAIN RESTORATION PROJECT
Lake Champlain is the sixth largest freshwater
lake in the U.S. It is a natural lake, located mainly
within the borders of the United States (states of Vermont and New York) but partially located across the
Canada-United States border in the Canadian
province of Quebec. The lake had undergone eutrophication due to excessive phosphorus (P) loads
from its 20,800 km2 watershed. The average annual
phosphorus load is approximately 587 metric tons
per year. Approximately 71% of this originates
from nonpoint sources (VT DEC and NY DEC
1997) with 66% coming from agricultural sources.
The Lake Champlain management strategy required
P load reductions from both point and nonpoint
sources. To meet state water quality standards, the
nonpoint source management strategy of the State of
Vermont for Lake Champlain and its tributaries
required implementation of controls, or Best Management Practices known to be effective for reducing
P loads to receiving waters from agricultural sources.
Agricultural waste management, particularly in
the dairy sector, has been a primary concern of Vermont's efforts to reduce nonpoint source pollution
in Lake Champlain since 1980. Activities including
construction of manure stockpiling facilities that
prevent nutrient leaching and runoff, controlling
surface runoff and delivery of sediment and nutrients to receiving waters, and adopting other waste
management procedures such as avoiding winter
applications of manure were encouraged under state
and federal subsidy programs. Yet it's not uncommon for livestock in Vermont to spend up to half of
each year in pastures with unrestricted access to
watercourses. Trampling and browsing of riparian
vegetation, soil compaction, destabilization of
stream banks and channel substrates and defecation
directly into surface waters are common problems
associated with livestock grazing.
A primary goal of the Lake Champlain Basin
Agricultural Watersheds Section 319 NMP Project
was to quantitatively determine the effectiveness of
excluding livestock access to streams and riparian
areas and riparian restoration as opportunities for
controlling runoff that delivers sediment, nutrient,
and bacteria to receiving waters. Changes to water
quality were monitored and documented at the
watershed scale as affected by implementation of
Best Management Practices to protect streams and
riparian areas from livestock grazing. Water quality
monitoring was conducted at watershed outlets
using a paired-watershed research approach in order
to evaluate the effectiveness of BMPs at protecting
water quality (Meals 1999).
The project was located in the Missiquoi River
watershed of Lake Champlain. Some of the most
intensively managed agricultural lands of the Lake

Champlain Basin are located in the Missiquoi River
watershed. This watershed has historically been the
greatest nonpoint source of phosphorus loading to
Lake Champlain (approximately 74.4 metric tons
per yr). Phosphorus, bacteria, and organic matter
from animal wastes are the primary sources of
impairment of surface waters, and these are all generated by the agricultural sector from dairy production, crops, and livestock use of streams and
riparian areas (VT ANR 1996).
Restoration treatments were implemented in the
Godin Brook watershed, which is 1,421 ha in size.
The 930-ha Berry Brook watershed served as an
experimental control. These two watersheds were
similar with respect vegetative cover types and
land-use patterns. Approximately 60% of land cover
consists of mixed conifer and deciduous forest.
Residential development accounts for approximately 2 to 3% of each watershed, while agriculture
accounted for approximately 35%. Livestock grazing is the primary form of agriculture in the studied
watersheds. Most farmers in these two watersheds
used pasture grazing for livestock management,
with approximately 25% of each watershed being in
hay meadows, or mixed hay meadow/pasture.
A paired watershed approach was employed for
the study (USEPA 1993). Paired watershed studies
require two watersheds, with one serving as a control and the other being the treatment, or experimental watershed. Monitoring includes a calibration
phase before treatments are implemented. Once the
calibration phase is completed, treatments can be
implemented in the experimental watershed. The
control (untreated) watershed helps isolate year-toyear variations in climate and hydrologic characteristics, as well as management practices in the control watershed to reduce factors that interfere with
statistical comparisons between the control and
experimental watersheds. Land management practices in control watersheds remain unchanged
throughout the study. Once the calibration phase is
completed, treatments such as changes to land-use
practices can be implemented in the experimental
watershed, while the land-use practices remain the
same in the control watershed. Monitoring is conducted in both watersheds throughout the treatment
period in accordance with the experimental design.
The reasoning behind this approach is a quantifiable
relationship is predicted to exists between the treatment and control watersheds with regard to water
quality parameters (such as sediment concentrations
or P loads), and this relationship persists until a
land-use change occurs in one of the watersheds.
When this occurs, a new relationship is created. The
treatment effect is then measured quantitatively by
evaluating the differences between treatment and
calibration data.
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Stream corridor and riparian area inspections,
farm inventories, and interpretation of aerial photographs during the calibration phase informed restoration practitioners where changes to land management practices changes were warranted. Management plans were formulated for each participating farm in cooperation with landowners, who
were participating in the study on a voluntary basis.
Participants were required to maintain treatments
for the duration of the study and assistance was
provided to landowners.
Restoration treatments included practices
designed to improve water quality, riparian vegetation, and prevent livestock access to sensitive areas
near waterbodies. These included fencing of riparian areas, decommissioning or improving frequently
used livestock stream crossings, and revegetation of
damaged and eroding streambanks. Treatment
required installation of new fences and livestock
watering infrastructure, reducing the number and
size of livestock stream crossings, stabilizing livestock stream crossings through bridge installation or
armoring, and streambank erosion control using
bioengineering techniques.
Water quality parameters were similar for the
treatment and control watersheds throughout the
calibration period, with no statistically significant
differences at the P#0.10 level. Parameters monitored during the calibration period included precipitation, discharge (channel cross section stage
and velocity measurements), nutrient and sediment
concentration, bacteria, conductivity, dissolved oxygen, temperature, and bulk export of total phosphorus (TP), total Kjeldahl nitrogen (TKN), or total
suspended solids (TSS). With the exception of
minor differences due to variations in precipitation
and associated stream discharge, water quality parameters were generally stable during the calibration
phase in each of the streams included in the
assessment. There were only a few statistically
significant differences among project year means.
Watershed treatments were applied in the treatment watershed during May through November
1997. Treatments included installation of exclosure
fencing to protect each side of 2,300 m of streamcourses and adjacent wetlands implementation of
streambank stabilization measures; installation of a
livestock bridge, a 300-m improved cattle trail,
three culverted stream crossings and two armored
low-water crossings for livestock. Livestock exclosure fences around riparian areas varied from
approximately 2 to 8 m wide, depending on the
amount of acreage the landowner was willing to
remove from livestock access. Streambank stabilization was done using bioengineering techniques,
including planting willows.

Regression analysis indicated that there was a
strong watershed calibration between the control
and treated watershed during the 4-year calibration
period. Researchers were therefore able to detect
treatment responses of approximately 20% or
better. Exclosure fences and streambank stabilization measures were implemented in the treatment
watershed in 1997. Analysis indicated significant
reductions in total phosphorus concentration (reduction of approximately 25%) following the first year
of treatment. Indicator bacteria populations were
reduced as much as 52%, and total phosphorus
export was reduced as much as 42% in the treated
watershed. These results indicate that exclusion of
domestic livestock from streamcourses and riparian
areas and riparian zone restoration can be effective
for reducing nonpoint source pollutant concentrations from livestock grazing in agricultural watersheds.

SUCKER CREEK RESTORATION PROJECT
Sucker Creek is a major tributary to the Illinois
River located east of Cave Junction, Oregon. It
supplies approximately 80% of the drinking water
for the City of Cave Junction. Sucker Creek was
listed for stream temperature on the 1994/1996 Oregon Department of Environmental Quality 303(d)
list of impaired waters. The Illinois River sub-basin
is one of the most important sections of the Rogue
River for naturally produced coho salmon
(Oncorhynchus kisutch). Sucker Creek is one of the
most important tributaries for spawning and rearing
of coho in the Illinois River sub-basin. Four
anadromous fish species are found in the Sucker
Creek watershed (Chinook salmon [Oncorhynchus
tshawytscha], Coho salmon, winter steelhead [O.
mykiss] and Pacific lamprey [Lampetra tridentata]);
two native resident salmonids (coastal cutthroat [O.
clarkii clarkii] and rainbow trout [O. mykiss]; and
reticulate sculpin [Cottus perplexus]) (USFS 2007).
Aquatic resources of Sucker Creek were degraded
by historic timber harvesting, road construction, and
placer mining. Channel modification caused by
hydraulic mining and other placer operations is
particularly evident in the Sucker Creek watershed.
Landslides and severe flooding of the watershed in
1964 and 1997 exacerbated pre-existing damage to
the stream channel. Many other channels in the
watershed exhibited disturbance responses such as
increased width, loss of pool habitat due to sedimentation or loss of substrate retention, elevated
water temperatures, loss of side channel habitat due
to loss of sinuousity, increased channel migration,
and loss of channel habitat structure due to lack of
large woody debris. The road system was contributing to habitat degradation through a) sediment
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delivery caused by road-related slope failures, b)
aggravating existing landslides and slope failures;
c) increased peak flows caused by road drainage, d)
increased routes for sediment delivery to channels
and e) culverts and drainage fills that are often
barriers to fish passage. Regeneration timber harvesting and associated road construction has
occurred throughout the watershed. Approximately
30% of the National Forest System lands in the
watershed have been harvested since 1940. These
timber harvest included removal of large woody
debris from stream channels and construction of
road network of moderately high density. Timber
harvesting on the National Forest lands in the
Sucker Creek watershed have decreased substantially since 1990, allowing the forest canopy to
become reestablished in many areas. Sucker Creek's
restoration has been ranked as the Rogue RiverSiskiyou National Forest Forest's second highest of
three priority watersheds (Coquille River is first and
Applegate River is third).
Projects were categorized based on high, medium, and low priority. High priority projects included
instream placement of large woody debris, streambank stabilization, channel restoration, culvert
replacement, road decommissioning, and road stabilization (USFS 2007).
Restoration projects have included large wood
placement, stream bank stabilization and revegetation, side channel habitat development, riparian vegetation planting, riparian thinning, culvert replacement, road stream crossing stabilization, road decommissioning and subsoiling, slope stabilization, and
Port-Orford-cedar disease treatment. Some segments
of the Sucker Creek main channel were reconstructed, using design features based on historic
data. Undisturbed reaches of the stream were used
as reference conditions for stream restoration activities. New channel segments were created that are
narrower and deeper than the current human-altered
channel. This limits solar heating by increasing
shade on the stream channel. New pools were constructed in the stream channel, connecting the Creek
to ground water sources and increasing the amount
of cool water fish rearing habitat, which is critical
during summer months. Portions of the reconstructed channel flow through existing dense gallery
forest conditions, allowing the stream to benefit
from immediate shade. Planting of new riparian
vegetation was undertaken to establish a riparian
gallery forest consisting of native trees, shrubs, and
grasses. A variety of native trees and shrubs were
selected for revegetation, including disease-resistant
Port Orford cedar, Douglas fir, Ponderosa pine, red
alder, Oregon ash, bigleaf maple, willow, black
cottonwood, snowberry, and Indian plum. Seedlings
were provided by a native plant nursery in the Illi-

nois Valley and were grown at an elevation similar
to the project site. A ¾-mile-long section of a Forest
Service road adjacent to Sucker Creek was decommissioned. The degraded road had delivered fine
sediment to the creek over time. Decompacting,
recontouring, and replanting this poorly located and
degraded road reduces fine sediment inputs to the
stream.
Parameters to be monitored to determine the
effectiveness of restoration activities and to assess
long-term trend in the watershed include: fish habitat
and smolt production; physical stream characteristics/channel morphology; water quality; and riparian
vegetation.
Changes in fish habitat are monitored using
stream habitat surveys (Hankin and Reeves 1988).
Localized and more detailed channel surveys and
channel cross-section measurements are established
to test effectiveness of woody debris placement and
channel alterations. Surveys of spawning areas of
coho and Chinook salmon and winter steelhead are
used to gauge long term trends in fish population
dynamics. A rotary screw trapping project was used
to monitor smolt production and responses to habitat
enhancement in Grayback Creek, a tributary to
Sucker Creek.
Post treatment monitoring of native fish populations indicates promising results. Some new salmon
redds were observed in realigned sections of the
stream channel where no spawning sites were previously found. Anadramous species that have benefitted from this restoration project include Pacific
lamprey, steelhead, and Coho salmon. Additionally,
snorkel surveys and fish salvage prior to channel
realignment indicated that native aquatic species
populations have increased.
Changes in physical stream characteristics are
monitored through Rosgen Level 2 surveys, including
cross sections, longitudinal profiles, and Wolman
pebble counts (Rosgen 1996). Some of the stream
characteristics monitored include: cross sectional area,
location and depth of the thalweg, streambank shape,
slope, bed and water surface characteristics (using
pebble counts), longitudinal profiles, and channel substrate composition over time. Physical stream
characteristics are important indicators of fish habitat
suitability. Photo points are also used to document
visual changes to restoration sites and stream reaches
over time. Portions of the Sucker Creek watershed
were mapped using LiDAR (light detection and
ranging) which is a useful tool in detecting geomorphological changes at various scales.
Water quality monitoring includes water temperature and sediment. Water temperature is monitored directly with Water Temp Pros deployed
annually during the summer. a Solar Pathfinder is
used to monitor the shade and for habitat analysis.
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Sediment inputs to streams would be monitored
indirectly with reviews of Best Management Practices for road treatments and culvert replacements.
Storm patrols are used for assessing the reduction in
sediment delivery would occur to determine how
stabilized roads and replaced culverts respond to
winter storms. Road sub-soiling treatments are monitoring for effectiveness to determine if soil
subsidence has resulted in plow pan or dense/
restrictive soil horizons.
Effects of riparian vegetation thinning on plant
communities would be monitored through stand
exams and photo points. Stand exams provide
quantitative data on the overall condition of trees,
saplings, shrubs, and forbs on a given site. Photo
points are also used to monitor visual changes in
riparian vegetation over time.

CONCLUSION
These restoration projects show that, regardless
of scale, many factors that contribute to restoration
success are the same. These include: 1) engaging
stakeholders in the decision-making process, even
if it increases the time and expense of project
implementation, 2) striving for consensus on restoration components, 3) encouraging partnerships
and volunteerism to defray costs and encourage a
feeling of “ownership” in the restoration effort, a 4)
employing a holistic approach to restore as many
ecosystem processes as possible, and 5) monitoring
to evaluate successes and failures during and after
project implementation.
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HYDROGEOMORPHIC AND BOTANICAL ASSOCIATIONS OF BAJADA EPHEMERAL
DRAINAGES IN THE WHITE TANK MOUNTAINS, SONORAN DESERT
Matt Haberkorn1
Ephemeral drainage plant communities of the
Sonoran Desert compose a highly significant yet
relatively unexplained portion of the ecosystem.
Eighty-one percent of all southwestern and 94% of
Arizona drainages are categorized as ephemeral
drainages (Levick et al. 2008). Small but significant portions of the bajada environment are also
composed of ephemeral drainages. These drainages
carry out important landscape scale functions in
water movement, groundwater recharge, nutrient
movement and cycling, sediment transportation,
geomorphology, plant habitat, seed disbursement, as
well as wildlife habitat and corridors. In decades
past, Sonoran Desert bajada research relating the
physical earth sciences to ecology has focused on
explaining upland plant community patterns along
this landform (Yang and Lowe 1956, Phillips and
MacMahan 1978, Key et al. 1984, McAuliffe 1994,
Parker 1995, McAuliffe 1999). This body of
research, however, has very little information pertaining to ephemeral drainages dissecting the upland
bajada environment.
The bajada geomorphic environment is a composition of geomorphic surfaces of varying soil
development proceeding away from a mountain
(Peterson 1981, McAuliffe 1994). Each of these
geomorphic surfaces is characterized by a unique
lithology, slope, age and degree of argillic and
caliche soil horizon development. Generally, geomorphic surfaces containing highly developed argillic or caliche soil horizons are found near the mountain while surfaces of undeveloped soils are furthest
away from the mountain. Depending on the bajada,
local geomorphic history, however, may result in
different landscape scale patterns of geomorphic
surfaces and soil development. This physical environment forms the template from which the ephemeral drainage develops its channel morphology,
hydrology and botanical associations.
It was expected that the various geomorphic
surfaces composing the bajada found at the study
sites would determine the specific channel morphology, hydrology and plant community associations
of the examined ephemeral drainage. The goal of
this study was to explain (1) channel morphology,
(2) hydrology or ephemeral flow patterns and (3)
plant communities found along the ephemeral drainage. Plant communities of drainages were also compared to upland communities. These factors were
1

then utilized to give an overall explanation for the
distribution of hydrogeomorphic and botanical associations found along the bajada ephemeral drainage.

STUDY SITE
Three ephemeral drainage and bajada systems
originating from the White Tank Mountains were
examined for this study. The three study sites were
located on the north, west, and east slopes of the
mountain range. The White Tank Mountains are
located approximately 40 km west of Phoenix,
Arizona, in the Sonoran Desert portion of the Basin
and Range Geological Province. The mountains are
primarily a granite-gneiss metamorphic core complex. Study site elevations ranged from 600 m
above sea level for sites found in the mountains to
the lowest study sites found on the lower bajadas at
300 m above sea level. Rainfall followed a bimodal,
summer monsoonal and winter rainy season pattern,
which ranged from 138 mm annually on the western
bajada site to 199 mm annually on the eastern
bajada (nearest similar elevation rain gages, Ford
Canyon Wash 5425 and Sun Valley Parkway at
Northern 5300, Flood Control District of Maricopa
County). July is the hottest month of the year with
an average high of 40.6EC and January the coldest
month of the year with an average low of 2.3EC
(Western Regional Climate Center Wittmann,
Arizona 029464).

METHODS
A total of 173, 0.1-hectare (ha) plots were
located within three ephemeral drainage systems
originating in the White Tank Mountains and
descending down the adjacent bajadas. Plot shape
varied based on the width of the channel reach
sampled. For example, a channel reach that was 20
m wide was 50 m long, or a channel reach that was
25 m wide was 40 m long. Along each drainage
system, geomorphic surfaces were identified
according to Field and Pearthree (1991). Channel
morphological features such as active channel width
and maximum depth, entire riparian corridor width
and maximum depth, channel slope, caliche
development, percent of channel with bedrock, bank
height ratio, and rocks >25 mm per m2 were
observed and recorded for each plot. Number of
rills or smaller drainages entering each plot and 100
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m upstream were also counted. Plant species were
also identified within each drainage plot and density
of species determined or canopy cover estimated.
An additional 115, 0.1-ha plots were placed in the
uplands adjacent to drainage plots for vegetation
sampling. In upland plots, plant species were
identified and densities determined or canopy cover
estimated.
Locations and extents of ephemeral flow events
within the drainages were observed after large rainfall events for each of the bajadas. Rainfall events
were monitored through accessing the Flood Control District of Maricopa County rain gauge network
website (2014). All Flood Control District of Maricopa County rain gauges were, however, located
outside of the examined watersheds but were within
5 km and were the closest similar elevation gauges.
Evidence of flows was observed after rainfall
events by walking drainages or by accessing
channel along trails or roadways after rainfall
events that took place between January and August
2014. Flow was determined to have taken place if
alluvial sediments were found to be disturbed and
organic materials removed by recent flows.

DATA ANALYSIS
Analyses of data collected from each of the
bajada systems were carried out independent of one
another. Non-metric multidimensional scaling
(NMS) using Relative Sorenson's distance measure
was utilized to group fluvial morphology into major
channel categories and in determining major groupings of plant communities. NMS is an effective
method for grouping ecological community data
which may be non-normal or discontinuous (Bradfield and Kenkel 1986, Minchin 1987, McCune and
Grace 2002). Each NMS was carried out in
PC-ORD 5.10 software using 250 runs with real
data and 250 runs with randomized data with a random starting configuration provided by the software
(McCune and Mefford 2006). Major groups for
both channel morphology and plant communities
were determined from NMS two-dimensional
ordinations. Linear regression of plant species
richness versus distance from mountain was carried
out for both drainage and upland plots.

RESULTS
The following results are presented in summary
form for the three bajada ephemeral drainage systems examined for this study. Results below are as
they were presented at the 59th annual meeting of
the Arizona-Nevada Academy of Science, April 18,
2015 at Arizona State University at the West campus, Glendale, Arizona.

Bajada Geomorphology
Utilizing Field and Pearthree (1991), four generalized geomorphic surfaces were found at the
examined study sites, (1) the mountain defined by
the presence of steep slopes, bedrock and poorly
developed soils, (2) the upper bajada where soils
were highly developed with stage III or greater
caliche, (3) middle bajadas with moderately developed soils of stage II or less caliche and (4) the
lower bajada, furthest away from the mountain and
with undeveloped soils (Fig. 1). Each of the three
bajadas examined had similar landscape scale patterns of soil progressing from highly developed
soils on geomorphic surfaces near the mountain, to
soil surfaces of progressively less development further away from the mountain.

Channel Morphology
Four generalized channel morphology types
were also identified through non-metric multidimensional scaling (Figs. 1, 2). Clusters of channel
reaches in the ordinations appeared to be largely
dependent on geomorphic surface dissected by the
drainage and therefore were grouped accordingly.
Channel types were as follows, (1) bedrock constrained channels typically found on the mountain
and with poorly developed soils, (2) strongly
caliche constrained channels with deep incision
found on the upper bajada, (3) weakly caliche
constrained channels with moderate incision found
on the middle bajada, and (4) geomorphically
unconstrained channels found on the lower bajada
where soils were undeveloped.

Ephemeral Flow Patterns
Rainfall events where ephemeral flow was
observed to take place within the three drainage
systems were as follows: 24 to 30 mm (precipitation
amount depended on rain gauge) on 3/1/2014, 35
mm on 7/7/2014, and 36 mm on 7/31/2014. Each of
these rainfall events was of large enough size to
cover the entire bajada under examination. Evidence of flow was mapped for two rainfall events
for each of the bajada drainage systems. The small
sample size was a result of the low frequency of
flow that occurred during the study period and
limits the overall usefulness to the study. Flows for
each of the drainages were largely discontinuous
along channels. It was found that generally, geomorphic surfaces with a greater number of rills or
smaller channels entering the main channel had a
greater chance of a flow event occurring. The
mountain drainage was observed as having discontinuous flow. Upper bajada channels had the most
infrequent flows and the lowest number of smallrills or channels entering the main channel. Middle
bajadas had the most frequent flows and also had
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Figure 1. Results of the eastern bajada ephemeral drainage study site. Other bajadas study sites had similar results
and are summarized within the results section but not presented within this figure. Top, geomorphic surface map of
the eastern site according to Field and Pearthree (1991). Bottom left, Non-metric multidimensional scaling (NMS)
plot of channel morphological characteristics. Solid overlay boxes represent major groupings of channel morphology
types according to geomorphic surfaces. Dashed overlay box represents channel reaches strongly influenced by
bedrock within the channel. Bottom right, NMS plot of plant communities, overlay boxes represent major groups
according to geomorphic surfaces. Overlay boxes M, 1, 2 and 3 represent geomorphic surfaces and contain same
channel reaches in both NMS plots. M in the ordination plot corresponds to the mountain geomorphic surface, 1 in
the ordination plots corresponds to the upper bajada soil surface M12, 2 in the ordination plots corresponds to the
middle bajada soil surface M1b, and 3 in the ordination plots corresponds to the lower bajada soil surface Y.

the greatest number of rills or channels entering the
main channel. Flows in channels on lower bajadas
were variable between the bajadas.

Plant Communities
Four ephemeral drainage and three upland plant
communities were identified through Non-metric
multidimensional scaling (Figs. 1, 3). Clustering of
sampled reaches appeared to be dependent on
geomorphic surface or channel morphology and
therefore reaches were grouped accordingly.
Upland plant communities within the mountain
were dominated primarily by Encelia farinosa
(brittlebush), on the upper bajada Ambrosia
deltoidea (triangle leaf bursage) was the dominant
species, and on the middle to lower bajada Larrea

tridentata (creosote bush) was dominant. Within
mountain and upper bajada drainage reaches
Parkinsonia microphylla (foothill palo verde) was
the dominant species. However, species associated
with P. microphylla differed between the mountain
and upper bajada making them group as two
different plant communities. Middle bajada
channels were dominated by L. tridentata and lower
bajada channels P. florida (blue palo verde). Both
upland and drainage plant species richness
decreased downslope away from the mountain with
drainage species richness being greater overall (Fig.
4).
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Figure 2. Channel morphology types characteristics. X-axis represents both generalized geomorphic surface channel
morphology types found on, and major channel morphology type; Mt is mountain landform, Upper is upper bajada,
Mid is middle bajada, and Low is lower bajada. Top left, Caliche graph shows stage (0, no caliche present to 4,
highly developed caliche) of caliche development found in channel reach banks. Top middle, Slope graph showing
mean channel type slope. Top right, Drainages, average number of low-order drainages or rills entering both channel
reaches and 100m upstream. Middle left, Bank Height Ratio, low bank height/maximum depth bank full, a measure
of incision. Middle, Rocks/sq. meter, number of rocks >25mm/m2. Middle right, Bedrock, percent of channel with
exposed bedrock. Bottom left, Riparian Corridor W:Dmax Ratio, width to maximum depth ratio for entire historical
riparian corridor. Bottom right, Active Channel W:Dmax Ratio, width to maximum depth ratio for present day
active channel.

DISCUSSION
Hydrogeomorphic and botanical associations
found along the bajada ephemeral drainages examined within this study were determined to be strongly
influenced by the geomorphic surface dissected by
the drainage. Each geomorphic surface dissected by
a drainage influenced channel morphology, ephemeral flow patterns and plant community associations.
In a given geomorphic surface, the presence of
bedrock and degree of caliche development appeared
to have the strongest influence on these associations.
Four major hydrogeomorphic-botanical associations were identified, (1) bedrock constrained
channels within mountain landforms, typically with
discontinuous flow patterns and Parkinsonia
microphylla (foothill palo verde) plant communities,
(2) upper bajadas with strongly caliche constrained
channels that were deeply incised, had low flow
frequencies and containing P. microphylla plant
communities, (3) middle bajadas with weakly caliche
constrained channels of moderate incision with
higher frequencies of flow and containing a Larrea
tridentata (creosote bush) plant community and (4)

lower bajadas with geomorphically unconstrained
channels of moderate to no incision with variable
flow patterns and a P. florida (blue palo verde) plant
communities. These ephemeral drainage associations
typically had an associated upland plant community
adjacent to the channel. As seen in other studies,
upland plant communities, similar to drainage communities, were strongly influenced by geomorphic
surface soil development (McAuliffe 1994, 1999).
Caliche development of geomorphic surfaces
was determined from this study to have a strong
influence on the development of a channel morphology types. This is possibly due to the strongly
cohesive, almost bedrock-like properties of highly
developed caliche. Channel sediment cohesiveness
has been demonstrated elsewhere as having a strong
influence on channel morphology (Murphey et al.
1972, Bull 1997, Wohl and Achyuthan 2002). In
addition to caliche development, each geomorphic
surface of a bajada has a different lithological
composition which will result in different channel
morphologies (Leopold 1992).
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Figure 3. Combined data for both uplands and ephemeral channels of relative cover for similar geomorphic surfaces
and channel types for each of the study sites. X-axis represents generalized geomorphic surface or channel type. Mt
is mountain, Upper is upper bajada, Mid is middle bajada and Low is lower bajada. Y-axis is percent relative cover.
Mountain landform upland communities were not sufficiently sampled and so are not included in these graphs.
Lower bajada upland communities were grouped with middle bajada upland plant communities due to Non-metric
multidimensional scaling plot results (Fig.1). Parkinsonia microphylla is foothill palo verde, Ambrosia deltoidea is
triangle leaf bursage, Acacia greggii is catclaw acacia, Olneya tesota is ironwood, Lycium andersonii and L.
fremontii are both wolfberry, Prosopis velutina is velvet mesquite, Parkinsonia florida is blue palo verde, Cactaceae
sp. is cactus species and Larrea tridentata is creosote bush.

The discontinuous nature of flow through the
observed ephemeral drainages also appeared to be
strongly influenced by properties of the various
geomorphic surfaces dissected. Two factors are
considered possible influences on frequency of flow
within channel reaches, (1) the ability of channel
sediments to carry flow and limit transmission
losses, and (2) the ability of a geomorphic surface
and channel to convert upland sheet flow into channel flow. Channel reaches with a greater number of
rills and smaller channels entering the drainage had

more frequent flows. Within mountain channels,
flow entered in many locations but was lost to
transmission losses within a short distance of initiation, possibly due to deep and coarse channel sediments. Upper bajadas were deeply incised and had
the lowest number of smaller channels entering
sampled channel reaches. These factors were possibly why upper bajada channels had the lowest
frequency of flows compared to other landscape
positions. Deep incision of upper bajadas possibly
prevented efficient conversion of upland sheet flow
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Figure 4. Eastern bajada species richness for uplands
and channel reaches versus distance along drainage. X's
represent channel reach plant species richness and the
dashed-line represents channel reaches species richness
regression. Dots represent upland plot plant species
richness and the solid-line represents upland species
richness regression.

to channel flow. Steep upper bajada slopes, running
parallel to the ephemeral drainage, also caused
sheet and small channel flow to run parallel to the
main channel rather than merging with it and
causing flow. Many of these smaller order channels
on the upper bajada, however, converged with the
main channel on the middle bajada where flow was
found to be most frequent across all of the study
sites. Channel flow patterns along lower bajadas
were variable from site to site. In general however,
smaller channels had more frequent flows than
larger channels. This variability between sites possibly was a result of increasing channel sediment
bed load volumes as channel size increased.
Increased channel bedload possibly resulted in
increased ability to absorb transmission losses.
The discontinuous nature of ephemeral flows
observed within this study suggests that moisture
does not increase downslope in ephemeral streams
as has been demonstrated elsewhere (Goodrich et
al. 1997). Therefore, plant communities are not
responding to increased moisture downslope.
Possibly, plant communities associated with the
various channel morphologies and ephemeral flow
patterns were a result of adaptations to soil
properties and geomorphic processes taking place
within various channel reaches. Channel properties
and processes, as demonstrated above, were likely
determined by the geomorphic surface dissected by
the drainage. Within uplands, Sonoran Desert plant
community structure is a result of soil development
and the resulting distribution of moisture within the
soil profile (Hamerlynck et al. 2002). Highly developed soils with strongly developed caliche and
argillic horizons accumulate moisture above the
caliche and impede root penetration deep into soils,
therefore plant communities are characterized by
shallow rooted plants such as Ambrosia deltoidea
(triangle leaf bursage). Undeveloped soils lacking

argillic and caliche soil horizons are characterized
by deep infiltration of moisture and therefore deep
rooted plants such as Larrea tridentata (creosote
bush). It is expected that similar geomorphic
associations are taking place within ephemeral
drainages. For example, L. tridentata was most
abundant in weakly caliche constrained and
geomorphically unconstrained channels. This most
likely is due to the lack of a caliche horizon which
would impede moisture and root penetration deep
into sediments. L. tridentata was, however, in very
low abundance or completely absent in bedrock and
strongly caliche constrained channels. Other species
such as Parkinsonia florida (blue palo verde) and
Prosopis velutina (velvet mesquite) also appear to
be limited by the presence of caliche. Based on its
abundance in strongly caliche constrained channels,
Parkinsonia microphylla (foothill palo verde)
appears to be highly adapted to the presence of
caliche within channels as well as the process of
channel incision.

CONCLUSION
Similar to upland plant communities within the
Sonoran Desert, ephemeral drainage plant communities are strongly influenced by geomorphic surface
dissected by the drainage. While it is known that the
presence and degree of argillic and caliche soil horizon development influence upland plant communities by determining locations of moisture infiltration and limiting root penetration into soil, the exact
nature of how geomorphic surface soil development
determines plant communities within ephemeral
drainages is not known. Channel morphology and
ephemeral flow patterns also were determined to be
strongly influenced by soil development of geomorphic surface dissected. These factors also possibly have a strong influence on plant community,
but again, the exact nature of how this might affect
plants is not known. Plant adaptations to geomorphic surface soil development within uplands
can be simplified to vertical distribution of moisture
and penetration of roots (Hamerlynck et al. 2002).
Drainage plant adaptions are possibly far more
complex having to deal with a wider range of conditions related to moisture and geomorphic processes such as flash floods, deposition and erosion.
Further research is needed on the hydrological and
geomorphic adaptations ephemeral wash plant
species have that might make them adapted to certain channel morphologies.
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DOWNSTREAM IMPACTS OF DAMMING THE COLORADO RIVER
Aregai Tecle1

INTRODUCTION
Dams are structures constructed across rivers to
control their flows. The main objectives for building
dams are to capture and store the surface flow from
rivers and runoff from adjacent and upstream watersheds in artificial lakes or reservoirs and eventually
release the stored water as needed. The system may
be designed for purposes such as flood control,
hydroelectric power generation, and providing freshwater for drinking and irrigation. Reservoirs may
also serve as sanctuaries for fish and wildlife and for
providing recreational activities such as swimming,
fishing, and boating (Colorado River Research
Group 2014). However, there are also many drawbacks to building dams that need to be considered.
Dams displace people from their homes, flood productive areas, destroy ecosystems and /or impair services, inundate precious historical and cultural
artifacts and eliminate important wildlife sanctuaries.
The subject of this paper is the Colorado River
and the effects of its extensive damming projects on
downstream ecosystems and the environment. The
Colorado River is the major river in the arid and
semi-arid southwestern United States and northwestern Mexico. It is a 1,470-mi (2,352-km) river
with its main headwaters in the Rocky Mountain

National Park in north-central Colorado. It is the
international boundary for 17 mi (27 km) between
Arizona and Mexico in the southwest (U.S. Bureau
of Reclamation, Lower Colorado Region 2015).
The Colorado River system, including the Colorado River, its tributaries, and the lands that these
waters drain, is called the Colorado River Basin. It
drains an area of 246,000 mi2 (637,000 km2) that
includes parts of seven western U.S. states
(Arizona, California, Colorado, Nevada, New
Mexico, Utah, and Wyoming) and two Mexican
states (Baja California and Sonora) (Fig. 1).
Three-fourths of the Colorado River Basin is in
federal lands comprised of national forests,
national parks, and Indian reservations. The drainage Basin's total runoff is about 24,700 ft3 (700 m3)
per second (Colorado River Commission of
Nevada 2006, Colorado River Research Group
2014). The river is the primary source of water,
which comes mostly from snowmelt in the Rocky
Mountains, for a region that receives little annual
precipitation.
For more than a thousand years, the Colorado
River has been a central feature in the history and
development of the southwestern part of the United
States. During this period, management efforts in

Figure 1. Location of the Colorado River Basin in the U.S. Southwest and Mexico's
northwestern corner.
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the Colorado River Basin embody society's struggle
to overcome conflicts between competing interests
over a shared water resource. First, there have been
Native Americans who irrigated their crops with
water from the river (Glenn et al. 1996). One tribe,
the Cocopah Indians who reside in the delta region
fished and farmed there for about 2,000 years.
Unfortunately, the present Colorado River is often
drained dry by upstream demands before reaching
this part of Baja, California (Glenn et al. 1992,
Zielinski 2010). In spite of this situation, irrigation
is still one of the main uses of the Colorado River,
especially on its lower portion where it supports one
of the most extensive irrigated agriculture in the
United States. Other equally important uses are
generating hydroelectric power, and supplying
drinking water to distant urban areas and other
communities. For example, water from the Colorado
River is diverted eastward across the Rocky Mountains to Denver and other cities in Colorado. The
Colorado River Aqueduct carries water to the metropolitan area of Los Angeles, California, and the
Central Arizona Project brings water supply to the
Phoenix and Tucson areas in Arizona. In addition,
the cities of San Diego and Las Vegas and many
smaller cities, towns and rural communities in
Arizona, Nevada, and California are dependent on
the Colorado River for their water supply. All
together about 35 million people in the U.S. Southwest and 3 million others in Mexico depend on the
Colorado River for their water supply.

THE LAWS OF THE RIVER
In the 1800s, riparian states diverted water from
the Colorado River and its tributaries without any
restrictions. As diversions increased with time, however, a long battle over apportionment ensued.
Today, the Colorado River is among the most controlled, most litigated and highly controversial rivers
in the world. To reach this threshold, the Colorado
River has to go through various stages of development in which each stage has been authorized or
supported by a complex body of legal authorizations. The legal authorizations are in the form of
compacts, federal laws, court decisions and decrees,
contracts, and regulatory guidelines collectively
known as the “Laws of the River” (Colorado River
Commission of Nevada 2006), and they fall into six
general categories: (1) International treaties; (2)
interstate compacts; (3) federal statutes; (4) federal
rules, regulations and operating plans; (5) federal
court decisions; and (6) interagency and multi-party
agreements (i.e., contracts between one or more
public agencies and/or other parties). This collection
of legal documents apportions the water into and
regulates the use and management of the Colorado
River in the seven U.S. basin states and the two

Mexican states (Bureau of Reclamation, Lower
Colorado Region 2015). The following is a
synopsis of the most significant legal documents
that constitute the “Laws of the River”.
(1) The 1908 Supreme Court decision of
Winters vs. United States (207 U.S. 564) is a
court decision that recognizes Indian water rights
regardless of whether a Native American tribe had
previously used the water or not, with the rights
established at the time when reservations were
created. Further, the decision stated that the state
in which the reservation is located must fulfill the
particular tribe's water rights.
(2) The Colorado River Compact of 1922 is
an interstate compact that has the characteristics of
a statute but the force of a contract, and it is interpreted according to the federal common law of
contracts if Congress has consented to the agreement. This means when a compact is approved by
Congress it becomes a law of the United States and
as such it remains a legal document that must be
construed and applied in accordance with its terms
(Texas v. New Mexico, 482 U.S. 124, 128 [1987]).
This law is the cornerstone of the “Law of the
River” and it represents the negotiated apportionment of the Colorado River water among the seven
basin states in the USA and Mexican government
in 1922. It defined the relationship between the
upper basin states, where most of the river's water
supply originates, and the lower basin states, where
most of the water demands are. The compact
divides the river basin into two areas, the Upper
Basin (comprising of Colorado, New Mexico, Utah
and Wyoming) and the Lower Basin (consisting of
Nevada, Arizona, and California). The compact
requires the Upper Basin states not to deplete the
flow of the river below 7,500,000 acre-ft (9.3 km3)
during any period of 10 consecutive years. The
compact enabled the widespread irrigation of the
Southwest, as well as the subsequent development
of state and federal water works projects under the
U.S. Bureau of Reclamation. Such projects include
the constructions of Hoover Dam and Lake Powell.
However, there were some drawbacks to the
decision. To begin with, the decision was made on
the basis of rainfall patterns observed on wetter
years before the treaty’s signing in 1922, and the
available amount falls short during dry periods.
Also, the compact was not concerned with Indian
water rights, nor did it include any provisions to
protect the environment (Colorado River Research
Group 2014). These had to be rectified later with
new regulations.
(3) The Boulder Canyon Project Act of 1928
(Public Law No. 642) was enacted for a number of
purposes, including: (a) ratifying the 1922 compact; (b) authorizing the construction of Hoover
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Dam and related irrigation facilities in the lower
Basin; (c) apportioning of the lower Basin's 7.5 maf
among the states of Arizona (2.8 maf or 37.3%),
California (4.4 maf or 58.7%) and Nevada (0.3 maf
or 4%); and (d) authorizing and directing the Secretary of the Interior to function as the sole contracting authority for use of the lower Colorado River
Basin water.
(4) The California Seven Party Agreement
of 1931 is an accord that helped settle the longstanding conflict between seven California agricultural and municipal interest groups that use the
Colorado River water. The seven principal groups
are: Palo Verde Irrigation District, Yuma Project,
Imperial Irrigation District, Coachella Valley Irrigation District, Metropolitan Water District, and the
City and County of San Diego. The Agreement
helped these groups reach consensus on the amounts
of water to be allocated on an annual basis to each
claimant. Even though the agreement did not resolve
all water allocation issues, the regulations set forth
have been incorporated and become parts of any
major California water delivery contracts made
since then.
(5) The Mexican Water Treaty of 1944 put
together an agreement on the use of the waters of
the Colorado and Tijuana rivers and the Rio Grande.
This agreement commits 1.5 maf of the Colorado
River's annual flow to Mexico. This amount, however, is not a part of the 15 maf water allocated to
the Upper and Lower Basin states of the United
States. This treaty also allows for the lower Basin
states to get an additional 1,100,000 acre-ft/year of
water during periods of surplus water availability
(U.S. Bureau of Reclamation 1948, Umoff 2008).
(6) The Upper Colorado River Basin Compact of 1948 is an agreement that created the Upper
Colorado River Commission that apportioned the
other half of the annual Colorado River flow of 7.5
maf among the Upper Basin states of Colorado (with
3.86 maf or 51.47%), New Mexico (with 0.84 maf
or 11.20%), Utah (with 1.71 maf or 22.8%), and
Wyoming (with 1.04 maf or 13.86%). Arizona, also
receives an additional 0.67% (or 50,000 acre-ft)
annually for its portion that lies within the Upper
Colorado Basin (U.S. Bureau of Reclamation 1948).
(7) The Colorado River Storage Project of
1956 (43 USC 620) was an action designed to
provide a comprehensive Upper Basin-wide water
resource development plan that authorized the
construction of Glen Canyon, Flaming Gorge,
Navajo and Curecanti dams for regulating the river
to produce power and store water for irrigation,
recreation and other uses.
(8) The Arizona v. California U.S. Supreme
Court Decision of 1963 settled a 25-year-old dispute between Arizona and California. The dispute

stemmed from Arizona's desire to build the Central
Arizona Project to enable use of its full Colorado
River apportionment. California objected and
argued that Arizona’s use of water from the Gila
River, a Colorado River tributary, constituted use
of its Colorado River apportionment, and that California had developed a historical use of some of
Arizona’s apportionment, which, under the doctrine of prior appropriation, precluded Arizona
from developing the project. The Supreme Court
rejected California's arguments, ruling that the
lower Basin states have the right to appropriate and
use tributary flows before the tributary co-mingles
with the Colorado River, and that the doctrine of
prior appropriation did not apply to apportionments
in the lower basin (MacDonnell 2003). In 1979, the
Supreme Court issued a Supplemental Decree,
which perfected the rights referred to in the
Colorado River Compact and in the Boulder Canyon Project Act. Those rights are entitlements
essentially established under states’ laws, and have
priority over later contract entitlements (Colorado
River Research Group 2014).
(9) The Colorado River Basin Project Act of
1968 (Public Law 90-537) authorized construction
of a number of water development projects in both
the upper and lower basins, including the Central
Arizona Project (CAP) of Arizona. It also made
the CAP water supply subordinate to California's
apportionment in times of shortage, and directed
the Secretary of the Interior to prepare, in consultation with the Colorado River Basin states, longrange operating criteria for the Colorado River
reservoir system.
(10) The Criteria for the Coordinated LongRange Operation of Colorado River Reservoirs
of 1970 (Public Law 90-537 as amended March
21, 2005) was issued to enable the coordinated
operation of reservoirs in the upper and lower
basins and set conditions for water releases from
Lake Powell and Lake Mead.
(11) Minute 242 of the U.S.-Mexico International Boundary and Water Commission of 1973
required the U.S. to take actions to reduce the
salinity of the Colorado River water being
delivered to Mexico at Morelos Dam.
(12) The Colorado River Basin Salinity Control Act of 1974 (43 USC 1571-1599, Public Law
93-320, as amended by Public Laws 98-569,
104-20, 104-127, and 106-459) was issued as a
means to comply with the United States’ obligations to Mexico under Minute No. 242. A major
feature of the Act include construction of a brine
discharge canal and a desalination plant for the
treatment and conveyance of the Wellton Mohawk
Irrigation and Drainage District discharge water
(Title I of the Act). These facilities are meant to
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enable the United States to deliver water to Mexico
that have an average salinity of 115 parts per million
(ppm) plus or minus 30 ppm over the annual average
salinity of the Colorado River at Imperial Dam. The
Act also authorized construction of four salinity
control units and the expedited planning of 12 other
salinity control projects above Imperial Dam as part
of the basin wide salinity control plan (Title II of the
Act).
(13) The Grand Canyon Protection Act of
1992 directs the Secretary of the Interior to operate
Glen Canyon Dam in such a manner as to protect
against, and mitigate any adverse impacts on and
improve the values for which the Grand Canyon
National Park and the Glen Canyon National
Recreation Area were established. The Act further
directs that these actions be undertaken in a manner
fully consistent with the other “Laws of the River”
that govern the allocation, appropriation, development, and exportation of the waters of the Colorado
River Basin.
(14) The Arizona Water Settlement Act of
2004 (Public Law 108-451) was authorized by
President George W. Bush. The legislation provided
adjustments to the allocation of the Central Arizona
Project (CAP) water and settled litigation between
the United States and the Central Arizona Water
Conservancy District concerning repayment for the
CAP. It authorized the Gila River Indian community
Water Rights Settlement and the southern Arizona
Water Rights Settlement Act of 1982. It also provided funding to enable the Gila River Indian Community and the Tohono O'odham Nation to rehabilitate and expand water infrastructure to meet the
needs of their reservations.
(15) Water Rights Settlement between the
State of New Mexico and the Navajo Nation was
signed on April 19, 2005, to resolve the claims of
the Navajo Nation for the use of waters of the San
Juan River Basin in northwestern New Mexico. The
settlement was intended to adjudicate the Navajo
Nation’s water rights and provide associated water
development projects for the benefit of the Navajo
Nation in exchange for a release of claims to water
that could potentially displace existing non-Navajo
water users in the basin.
(16) The Colorado Basin States Record of
Decision was signed on December 13, 2007 by the
then Secretary of the Interior Dirk Kempthorne.
According to the Secretary, the decision memorializes a remarkable consensus not only to solve current problems but also to prepare ahead of time for
future droughts or surpluses rather than resorting to
disruptive litigations. The decision implements new
and interim operational guidelines to meet the challenges of the current drought in the basin, and the
low-water conditions caused by continued drought

or other causes in the future (Johnson and Kempthorne 2007, Colorado River Research Group
2014).
In addition to the laws, regulations and court
cases on dam construction and maintenance, and
water allocation, there are many laws and regulation related to power generation, sale, distribution,
Indian water rights, and water quality control such
as the Hoover Power Plant Act of 1984 (Public
Law 98-381) that authorized the Secretary of
Energy to allocate and distribute the power generated at Hoover Dam, and a number of other legislative actions that settled Indian water rights (Colorado River Research Group 2014).

DAMMING OF THE COLORADO RIVER
For several million years the Colorado River
flowed with little or no human interference. In its
natural state, the Colorado River, especially during
the pioneer and settlement period was viewed as a
“natural menace” instead of an asset. Even then,
the River had many invaluable ecological and environmental values as it flowed unimpeded to the Sea
of Cortez, leaving vast areas of wetland behind and
providing nutrient-rich fish habitat on its way
(Glenn et al. 1996). In those times, the Colorado
River ecosystem supported 32 species of endemic
fish and 200 to 400 species of plants. The average
pre-dam peak flow was 85,000 cfs while the
highest flood in record was 210,000 cfs. The river
also had temperatures that fluctuated between 0.2
to 28EC, salinity that ranged from 200 to 1300 ppm
and a sediment load into the Grand Canyon that
reached up to 62,800,000 tons/year, 20% of which
came from the Paria and the Little Colorado Rivers
(Topping et al. 2000).
It has taken only less than 100 years and the
above “Laws of the River"’ for the Colorado River
to become comprehensively and commercially
developed, dammed, desilted, diverted to irrigate
crops, produce power, provide sites for recreational
facilities, and serve as a source of water to distant
cities, towns and other communities. Altogether,
there are 14 large dams that stretch from Morelos
Dam at the U.S.-Mexico border to Shadow Mountain Dam near the tip of the river’s headwater in
Colorado. The other 12 dams are unevenly spread
(four in Colorado, five along the border between
Arizona and California and two between Arizona
and Nevada) along the 1,470 mile distance of the
River. The capacities of the reservoirs in the main
stem range between 18,400 acre-ft and 28,945,000
acre-ft with the total capacity of all the reservoirs
summing up to 58,343,045 acre-ft. In addition,
there are 19 dams in tributary streams (12 of them
in Colorado, 5 in Utah and 1 each in New Mexico
and Wyoming) with reservoir capacities that range
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between 54,920 acre-ft and 3,788,700 acre-ft and a
total capacity of 9,821,250 acre-ft in the upper
basin. The lower basin has 11 dams along tributary
streams (10 of them in Arizona and 1 in New Mexico) with reservoir capacities that range between
51,360 acre-ft and 2,910,200 acre-ft, and a total
capacity of 9,195,301 acre-ft. Most of the reservoir
capacities are the original design capacities and do
not account for any siltation and other aggradation
and degradation that may have occurred since construction and operation (Colorado River Research
Group 2014).
The largest dam, Hoover Dam, is the first major
project in the Colorado River. It was built during the
Great Depression and finished in 1935. The dam
stood more than 700 ft tall and backed up the river
for about a 100 miles upstream with an original
reservoir capacity of 28,945,000 acre-ft. The construction of Hoover Dam is one of the most monumental engineering feats that have ever been built
(Reisner 1987). The other great dam in the Colorado
River Basin is Glen Canyon Dam. The construction
of the dam was finished in 1963 and the stored
water behind it forms Lake Powell which stretches
for more than 200 miles upstream and controls the
water flowing downstream. In terms of physical
size, Glen Canyon Dam is one of the largest in the
United States rising 710 ft over the bedrock and 638
ft above the original river bed. The original capacity
of Lake Powell is second to Lake Mead and could
hold 26,214,900 acre-ft. Altogether, there are more
than 93 reservoirs in the upper and lower basins that
tame the Colorado River. They cost huge amounts
of money to build. Construction of the federal dams
and associated water supply infrastructure costed
$4.7 billion and $4.125 billion, respectively (Colorado River Commission of Nevada 2006). These
expenses do not include costs for non-federal dams,
which contribute significantly to the basin's water
budget. Collectively, all dams in the Colorado River
Basin can hold four to five times the river’s annual
flow amount generating hydroelectricity and supplying irrigation and municipal water for over 35
million people in the U.S. and another 3 million
people in Mexico (Schuster 1987, Colorado River
Research Group 2014).

The Benefits of Damming the River
The Laws of the River described above relate to
management of the Colorado River for multiple purposes. For thousands of years people have used
dams on rivers to store water for irrigation and
sometimes to generate power through water wheels
and turbines. Being located in the semiarid Southwest which was sparsely populated, the use of the
Colorado River for these purposes came late in
response to the movement of people westward in the

twentieth century. Since then, the Colorado River
has been exhaustively dammed to become the lifeblood of the Southwest, fueling a $26 billion
recreation economy that supports a quarter of a
million sustainable recreation-related American
jobs in Arizona, California, Colorado, Nevada,
New Mexico, Utah, Wyoming, Mexico and
beyond. Other purposes for extensive damming of
the Colorado River include storage for drinking
water supply, flood control, irrigation, hydroelectric power generation and transportation (Glenn et
al. 1996, Colorado River Research Group 2014).
The beneficial aspects of dams may be different on the basis of whether they are in reference to
their effects upstream or downstream from the
dam. Most upstream benefits may come in the form
of aesthetics and providing recreational opportunities. The reservoirs behind the dams in the
Colorado River are useful for boating, fishing, and
other water sports. For example, the Glen Canyon
National Recreation Area, mainly consisting of
Lake Powell hosts more than 2.6 million visitors
every year, many of them on houseboats and other
pleasure crafts (Lowry 2003). Other upstream
benefits are in the form of providing water supply
for irrigating the extensive farms in the arid and
semi-arid areas of the Southwest, and as drinking
water for the continuously growing large cities
such as Las Vegas, Phoenix, Tucson, San Diego,
and Los Angeles, and the hundreds of smaller and
dispersed communities in the region. These communities also benefit from the electricity generated
by the hydroelectric power plants in the dams. The
reservoirs behind the dams are also suitable habitat
for fish, other aquatic wildlife, numerous riparian
fauna and flora and a thriving ecological biodiversity.
Sometimes dams are built to provide critically
needed downstream goods and services. Many
dams are built to retain excess flow to protect
downstream communities, agricultural farms and
other installations from frequently damaging
floods. Others, like the Glen Canyon Dam, were
partly built to store and /or regulate erratic flow
and guarantee its availability for equitable distribution among downstream users. Also, the stored
water behind the dams in the Colorado River is
used to generate more than 4200 megawatt of
hydroelectricity that serves about 36 million people
in the region (Thomas and Hecox 2013). Additionally, many reservoirs like those in the tributary
streams in Arizona, Colorado, New Mexico, Utah,
and Wyoming and some of those in the main stem
of the Colorado River are used to store water to
irrigate about 4 million acres of desert land and to
provide water for residential, commercial and
industrial uses (Colorado River Commission of
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Nevada 2006). For example, the Central Arizona
Project supplies needed water to the growing metropolitan areas of Phoenix and Tucson and many other
communities in Arizona, while the All-American
Canal provides water for the Imperial Valley of
southern California, a productive agricultural region
converted from a desert wasteland. Without water
from the Colorado River huge swaths of arid and
semi-arid land would not have been reclaimed to
produce the variety of agricultural products that
helped make the deserts of Arizona and California
become a breadbasket of the southwestern U.S.A.

The Drawbacks of Damming the River
With the damming and expanded use of the
Colorado River, there have been profound changes
occurring in the basin. New societal demands for
water and energy are on a collision course with
vested legal rights and past commitments. This has
become more serious with time when rapid population growth (both through internal growth and
migration), and mammoth economic forces operating in the area are converging to competitively
exploit both the water and hydropower being produced in the Colorado River Basin. Such a scramble
for these resources has significant quantitative and
qualitative implications. To deal with these problems and properly manage the operation of the Colorado River, the various congressional and judicial
laws and regulations described above under the
“Laws of the River” have to be issued and become
operational.
Effects on the amount of stream flow
The first 10 laws and regulations under the
“Laws of the River” are exclusively related to the
quantitative control and distribution of the Colorado
River. All came during a period when the public’s
awareness of environmental issues was not strong
enough to require qualitative changes in the management of the River. Dams such as Hoover, Glen
Canyon and others in the main stem and the tributary streams were built mainly for water storage,
hydroelectric power generation and flood control.
Because of significant retention of water in the
reservoirs or lakes behind dams such as the Glen
Canyon Dam, there are considerable reductions in
the regular and peak flows downstream. Figure 2
illustrates these phenomena by comparing the pre(1921-1963) and post-Glen Canyon Dam (19642015) average monthly flows at Lee Ferry. The
graph shows a difference of 30,000 cfs (that is, a
60% decrease) between the pre-dam (50,000 cfs)
and the post-dam (20,000 cfs) peak flows. It should
be noted that the post-dam flows do include the six
times releases of experimental high flows that
ranged from 37,000 to 45,000 cfs lasting from 24 to

Figure 2. Comparison of pre-dam and post-dam monthly
average flows of the Colorado River at Lee’s Ferry,
Arizona.

168 hours. The purpose of the high flows and their
variations in rate and duration is to see the effects
of their changes on downstream sediment removal
and riparian restoration.
The quantitative impact of damming the Colorado River and the post-dam state of its water
resources is more pronounced in the delta area
where stream flow completely disappears for
months (May, June and July in particular) during
the warm season . This is demonstrated using the
total monthly flows for one year at locations close
to the delta at miles 17 and 24 (or kilometers 27
and 38) from the mouth of the River (See Fig. 3).
The closer the river gets to its mouth the drier it
becomes because most of the remaining stream
flow going down to Mexico is consumed in the
lower Colorado River Basin in the U.S. and the
Mexicali farms in Mexico (Michael et al. 2001).
The absence of water in the delta is the cause for
the near disappearance of the Cocopah Indians
from their ancestral land. Their status is summarized by Onesimo Gonzales, a village chief of the
Cocopah Indians, when he said in 2001:

Figure 3. Average monthly discharge of the Colorado
River at kilometers 27 and 38 from the border in Mexico
for 1997.
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Our River is gone. No more fishing. Trees
are dead. No one plants. The wells are dry
(Rosenblum 2001).
This is in sharp contrast with Aldo Leopold’s
observation when he traveled there in 1922 and
found that
The River was everywhere and nowhere, for
(it) could not decide which of a hundred
green lagoons offered the most pleasant
and least speedy path to the gulf (Leopold
1949).
The Colorado River has been steadily declining
between the time of Leopold’s observation when it
was green and lash and that of Gonzales’ lament on
its ecological demise. Now, the Colorado River
delta is a remnant wetland that has become the
subject of growing scientific and political concern.
The recent literature on the ecology and restoration
of the delta of the Colorado River emphasizes the
importance of natural and anthropogenic sources of
water for sustaining delta habitats (Glenn et al.
1992, 1996, 1999; Zengel et al. 1995; Morrison et
al. 1996; Valdés-Casillas et al., 1998; Luecke et al.
1999; Pitt et al. 2000).
Figure 4 shows the steady increase in the average demand for water in Colorado River Basin.
With the rapid development of the Southwest, the
demand (consumption) for water had surpassed the
average flow of the River in the late 1990s and the
average supply early in the 2000s (Colorado River
Research Group 2014). This milestone seems to
have gone mostly unnoticed, while proving to be
incredibly salient, as it increases vulnerability for
drought. It is because of these situations the Colo-

rado River was recently named the nation's Most
Endangered River by a leading river conservation
organization, the American Rivers, primarily
because the Colorado is operating at a dangerous
water deficit. The bottom line is that more water is
being taken out along the river’s arid path than is
obtained from annual rain and snow melt on its
headwaters (see Fig. 4). In conclusion, the overall
demand for the Colorado River water exceeds the
supply and if the Colorado River were a business it
would be operating “in the red.”
Effects on downstream sediment accumulation
Another important quantitative impact of damming the Colorado River is on sediment deposition,
accumulation and removal along the main stem of
the River, especially in its Grand Canyon portion.
Fine sediment is very important to the health of the
Grand Canyon. In fact, the reduced supply and
transport of sediments is considered to be the primary factor responsible for the degradation of the
post-dam Grand Canyon ecosystem. Sediments
provide both nutrients and substrate for plants to
grow, habitat for fish and wildlife, and serves as
beach for recreational use by visitors into the Canyon. The construction of the Glen Canyon Dam has
brought major changes to the ecosystem of the
Colorado River downstream of the dam, especially
by trapping behind the dam all the sediment that
comes from the 107,838-mi2 watershed area above
the dam. Prior to the dam, there were distinctly
high and low flow periods that coincide with seasonal and annual climatic variations. Low flow periods accumulated sediment in alluvial plains via
erosional and aeolian depositional processes
(Topping et al. 1999), which minimized long-term
erosion to existing sandbars in the Canyon. High

Figure 4. Average Supplies versus demands on the Colorado River
main stem (10-year averages) (after Colorado River Research Group
2014).
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flow periods coincided with monsoonal rains and
spring snow melts. The floods redistributed stored
sediment from the river channel and surrounding
floodplains to build sandbars. Dam-controlled flow
patterns with sediment entrapment behind the dam
have altered the natural processes that created the
Grand Canyon through erosion processes (Topping
et al. 2000). Deficiency of sediment below the dam
is undisputed, but less certain is the dynamics of
sediment storage and transport within the system. A
series of High Flow Experiments (HFEs) have been
tried to see if occasional high-flow regimes can
change the sediment dynamics. So far these HFEs
have proven to achieve long-term desirable restorative effects throughout the Canyon, but may cause
localized aggradation in some areas and degradation
in others (Grams et al. 2015). What is certain is that
a half-century of controlled flow from Glen Canyon
Dam, along with restricted sediment supply have
resulted in net sediment loss over time in the Grand
Canyon as a whole.
Effects on downstream water quality
In addition to having an adequate quality water
supply, the economic and social well-being of major
cities and rural communities in the Colorado River
Basin are inextricably linked with the environmental
health of the River. The latter in return has been
significantly affected by the extensive damming of
the Colorado River and the rapid development that
followed. There are many qualitative factors that
influence the health of a river. The factors may be
physical, chemical and biological in nature. The
post-dam downstream physical changes in the Colorado River are manifested in the form of low stream
flows and the changes in sediment accumulation as
described previously. There are also changes in
water temperature especially immediately below the
dam. The water temperature regime there is typically altered and is largely determined by the depth
from which the released water is pulled out of the
reservoir. Deeper water is typically colder. Also the
river water temperature downstream from Glen
Canyon Dam varies with time and distance from the
dam. The temperature is warmer in warmer months
and colder in colder months, and the temperature
warms with distance from the dam and the post-dam
temperature fluctuation is much lower than those
before dam construction (Zamani 2015). The
changes in temperature can lead to drastic ecological changes because cold water, when released into
naturally warm water ecosystems can have devastating impacts on natural fish and mussel populations.
This happens because many organisms have evolved
with a specific temperature regime and are not
suited to adapt to altered temperatures.

One other important downstream impact of
damming the Colorado River has to do with
chemical-related changes to water quality. The
chemical quality in the Colorado River Basin for
this paper may be expressed in terms of salinity.
Salinity, also referred to as total dissolved solids
(TDS), is defined as the mass of dried ionic constituents that pass a 2µm filter, and is quantified
in-river as either a concentration (mass per unit
volume) or as a load (mass per unit time), or in
parts per million. The numerical threshold Standards in the Colorado River, which increase downstream range from 723 ppm at Hoover Dam to 879
ppm at the Imperial Dam near the Mexico border
(Morford 2015). The sources for salinity in the
Colorado River may vary from place to place and
can be natural or anthropogenic in nature. The
natural sources may be saline springs, saline rock
weathering and surface runoff (which amounts to
47% of the Colorado River salinity), while irrigation, reservoir evaporation, and mining and industry are the main anthropogenic sources of salinity,
contributing 37%, 12%, and 4% of the total salinity
load in the Colorado River, respectively (Bureau of
Reclamation 2013). Altogether, the Colorado River
transports between 7 and 9 million tons of salt
annually to the Gulf of California depending on
climatic control and salt mitigation practices within
the basin. This amount is expected to increase in
the future because of increased human use. Even
now, the lower Colorado River contains about
2,000 pounds of salts per acre-foot. It is no surprise
then that the Bureau of Reclamation estimates that
salinity contributes more than $306 million per
year in economic damage along the Colorado River
Basin, with roughly half of it caused by agricultural
activities (Borda 2004). To cope with the problem,
the Bureau of Land Management (BLM), the
Natural Resources Conservation Service (NRCS)
and the Bureau of Reclamation (BOR) spend $32
million annually to prevent 1.3 million tons of salts
from entering the Colorado River (Bureau of
Reclamation 2013). The primary prevention
methods include implementation of best management practices in irrigation districts, erosion control on public lands, and reduction in point source
inputs from natural geologic sources. Salinity control is also achieved on rivers by regulating salinity
discharge such as by pumping from different
depths in large dams. As show in Figure 5, the
long-term effect on salinity of the Glen Canyon
Dam is beneficial as it has greatly reduced the
salinity peaks as well as its wide fluctuations starting with the Dam operation in 1964. In spite of the
slight fluctuations from year to year, the overall
salt concentration in the Colorado River below the
Dam has been decreasing with time.
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Figure 5. Effects of Glen Canyon Dam on Colorado River salinity at Lee Ferry (Bureau of
Reclamation 2013).

With construction of the dams, the Colorado
River has gone through various critical changes that
affected the biota in the River. Prior to damming of
the River, water rushed through canyons in various
amount and at various speeds to continuously
aggrade and degrade all aspects of the stream
channel. High velocity waters scoured canyon walls
cleansing debris along their paths, removing sediments containing harmful trace minerals that when
accumulated become toxic to the system (Glen
Canyon Institute 1998), while at the same time
changing the depth and magnitude of the canyons.
The extreme fluctuations in the flow of the Colorado
River in the pre-dam period provided good habitat
for carp, catfish, razorback and bluehead suckers,
humpback and bonytail chub, speckled dace and the
Colorado squawfish, most of which are endangered
today (National Park Service 1998). With construction of the dams, however, the Colorado River has
significantly reduced its water quality and aquatic
habitat. For example, the changing natural temperature range of the pre-dam water (32EF to 80EF)
became a relatively constant temperature of 46EF
after the dam was built (USBR and USDOI 1996).
Also, the river downstream of the dams such as that
below the Glen Canyon Dam became practically
devoid of nutrients because most of them are bound
to sediments, and become trapped in the reservoir
behind the dam. Also, otherwise harmless trace
metals and salts, such as selenium, arsenic, and mercury, when trapped in stationary sediments can
become harmful substances. Such chemicals eventually become incorporated into the plankton and
zooplankton, and are distributed throughout the food
web to have significantly damaging effect on the
flora and fauna along the River. The damming of the

River and the changes in the water quality and flow
characteristics of the River have stimulated introduction of exotic species such as various species of
trout and other game fish, like striped, large, and
small mouth bass, black crappie, walleye, bluegill
sunfish, and channel catfish (National Park Service
1998) that outcompete weakened endemic species
which are often specialists whose specific niche
has been destroyed. Because of such situation
many of the native fish species and other aquatic
organisms have become threatened or endangered.
Elimination of flooding in the post-dam period
at first led to proliferation of riparian vegetation
downstream from the Glen Canyon Dam. The reason for the abundant growth of the vegetation on
the sandbars and canyon walls is due to the Colorado River not having seasonal flooding (USGS
1996). As a result, plant diversity along the corridor significantly increased due to the alteration of
the Colorado River. As the years passed, however,
the sandbars have become eroded since the river is
unable to provide the strength and silt to constantly
move or create the sandbars. The situation
decreased the health and vigor of the vegetation for
a while until the high flow experiment (HFE) of
1996.That artificial flood was successful in
rebuilding the sandbars by providing the amount of
flow and sediment concentration needed to rebuild
them (Brinkley 1996). Since then, there have been
five more HFEs to continue rebuilding the sandbars
and provide food and substrate for healthy riparian
vegetation growth and to provide suitable habitat
for other riparian organisms in the Colorado River
within the Grand Canyon.
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CONCLUSIONS AND RECOMMENDATIONS
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PROTECTING WATER QUALITY ON NATIONAL FOREST IN THE SOUTHWESTERN
U.S. WITH BEST MANAGEMENT PRACTICES (BMPS)
Roy Jemison1
The USDA Forest Service Southwestern Region
(FS) manages over 20.5 million acres of forests and
grasslands in Arizona, New Mexico and the Texas
and Oklahoma panhandles. Water is one of the most
beneficial natural resources used on and off these
lands by humans, animals and plants. Water on
forest and grasslands generally comes from precipitation which arrives in the form of snow or rain,
depending on the location and season. On the
ground, water infiltrates, ponds, runs off or evaporates, depending on the surface and climatic conditions. In general, precipitation that falls on these
lands is free of pollutants.
As water moves across and through soils, rocks
and other materials it can become polluted by the
surfaces it comes in contact with and by materials
added to it. Materials added to flowing water in
small amounts over time may have little to no harmful effects on the quality of the water. In large
amounts and or concentrated, it can be extremely
harmful to the quality of the water and users of the
water. Common impacts to water quality include
increases in temperature, turbidity, nutrient levels
and hazardous chemicals. Sources of pollutants on
forests and grasslands can be natural and human
introduced. Natural sources and causes of pollution
can include soil erosion, wildlife waste, concentrations of naturally occurring materials, drought, and
flooding. Human sources and causes of pollution
can include runoff from roads, trails, tree harvest
areas, recreation sites, sewage facilities, livestock,
pesticide applications and fuel and chemical spills
(USDA Forest Service 2000).
A plethora of methods exist to minimize harmful impacts to water quality on forests and grasslands. In 1990, the FS Southwestern Region developed a core set of practices and procedures, that
when properly implemented, can be effective at
minimizing and mitigating harmful impacts to water
quality. The practices and procedures are both
administrative and physical, and are collectively
referred to as Soil and Water Conservation Practices, also known as Best Management Practices
(BMPs) (USDA Forest Service 1990). Even though
these BMPs were designed by FS and state resource
specialists in the Southwest, they often require
adjustments to make them fit site-specific conditions. The BMPs used by the FS Southwestern
Region are acknowledged as being effective control
measures by the environment departments of the
1

states (Arizona and New Mexico) in which they
were developed, as documented in Memorandum of
Understandings (MOUs) that exist between the FS
and the states.
Resource management activities covered by the
BMPs include:
•
•
•
•
•
•
•
•
•

Pesticide Use Management and Coordination
Range Management
Recreation Management
Timber Management
Watershed Management
Wildlife and Fisheries Management
Mining and Minerals Management
Fire Suppression and Fuels Management,
and
Access and Transportation Systems and
Facilities

Examples of commonly used BMPs include:
•
•
•
•
•
•

Prescribed fire
Aquatic ecosystem improvements
Seasonal use of riparian areas by livestock
Temporary and seasonal closure of roads
Restricted time and location for application
of pesticides
Restricted access of streamside
management zones (SMZs) during timber
harvest

BMPs identified for use in given management
activities are documented and referenced in:
•
•
•

Environmental assessments documents
Annual Operating Instructions (AOIs)
Contracts and agreements

Monitoring implementation and effectiveness of
BMPs is the responsibility of all FS related program
area personnel (range, forestry, watershed, engineering, recreation, etc.), contractors and permittees who
carry out activities on lands managed by the FS.
In the years since the FS Southwestern Region
established their BMP program, the FS National
Office developed an overarching BMP program to
document, agency-wide and in a consistent manner,
the implementation and effectiveness of BMPs on
lands managed by the FS (USDA FS-990a 2012;

U.S. Forest Service, Southwestern Region, Albuquerque, NM
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Figures 1 and 2 (above). Monitoring a forest road
crossing of a small channel with a culvert in place
(Gila NF 2013).

USDA FS-990b in review). The Southwestern FS
BMP program is tiered to the FS National Core
BMP program to facilitate upward reporting of
monitoring activities.
The FS is currently in its 3rd year of monitoring
under the National Core BMP program guidance.
Results from the first two years of monitoring
showed implementation ranged from not successful
to fully successful, as did effectiveness, not effective to fully effective. The sites monitored are
selected from a pool of sites where the BMPs being
evaluated are known to have been applied, in an
attempt to avoid monitoring only the best sites.
The FS by law, as set forth in the Clean Water
Act (EPA), is required to adhere to Federal, State
and local rules and regulations pertaining to water
pollution control (USDA Forest Service 2013). The
FS Southwestern Regional BMP guidance and the
FS National Core BMP guidance provide agency
personnel and those working on lands managed by
the FS the tools to effectively protect water quality.
For more information contact: Roy Jemison,
rjemison@fs.fed.us.

Figures 3 and 4 (above). Monitoring a site where
ground-based skidding and harvesting was taking
place (Gila NF 2013).

Figure 5. ID Team performing BMP monitoring on
Gila National Forest, August 2013.
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RIPARIAN PHOTOPOINT PROGRAM ON THE TONTO NATIONAL FOREST
Patti R. Fenner1
Permanent riparian photopoints (repeat photography of streamside points) are a widely used monitoring method for situations where there are many
streams to monitor, and little time to do it. They
often display dramatic changes in these dynamic
ecosystems – changes that are brought about by
management of permitted and non-permitted activities, flood, drought, and fire. Most of all, they help
us to learn more about the relationship of riparian
areas to uplands, and how riparian ecosystems
function.

WHY EMPHASIZE RIPARIAN AREAS WHEN
MONITORING RANGE CONDITION?
In central Arizona's arid rangelands, streamside
areas take on a disproportionate importance belied
by their occupation of less than 2% of the overall
range (Ffolliott et al. 2004). A more specific estimate of the percentage of vegetation that is riparian
in Arizona is 0.4% (Pace and Layser 1977). Not just
domestic livestock, but all forms of wildlife and
people are attracted to riparian areas. This is where
they get cool relief from the summer sun. Increased
cover is provided by larger trees and denser vegetation, and vegetation tends to be more palatable, with
larger, more pliable leaves and fewer spines than
upland desert vegetation.
A healthy native streamside vegetative community has several ecological functions:
•

•
•
•
•
•

Protect and hold streambanks (sides of the
channel, between which the flow is confined), providing stability with their roots
and reducing soil erosion
Increase infiltration of runoff into the aquifer
Provide food and cover for fish and wildlife
Provide food and cover for domestic livestock
Provide beautiful scenery and a valuable
recreation resource for humans
Trap sediments and filter nutrients

Range conservationists who manage grazing by
domestic livestock on public lands need to be particularly attentive to effects of these livestock on
riparian vegetation. Unmanaged grazing can result
in removal of both herbaceous and woody streamside vegetation, with consequences that reach even
beyond the actual grazing area. In some situations,
bare streambanks no longer hold the structure
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Friends of the Tonto National Forest, Phoenix, AZ.

created by dense grasses and forbs of overhanging
banks. Overgrazing and trampling of bare banks
leads to gently sloping banks, which provide no
cover and shade for fish and other aquatic wildlife.
In other situations, overgrazing of native vegetation
leaves floodplains and streambanks open to invasion by exotic plants such as Russian (Rhaponticum
repens) and diffuse knapweed (Centaurea diffusa),
saltcedar (Tamarix ramosissima), Russian olive
(Elaeagnus angustifolia), starthistles (Centaurea
solstitialis), biennial thistles (Cirsium spp.), giant
reed (Arundo spp.), purple loosestrife (Lythrum
salicaria), and a host of other plants that have been
introduced from foreign countries.

THE TONTO NATIONAL FOREST PROGRAM
With hundreds of miles of stream and evershrinking staff and resources, public lands agencies
have had to be creative in accomplishing the monitoring necessary for a well-managed grazing program.
This is the story of how the Tonto National Forest monitors an estimated 1,400 miles and 30,000
acres of riparian vegetation (Tonto National Forest
2015). The Tonto is one of six national forests in
Arizona, approximately 3 million acres that comprise the watershed for the Salt and Verde Rivers.
One of the primary purposes for establishment
of the Tonto National Forest in 1905 was to protect
the watershed of the greater Phoenix area. The
forest produces an average of 350,000 acre-feet of
water each year. Six major reservoirs on the Forest
have the combined capacity to store more than 2
million acre-feet of water. Management efforts are
directed at protecting both water quality and watershed and riparian area conditions. (USDA FS,
Tonto National Forest 2015)
In the mid 1980's, the Tonto hired its first
Riparian Specialist, Lew Myers. Lew saw the
importance of serial photographic documentation,
and began setting up photopoint sites across the
Forest. This was done in conjunction with collecting detailed data at each site on sediment composition, plant species composition, cover, and vigor,
and channel cross section.
In 1989, the Tonto teamed up with a new group
of volunteers who called themselves “Mothers for
Clean Waters.” Kathy Nelson, one of the cofounders of the Mothers, later came to work for the Tonto
as a resource specialist. She continued to expand
the program, using mainly volunteer labor, to its
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present roster of over 1,000 sites. Sites were
selected that could serve as reference areas, representing healthy riparian communities, or that would
respond to changes in management of activities such
as grazing. As new riparian exclosures were constructed to exclude access by livestock, or new
riparian pastures were designated, that are accessible to livestock for limited times of the year, new
photopoints were established to monitor results.
Additionally, photopoints were established to monitor success of direct streamside channel manipulation projects. And finally, photopoints have been
established to follow recovery of streams after large
events such as fires or floods. Volunteers took
repeat photos and made notes on their observations,
which were provided to range conservationists on
the six Ranger Districts of the Tonto.
In 2014, the program was discontinued by the
Tonto. A new nonprofit organization, Friends of the
Tonto National Forest, has taken on the task of
maintaining this valuable monitoring program. For
the first time, all photos have been posted online
with an interactive map, for public access, on the
website www.friendsofthetonto.org.

USE OF VOLUNTEERS
It is a fact that the amount of Forest Service budgets that is devoted to resource management has been
shrinking. There are probably several reasons for this.
The primary reason given by Tom Vilsack, Department of Agriculture Secretary, was that there has
been a shift in where money goes in the Forest Service (USDA 2014). Percent of funds spent fighting
wildfire has increased from 16% in 1995 to 52% in
2015. Projected costs for 2025 are that firefighting
will take 67% of the agency's budget. Staffing is also
an indication of the shift of priorities in the agency:
from 1998 to 2015 fire staffing has increased from
5,000 to 12,000 employees, while staffing for all
other functions has been reduced from 18,000 to
11,000 (USDA FS 2015). Unfortunately, fewer staff
to manage natural resources translates to less time for
remaining staff to spend in the field.
Managing a number of volunteers doing a program of this scope can take a good amount of staff
time. Friends of the Tonto National Forest, a new
nonprofit organization, has taken on that workload.
We recruit and train volunteers, have implemented a
check-in and -out protocol for safety, and work with
Tonto National Forest's District employees to send
volunteers to those sites that Districts identify as
priority for that year. Once the photos are taken, we
manage all the incoming data and keep the website’s
interactive map current with the current year’s
photos.
In addition to saving time and funds for the Forest Service, to accomplish a program they value,

there are other reasons to use volunteers. People
often want to give their time to help with programs
on the National Forest, and they prefer meaningful
activities that make good use of their time. Many
Forest visitors who recreate on the Forest find their
visits even more enjoyable when they have a destination and something specific to accomplish.
Finding a point and retaking a photo is not an onerous task, but it is very important, and the work is
very much appreciated by Forest Service professionals. This job, unlike many other volunteer activities, provides real information to natural resource
professionals that leads to good land management
decisions. Of course, collecting detailed information in riparian areas is good, but, as is demonstrated below, photos are powerful tools to illustrate
changes that are occurring in the landscape.
Volunteers often comment that they like being
able to explore new areas, and they gain an appreciation for resource management by making observations at the same sites year after year. Some volunteers have been taking these repeat photos for
over 20 years.
Permanent riparian photopoints are used for environmental assessments for such projects as range
management planning for grazing allotments, and for
broader programmatic resource evaluations such as
those for travel management and Forest plan revision.

METHODS
Photopoint Establishment
•

•
•
•
•

•
•

•

Photos taken from the center of the channel
are effective in monitoring bank trampling
and erosion, channel narrowing or widening, and grazing impacts on herbaceous
vegetation.
Take photos from a rock, near a tree or at
some other feature that can be relocated.
Shoot upstream, downstream and/or across
if applicable.
When possible pan two shots that can be
stitched together. Need to overlap photos
by at least 20%.
Often overview photos taken from a bank
or some nearby high point are helpful for
monitoring an unstable channel that is
prone to shift, and long term changes in
woody vegetation.
At each new photo point site note GPS
location, preferably as UTM (NAD 83)
Draw a sketch of the channel and location
where you were standing when you took
the photograph. If possible, take a photo of
someone standing at the photopoint.
Include detailed notes on how to get there;
include distances, prominent features, etc.
while you are there.
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•
•

For each photo, note stream, photo point
number and direction of flow.
Set up photos to monitor references areas to
demonstrate the potential for similar sites.

Repeating Photopoints
•

•

•

Most importantly, retaking the photopoints
from the same exact spot each year, with
the same exact view, for an accurate comparison, is a key to success of this program.
Use general location map, then “treasure
map” (sketch map drawn to show specific
landmarks), then GPS coordinates to relocate your site.
Observations are important – take notes on
what you see – fences that have been cut or
are down, any vandalism to facilities, wildlife, invasive species, livestock sign, evidence of poaching or other illegal activities,
etc. Riparian photopoint volunteers are
extra eyes for the Forest Service. Make
your trip count by being observant, and documenting observations.

AN EXAMPLE OF THE USE OF PHOTOPOINTS
To illustrate what we can learn from a series of
photopoints, we have selected representative pages
from Photopoint #5 on Camp Creek Wash, on the
Cave Creek Ranger District.

A riparian exclosure was constructed on Upper
Camp Creek in the early 1990's. A photopoint was
established just upstream of the exclosure so that
the upstream view showed a pasture open to grazing
on the Cartwright Allotment, and the downstream
view showed the top end of the exclosure fence and
the protected area just below the fence. To be fair,
the exclosure fence was built just above what had
been the main spring source for the wash. The
stream reach upstream of the exclosure did not normally have surface water, so could not very well be
expected to sustain dense riparian vegetation. Information on stocking rates is from the Environmental
Assessment for the Cartwright Allotment (USDA
FS 2007) and Jeff Sturla, Range Conservationist on
the Cave Creek Ranger District (pers. comm.,
2015).
Timing is important. Improved grazing management was just beginning to be implemented on the
allotment in the early 1990's. The first photo, taken
in 1996, shows very sparsely vegetated banks outside
the exclosure (upstream photo), and a row of new
riparian tree seedlings establishing right at the water
gap fence at the upstream end of the exclosure.
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Figure 1. Camp Creek #5, September 1996. Upstream (top); downstream (bottom). Timing is
important. Improved grazing management was just beginning to be implemented on the
allotment in the early 1990's. The first photo, taken in 1996, shows very sparsely vegetated
banks outside the exclosure (upstream photo), and a row of new riparian tree seedlings
establishing right at the water gap fence at the upstream end of the exclosure.
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Figure 2. Camp Creek #5, June 10, 1997. Upstream (top), downstream (bottom). The
second year shows not much change outside the exclosure, but a very dramatic increase in
density of now sapling-aged Fremont cottonwood (Populus fremontii) and Goodding
willow (Salix gooddingi) at the top end of the exclosure. Either the grazing management
was not sufficient to improve conditions for development of a riparian community outside
the exclosure, or the lack of surface water was limiting vegetative development.
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Figure 3. Camp Creek #5, June 16, 1998. Upstream (top), downstream (bottom). By
1998, there was slightly more herbaceous growth outside the exclosure (upstream view),
and The riparian saplings were growing taller and were very dense. Vegetation outside of
the exclosure (upstream view) was beginning to recover under improved grazing
management.
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Figure 4. Camp Creek #5, July 11, 1999. Upstream (top), downstream (bottom). In the
1999 photo there was standing water upstream of the exclosure. In the downstream view,
it is difficult to see a horizon, as the saplings had grown very tall and obscured the view.
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Figure 5. Camp Creek #5, May 2000. Upstream (top), downstream (bottom). In May of
2000, effects of the long-term drought were beginning to be seen. Many of the young
saplings that had established outside the exclosure appeared to have lost their leaves or
died, and crowded sapling growth inside the exclosure was beginning to self-thin.
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Figure 6. Camp Creek #5, July 31, 2002. Upstream (top), downstream (bottom). The
2002 photos show both sides of the fence affected by drought. Trees inside the exclosure
were still dense, but many were thinned out by drought. Saplings outside the exclosure
look like they have dropped their leaves or died. Cattle were completely removed from
the allotment in June 2001, due to the continuing drought.

65

Figure 7. Camp Creek #5, August 2, 2003. Upstream (top), downstream (bottom). These
photos were taken at a time of the year when cottonwood and willow would normally be
fully leafed out. Young trees both inside and outside the exclosure have responded to
drought by losing their leaves. The allotment was still destocked in 2003.
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Figure 8. Camp Creek #5, June 21, 2004. Upstream (top), downstream (bottom). The
2004 photograph shows trees inside the exclosure substantially thinned out, with many
dying. Outside the exclosure, herbaceous growth seemed to have survived at the expense
of sapling trees, a few of which still survived. Destocking for drought continued in 2004.
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Figure 9. Camp Creek #5, August 9, 2005. Upstream (top), downstream (bottom). The
Cave Creek Complex Fire occurred in this watershed in June 2005. It burned over
243,000 acres, including the headwaters of Camp Creek Wash, riparian trees (that
normally do not burn in wildfires), and the exclosure fence. By the time the 2005 photos
were taken, the monsoon season had begun. With hardly any groundcover left to hold the
topsoil in place, runoff carried topsoil downhill and into streams and washes. Recreational
residences just downstream of this photopoint were subject to severe flooding in the
summer of 2005. The photopoint views were almost unrecognizable. The only grazing
permitted since 2001 was 10 cows and 2 horses from March to June 2005. These were
removed after the fire, for resource recovery.
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Figure 10. Camp Creek #5, April 30, 2007. Upstream (top), downstream (bottom). By
2007, the range had two growing seasons to recover. Groundcover was still markedly
reduced from prior to the fire, but herbaceous vegetation was beginning to establish.
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Figure 11. Camp Creek #5, April 16, 2008. Upstream (top), downstream (bottom). Large
additional sediment loads were still being carried by the creek three years after the fire.
Vegetation was having a difficult time establishing due to unstable substrates.
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Figure 12. Camp Creek #5, May 25, 2011. Upstream (top), downstream (bottom). By
2011, the riparian area was outstripping the uplands in rate of recovery, because in spite
of the massive influx of sediment and scouring flows, this area had what limits all desert
vegetation - water. Exclosure fences had been reconstructed for a few years, and
continued destocking for drought led to growth of cottonwood and willow saplings
outside, as well as inside, the exclosure.

CONCLUSION
Repeat photography of riparian photopoints
over time is a valuable tool that visually tells the
story of what has occurred, not only along streams
themselves, but within the watershed. Some effects
are the result of active land uses and management
decisions; others are caused by natural events such
as weather, fire, and floods.
This type of monitoring lends itself to volunteer
labor - it is intuitive and repeatable. Often the most

difficult part of this monitoring method is getting to
and finding the photopoint's precise location. Tonto
range and watershed professionals who benefit from
this program will vouch for the high quality of work
by volunteers; volunteers who contribute to the
Tonto National Forest's riparian photopoint program will attest to the satisfaction they derive from
being an active participant in resource management
on their national forest.
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THE SIERRA ANCHA EXPERIMENTAL FOREST, ARIZONA: A BRIEF HISTORY
Gerald J. Gottfried1 and Daniel G. Neary2
The availability of adequate and reliable water
supplies has always been a critical concern in central Arizona since prehistoric times. The early European settlers in 1868 initially utilized the ancient
Hohokam Indian canal system which drew water
from the Salt River. However, the river fluctuated
with periods of drought and periods of high flows
which destroyed the diversion structures. The settlers proposed a dam to store water and to regulate
flows. In 1903, the Salt River Water Users Association was formed and an agreement was reached with
the U.S. Government for the construction of a dam
on the Salt River at its junction with Tonto Creek.
The Salt River drains more than 4,306 square miles
(mi2) from the White Mountains of eastern Arizona
to the confluence with Tonto Creek. Tonto Creek
drains a 1,000-mi2 watershed above the confluence.
The agreement was authorized under the
Reclamation Act of 1902. The Theodore Roosevelt
Dam was started in 1905, completed in 1911, and
dedicated in 1911 (Salt River Project 2002).
The dam has the capacity to store 2.9 million
acre-feet (af) of water. However, between 1909 and
1925, 101,000 af of sediment were accumulated
behind Roosevelt Dam (Rich 1961). Much of it came
from erosion on the granitic soils from the chaparral
lands above the reservoir, and much of the erosion
was blamed on overgrazing by domestic livestock.
Water users were concerned that accelerated
sedimentation would eventually compromise the
capacity of the dam to hold sufficient water for
downstream demands. The Tonto National Forest
was originally created to manage the watershed
above Roosevelt Dam and to prevent siltation.
The Summit Plots, located between Globe,
Arizona, and Lake Roosevelt were established in
1925 by the U.S. Department of Agriculture to
study the effects of vegetation recovery, mechanical
stabilization, and plant cover changes on
stormflows and sediment yields from the lower
chaparral zone (Rich 1961). The area initially was
part of the Crook National Forest which was later
added to the Tonto National Forest. The Summit
Watersheds consisted of nine small watersheds
ranging in size from 0.37 to 1.23 acres (ac).
Elevations are between 3,636 and 3,905 feet (ft).
The treatments included: exclusion of livestock and
seeding grasses, winter grazing, hardware cloth
check dams, grubbing brush, sloping gullies and
grass seeding. Protection from grazing did not pro-
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duce changes in runoff or sedimentation. Treatments
that reduced surface runoff also reduced erosion.
Hardware cloth check dams reduce total erosion, and
mulch plus grass treatments checked erosion and
sediment movement. Runoff was reduced by the
combined treatments (Rich 1961). The Summit
Watersheds were integrated into the Parker Creek
Erosion-Streamflow Station in 1932.

THE SIERRA ANCHA
EXPERIMENTAL FOREST
The Parker Creek Experimental Forest was
established in 1932 and was expanded in April 1938
and renamed the Sierra Ancha Experimental Forest
(USDA Forest Service 1938). It is one of 80 experimental forests and ranges administered by the
Forest Service and dedicated to the study of
environmental changes in natural and managed
forest and rangeland ecosystems. The Sierra Ancha
Experimental Forest (SAEF) includes 13,500 ac
within the Tonto National Forest and is located on
the western slope of the Sierra Ancha Mountains
about 10 mi northeast of Roosevelt Dam. Elevations
within the SAEF range from 3,550 to 7,725 ft.
Average annual precipitation ranges from more than
33 inches (in) at the highest elevation at Workman
Creek to 16 in at lower elevations near the Base
Rock lysimeters. The Workman Creek precipitation
gauge measured 11.42 in during a storm in September 1970, which is the highest measurement ever
recorded in Arizona.
The geology of the range is complex with sedimentary, metamorphic, and igneous rocks uplifted in
a dome-like structure (Pase and Johnson 1968). Thick
formations of Dripping Springs quartzite, dissected by
deep canyons or with intrusions of diabase or basalt
plugs and sills are common. Troy sandstone occurs at
the higher elevations (Pase and Johnson 1968, Rich et
al. 1961). Pase and Johnson (1968) recognized eight
vegetation types within the SAEF including mixed
conifer forests, mountain park, chaparral, oak woodlands, desert grasslands, desert shrub, and riparian.
Fifty-seven percent of the SAEF supports chaparral
vegetation. The untreated Upper Parker Creek watershed was proposed as a research natural area in 1987
because it contained vegetation that is representative
of three important southwestern forest and woodland
habitat types and a well-developed riparian area
(Cochran and Laurenzi 1987).

Emeritus Scientist, U.S. Forest Service, Rocky Mountain Research Station, Phoenix, AZ
Supervisory Soil Scientist, U.S. Forest Service, Rocky Mountain Research Station, Flagstaff, AZ.
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In 1935, the headquarters complex at Parker
Creek included cabins, bunkhouse, cook house, laboratory spaces, and assorted service buildings.
Weirs, weather stations, lysimeters, and a variety of
research facilities were constructed throughout the
SAEF (Fig. 1). The Sierra Ancha Experimental Forest's initial mission was to study the effects of
grazed and ungrazed vegetation on water yields and
to learn more about water cycle relationships within
the diverse vegetation zones that are represented in
the Salt River Watershed (USDA Forest Service
1938).

Short-Term Research
The Sierra Ancha Experimental Forest provides
a unique research environment for conducting
short-term and long-term studies on the basic
hydrologic and ecological relationships in a variety
of vegetation types extending along an elevation
gradient. Some short-term studies tested erosion

control and revegetation techniques, the effects of
grazing and wildfires on soil erosion, and the
hydrology of headwater tributaries of the Salt River
(U.S. Forest Service 1953). The consumptive use of
range plants was studied and compared to evaporation from bare soil using a battery of small lysimeters. Other short-term studies examined the ecology
of chaparral, oak woodland, and New Mexico locust
(Robinia neomexicana); methods of shrub control;
prescribed fire prescriptions for chaparral; pocket
gopher (Thomomys bottae) food habits; riparian tree
ecology; and plant and animal habitat preferences.
Much of this research was reported in publications of
the Southwestern Forest and Range Experiment
Station, Rocky Mountain Forest and Range Experiment Station, and numerous professional journals.
Many of the original studies are described in a
1953 USDA Forest Service publication (USDA
Forest Service 1953). The three undisturbed Base
Rock Lysimeters, at the lower elevations, were used

Figure 1. Early map of the Sierra Ancha Experimental Forest showing
the watersheds, hydrologic structures, and research sites (USDA Forest
Service 1953). Many of the research plots and sites are no longer being
monitored.
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to test the impacts of over-grazing, standard grazing, and a control on surface runoff, subsurface runoff, and sedimentation (Fig. 1). The treatments used
sheep to achieve the desired grazing effects. The
lysimeter which was reserved as a control, with
good ground cover, produced the most subsurface
runoff and the least surface runoff and erosion. The
lysimeter with the poorest cover produce the opposite result while conservative grazing produced an
intermediate effect. In one storm which produced
6.8 in of rainfall, soil loss from the control lysimeter was 44 tons/mi2 while it was 1,114 tons/mi2
from the lysimeter with poor groundcover (USDA
Forest Service 1953).
There were other experiments concerned with
steep-slope erosion and with grazing effects and
methods of reducing erosion (Fig. 1). One study
used rows of prickly pear cactus (Opuntia spp.)
planted across the slope to reduce surface runoff
and erosion. Other studies within the Parker Creek
camp complex used small lysimeters of 121 square
inches of surface area to measure transpiration and
evaporation from individual plants and from bare
soil (USDA Forest Service 1953). The finding was
the transpiration and evaporation by plants is only
slightly greater than evaporation from bare soil.
Water use by shrubs and half-shrubs is greater than
for higher forage-yielding grasses.

WATERSHED STUDIES
Natural Drainage Watersheds
The four watersheds were established on Parker
Creek in a chaparral area located at 4,600 ft in elevation (Fig. 1). This watershed experiment was one
of the first in the Central Arizona Highlands to
evaluate grazing effects. The watersheds ranged
from 9 to 19 ac in size and each contained a 90E
V-notch weir. The soils were derived from quartzite
and diabase, which predominates on the upper
slopes of the watersheds. The intent of the initial
study was to study the effects of livestock grazing
upon vegetation, runoff, and erosion (Rich and
Reynolds 1963). The treatments were 80% utilization or 40% utilization during a spring-fall grazing
season by cattle and horses, and two control watersheds. Although there were some small differences
in runoff and sedimentation, results were not statistically significant. The conclusion was that proper
grazing in the chaparral type had no measurable
effect on water production or erosion (Rich and
Reynolds 1963).
A second experiment designed to determine the
effects of chaparral cover manipulations on streamflow was initiated in 1954 (Ingebo and Hibbert
1974). The chaparral cover was suppressed on two
watersheds by treating with herbicides while two
watersheds were maintained as control areas. Grass

cover increased on the quartzite soils within the
treated areas. No changes in grasses were measured
on the diabase soils but forbs and half-shrubs
increased on all soils. The combined data from the
treated watersheds yielded a streamflow increase of
22% or an increase of one-third of an inch (Ingebo
and Hibbert 1974).

Workman Creek Watersheds
A major project was conducted on the Workman Creek watersheds to evaluate the hydrology of
higher elevation mixed conifer forests and to determine the changes in streamflow and sedimentation
from manipulating the forest vegetation (Rich and
Gottfried 1976). Elevations range from 6,600 to
7,724 ft. There are three gauged watersheds on
Workman Creek-North Fork, Middle Fork, and
South Fork (Fig. 1). Streamflow on South Fork and
North Fork are measured at 90E V-notch weirs and
a combination 90E V-notch and 7-ft Cipolletti weir
(Main Dam) measures flows from all watersheds.
Middle Fork runoff is calculated by subtracting
South Fork and North Fork records from Main Dam
records. Perennial streamflow was measured continuously from 1938 through 1983 and from 2000 to
the present. Most runoff is generated by winter
storms. Annual streamflow average about 3.3 in for
the three watersheds prior to any treatments. The
mixed-conifer forest consists of Douglas-fir
(Pseudotsuga menziesii), white fir (Abies concolor),
and ponderosa pine (Pinus ponderosa). Gambel oak
(Quercus gambelii), New Mexico locust, and quaking aspen (Populus tremuloides) are common. The
riparian area also contains Arizona alder (Alnus
o b l o n g i f o l i a ) , b i g t o o t h ma p l e ( A c e r
grandidentatum), and Arizona walnut (Juglans
major). The average stand basal area was 193 ft2/ac
on Middle Fork.
Initial experiments
The research design was to treat North Fork and
South Fork and to hold Middle Fork as the hydrologic control. The first treatment on North Fork was
to remove broad-leaved trees adjacent to the stream
channel (Rich and Gottfried 1976). The treatment
which only covered a small part of the watershed,
did not affect streamflow. The second treatment on
North Fork in 1958 (Rich and Gottfried 1976)
involved clearcutting all of the forest on the moister
sites and seeding perennial grasses. This cut
removed the forest from 32% of the watershed and
resulted in a significant increase in streamflow of
42±10% or 1.26 in.
Starting in 1953, the stands on South Fork were
harvested according to a single-tree selection prescription which removed 46% of the merchantable
timber. The harvest plus a 60-acre wildfire on the
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upper end of South Fork resulted in a significant
runoff increase of 7±6% or 0.23 in (Rich and
Gottfried 1976). The significant increase was
related to the heavy precipitation during the 1966
water year. The wildfire resulted in an increase in
sedimentation (Rich 1962).
Subsequent experiments
A second set of watershed treatments were initiated in 1967 (Rich and Gottfried 1976). The North
Fork treatment removed about 100 acres of dry-site
forests, mainly ponderosa pine, and seeded grass.
The treatment was adjacent to the areas cleared
earlier. The result was a 31±9% (1.32 in) increase
in runoff over the increase from the moist-site cut.
The combined moist-site and dry-site treatment produced an increase of 84±10% or 2.70 in. A subsequent analysis using an additional six years of
streamflow data indicated that the increase for the
combined treatments was 72±22% or 2.65 in (Hibbert and Gottfried 1987). It should be emphasized
that these treatments were experimental to determine the potential for water yield increases from an
extreme forest treatment and were definitely not
intended as possible forest management options.
The next South Fork treatment was designed to
thin and develop a ponderosa pine stand to 40 ft2/ac
which should optimize both forest growth and water
yields. Trees were harvested or thinned to the
desired density; about 2.9 million board ft were
removed. Cleared areas, where sufficient tree density did not remain, were planted with 2-yr-old
ponderosa pine seedlings. A total of 191,000 seedlings were planted by contract and Forest Service
crews. The treatment resulted in an increase in
water yields of about 111±16% or 3.67 in. The later
analysis showed an increase of 110±29% or 4.20 in
(Hibbert and Gottfried 1987).
The results from Workman Creek indicate that
removal of forest vegetation in significant areas and
amounts will substantially increase water yields
(Rich and Gottfried 1976). The challenge is to integrate this information into forest management planning to be able to predict how silviculture prescriptions affects both the stand, watershed condition,
wildlife habitats, and other economic and esthetic
values.
In addition to the main watershed studies, other
research at Workman Creek evaluated New Mexico
locust and mixed conifer root systems (Gottfried
and DeBano 1983), pocket gopher food habits
(Gottfried and Patton 1984), and snow-runoff relationships based on the Natural Resources Conservation Service's (NRCS) Workman Creek snow course
and SNOTEL data (Gottfried et al. 2002). A
significant relationship with an r2=0.70 was
developed between the NRCS SNOTEL site and the

Middle Fork Flume. Arizona State University utilized the Parker Creek Camp and the adjacent forest
and streams for summer classes for several years
and graduate students continue to conduct research
on the Forest. The Workman Creek installations
were mothballed from 1983 to 2000, but long-term
hydrologic, climatic, and vegetation records,
reports, and publications are on file at the Rocky
Mountain Research Station in Flagstaff. An archive
of historical photographs of research at the SAEF is
available at http://www.fs.usda.gov/rds/imagedb/
(Golson, W., 2015, pers. corresp.).

Coon Creek Wildfire
The value of the Workman Creek information
and installations became apparent in 2000 when the
Coon Creek Wildfire, which started on the east side
of the Sierra Ancha Mountains, crossed the Workman Creek area, eventually burning 9,200 acres.
The Middle Fork with its untreated forest was
severely burned and the other two watersheds were
less severely impacted. There are many questions
about the impacts of wildfires on streamflow peaks
and volumes, soil erosion and sedimentation, and
vegetation recovery, especially after a wildfire that
produced different levels of severity. The Rocky
Mountain Research Station and the Tonto National
Forest and its volunteers were able to repair and
open the weirs at Workman Creek and to reestablish
the plant inventory points to study fire effects. Data
on post-fire streamflow, sedimentation, and vegetation recovery continue to be collected and analyzed
to determine the fire effects of different fire severities (Neary et al. 2006). Analyses of the immediate
post-fire period indicated that a monsoon storm in
June 2000, with a 15-min intensity of 2.6 in/hr,
produced a peakflow of 2,023 cubic feet per second
(cfs), seven times greater than the previously
recorded high peak. Sediment yields of 1,982 ft3
were estimated from measurements at Main Dam
for the 20 months after the wildfire (Gottfried and
Neary 2003). Most of the sediments probably
originated from the severely burned Middle Fork
watershed.

New Studies
In addition to research related to the Coon Creek
Wildfire, two other studies were started on the
South Fork. One study started in 2011, is part of the
International Cooperative Program on Assessment
and Monitoring of Air Pollution Effects on Forests
(SAEF-ICP II) (Koestner et al. 2012b). The study is
designed to understand causal relationships impacting forest ecosystems and determine the effects of
different stressors on forest conditions. A wide
range of data are being collected on forest conditions, soil chemistry, meteorology, and ozone depo-
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sition. The South Fork site is ideal because of its
location at a high elevation east of metropolitan
Phoenix. The second new study is evaluating log
decomposition of tree boles on the soil surface or
standing vertically. The study, which originated at
Duke University in North Carolina, showed that
increased tree growth and changing soil chemistry
can be used to model how forests will react to
elevated carbon dioxide levels (Koestner et al.
2012a). Answers from this study should help with
climate change research.

CONCLUSIONS
The research at Sierra Ancha Experimental
Forest has contributed and continues to contribute
to the knowledge of hydrology, watershed management, and basic ecology for almost 80 years. Many
concepts that managers and researchers now consider self-evident were first described and analyzed
at Sierra Ancha. While the interest in generating
increases in streamflow through vegetation manipulations has declined, the research at Sierra Ancha
continues to provide useful information to researchers and land managers. The wealth of meteorological and hydrologic data available from Sierra
Ancha can be used in future evaluations of the
effects of a changing climate on common southwestern vegetation types. The knowledge gained at
Sierra Ancha and at other forest research sites in
Arizona can provide managers with knowledge
about how currently proposed treatments could
affect the multiple forest and woodland resources.
The Sierra Ancha Experimental Forest continues to
be a location for research to answer present and
future questions.
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