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IMPACTS OF URBAN DEVELOPMENTS ON HYDROLOGIC PROCESSES
Peter F. Ffolliott1 and Kenneth N. Brooks2
Urbanization has been a significant cause for the
fragmentation of wildland watersheds since the early
1950s. Furthermore, it is anticipated that urban
developments will account for additional losses of
natural landscapes into the 21st century. The
National Resource Inventory of the U.S. Department
of Agriculture indicated that millions of acres of
forests, woodlands, agricultural croplands, and other
open spaces were converted to urban and other
developed areas in the 5 years beginning in 1992 as
the rate of urbanization increased when compared to
the earlier 10-year period (Alig et al. 2004). Aligned
with a projected increase of more than 120 million
people in the United States by 2050, urban developments will grow substantially into the future with
the fastest rate in the western and southern regions.
How urbanization impacts on hydrologic processes
and how these impacts might be mitigated when
necessary is the focus of this paper.

IMPACTS ON HYDROLOGIC PROCESSES
Factors of urbanization impacting on hydrologic
processes are the density of houses, commercial and
industrial buildings, and shopping centers; features
of the houses and other buildings and especially
their roofs; bulldozing activities and the resulting
re-contouring of land surfaces; and the area that
becomes impervious to the infiltration of water as a
consequence of the streets, sidewalks, and parking
lots that accompany urban developments (Brooks et
al. 2013). Other factors include the alterations made
to stream channel systems to accommodate the
necessary realignments of road and other crossings;
a loss of protective riparian buffer strips of
vegetation and the disruptions of surface watergroundwater linkages in riparian corridors; and the
drilling of wells and construction of storm-drainage
and sewer systems. How these factors impact stormflow regimes, water quality characteristics, riparian
corridors, and groundwater resources are highlighted below.

Impacts on Stormflow Regimes
Conversion of wildland watersheds to urbanized
areas often increases stormflow volumes because the
removal of natural vegetation in the urbanization
processes can increase the volume of overland flows
of water into stream channels. Storage of surface
water is also affected by the impervious areas
created by urban developments because changes in
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this flow of water result from the “paving” activities
in the development of urban areas (DeWalle at al.
2000, Finkenbine et al. 2000). These impervious
areas restrict or eliminate the infiltration of surface
runoff into the soil profile that (in turn) increases
surface runoff. This, therefore, means that much of
the water that had soaked into the ground before
urbanization will flow off the impervious surfaces
into stream channels.
An example of the effect of the impervious areas
created by urbanization on stormflows is that observed in Los Angeles. Less than 10% of the rain
falling on the watersheds contributing to the Los
Angeles River before 1930 was converted into
stormflow. However, since 1990, nearly 90% of the
rainfall becomes stormflow because of the
unprecedented expansion of the Los Angeles
metropolitan area onto these watersheds (Drennan et
al. 2000). One consequence of this urbanization,
therefore, has been a significant reduction in the
infiltration of rainfall and surface runoff caused by
the increase in impervious layers in this expansive
municipality. Parenthetically, a recharge of
groundwater aquifers can also be restricted as a
result of the impervious areas created.
High flows of surface water occur on the impervious surfaces following large rainfall events.
Stormflow volumes that are associated with these
high flows can exceed the bankfull stage of the
stream channels that pass through the urban areas.
Bankfull stage is where stream-water completely
fills a channel without spreading out onto the adjacent flood plain (Brooks et al. 2013). Streamflows
exceeding the bankfull stage lead to flooding events.
To compound the problem confronted with the
occurrence of flooding, the increase of flood-prone
areas caused by urbanization and their frequent
inhabitation by urban residents without the
necessary flood-protection measures can result in
major economic losses.
Measures of flood mitigation include stream
channelization involving the widening, straightening, and/or deepening of the channel. However,
stream channelization can adversely affect the physical and biological values of the impacted riparian
corridor and, in doing so, decrease the environmental quality of the urban stream system. Levees and
flood-walls of concrete have also been constructed
to hopefully control the flooding of large river
systems. Importantly, these and other flood-control
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measures are costly and often environmentally
unacceptable.

Impacts on Water Quality Characteristics
The combined loss of protective vegetative and
buffer strips of vegetation in riparian corridors that
often takes place with urban developments can
cause larger volumes of sediment-laden water to be
transported through urban watersheds than had
occurred before urbanization occurred. Concentrations of sediment in stormflows can also increase
because of increases in the proportion of fine soil
particles in the flowing water as consequence of the
construction activities; the increase in impervious
areas such as paved streets and sidewalks located in
close proximity to stream systems resulting in
higher peak flows of surface runoff than occurred
before urbanization; and, as mentioned above, the
partial or complete removal of the buffering protection of riparian vegetation that limits the movement
of soil particles and other pollutants in the overland
flows of water into stream channels.
An increase in water temperature is often associated with surface runoff occurring in urban settings
(DeWalle et al. 2000). The consequent thermal
pollution of the water can increase the biological
activity of a stream system. Increases in biological
activity (in turn) place a greater demand on the
dissolved oxygen content of the water (Brooks et al.
2013), which is an important water quality characteristic from a biological perspective.
The chemical quality of stormflows is lowered
by anthropogenic pollutants such as oils, salts, and
other substances in the surface runoff flowing off
impervious streets, sidewalks, and parking lots into
stream channels. Also, discharging untreated or only
partially treated sewage into urban streams can
cause the water to be unusable for fish populations
and consumptive uses downstream. Many municipalities monitor the quality of their water supplies to
insure the delivery of high-quality water to the users
of the water.
One example of a city monitoring the quality of
its water supply is that found in Tucson, a municipality of about 1 million people. \Tucson's water
supply is derived from groundwater that is pumped
from 200 wells and a blend of recharged water
delivered by the Central Arizona Project with
groundwater obtained from a recharge and recovery
facility. (The Central Arizona Project transports
water from the Colorado River to central Arizona
through a system of canals and diversion ditches.)
Using this blended water has reduced pumping to
where less than 50% of the total water supply for
the city comes from the pumping of groundwater
aquifers at this time. More than 20,000 individual
tests of the quality of the blended water are performed annually by the City of Tucson. Among the

quality constituents evaluated are sodium, mineral
content, hardness, the pH level, and temperature.
The percentage of samples exceeding the quality
standards established by the U.S. Environmental
Protection Agency for coliform bacteria and disinfectant chlorine is also reported. The results of these
tests are then distributed to people with their
monthly water bill.

Impacts on Riparian Corridors
Riparian corridors have attracted people since
ancient times and, therefore, been sites for the
construction of cities, towns, and other urban developments. However, riparian corridors have not
always fared well in the process of creating urban
areas (Baker et al. 2004, Brooks et al. 2013). The
flow of water and entrained pollutants through the
hyporheic zone, a centrally located stratum of saturated sediments lying below the stream bed and
extending laterally beneath the streambank, can be
disrupted and, as a result, promote biochemical
processes that lower water quality and affect aquatic
habitats (Brooks et al. 2013). Furthermore, the surface and sub-surface pathways of water flowing
through a riparian corridor are impacted when a
stream enters a channel bed and banks and then
re-emerges further downstream.
As suggested by Leopold (1994), in his analysis
of the historic 1993 flooding of the Upper Mississippi River system, it was likely that the loss of
riparian buffer strips of vegetation and the construction of levees and other barriers in urban areas
situated along the river system had compounding
effects on the volume of water flowing in the river
at this time. The losses of storage area were added
to other land-use changes brought about by the
urban expansion to increase the streamflow volumes
in the river channel that corresponded to the record
flood-peaks that were observed. Leopold also stated
that reversing these effects is not easy and would
require the improved management of urban
watersheds.

Impacts on Groundwater Resources
Impacts of urbanization on groundwater
resources are difficult to assess because adequate
knowledge of the resource is often lacking. Information on the location, depth, and spatial extent of
groundwater aquifers is needed; an understanding of
the aquifer's spatial movement and natural rate of
recharge is required; and some knowledge of the
quality of the groundwater resource is desired to
make informed decisions on the sustainability of a
groundwater resource in a urban setting (Brooks et
al. 2013). This kind of information is unknown or
incomplete for most municipalities. Nevertheless,
the impacts of urbanization on groundwater
resources can be considered in a general context.
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Wells are often drilled to pump water from
groundwater aquifers in situations when surfacewater is insufficient to meet urban demands. However, continual extractions of large quantities of
groundwater from an aquifer can upset the natural
balance of the local hydrologic cycle (Brooks et al.
2013). Large extractions of groundwater that exceed
the safe yield of the aquifer can lower the water
table and, therefore, increase pumping costs (Moore
et al. 1995). Also, excessive withdrawals of
groundwater can cause compaction of the overlying
soil and subsidence in the vicinity of urban developments. These phenomena are observed in the proximity of Tucson and other municipalities in the
southwestern region that are dependent on groundwater for much of their water.
Recharging a depleted groundwater aquifer is
often undertaken when the deepening of existing
wells or the digging additional wells are not feasible
solutions to satisfying the water needs of a municipality. Among the approaches to obtaining water for
recharging groundwater aquifers are constructing or
improving storm-drainage systems or injecting
excess surface runoff into recharge wells to put more
water in the aquifer. Treated wastewater is another
potential source of water for recharging aquifers, but
the quality of this source of water must be carefully
analyzed to determine its suitability for this purpose.
Importantly, groundwater resources are generally
higher in quality than surface water (Brooks et al.
2013), and, therefore, it is important that its quality
not be lowered in the recharging of an aquifer.
People's garbage and sewage and industrial
wastes contained in water percolating through the
soil can contaminate groundwater aquifers. Controlling or eliminating groundwater contamination by
these and other pollutants is another difficult task,
however, because the location and extent of the
natural recharge area of the aquifer are not always
known (Brooks et al. 2013). As mentioned above,
hydrologists and watershed managers rarely have
adequate information on the characteristics of the
flowpaths of groundwater resources. The vastness,
geologic complexity, and inter-connectedness of most
aquifers present challenges to protecting groundwater
resources and cleaning polluted aquifers.

MITIGATING HYDROLOGIC
IMPACTS OF URBANIZATION
Hydrologic impacts that are associated with tree
cutting activities or the occurrence of wildfire on
wildland watersheds are generally transitory
because many of the trees, shrubs, and herbaceous
plants affected by these events can recover in time.
However, the hydrologic changes that are associated
with the conversion of wildland watersheds to urban
areas such as has occurred in Los Angeles,
Albuquerque, Phoenix, El Paso, and other south-

western cities are more permanent in nature. Fortunately, low-impact methods of constructing
“hydrologically-friendly” urban developments and
a host of Best Management Practices that minimize
or at times prevent the adverse impacts of urbanization on hydrologic processes are often available to
planners and decision-makers. Also, minimizing the
effects of urbanization can be effectively incorporated into integrated watershed management practices that link the hydrology of upstream watersheds
to that of downstream urban areas (Ffolliott et al.
2002, Gregersen et al. 2007, Brooks et al. 2013).
The cumulative effects of eliminating natural
vegetation, increasing impervious surfaces, constructing storm-drainage systems, and hardening of
stream channels that take place with urbanization
can impact on the sustainability and suitability of
the water resources in the urban areas (Brooks et al.
2013). At the same time, there are measures that can
mitigate the hydrologic effects of urbanization.
Included among these measures are constructing or
improving storm-drainage systems to reduce stormflow volumes; injecting surface runoff or treated
wastewater into recharge wells to add additional
water to groundwater aquifers; constructing recharge
ponds that disperse the high flows of water that
follow excessive rainstorms into shallow groundwater aquifers; utilizing the impervious surfaces in
urban areas to capture surface runoff in water harvesting systems for future use by people; or planting
“home gardens” to increase the infiltration of surface
runoff into a soil profile that, in doing so, reduces the
volume of the surface runoff flowing into stormsewer systems.
Applied singularly or implemented in combinations, these methods have often helped to control the
undesirable or unwanted impacts of urbanization on
hydrologic processes. However, knowledge of the
hydrologic processes confronted, appropriate planning of urban areas, and properly constructed urban
developments are necessary for the methods to be
effective. Obtaining this knowledge will likely be the
focus of urban-related watershed managers in the
future.

SUMMARY
Urban developments that began when people
settled along rivers and other large waterways
throughout the United States, and that accelerated
following the end of World War II, have been
expanding at a record pace ever since (Alig et al.
2004). It is not surprising, therefore, that the
impacts of this urbanization on hydrologic processes
have paralleled these increasing developments. It is
necessary, therefore, that watershed and waterresource managers, planners and developers of
urban areas, and inhabitants of these areas find ways
to mitigate the effects of housing developments,
buildings of commerce and industry, and the
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accompanying systems of streets and sidewalks on
the functioning of local hydrologic system confronted. Fortunately, many of these effects can be
controlled to varying extents by appropriate planning and construction of urban developments that
are coupled with knowledge of the hydrologic
processes confronted.
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ARIZONA WATERSHED SYMPOSIA:
A FORUM FOR REPORTING EARLY WATERSHED MANAGEMENT ACTIVITIES
Peter F. Ffolliott1
The role of the Arizona Water Resources Committee and the goal of the Arizona Watershed Program in the early watershed management activities
of the state are presented in the introduction of this
paper to place its contents in perspective. The
Arizona Watershed Resources Committee was a
“citizen's advisory committee” that was formed in
1956 to assist in implementing the recommendations made in historic Barr Report to increase water
yields and enhance the other natural resources found
on the watersheds in the Salt and Verde River
Basins of north-central Arizona (Fox et al. 2000).
The Barr Report had been released to the public in
the form of a short summary publication (Part I) and
a more detailed and comprehensive document (Part
II), both with the intriguing title of “Recovering
Rainfall - More Water for Irrigation,” in the fall of
1956 (Barr 1956a, 1956b, respectively). Contents of
the report supported the belief of members of the
Arizona Water Resources Committee and many
other people that the state's watersheds were in “bad
shape” while providing what was called a “scientific
basis” for improving these conditions by more
intensive watershed management to primarily
increase streamflow volumes.
The Arizona Watershed Program was a collaborative initiative of the Arizona Water Resources
Committee, the Watershed Management Division of
the Arizona State Land Department, and the U.S.
Forest Service and their cooperators to investigate
the effects of vegetative management practices on
the hydrologic processes affecting water yields and
incorporate the findings obtained into watershed
management practices (Fox et al. 2000). It was
planned that this general goal would be met by three
“highly integrated” programs – a research program,
an action program, and a public relations program.
Findings of the research and action programs have
been reported by Ffolliott and Thorud (1974, 1975),
Hibbert (1979), Baker and Ffolliott (1998), Baker
(1999), Neary et al. (2002, 2008), DeBano et al.
(2004), Solomon and Schmidt (1981), and others. A
main component of the public relations program –
the Arizona Watershed Symposia – is the focus of
this paper.

ARIZONA WATERSHED SYMPOSIA
Throughout the life of the Arizona Water
Resources Committee, the annual Arizona Watershed Symposia, later to become the Arizona Water
Symposia, was a forum for reporting research findings, the status of watershed management practices,
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and proposed water- and watershed-related policies.
Co-sponsored by the Committee and the Watershed
Management Division of the State Land Department, the proceedings of these symposia were distributed throughout the state and southwestern
region starting in 1957 and continuing more-or-less
uninterrupted into the early 1990s. Some of the
highlights of these symposia are summarized below.

The First Symposium
The first symposium, simply titled the “Arizona
Watershed Program,” was in Phoenix on September
2, 1957. Governor Ernest McFarland welcomed the
attendees with a keynote address by Rich Johnson,
the Vice President of the Arizona Water Resources
Committee, on the background, organizational
structure, and planned activities of the Committee
following. The remainder of the day consisted of
presentations on the ongoing watershed research
and management programs of federal and state
agencies and private cooperators and their roles in
the Arizona Watershed Program. Approaches to
obtaining financial support for this Program were
outlined by Bud Cooper, a rancher, a farmer, a Vice
President with the Valley National Bank, and Chairman of Finances for the Arizona Water Resources
Committee. Kel Fox, the Secretary-Treasurer of the
Committee, offered recommendations for alleviating
the known gaps in the state's watershed research and
management programs. The symposium concluded
with a question-and-answer session where varying
viewpoints relative to the goals of the Arizona
Watershed Program were offered.

Highlights of Following Symposia
The symposia were structured around themes
that reflected the interests and concerns of their
sponsors in the following years. For example, the
second symposium in 1958 focused on possible
“economic approaches” for supporting the Arizona
Watershed Program. Walt Hopkins, the Chief of the
Division of Watershed Management Research for
the California Forest and Range Experiment Station
of the U.S. Forest Service, outlined the “cooperative
financing” of watershed management projects in
California. Funding of the activities of the Arizona
Watershed Program with an approach that was similar to that found in California was considered by R.
E. Seltzer, the Head of the Department of Agricultural Economics at the University of Arizona.
Papers on the uses of the potential increases in the
state’s water resources from the perspectives of

6
reclamation, irrigation, farming, home and industry
uses, mining activities, and livestock interests were
also presented.
Progress in improving watershed management
in the state was the theme of the third symposium.
Presentations were made on the multiple-use goals
embedded in the Arizona Watershed Program; the
status of watershed-related research and management programs in the state; and the potential uses of
additional water that might be derived from
upstream watersheds. As a capstone to the symposium, Bud Cooper, representing the viewpoints of the
Arizona Water Resources Committee, spoke on the
importance of the Arizona Watershed Program to
the state from the present and anticipated future
perspectives.
The scope of the symposia broadened in 1960.
In addition to further considering the feasibility of
implementing vegetative treatments on watershed
landscapes to increase streamflow volumes, the conservation of anticipated increased water as it flow
downstream was spotlighted. In his greeting of the
attendees, Kel Fox emphasized that making the best
possible use of “every gallon” of water irrespective
of where the water is located was the “main
challenge” to be confronted at the time. In confronting this challenge, presentations followed on
such diverse topics as determining the consumption
of water by the exotic saltcedar trees growing within
the state's riparian corridors; the effects of applying
herbicides on infiltration rates and deep-seepage of
surface water; forecasting streamflow volumes with
information obtained from snow surveys by the Soil
Conservation Service (now the Natural Resources
Conservation Service); and the possibilities of
increasing streamflow volumes by cloud seeding to
increase snowfall.
The Fifth Annual Symposium reviewed the
“modern techniques” applied in watershed management at the time with contributions by representatives of public agencies and the private sector on
these techniques. However, it was pointed out by
Rich Johnson, the program's chair, that “modern” is
a tricky word because knowledge and applications
of technologies are constantly changing to make
today’s methods obsolete tomorrow. Among the
topics considered by other speakers were the techniques, methodologies, and operational protocols that
were applied in erosion control, water conservation,
flood control, and wastewater disposal.
Speakers updated the attendees to the symposium in 1962 on the efforts underway in the Arizona
Watershed Program to act on the recommendations
made in the Barr Report and reported in earlier symposia. The information presented by watershed
hydrologists, range conservationists, forest managers, and soil scientists helped to form a
“knowledge-base” for the managers of watershed
landscapes in the state. Of particular interest to the

attendees were discussions on the effects of
“silvicultural thinning operations” in ponderosa pine
forests and controlled burning treatments in
chaparral shrublands on the streamflows originating
in these two vegetative types.
The following year “Water Conservation from
Mountains to Deserts” was the symposium's general
theme. Speakers reported on the status of watershed
management practices concerned with the sustainability of the existing water flows from upstream
watersheds and increasing these flows where it was
considered feasible. The importance of the close
relationship of the Arizona Watershed Program to
the proposed Central Arizona Project was also
stressed. It was felt necessary that this linkage must
be maintained to obtain the additional water that
was needed to accommodate the present and future
populations of people in the state.
A historic agreement between the Salt River
Project and the U.S. Forest Service to “rehabilitate
degraded watersheds in the Salt and Verde River
Basins” was signed by the involved partners on June
15, 1964. This rehabilitation program was planned
to focus mostly on converting the overstories on 6
million acres of pinyon-juniper woodlands and
chaparral shrublands to herbaceous covers
comprised of less water-demanding herbaceous
plants to increase water yields and forage
production. A period of 25 years with an expenditure of nearly 75 million dollars in Salt River
Project and federal funds was envisioned in the
program. It was fitting, therefore, that the participants in the symposium of that year considered the
possible implications of this agreement on water,
timber, forage, wildlife habitats, and recreational
opportunities. Kel Fox summarized the key points in
the agreement and distributed draft-copies of its
more salient aspects of the agreement to the
attendees. It was also suggested by Fox that while
the Arizona Watershed Program had emphasized
research to date, it might be time that the “research
findings” obtained be extrapolated into action programs where possible.
The annual symposia for the next 25 years
served as a continuing forum in which “milestone
events” of the Arizona Watershed Program were
reported. For example, the symposium of 1965 was
noteworthy in that Harry Brown, a research hydrologist with the U.S. Forest Service, reported on the
preliminary results of the first vegetative treatment
imposed on the Beaver Creek watersheds to increase
streamflow volumes. The treatment implemented
consisted mostly of a cabling of the overstory of a
Utah juniper-dominated watershed to convert the
watershed to a cover of lower water-using
herbaceous plants. This conversion was similar to a
practice of improving rangeland conditions by
eliminating competing overstories to increase the
production of forage species. Updated results of the
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vegetative manipulations to increase streamflows
from the chaparral shrublands on the Three-Bar
Experimental Watersheds and the mixed-conifer
forests on the Workman Creek Experimental Watershed were also presented. A water-yield improvement treatment representing the initial step in converting the uneven-aged structure of the ponderosa
pine forest on a Castle Creek watershed in the White
Mountains to what was though at the time to be a
more productive even-aged form of stand management was also outlined.
As the Arizona Watershed Program entered its
second decade, Hal Wilm, a member of Barr's team
of watershed management specialists 10 years
earlier, reviewed the accomplishments of the Program from his perspective as the featured speaker in
the 1966 symposium. Wilm compared the ideas
presented in the Barr Report with what had been
learned since. He noted “an astonishing evolution of
activity not only in research but in the administration of public (watershed) lands” in the intervening
10 years. In his capacity of Associate Director of the
newly formed Water Resources Council at the
national level, Wilm also commented on the
Council’s main role in fostering closer cooperation
among federal and state agencies and private entities
and promoting “responsible collaborative actions”
in water resources development and management
such as envisioned in Arizona.
A special part of the 1967 symposium was the
presentation of the University of Arizona's Alumni
Association's Public Service Award to Obed Lassen,
the Commissioner of the State Land Department, by
Governor Jack Williams. Much of the symposium
itself was centered on a panel discussion on the
action programs underway on the state's watersheds.
One of the panelists was Bill Warskow, a watershed
specialist with the Salt River Project, who presented
a progress report on the agreement between the Salt
River Project and U.S. Forest Service to “rehabilitate” watersheds in the Salt and Verde River Basins.
Warskow reported that through June 1, 1967 in
excess of 27,000 acres of pinyon-juniper woodlands
and almost 12,500 acres of chaparral shrublands had
been converted to herbaceous plants in this effort.
He also indicated that the conversion of additional
acreages was planned in the coming years.
The Pacific Southwest Water Yield Improvement Act was introduced to the attendees of the
1968 symposium by Kel Fox who had helped to
draft the bill. Providing financial support for
increasing water yields by vegetative management
practices was the Act's primary intent. Fox then
chaired a panel of speakers who discussed the
importance of this proposed legislation to the state.
Copies of the draft legislation were made available
to the attendees with the draft also published in the
appendix of the 1968 symposium proceedings. (To
the best of Fox's later recollection, field hearings

were never scheduled by the U.S. Congress to
debate the merits of the bill. It was likely that the
widespread and mostly negative publicity related to
what had become known as the “Globe incident”
contributed to the lack of congressional action.)
Defining issues pertaining to the status of watershed
management activities in the state were also summarized by speakers at the symposium of that year.
The Globe incident took place the first week of
June in 1969 when a helicopter hired by the U.S.
Forest Service sprayed herbicides on a stand of
chaparral shrubs in the Pinal Mountains. The
objective of the spraying treatment was to reduce
the densities of the shrubs to (hopefully) increase
streamflow volumes. The basis for this treatment
was the earlier research results reported at the
1965 symposium on the effects of controlling the
chaparral shrublands on the Three-Bar Experimental Watersheds for water-yield improvement purposes. Unfortunately, unpredicted wind patterns
blew some of the herbicides from the area targeted
for spraying into the nearby Town of Globe and
onto some of its residents. These residents later
claimed that they had suffered from nausea,
vomiting, and diarrhea among other ailments
because of their exposure to the herbicides
(Shoecraft 1971). The more vocal of the residents
formally protested the use of herbicides for wateryield improvement, or any other purposes for that
matter, and later filed a series of lawsuits claiming
negligence on the part of the parties involved in the
spraying treatment. After repeated postponements,
most of these lawsuits were settled out of court or
the claims had lapsed. However, the negative publicity evolving from this incident eventually led to
limiting the spraying of herbicides for almost any
purpose in the state.
Linkages between managing watersheds for
increased streamflow volumes while sustaining timber production, livestock grazing, wildlife populations, and aesthetic values on the watersheds were
summarized by a series of speakers in the symposium of 1969. These presentations followed a keynote address by Wes Steiner, the State Water Engineer who later became the Executive Director of the
Arizona Interstate Water Commission, on the availability of the water resources in the state. Steiner
placed these water resources into a long-term perspective relative to the future population growth and
the recently authorized Central Arizona Project. He
also stressed the importance of maintaining the level
of financial support that was considered necessary
for water-resource planning at the state level.
Kel Fox had become the President of the
Arizona Water Resources Committee by the time of
the 1970 symposium succeeding as he put it his
“three distinguished predecessors” who were Lewis
Douglas, a Tucson banker, a former Ambassador to
the Court of St. James, and a onetime U.S. Con-
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gressman; Rich Johnson, who was considered by
many people to be “Mr. Central Arizona Water
Project” because of his many efforts to obtain its
authorization; and Bud Cooper, his immediate
predecessor and long-time colleague. The symposium theme that year was “Environmental Considerations in Watershed Planning,” a topic that reflected
the growing interest of the members of the
Committee and the participants in the Arizona
Watershed Program to better incorporate “environmental values” into more holistic planning of watershed management practices. A presentation of general interest was that made by George Proctor, the
Assistant Southwestern Regional Forester, who outlined a newly established “chaparral management
policy” of the U. S. Forest Service. Formulation of
this policy was deemed necessary to counter the
adversity confronted by the Forest Service as a consequence of the Globe incident in the previous year.

A New Co-Sponsor
The Arizona Water Commission, established by
the State legislature in 1971 as a re-organization of
the Arizona Interstate Stream Committee, replaced
the Watershed Management Division of the State
Land Department as the co-sponsor of the annual
symposia with the Arizona Water Resources Committee in 1971. In his introductory comments to the
attendees of the symposium of that year, Kel Fox
reported on the recent action taken by the U.S.
Congress in designating the research and application
program on the ecosystem-based, multiple-benefits
of integrated watershed management underway on
Beaver Creek as a “national rather than a regional
program” in scope. This designation brought
increased notoriety to the activities and
accomplishments of the Arizona Watershed Program on the national-level.
Speakers at the 1972 symposium underscored
the many benefits in addition to water that are
derived from the state’s watershed landscapes. An
emphasis was placed on the non-market benefits
obtained such as wildlife habitats, recreational
opportunities, and scenic values. However, assigning economic values to these and other non-market
resources was recognized as a difficult although
necessary task to comprehensively evaluate ongoing
and proposed watershed management practices,
projects, and programs. Therefore, the core of the
symposium consisted of a series of presentations by
resource economists, policy makers, and administrators on alternative approaches to resolving this
dilemma.
Applications of controlled fire in managing the
state's watersheds were explored in the 1973 symposium. Long-time interests of the members of the
Arizona Water Resources Committee on the use of
fire and its possible role in watershed management
were reflected by selecting this theme. (Committee

members had been participants on the Southwest
Interagency Fire Committee since the formation of
the latter.) Of particular interest to the attendees was
a presentation by Harold Biswell, a fire specialist
and another member of Barr's team of watershed
management specialists, in which he reported on the
problems of smoke and air pollution encountered in
burning forest, woodland, and rangeland ecosystems
in California; and that it was likely that such problems would also be encountered with applications of
controlled fire in Arizona.
The 1974 symposium was a forum where the
key findings of the preceding 18 years of watershedrelated research in Arizona were presented. A panel
of U.S. Forest Service and University of Arizona
researchers reported on the results obtained on
watershed-related experiments in the mixed conifer
and ponderosa pine forests, the pinyon-juniper
woodlands, the chaparral shrublands, and the
semi-desert ecosystems. This symposium was also
where what was to become the controversial
Thorud-Ffolliott Report was unveiled. The controversy surrounding this report, coupled with that of
the aforementioned Globe incident, was considered
by many supporters of the Arizona Watershed
Program as “serious setbacks” to the Program's
progress.
(At the request of the Arizona Water Resources
Committee, a report to update the findings of the
Barr Report issued 15 years earlier was prepared
by Dave Thorud, the Head the Department of
Watershed at the University of Arizona, and the
author of this paper, who was a member of Thorud's
faculty at the time. The purpose of this report, to be
titled “Water Yield Improvement by Vegetative
Management: Focus on Arizona,” was to assemble,
review, and summarize the relevant information that
had been obtained by watershed researchers and
managers since the release of the Barr Report in
1956 (Ffolliott and Thorud 1975). A shorter summary of the report, titled “Vegetation Management
for Increased Water Yield in Arizona,” was made
available to the public on the evening before the
1974 symposium (Ffolliott and Thorud 1974). The
more detailed report consisted of a comprehensive
summary of the knowledge obtained in the Arizona
Watershed Program to the time; and a discussion
on “theoretical maximums” in water yield-improvement that “might” be obtained by imposing “hypothetical” vegetative management practices in the
mixed-conifer and ponderosa pine forests and the
chaparral shrublands of the state. [It had been
determined from the research results summarized in
the first part of the report that these three vegetative
types represented the greatest potentials for
increasing water yields.] The second part of the
report, which was included at the request of the
Arizona Water Resources Committee, was presented
within a framework of the necessary and, the
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authors thought, carefully framed assumptions and
constraints in its interpretation. But, Bill Hurst, the
Southwestern Regional Forester of the U.S. Forest
Service and the luncheon speaker at the 1974
symposium, took exception to this part of the report.
Hurst interpreted the second part of the report
as making a recommendation that a “massive vegetation removal program” could produce “significant amounts” of additional water in the state.
However, such a recommendation was never made
by either the authors of the Thorud-Ffolliott Report,
the members of the Water Resources Committee, or
other stakeholders with “keen interests” in the management of Arizona's watersheds. Hurst also challenged this part of the report by stating that it had
failed to give “adequate consideration” to the other
benefits that can be obtained from watershed landscapes. But, this statement ignored the point that
was made repeatedly throughout the report that
comprehensive evaluations of all of the market and
non-market watershed-base commodities and amenities must be thoroughly embedded into the planning
of any action program that might be proposed for
implementation on Arizona's watersheds. Hurst
rightly stated that such a vegetative removal program would result in “major and mostly adverse
impacts” on environmental values. While he was
correct in making this statement, once again, such
an action program was never considered by the
authors of the report. Furthermore, an action program of this “extreme magnitude” would never be
endorsed by anyone in the state with watershedmanagement interests.
The members of the Arizona Water Resources
Committee were “thunderstruck by the negative
reception” that the Thorud-Ffolliott Report received
from Hurst, who had been a member of the Steering
Committee that had helped to guide preparation of
the report. Critical newspaper articles relating to
the Report that were largely in support of the comments that Hurst had made in his luncheon speech
continued to be distributed throughout the state and
the southwestern region for days, weeks, and even
months. However, several months after Hurst's
luncheon remarks, Pete Cowgill, the Outdoor Editor
for the Tucson Daily Star, requested a meeting with
Ffolliott in the latter's office on the campus of the
University of Arizona to place the Thorud-Ffolliott
Report into “a proper perspective.” [It should be
mentioned that Cowgill was the only newspaper
reporter that ever asked to meet with either Thorud
or Ffolliott to discuss the contents of their report.]
After exhausting his long list of questions for Ffolliott to answer, Cowgill decided to write still
another newspaper account of the Thorud-Ffolliott
Report but this time from a different perspective.
Cowgill's follow-up article was published in the
Sunday edition of the Arizona Daily Star on May 18,
1975 under a bold headline stating that “NO ONE

IS TELLING US TO CUT DOWN ALL THE
TREES” – and certainly neither Thorud nor Ffolliott in their report. Cowgill's article also included
a statement that the report had not recommended
the extreme vegetative management practices that
had been suggested by Hurst and that, in fact, the
Thorud-Ffolliott Report did not make any recommendations for action programs at all.)
John McGuire, the Chief of the U.S. Forest Service, presented a keynote paper on “managing the
national forests in the Southwest for water and
related multiple benefits” at the symposium of the
following year. The Arizona Water Resources Committee had invited McGuire to make this presentation largely as a response to the controversy sparked
by Hurst's comments on the Thorud-Ffolliott Report
the year before. McGuire's remarks were considered
by the Committee as helpful in “settling the waters”
following Hurst's remarks. The status of Phase I of
the developing Arizona State Water Plan was also
summarized in the 1975 symposium by Tom Clark,
the Deputy Director of the Arizona Water Commission. Clark indicated that Phase II of the Plan
would be presented by Wes Steiner in the following
year's symposium.
A focus of the 1976 symposium was placed on
the state's critical groundwater resources. As the keynote presentation addressing this theme, Phil Briggs,
the Chief Hydrologist of the Arizona Water Commission, reviewed the state's groundwater resource
and the management opportunities relating to this
critical resources. Another symposium speaker, Jean
Hassell, who had replaced Bill Hurst as the Southwestern Regional Forester of the U.S. Forest Service
in 1976, reinforced the Forest Service's long-standing
commitment to “its continuing responsibilities of
maintaining and improving watershed conditions on
national forests landscapes while providing a mixture
of resource outputs that meet the spirit of the multiple
use and sustained yields concepts.” Wes Steiner
updated the attendees on the conceptual development
and framework of Phase II of the Arizona State Water
Plan as promised by Tom Clark the year before.
The 1977 symposium was held in Tucson, the
only time in its history that the venue of the symposium was “the Old Pueblo” and not Phoenix. The
symposium was structured as one of the technical
sessions of the 13th Annual American Water
Resources Conference. Hanna Cortner and Mary
Barry, a faculty member and graduate student in the
School of Renewable Natural Resources at the University of Arizona, respectively, presented a historical perspective on the purpose, structure, and functioning of the Arizona Water Resources Committee
in supporting the activities of the Arizona Watershed Program. Ron Hibbert, a research hydrologist
with the U.S. Forest Service, summarized his study
of the potentials for increasing water yields in the
larger Colorado River Basin through varying veg-
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etative management practices. Hibbert's estimates
were based largely on the findings obtained through
the research efforts of the Arizona Watershed
Program.
(Hibbert estimated that the flow of water from
watersheds in the Colorado River could be
increased by as much as 6 million acre-feet with 4
million acre-feet from the Upper Basin and 2 million acre-feet from the Lower Basin including
Arizona [Hibbert 1979]. In deriving these estimates,
Hibbert stipulated that all of the forests, woodlands,
and shrublands within the respective basins that he
deemed physically, economically, and socially suitable for increasing streamflow volumes would be
managed for this purpose. Hibbert also compared
his estimates to the 1960 U.S. Senate Select Committee’s estimates for the general southwestern
region and the “theoretical maximum” that would
be obtained by implementing the “hypothetical”
vegetative management practices presented in the
Thorud-Ffolliott Report. As one might have
expected, comparisons among these estimates were
inconsistent in magnitude because of the differing
analytical frameworks involved in their derivation.)

stressed that the Groundwater Management Study
Commission, who had been charged with proposing
a comprehensive groundwater management program
for the state, had “only adopted concepts” because
specific legislation to establish the recommended
groundwater management practices had not been
written.
The Arizona Department of Water Resources, the
creation of which was authorized by the State
Legislature through the Groundwater Management
Act of 1980, joined the Arizona Water Resources
Committee in sponsoring the annual symposia in
1980, replacing the Arizona Water Commission. A
key presentation in the symposium of that year was
that made by Keith Shea, an Associate Deputy Chief
of the U.S. Forest Service, on the critical roles of
forests, woodlands, and shrublands in the “water
chain” extending from upstream watersheds to
downstream points of use. Shea's remarks were
structured largely in relation to the study by Ron Hibbert on estimated response of streamflows to vegetative management practices in the Colorado River
Basin that was presented in the 1977 symposium.

A New Title

Technical, socio-economic, and political issues
of relevance to the Arizona Watershed Program
continued to be updated at the annual symposia
throughout the 1980s. For example, the importance
of hydrologic, environmental, and institutional linkages of water flowing from upstream watersheds to
downstream points was highlighted throughout the
decade. Sustaining or, when feasible, augmenting
the water resources in the state within a “multiple
use” framework and then conserving of these
resources through educational programs and more
efficient strategies for downstream water-use were
also stressed. However, in spite of the continuing
importance in these issues, interest in the Arizona
Water Symposia began to wane by the early 1990s
for a variety of reasons.
One reason for the declining interest in the symposia was a general “winding down” of the Arizona
Watershed Program toward the end of the decade.
The Arizona Water Resources Committee concluded that there was “relatively little new to report”
because of the curtailment or termination of most of
the water-yield improvement experiments in the
state. Another reason was the increasing and, in the
opinion of the Committee, rightful emphasis placed
on the growing “environmental movement” throughout the state at this time. More managerial effort was
paid to the nonconsumptive benefits of the natural
resources on watershed landscapes such as wildlife
habitats, outdoor recreation, and aesthetic values
with attempting to increase streamflow volumes no
longer a “central focus” of watershed management.
The increasing number of other symposia, conferences, and other meetings throughout the state on a

The annual symposia were re-titled the
“Arizona Water Symposia” in 1978 to better reflect
the increasing importance of obtaining greater
increased public involvement in the formulation,
implementation, and compliance of the state's water
policies. A case study to generate increased public
input into watershed management, the Battle Flat
Chaparral Study, was outlined in the symposium by
Dick Krebill and Dave Tackle, both of whom were
Assistant Directors of the Rocky Mountain Forest
and Range Experiment Station of the U.S. Forest
Service. The “technical purpose” of this study,
located near Prescott, was to further investigate the
possibilities of increasing water yields from the
chaparral shrublands of the state. (It should be
noted, however, that the Battle Flat study was terminated before satisfying its purpose largely because
of the lingering controversy surrounding the earlier
Globe incident.) Wes Steiner presented a status
report on Phase III, and the final phase, of the
Arizona Water Plan to the attendees of the symposium. Additionally, Steiner summarized on-going
studies for the improved management and better
conservation of the state's groundwater resources.
In a continuing recognition of the importance of
the state’s groundwater resources, Larry Linser,
who later became the Chief of Planning for the
Arizona Department of Water Resources, introduced the idea of delineating “groundwater management areas” in those parts of the state with “significant groundwater resources” to attendees of the
1979 symposium. (These areas became known as
“Active Management Areas” later.) Linster also

The Final Years
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wide-range of watershed- and water-related issues
was likely another reason for the declining interest
in the Arizona Water Symposia.
However, the “defining factor” that impacted on
continuing the Arizona Water Symposia relates to
the Arizona Water Resources Committee itself.
Terry Hudgins, an employee of the Arizona Public
Service Company who had become the President of
the Arizona Water Resources Committee in 1986,
notified the Committee in a letter dated September
1, 1993 of his desire to step-down as its president.
Hudgins felt that his “job-related responsibilities”
had evolved to where he “no longer had time to
devote” to the Committee's activities. Upon reflecting on Hudgins's letter, Kel Fox suggested in a
follow-up letter to the Committee dated September
14, 1993 that the time might have come to “phase
out” the Committee's long-standing involvement in
the state's watershed management activities. It had
become Fox's belief that most of the Committee's
goals in supporting the Arizona Watershed Program
had been satisfied.
Following their receipt of Fox's letter, it became
the consensus of the Committee members that he
(Fox) was “largely correct in his perception” that
the need to continue the Committee's role in supporting the watershed management programs in the
state had (in fact) probably passed. It was generally
agreed, therefore, that the Committee would terminate its existence at the end of 1993 – nearly 36
years after its establishment. The annual Arizona
Water Symposium also ended its existence with the
Committee's termination, primarily because of this
loss of its long-time and primary sponsor.

SUMMARY
The Arizona Watershed Symposia, later the
Arizona Water Symposia, were a main public relations outlet of the Arizona Watershed Program.
These symposia served as a forum for the continuing presentation of information on the research
results, management practices, and policy reforms
relating to the Program from the late 1950s into the
early 1990s. Furthermore, the published proceedings of the symposia represented an indispensable
accounting and, importantly, a permanent record of
the activities and accomplishments of the Program
throughout its formal existence. As such, these proceedings have become “keystone references” to help
people place the Arizona Water Resources
Committee and the Arizona Watershed Program into
a proper historical perspective of the early watershed management activities in the state.
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USE OF CUMULATIVE EFFECTS ASSESSMENTS IN DETERMING THE IMPACTS
OF HERBICIDE APPLICATION PROGRAMS ON WATER QUALITY
Daniel G. Neary1
Cumulative effects or impacts are defined in the
Code of Federal Regulation (1971) as:
“the impact on the environment which
results from the incremental impact of the
action when added to other past, present,
and reasonably foreseeable future actions
regardless of what agency (Federal or
non-Federal) or person undertakes such
other actions. Cumulative impacts can
result from individually minor but collectively significant actions taking place over a
period of time.”
Cumulative effects analyses offer a broader
approach to the issue of water quality since they
consider a wide range of impacts (Sidle and
Hornbeck 1991).
Any analysis of the impacts of forest management activities such as logging, prescribed fire,
herbicide use or fertilizer application requires the
acknowledgment that managed forest ecosystems
are affected by multiple disturbances of similar and
dissimilar natures that are complex, may interact
with each other, occur over expanded and permeable boundaries, and have broad time horizons
and inherent time lags (Spaling 1994). These system
attributes are inherently cumulative effects and are
central to the theory of environmental change and
the idea of ecosystems and their response to
disturbance (Holling 1973, Barrett et al. 1976,

Barrett and Rosenberg 1981). The framework of
cumulative environmental change is particularly
well suited to analyzing the impacts of herbicide use
to water quality at a landscape scale since herbicides
disturbance, vegetation removal, fire, planting, and
fertilizer application (Neary and Michael 1996,
Therivel and Ross 2007, Neary et al. 2011).

CUMULATIVE EFFECTS
Spaling's (1994) paper on cumulative effects
assessment approaches the topic from the concept of
environmental change theory which is based on
ecosystem disturbance concepts in geography
(Bennett and Chorley 1978, Holling 1973, Rapport
et al. 1985, among others). The main types, characteristics, and examples in forestry are listed in Table
1. Of the cumulative effects types listed in Table 1,
space and time crowding are the most common
effects on water quality associated with herbicides.
Synergistic effects are rare and difficult to quantify.
Two herbicides in the same tank mix can affect
different target weeds but their effects on water
quality are usually not multiplicative. In addition,
water quality standards are normally set for
individual chemicals and not combinations. Indirect
effects on water quality do occur and they can be
both negative and positive (Neary and Michael
1996).
Considering the other cumulative effects types,
nibbling definitely occurs along stream courses and

Table 1. Cumulative effects types, characteristics, and examples adapted from Spaling (1994).
Type
Characteristics
Examples
Time Crowding
Frequent & repetitive activities in the
Multiple herbicide applications within a
same time frame
catchment the same day
Space Crowding
Synergistic
Indirect
Nibbling
Time Lag

Management activities on the same
compartment
Effects from different activities that
multiply the impact
Secondary effects not directly related
to an activity
Incremental reductions in water quality

Time delayed effects from land
management activities
Cross-Boundary
Impacts occurring away from the
site of the activity
Trigger/Threshold Changes in system behavior and
characteristics
Fragmentation
Change in land use the breaks up
continuity of an ecosystem

1

Harvesting, site preparation, burning, &
chemical applications on the same stand
Multiplicative effects of herbicides or
fertilizers on vegetation & water quality
Nitrogen release into groundwater after
harvesting mature stands
Changes in water quality from inputs of
pollutants along a stream course
Delayed movement of fertilizers or herbicide
residues into streams
Chemical drift from fertilized paddocks into
forested areas
Global climate change, drought, tropical
cyclones
Urbanization of forest lands or conversions
to agriculture

USDA Forest Service, Rocky Mountain Research Station, Flagstaff, AZ
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is caused by a number of nonpoint source pollutants, not just herbicides (Sarmah et al. 2004). Sediment and nutrients are the biggest contributors to
nibbling effects. Time lag enters into herbicide
cumulative effects analyses when residues enter
groundwater and their appearance in streams or
lakes is substantially delayed. However, the concentrations are usually quite small and do not approach
water quality standard limits. Cross boundary
effects can occur with aerial applications and often
can be the major source of inputs to water despite
buffers and computer control of applications.
Trigger and threshold effects are not important
considerations in herbicide cumulative effects
analyses although drought can delay residue
movement in soils and excessive rainfall can wash
of more herbicide residues into surface waters. In
the latter case, herbicide concentrations are likely to
be quite low due to dilution effects (Neary et al.
1993). Lastly, fragmentation effects do not enter
into herbicide cumulative effects analyses since
herbicides by themselves do not fragment landscapes. One aspect of herbicide application in
already fragmented landscapes can be higher incidences of cross-boundary effects.
Beanlands et al. (1985) and Orians (1986) stated
that the key components of managing cumulative
effects are: 1) Determining if cumulative effects are
likely, 2) identifying the most appropriate warning
signals that cumulative effects are occurring, and 3)
attempting to reverse cumulative effects once they
have begun to influence ecosystems. In landscapes
that have intense and extensive forest management,
the big question becomes “Are there water quality
effects that occur from multiple disturbances within
the same landscape?”

al. 2013). The fate and movement of herbicides in
forested catchments has been fairly well documented, particularly by research in the USA and
Australia (Fagg et al. 1982, Leitch and Flinn 1983,
Neary et al. 1993, Skark et al. 2004). Some contradictory results have been produced due to differences in application rates, distribution equipment,
and levels of Best Management Practices. For
example, the highest concentration of hexazinone
reported in streamflow in the literature (2,400 µg L-1
or parts per billion) was due to aerial application of
herbicide pellets into a perennial stream in Alabama
(Miller and Bace 1980). In contrast, a similar aerial
application in Tennessee did not produce any
detectable levels of hexazinone in streamflow and
springflow during a 7-month monitoring period
(Neary 1983). Overall, whether applied aerially or
through ground application, peak herbicide concentrations were usually detected on the day of application or in storm runoff, particularly in the first few
weeks following herbicide application (i.e., Neary
et al. 1983, Lavy et al. 1989, Bouchard et al. 1985,
Neary et al. 1985, Fiore 1992, Michael and Neary
1993, McBroom et al. 2013, Baillie et al. 2015).
Otherwise, herbicide use in forests has generally
resulted low concentrations in streamflow (0 to 4 µg
L-1) for short durations, often below detection limits
(Fagg et al. 1982, Leitch and Flinn 1983, Neary
1983, Neary et al. 1985). All of these studies have
been conducted at the level of small stands or
catchments. None of these studies have addressed
the issue of multiple herbicide applications, or
involved any systematic efforts to scale up the
results to larger landscapes to assessment the
cumulative risks to water quality risk as recommended by Boyle et al. (1997).

HERBICIDES

NEW ZEALAND STUDY

Herbicides are commonly used in managed
forests to control competing vegetation which is
critical to the long-term survival, productivity and
economic viability of the timber crop. Herbicide use
varies both spatially and temporally within managed
forests, and while information exists on the effects
of herbicide use on water quality at the site and
catchment scale, little is known about the cumulative effects of herbicide use on water quality at the
wider landscape scale. This is where a cumulative
effects analysis becomes very important for both
forest managers and the general public. Since
herbicide use in plantation forests is controversial
because of its potential to affect water resources, a
cumulative effects analysis of many herbicide
applications within a large catchment is an
important tool for assessing herbicide application
impacts on water quality.
Herbicides use in managed forests for control of
competing vegetation has been addressed by a number of investigators (Neary et al. 1986, Rolando et

Recently, a cumulative effects analysis was
conducted in the upper Rangitaiki catchment
(118,345 ha) in the central North Island of New
Zealand, an area dominated by planted forests, to
determine the risk to water quality from two herbicides commonly used in New Zealand's planted
forests for post-plant weed control, terbuthylazine
and hexazinone. Data from a 12.5-ha catchment
study within the Rangitaiki Basin, where these two
herbicides were aerially applied in two consecutive
years, was used to model herbicide concentrations
entering the Rangitaiki River for the remaining
treated areas in the upper Rangitaiki catchment for
the same two spray seasons (Baillie et al. 2015).
The spreadsheet model then routed the modelled
herbicide residues from their point of entry into the
river system to a flow gauge on the Rangitaiki River
at the base of upper catchment. Cumulative effects
modeling of chemical residue loadings and concentrations of terbuthylazine and hexazinone at this
point in the Rangitaiki River catchment, indicated
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that potential herbicide residues in stream waters
would be below analytical detection limits and
posed no risk to the aquatic environment or human
health and safety. Safety factors for water quality
standards, Daphnia spp. exposure, Oncorhynchus
mykiss (rainbow trout) exposure, and human
Acceptable Daily Intake levels for both herbicides
were very large. The conclusion of this study was
that, when taking into account the spatial and temporal variability inherent in the operational landscape
level application of terbuthylazine and hexazinone
in planted forests in the upper Rangitaiki Basin, no
significant risks to water quality, human health, or
aquatic species were detected.

SUMMARY
Other cumulative effects analyses need to be
done to support or counter the results of the New
Zealand study. Despite 15 years of pesticide fate
research in the Southeast, there were never any good
opportunities to do a cumulative effects analysis (J.
L. Michael, pers. comm.). Another cumulative
effects study needs to be done that incorporates
other water quality parameters such as sediment,
anions, cations, and microbiology to get a more
complete picture of water quality impacts from
herbicide use. Until such a study is installed and
completed, one can only conclude from the New
Zealand study that there are no adverse cumulative
effects impacts from operational herbicide
application programs.
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BEST MANAGEMENT PRACTICES FOR PROTECTING WATER QUALITY IN
BIOENERGY FEEDSTOCK PRODUCTION
Daniel G. Neary1
In the quest to develop renewable energy
sources, woody and agricultural crops are being
viewed as an important source of low environmental
impact feedstocks for electrical generation and
biofuels production (Somerville et al. 2010, Berndes
and Smith 2013). In countries like the USA, the
bioenergy feedstock potential is dominated by
agriculture (73%) (Perlack et al. 2005). In others
like Finland the largest potential comes from forest
resources. Forest bioenergy operational activities
encompass activities of a continuing and cyclical
nature such as stand establishment, mid-rotation
silviculture, harvesting, product transportation,
wood storage, energy production, ash recycling, and
then back to stand establishment (Neary 2013). All
of these have the potential to produce varying levels
of disturbance that might affect site quality and
water resources but the frequency for any given site
is low (Berndes 2002, Shepard 2006, Neary and
Koestner 2012). Agricultural production of feedstocks involves annual activities that have a much
higher potential to affect soils and water resources.
The way forward relative to assessing the soil and
water impacts of bioenergy systems and the sustainability of biomass production rests with three
approaches that could be used individually but are
more likely to be employed in some combination
(Neary and Langeveld 2013).
These approaches are: (1) utilizing characteristics that can be quantified in Life Cycle Assessment
(LCA) studies by software, remote sensing, or other
accounting methods (e.g.,greenhouse gas balances,
energy balance, etc.; Cherubini and Strømman
2011); (2) measuring and monitoring ecosystem
characteristics that can be evaluated in a more or
less qualitative way (e.g., maintaining soil organic
carbon) that might provide insights on potential
productivity and sustainability, and (3) employing
other proactive management characteristics such as
Best Management Practices that are aimed at preventing environmental degradation.

LIFE CYCLE ASSESSMENT
Life Cycle Assessment has been used to estimate the environmental impacts of biomass energy
uses. Typically they examine greenhouse gas
(GHG) emissions, CO2 emissions, energy balance,
and some indirect effects. Cherubini and Strømman
(2011) reviewed 94 LCAs, most of which were
papers published in scientific journals. More than
half of the studies were from North America and
Europe. Increased numbers of South Asia, Africa,
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and South America can be found. About 50% of the
studies limited the LCA to GHG and energy balances without considering contributions of bioenergy programs to other impact categories such as
soils and water. They concluded that there are a
number of issues and methodological assumptions
in currently used LCA approaches that make it
impossible to quantify environmental impacts from
bioenergy programs. Some of the key indirect
effects issues strongly depend on local operations,
vegetation, soil, and climate conditions that render
accurate assessment of environmental effects very
problematic. Although policymakers claim that
methods exist for assessing environmental impacts
on soil and water, the scientific foundation for
estimating indirect effects of bioenergy programs is
constrained by the lack of adequate validation
research, accurate assessment methods, and the
relative infancy of the LCA process. Cherubini and
Strømman (2011) clearly pointed out that determination of environmental outcomes of bioenergy
production is complex and can lead to a wide range
of results. They stated that the inclusion of indirect
environmental effects in LCA represents the next
research challenge and not the immediate incorporation into the methodology.

SUSTAINABILITY AND PRODUCTIVITY
In regard to the second approach, soil quality
monitoring was developed as a means of evaluating
the effects of forestry and agricultural management
practices on soil functions that might affect site
productivity (Neary et al. 2010). A number of soil
physical, biological and chemical parameters, which
have linkages to soil productivity have been
proposed as forming a minimum monitoring set.
The way forward relative to assessing soils impacts
and the sustainability of biomass production systems rests with proactive proper soil management
and not reactive monitoring for screening the condition, quality, and health of soils relative to sustaining productivity (Johnson 2010, Burger et al. 2010).
Evaluation of soil condition thus would lead to a
time-trend analysis that can in turn be used to assess
the sustainability of land management practices and
bioenergy programs. However, even though
sustainability is the stewardship goal of land
management, more specific definitions of its goals
and attributes is often complex and open to considerable interpretation (Allen and Hoekstra 1994,
Moir and Mowrer 1995). Many scientists have
attempted to answer the “what,” “what level,” “for
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whom,” biological or economic,” and “how long”
questions of sustainability. Allen and Hoekstra
(1994) clearly pointed out that there is no absolute
definition of sustainability, and that it must be
viewed within the context of the human conceptual
framework, societal decisions on the state of ecosystem to be sustained, and the temporal and spatial
scales over which sustainability is to be judged. In
short, this approach is loaded with considerable
uncertainty and lack of consensus.

BEST MANAGEMENT PRACTICES
Absent some breakthrough in validating a key
set of soil parameters that will predict soil productivity and sustainability trajectories, the most sensible approach is the third, specifically the development, implementation, monitoring, and assessment
of “Best Management Practices” (BMPs) (Neary
2013). Collectively, a large number of BMPs for
forestry and agriculture have been developed
throughout the world because of national regulatory
demands and the international development of
“Codes of Land Management Practice” (Neary
2014). The BMPs in the Codes and regulations
cover traditional forestry and agricultural activities.
New BMPs have been developed for bioenergy
applications such as energy production facilities,
ash recycling, and short-rotation cropping. Best
Management Practices were originally developed in
the 1970s for water quality protection but now
extend to other environmental concerns such as
sustainability. An important part of BMP utilization
is the cycle of application, monitoring, evaluation,
refinement, and re-application. Research and development studies play a key part in the refinement and
communication of improved BMPs. Existing studies
of BMP effectiveness have demonstrated that most
BMPs, if applied correctly, are very effective in
mitigating or preventing adverse soil and water
quality impacts. Some jurisdictions have mandatory
BMPs but others operate completely under voluntary systems.
The key components of successful BMP-based
codes of practice for bioenergy systems, whether
voluntary or mandatory, revolve around the cyclical
strategy of planning, implementation, monitoring,
evaluation, adaptation, and renewed implementation. The minimum number of BMPs needed should
come out of the planning process and is dependent
on resources to be protected, site physical characteristics, regulatory requirements, and overall
organization and operation goals. These will
obviously vary from site to site, region to region,
country to country, and organization to organization. Life cycle analysis should always be included
in order to identify all water and ecological impacts.
The next step is crucial. Monitoring and evaluation
should be conducted routinely in order to decide if
selected BMPs are effective and can be reapplied, or

if they need to be modified, researched further, or
discarded. Research and development studies play
a key part in the refinement and communication of
improved BMPs. They are also crucial in validating
the effectiveness of BMPs. This is especially important where local environmental conditions or operational standards are unique. Best Management Practices ensure that bioenergy programs can be a
sustainable part of land management and renewable
energy production. There are a number of management practices that are accepted as means of
reducing or eliminating the environmental effects of
forestry operations, agriculture activities, and
energy production (Minnesota Forest Resources
Council 2005, USDA Forest Service 2012) These
are collectively known as BMPs (Loehr et al. 1979,
Lynch et al. 1985). This term is used in many
domains from accounting and tourism to forestry. It
implies that there is a widely acceptable combination of management actions that under most conditions ensure desirable outcomes.
In forestry and farming, the term BMP usually
refers to practical and economic operational procedures and practices that eliminate or keep risks to
environmental quality at an acceptably low level
(D'Arcy and Frost 2001, Broadmeadow and Nisbet
2004). In most instances the key environmental
parameter is water quality, and the focus of BMPs
in both forest and agricultural management is the
Streamside Management Zone (SMZ) (Neary
2014). However, as discussed in this paper, BMPs
exist and can be used for all life cycle phases of
forest products and bioenergy feedstock production.
For example, one BMP for forestry operations is to
keep machinery out of waterways (Phillips et al.
2000). Another set minimizes road stream crossings
by efficient design of main roads and skidder tracks.
Still others establish sediment control treatments
such as gabions, sediment fences, straw bales, or
wattles, and ditch-line diversions in order to trap
sediment onsite and minimize sediment runoff into
streams at road crossings (New Zealand Forest
Owners Association 2012, USDA Forest Service
2012). Still other BMPs exist for wood-processing
facilities like sawmills and pulp and paper
manufacturing plants as well as power transmission
lines pipelines associated with bioenergy production
facilities. Not all BMPs are necessarily accepted by
all stakeholder groups or land managers as
providing the desired environmental outcome for all
sites.
The term BMP can be misleading if “Best” is
understood to imply that better practices do not
exist. There is always the possibility that new scientific knowledge and practical experience can be
used to improve a currently accepted BMP or create
new ones. Best Management Practices are effective,
practical, structural or non-structural methods which
prevent or reduce environmental degradation. In the
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forestry and bioenergy context, they are used most
commonly to protect water resources, and are
usually developed to achieve a balance between
environmental protection and the production of
woody and herbaceous crops within natural and
economic limitations (Aust et al. 1996).
Codes of Practice are collections of BMPs that are,
if compulsory, prescribed in regulations and guidelines, and therefore require compliance. The BMPs
embodied in Codes of Practice may be applicable to
all or any combination of target groups, e.g.,
forestry operations on public and private land, and
in small or large areas. Forest practices in many
developed countries tend to be regulated in this
manner. However, BMPs and Codes of Practice can
also be voluntarily developed and adopted, which is
more common in the agricultural sector (Logan
1993). BMPs can be general in nature or tailored to
specific activities such as bioenergy production.
General BMP guidelines are designed to sustain
forest or agricultural resources such as cultural
resources, soil productivity, riparian areas, visual
quality, water quality, wetlands, and wildlife habitat. They are applicable to activities such as road
construction and maintenance, harvesting, site preparation, pesticide use, reforestation, stand tending
and thinning, fire management, and recreation management. Specific BMPs are activity-specific guidelines which are unique to an activity and designed to
work with general guidelines to provide an
integrated framework needed to ensure forest or
agricultural resource sustainability.

RATIONALE FOR THE USE OF BEST
MANAGEMENT PRACTICES
The use of BMPs in land management for bioenergy objectives requires additional effort and
expense to follow guidelines and achieve objectives
(Richardson et al. 2002). This fact logically raises a
number of questions for land managers: “Why are
we doing this?,” “What is the advantage for my
farm/forest?,” “Who is making me incorporate these
practices?,” “What is the economic value?,” etc.
There are many answers that are obvious in the
short-term and long-term. These include but are not
limited to:
•
•
•
•
•
•
•
•

State and National environmental regulations,
Agency regulations and goals,
Private land management objectives,
Land manager desires to seek certification for
marketing purposes,
Corporate/individual commitment to
sustainability goals,
Recognition of the productivity benefits of
BMPs,
Desire to integrate multiple ecosystem services
into land management,
Cultural and religious legacy,

•
•

Personal conservation heritage,
Desires to emulate successful examples of good
natural resources management.

For forest bioenergy programs, BMPs are
essential to ensure long-term productivity and sustainability because management of forests for bioenergy objectives often involves intensification of
forest access, harvesting, and disturbance (Dyck and
Bow 1992, Richardson et al. 2002). Since many
forest bioenergy producers seek certification of sustainability through the Forest Stewardship Council
(FSC), the Program for the Endorsement of Forest
Certification (PEFC), or other certification systems,
adoption and use of BMPs is a necessity (Janowiak
and Webster 2010, Scarlat and Dallemond 2011).
This paper provides an overview of BMPs used in
bioenergy feedstock production (Buford et al.
2011). It discusses development of BMPs, types of
BMPs, and examples of their implementation
(Neary et al. 2010). While most forestry BMPs are
directly applicable to forest bioenergy programs,
there are some aspects of the forest bioenergy life
cycle that are different from production forestry and
require unique BMPs. These include slash harvesting, woody biomass storage, power generation,
powerline right-of-way maintenance, and ash recycling. Agriculture has its own set of BMPs, many of
which are common to forestry ones. However, the
intensity of agriculture activities necessitates a
unique set of BMPs tied to the frequency and degree
of land disturbance activities.

SUMMARY
The report that summarizes forestry and agriculture BMPs in the context of multi-feedstock
bioenergy programs was published by the International Energy Agency, Bioenergy Task 43 (Neary
2014). Since BMP usage and development is an
iterative process, evolution of individual BMPs to
deal with site-specific and feedstock-specific issues
is to be expected. Use of BMPs requires on-going
assessment, monitoring, and refinement to craft
these practices to best suit local conditions. Best
Management Practices ensure that forest and
agricultural bioenergy programs can be a sustainable part of land management and renewable energy
production.
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CONTRIBUTIONS BY THE ROCKY MOUNTAIN RESEARCH STATION TO THE FOUR
FOREST RESTORATION INITIATIVE: SILVICULTURE, WILDLIFE AND WATERSHED
MANAGEMENT
Gerald J. Gottfried1, Peter F. Ffolliott2, and Daniel G. Neary3
The 2.4 million acres of ponderosa pine (Pinus
ponderosa) forests and the many resources that they
provide are the basis for the wide range of interests
and concerns relative to their stewardship by management agencies, special interest groups, and the
general public. As might be expected, therefore,
there are conflicts of interest among stakeholders.
These conflicts often concern the impacts of tree
cutting activities on non-market benefits such as
wildlife habitats, streamflow regimes, and scenic
beauty. A recent issue of conflict has been the application of prescribed or managed fires to reduce the
large accumulations of flammable fuels that can
cause damaging wildfires when ignited - especially
ignitions in the wildland-urban-interface. However,
silvicultural practices such as the application of
prescribed fire or mechanical forest stand treatments
that can reduce the accumulations of fuels are
opposed by some members of society. Collaboration among the supportive but sometimes conflicting
interests of the involved parties is necessary to
resolve any difficult conflicts and thus provide more
unified management of ponderosa pine forests.

SILVICULTURAL BACKGROUND
Natural ponderosa pine forests occur as irregular, uneven-aged stands consisting of small evenaged groups varying up to several acres in size
(Pearson 1950, Cooper 1961, Schubert 1974). These
forests can be open-grown and poorly stocked
although many groups of trees are overstocked.
Interspersed meadows and parks are common.
Wildfires that frequently burned through the forests
prior to European settlement affected natural
regeneration and forest structure (Shepperd et al.
1983). Commercial exploitation of ponderosa pine
forests began in the 1870s with completion of the
transcontinental railroad. Early timber harvests
removed 70 to 80% of the merchantable trees
(Schubert 1974). Research results from Fort Valley
provide a foundation for the Four Forest Restoration
Initiative, a collaborative effort to restore the
structure, pattern, and composition of ponderosa
pine forests on 2.4 million acres in northern
Arizona. Many of the stands in the forests are overgrown with thickets of small-diameter unhealthy

trees that can fuel severe high-intensity wildfires.
Much of the earlier silvicultural understanding of
ponderosa pine forests in Arizona was done by
USDA Forest Service scientists, many based on the
Fort Valley Experimental Forest. This research contributed to the current restoration efforts.
Following increases in timber sales into the
1960s with removals generally one-third-to-twothirds of the merchantable volume, the level of timber harvesting remained relatively flat into the
1980s.Timber harvesting began to decline in the
early 1990s after a series of lawsuits filed by environmental organizations challenged many of the
sales. These challenges evolved from a perceived
failure of the Forest Service to adequately protect
biological diversities and habitats for rare, threatened, and endangered species. A lack of merchantable trees and unfavorable market conditions also
contributed to this situation. With curtailment of
timber harvesting, the lack of active stand management resulted in unmanaged and undesirable
changes in the structure, stocking, and growth of
today's ponderosa pine forests.
Increases in the size and severity of large wildfires have also amplified changes in the structural
character of the impacted ponderosa pine forests.
Stands burned by high-severity fire have been damaged or destroyed and their ecological functioning
has been disrupted. Stands burned at lower severities were impacted less. As a consequence, ponderosa pine forests consisting of a mosaic of stands
that had burned at varying severities with intermingling unburned stands have been created. Largescale infestations of bark beetles and other damaging insects have added to the present structural
mosaic.
The objective of this paper is to review the role
of silviculture, biological, and hydrologic research
done by the Rocky Mountain Research Station
scientists in developing the restoration initiative
being initiated on four national forests in cooperation with local, state and national entities interested
in improving the health of ponderosa pine forests in
Arizona. Specific applications of silvicultural
research are described for enhancing species habitats and evaluating hydrologic responses to treat-
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ments. The creation and development of the Four
Forest Restoration Initiative are described.

DEVELOPMENT OF THE FOUR FOREST
RESTORATION INITIATIVE FOR IMPROVING
FOREST HEALTH
The recognition of rapidly declining forest
health in ponderosa pine forests and the associated
environmental degradation led to the initiation of
efforts to improve the health of the forests by a joint
effort of private, state, and federal wildland managers. Of particular concern was past fire exclusion
which allowed dense and unhealthy stand of smalldiameter trees to become established and increased
the likelihood of high severity wildfires and insect
and disease outbreaks.
The Four Forest Restoration Initiative (4FRI) is
an example of applying silvicultural knowledge in
collaborative management of ponderosa pine forests. In addition to the concerns about the potential
for high severity wildfire and insect infestations,
there also were concerns about protecting sites used
by two threatened species – the northern goshawk
(Accipter gentilis) and the Mexican spotted owl
(Strix occidentalis lucida). Because of these issues,
then Arizona Governor Janet Napolitano formed the
Arizona Governor's Forest Health Council in 2003.
The council was comprised of representatives of
federal, state, and county management agencies,
politicians and other decision-makers, academics,
and environmental groups. Subsequently, the Statewide Strategy for Restoring Northern Arizona's Forests evolved in 2007 and became the basis for initiating forest restoration efforts by demonstrating the
broad support in Arizona for landscape-level forest
restoration efforts (Provencio 2013). These actions
were largely prompted by the Rodeo-Chedeski
Wildfire in 2002 that burned 465,000 acres of forests, woodlands, and shrublands on the White
Mountain Apache Nation and Apache-Sitgreaves
National Forests, and severely damaged or destroyed 400 homes and other buildings (Ffolliott et
al. 2011). Another human-caused conflagration –
the Wallow Wildfire in 2011 – burned 538,000
acres of forests and woodlands and destroyed 72
homes on the Apache-Sitgreaves National Forests.
Occurrences of these two wildfires reinforced the
need for increased and improved restoration activities. It was observed that stands that had been thinned before these wildfires occurred were largely left
intact by the burning events. This observation led to
increased interest in applying silvicultural treatments (prescribed fire, mechanical operations to
reduce stand densities) to mitigate the often disastrous impacts of large wildfires.
The 4FRI is funded by the Collaborative Forest
Landscape Restoration Program that was established
in 2009. The vision of the initiative is to restore
forest ecosystems that will support natural fire

regimes while posing little threat for the occurrence
of future large and destructive wildfires. Other
objectives are to provide functioning communities
of native plants and animals; protect critical
watershed landscapes, and support forest industries
that strengthen local economies while conserving
natural resources and aesthetic values (U.S. Forest
Service 2010). The initiative involves restoration
treatments on the Kaibab, Coconino, Tonto, and
Apache-Sitgreaves National Forests in northern and
eastern Arizona. The operational plan for the initiative was developed with contributing inputs from
representatives of federal, state, and county agencies
and private institutions including environmental
groups. Collaboration among management
disciplines – especially those with responsibilities
for forest, fire, and wildlife management – was
essential in planning the initiative. The focus is
placed primarily on thinning stands of smalldiameter trees, creating small openings in forest
overstories, and managing stand structures to reduce
the accumulation of flammable fuels. By accomplishing these objectives, forests within the 4FRI
area will be better protected from catastrophic wildfires (Wilent 2013).
The objective of the 4FRI is to implement restoration treatments on 2.4 million acres of ponderosa
pine forests by initially treating 30,000 acres
annually for 20 years. These acreages treated under
4FRI are in addition to the total acreage already
treated by the respective national forests on an
annual basis. The management plan for the 4FRI
includes a call for the increased harvesting and thinning of forest stands and the use of prescribed fire to
meet the restoration objectives. Sackett and Haase
(2008) studied the use and impacts of prescribed fire
in the ponderosa pine stands at the Fort Valley
Experimental Forest. Another objective is to attract
and support local wood-utilization industries to help
in defraying the costs of the treatments through
wood purchases while providing sustainable
employment of the inhabitants of the neighboring
communities. A private firm – Good Earth Power –
assumed the contract to undertake the prescribed
restoration treatments (Wilent 2013). The firm plans
to construct a saw mill, pellet mills, and other
processing facilities as part of the agreement. It is
hoped that the initiative will achieve long-term and
landscape-scale restoration (U.S. Forest Service
2010).

GENERAL DIRECTIVES OF THE INITIATIVE
Directives for the Coconino and Kaibab National
Forests state that uneven-aged management of the
forests will be emphasized while also prescribing
even-aged systems to provide variations in stand
structures and species diversity (McCusker 2013).
Directives for the Tonto National Forest and the
Apache-Sitgreaves National Forest are based on
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five-year plans (Hart, W; pers. comm.; April 2014).
Trees will be cut to control dwarf mistletoe
(Arceuthobium vaginatum subsp. cryptopodum) infestations, increase growth of residual trees, and improve
tree-vigor and the resistance of these trees to insects
and diseases. These efforts should also sustain or
even improve biological diversities. Gambel oak
(Quercus gambelii), juniper (Juniperus sp.), pinyon
(Pinus edulis), especially larger trees, and quaking
aspen (Populus tremuloides) trees will be retained
to benefit wildlife species. Thinning from below
will be recommended where feasible. Tree groups
selected for regeneration will be located to achieve
a diverse distribution of the groups. The general
directives are to manage to ensure a sustainable
level of nest/roost habitat distributed across the
landscape (McCusker 2013). Tree harvesting is
limited in other areas unless there is a silvicultural
benefit such as reduced crown competition and
increased growing space.

4FRI TREATMENT IMPACTS ON
ENDANGERED BIRD SPECIES AND
WATERSHEDS
Two impacts of the 4FRI treatments are considered in this paper. Protecting rare, threatened, and
endangered species has been and will remain paramount in the thinking of managers responsible for
implementing the treatments. A second impact
relates to possible effects of the restoration treatments on streamflow regimes. High severity fires
not only result in increased base flows but also in
flood flows and erosion. The latter impact is considered to be significant by the authors of this paper
because of its contribution in providing a water
resource to the people of the state.

Protection of Rare, Threatened,
and Endangered Species
Among the issues specifically addressed in the
4FRI, a very important one relates to the protection
of rare, threatened, or endangered wildlife species.
More specifically, silvicultural prescriptions in 4FRI
are designed to protect or create Protected Activity
Centers (PAC) areas for Mexican spotted owl and
provide favorable habitat conditions for northern
goshawk. The desired habitat conditions for Mexican spotted owls are a targeted basal area level of
150 ft2/acre, 30% or more of total stand density
index (SDI) in ponderosa pine trees equal to, or
greater than, 18 inches in diameter at breast height
(d.b.h.), 15% of SDI in ponderosa pine trees
between 12 and 18 inches in d.b.h. ($20 trees per
acre $18 inch d.b.h.), and $20 ft2/acre of Gambel
oak basal area (McCusker 2013). An average of two
snags 18 inches in d.b.h. or larger will be retained
on each acre. There are also recommendations for
the retention of dead-and-down woody materials.

Trees larger than 24 inches in d.b.h. will not be cut
in Mexican spotted owl habitats. There also will be
a 100-acre no-treatment zone around known nest or
roost sites for the two species. Intermediate thinning
would be prescribed to increase tree health and
vigor and reduce fire hazard. Stands will be managed for irregular tree spacing to create canopy gaps
and other conditions that would be conducive to
low-severity prescribed fires.
The general directives for treating goshawk areas
were developed from research by Reynolds and his
associates (1992) from the Rocky Mountain Forest
and Range Experiment Station and the Forest
Service’s Southwestern Region. The objectives for
these areas are to manage for uneven-aged stand
conditions for live trees and retain live reserve trees,
snags, downed logs and woody debris. The goal is
to sustain as much old-growth forest structure as
possible, provide for groups of trees with interlocking crowns, and maintain a variety of forest
densities. One idea is to maintain habitat for
goshawk prey species. Desired habitat conditions
for northern goshawk call for a highly interspersed
and heterogeneous pattern of tree groups and sizes
that are interspersed across the landscape (McCusker 2013). Groups of trees with interlocking crowns
and the intermingling presence of Gambel oak and
quaking aspen regeneration are also desired. Regeneration openings should account for 10 to 20% of
tree groups. Tree groups of different age classes will
be managed by retaining individuals and clumps of
vigorous pine seedlings, saplings, and poles within
larger mid-aged and older trees. More than 40
potential treatment options are being considered
based on vegetative and site characteristics. Selected
silvicultural prescription include single-tree selection, thinning, stand improvement; spacing between
tree groups; site characteristics; and preferred
Mexican spotted owl or northern goshawk habitat
requirements. Wildland-urban-interface concerns
have been recognized. Interspace requirements are
indicated in the prescriptions.

Watershed Responses
High severity fires can result in increased base
flows but also in flood flows and erosion. Immediate post-fire runoff and erosion are probably of
more concern to watershed managers and hydrologists than is base flow or increased water yields
because of the loss of soil and nutrients, decreases
in site productivity due to erosion, possible downstream flood damage and the effects on downstream
water quality because of the nutrients and suspended sediments. Hydrologists and watershed
managers are interested in knowing how the 4FRI
treatments involving applications of prescribed fire
and mechanical thinning might impact the generation of streamflows in the treated ponderosa pine
stands. Impacts on the generation of streamflow are
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generally smaller with prescribed fire treatments
than those widely recorded for wildfire (DeBano et
al. 1998). Unless one of the objectives of a fire prescription is to convert a forest to an herbaceous
cover type, it is not necessarily a purpose of the fire
to drastically modify the structure of a forest overstory to where there will be significantly less evapotranspiration losses and, therefore, more streamflow.
At the same time, it is not necessarily a purpose of
prescribed fire to consume all of the litter
accumulations and other decomposed matter on
extensive areas with the consequent alternations in
streamflow regimes. Therefore, impacts of the prescribed fire treatments on the generation of streamflow are likely to be minimal. To further support
this conclusion, annual stream flows were not
significantly changed in the 6 years following a prescribed fire in the ponderosa pine forests on 43% of
a watershed on Castle Creek (Gottfried and DeBano
1990). However, the main purpose of the Castle
Creek treatment was to eliminate 40% of the heavy
fuels and 70% of the fine fuels on the watershed,
and it was achieved.
The effects of mechanical thinning on streamflow have been studied on the Beaver Creek watersheds (Baker and Ffolliott 1999) and the West Fork
of Castle Creek (Gottfried et al. 1999). Silvicultural
research at Fort Valley and its relationship to watershed management were summarized by Gottfried et
al. (2008). Increases in annual streamflows of 12 to
30% occurred following the implementation of prescribed thinning and overstory clearing treatments on
experimental watersheds at these two sites. The
effectiveness of these treatments in increasing streamflow was largely related to the level to which the tree
densities were reduced by thinning, the proportion of
a watershed that was cleared of its overstory, or
combinations of these two silvicultural interventions.
However, the observed increases in streamflow were
relatively short-lived from 4 to 20 years.
It is likely, therefore, that the 4FRI treatments
will not affect the long-term generation of streamflow (Neary et al. 2008, Poff and Neary 2008).
However, it is difficult to reliably predict the actual
impacts of the 4FRI treatments on streamflow
because of the varying nature of the prescriptions
for the restoration treatments; site conditions; juxtapositions of the stands to be treated by these prescriptions; spatial locations of the restored stands
within a watershed boundary; and sequencing of
implementing the restoration treatments through
time. The potential impact of climate change on
forest watershed hydrology is also unknown. In
matter of fact, these effects can only be hypothesized in the absence of instrumented watersheds.
Faculty and students at Northern Arizona University and their colleagues are planning on establishing 12 instrumented watersheds throughout the
4FRI areas in northern Arizona to ascertain the

impacts of treatments on streamflow (Masik-Lopez
2014). The Salt River Project, which is responsible
for water supplies in the Phoenix Metropolitan
Area, is interested in the possibilities of 4FRI treatments resulting in increased water yields.

SUMMARY
Implementing silvicultural prescriptions on
most public lands today involves collaboration
among many stakeholder groups with often divergent views of what constitutes “good” silviculture.
The 4FRI is a recent effort of applied silviculture for
collaborative management of Arizona ponderosa
pine forests. The emphasis at this time on the protection of listed bird species is a result of collaboration among the stakeholders. Support for the use of
prescribed fire is another change in operating procedures for the management of ponderosa pine
forests. Effects of the restoration treatments on the
generation of streamflow appear largely minimal
but maintaining other hydrologic values, such as
soil surface protection, of the treated stands can be
a realistic goal. Much of the scientific basis for the
development of the specific recommendations in the
Four Forest Restoration Initiative have been provided by the results of studies conducted by scientists of the Forest Service's Rocky Mountain
Research Station. This includes a better understanding of silviculture, fire behavior, fire history, prescribed burning, watershed responses, runoff and
erosion, and wildlife habitat in the ponderosa pine
forests of Arizona.
The article focuses on two impacts that need particular consideration in program planning – the
impact on rare, threatened, and endangered species
and the impact on streamflow regimes. The need for
careful collaboration and multi-disciplinary and
skilled operational planning is obvious here if conflict is to be reduced. However, the overall picture is
limited somewhat by the choice of these two impacts
for primary consideration. The origin of the program
rests in the desire to change the fire pattern in these
forests and the impacts of the large and intense fires
of the present. The benefits of such a program over a
20-year period may be hard to predict, whether in
terms of habitat improvement, changes in watershed
performance, numbers of homes destroyed, stand
composition, acres burned, or fire budgets, for example. But the stakes are increasingly high and we need
to move, increasing our knowledge and reducing our
uncertainty as we go.
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CONTRIBUTIONS OF SILVICULTURE TO WATERSHED EXPERIMENTS IN
ARIZONA'S PONDEROSA PINE FORESTS: A HISTORICAL REVIEW
Gerald J. Gottfried1, Peter F. Ffolliott2, and Daniel G. Neary3
Silvicultural studies on the Fort Valley Experimental Forest, the oldest experimental forest in the
United States, have been the basis for planning and
implementing watershed management experiments
in ponderosa pine (Pinus ponderosa) forests. The
primary purpose of these experiments had been to
evaluate the potentials for increasing streamflow
volumes while maintaining or improving other
ecosystem-based, multiple-resource values. Knowledge gained from these experiments has provided
today's managers with a better appreciation of the
past management of Arizona's ponderosa pine
forests. The effects of applying silvicultural treatments formulated largely from studies on the Fort
Valley Experimental Forest and effects of these
treatments on forest structures are reviewed in a
historical context in this paper.

SILVICULTURAL PRESCRIPTIONS
FOR THE MANAGEMENT OF
PONDEROSA PINE WATERSHEDS
Water has been and remains critically limited in
the southwestern region. In response to diminishing
supplies and increasing demands for water in the
late 1950s, a group of public- and private-sector
entities formed the Arizona Watershed Program
with the goal of increasing streamflow volumes
from upstream watersheds by implementing silvicultural treatments that held promise in achieving
this goal at the time (Ffolliott 1999, Fox et al.
2000). Leading up to the organization of this collaborative program, George Barr, an economist at the
University of Arizona, and a team of watershed
management specialists were commissioned to
evaluate the possibilities of enhancing streamflow
volumes from watersheds in the state (Barr 1956).
Literature reviews and on-site examinations of
watershed conditions and management opportunities
by Barr and his team concluded that vegetation
management might increase streamflow volumes
while maintaining other watershed-based values.
It was further concluded by Barr's team that
silvicultural treatments on watersheds in highelevation forests such as ponderosa pine forests had
the greatest potentials for increasing streamflow
volumes. However, because little information relating to these potentials was available at the time of
the Barr study, a research program was initiated as

a component of the Arizona Watershed Program. Its
purpose was to evaluate the effects of applying prescribed silvicultural treatments to increase streamflow volumes from selected watersheds before
implementing large-scale, operational management
practices in these forests (Baker 1999, Fox et al.
2000). Among the silvicultural treatments to be considered were clearcutting tree overstories to create
openings of varying shapes and sizes, thinning tree
overstories to specified densities, and combining
clearcutting and thinning treatments.

RESEARCH PROTOCOLS
One of the more important sites for the proposed research program was Beaver Creek, located
in the Coconino National Forest south of Flagstaff.
Research at Beaver Creek involved collaboration
among U.S. Forest Service scientists and other partners in the Arizona Watershed Program (Baker
1999). Watershed studies were also undertaken at
Castle Creek in the Apache-Sitrgeaves National
Forest of eastern Arizona (Gottfried et al. 1999).
The paired-watershed approach was applied in analyzing these experiments (Brooks et al. 2013).
With the recent, extended drought in the Southwest, there has been renewed interest in using silvicultural treatments to increase water yields from
forested watersheds (Neary et al. 2008, Poff and
Neary 2008). Silvicultural treatments imposed on
watersheds in the ponderosa pine forests of Beaver
Creek and a watershed at Castle Creek are reviewed
to illustrate the contributions of silviculture in the
management of southwestern ponderosa pine watersheds to increase streamflow volumes. Silvicultural
studies on the Fort Valley Experimental Forest were
not duplicated but provided the foundation for the
watershed treatments (Gottfried et al. 2008).

Clearcutting of Tree Overstories
Beaver Creek Watershed 12 is a 425-acre watershed that was clearcut in 1966-1967 to evaluate
effects of this “most drastic” of silvicultural treatments on streamflow volumes and other resource
values (Baker 1986, 1999). The pre-treatment overstory consisted largely of ponderosa pine trees with
intermingling Gambel oak (Quercus gambelii) and
alligator juniper (Juniperus deppeana) trees. Annual
precipitation in the ponderosa pine forests on
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Beaver Creek, when the watershed experiments
were imposed, ranged from 20 to 25 inches, occurring in a bi-modal pattern with almost equal
amounts in the winter and summer months (Baker
1999). Winter precipitation, often snowfall, was the
major source of streamflow with only a small portion of summer rains converted into streamflow.
Topography of Beaver Creek is characterized by
flat, rolling mesas with intermingling mountainous
terrain and varying slope and aspect combinations.
Basalt and cinders are the parent materials of soils
on the watershed. Forage for livestock and habitats
for wildlife were found on the watershed before
clearcutting.

Silvicultural Prescription
Once all of the trees in the overstory were cut,
merchantable wood was removed from the watershed and transported to a sawmill in Flagstaff for
processing. Non-merchantable wood and residual
logging slash were piled in parallel windrows that
were aligned perpendicular to the stream channel to
facilitate a more efficient transport of overland
flows of water to the channel. Post-treatment Gambel oak and alligator juniper sprouting were not controlled because of existing herbicide-use restrictions. Artificial regeneration was not part of the
prescribed treatment.

Streamflow Response
Annual streamflow volumes following the
clearcutting treatment increased an average with
standard error of 1.7±0.2 inches (29.9±3.1%) for
seven years (Baker 1986). Parenthetically, inches of
annual increase in streamflow volumes are calculated from the total cubic feet of streamflow water
prorated on a watersheds area. The increase in
streamflow volumes on Watershed 12 was attributed
mostly to a decrease in the water loss by transpiration (Brown et al. 1974, Baker 1986, Baker and
Ffolliott 1999). Greater overland flows of water also
resulted from melting snowpacks because of the
reduction in soil-moisture deficits. Additionally, the
windrows trapped snowfall on the lee sides of the
windrows in the winter and then delayed snowmeltrunoff until the ambient temperature increased
enough to rapidly melt the snow (Baker 1983). As
a result of the alignment of the windrows, more of
the snowmelt-runoff reached the stream channels.
Vegetation had recovered within 7 years of the
clearcutting treatment to where soil-water depletion
was essentially the same as found beneath the
pre-treatment forest cover. Annual sediment yields
in the post-treatment streamflow ranged from 0.01
to 27 tons/acre annually with the highest value
occurring after a historical rainstorm and hydrologic
event in 1970 (Thorud and Ffolliott 1973). Changes
in the concentrations of chemical constituents were
inconsequential.

Impacts on Forest Structure
Clearcutting removed the watershed from timber production although it is improbable that timber
production would become a focus of management in
ponderosa pine forests in the future (Ffolliott 2008).
However, post-treatment Gambel oak and alligator
sprouts provided firewood for local inhabitants in
the short-term. Stocking of natural regeneration
(ponderosa pine seedlings) decreased from 65%
before clearcutting to nearly 15% three years after
the treatment. Only 5% of the watershed was
stocked with ponderosa pine seedlings that had germinated since the treatment at this time. Stocking
conditions remained relatively constant at this low
level for 23 years following the clearing treatment
(Ffolliott and Gottfried 1991). It is even unlikely,
therefore, that the watershed could be considered for
future timber production without artificial regeneration. Studies at Fort Valley had indicated that it was
necessary to initiate artificial regeneration soon after
clearcutting to minimize the problems of competing
vegetation (Schubert 1974; Schubert et al. 1970). As
mentioned earlier, artificial regeneration was not
prescribed as part of the treatment.
Achieving goals other than timber production
remained on the watershed. Increases in the production of forage plants following the clearcutting treatment increased forage production and, therefore, the
possibilities of maintaining livestock grazing in the
short-term (Baker and Ffolliott 1999). But, the posttreatment production of forage will decline if a competing forest cover should become re-established on
the watershed (Bojorquez-Tapia et al. 1990). Impacts
of the treatment on wildlife habitats can be estimated
from the literature. Mule deer (Odocoileus hemionus)
and elk (Cervus elaphus) should benefit from the
edge-effect (ecotone) that was created between the
clearcut area and adjacent uncut forest (Patton 1974)
along the boundary of the watershed. However, the
interior of the clearcut area was probably too far
away from protective cover to be used regularly by
these species (Ffolliott et al. 1977). The numerous
post-treatment Gambel oak sprouts become a source
of browse for mule deer (Ffolliott and Gottfried
1991, Reynolds et al. 1970). Key components of the
habitat for Abert's squirrel (Sciurus aberti), specifically feeding and nesting trees for the squirrel (Ffolliott and Patton 1978, Patton 1975b, respectively),
were eliminated by the treatment. Protective cover
was furnished for cottontail (Silvilagus auduboni) by
the windrows (Costa et al. 1976) until the windrows
were later made available to firewood gatherers. It
has been assumed that foliage-gleaning birds, birds
whose nests are supported by trees, and birds that
nest in cavities of standing dead trees declined in
numbers while birds that scavenge for food on the
ground were less affected by the treatment (Szaro and
Balda 1979).
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Thinning of Tree Overstories
A thinning treatment based on individual groups
of ponderosa pine trees was implemented on the
298-acre Beaver Creek Watershed 17 in 1969. Thinning studies at Fort Valley specified high postthinning basal-area levels of 80 to 120 ft2/acre and
even higher levels in some cases (Krauch 1949,
Pearson 1950, Gaines and Kotok 1954, Myers and
Martin 1963, Myers 1967). However, information
on the response of ponderosa pine stands thinned to
lower basal-area levels was also needed to manage
ponderosa pine stands. Obtaining such information
was a purpose of the watershed treatment in addition
to evaluating the effects of a “heavy thinning
treatment” on streamflow volumes. Similar to all of
the Beaver Creek watersheds, Watershed 17 provided livestock forage and habitats for wildlife.

Silvicultural Prescription
Overstory trees on the watershed were commercially harvested by group selection with the remaining groups of ponderosa pine trees thinned uniformly to a basal area level of 25 ft2/acre, a density
level that was less than the “general guideline” of 80
ft2/acre prescribed by managers at the time of the
treatment (Schubert 1974). However, the thinning
level was above the density level where windthrow
of residual trees might occur (Ffolliott et al. 2000).
All of the trees 25 inches in d.b.h. and larger and all
dead standing trees were cut. Poor-risk trees, trees
with dwarf mistletoe (Arceuthobium vaginatum
subsp. cryptopodum) infections, and trees of poor
form were also cut if their removal did not significantly reduce the targeted basal area level. It was
then decided which of four size-classes of trees
would dominate the thinned stand. These size of
classes (classified by 2-inch d.b.h. intervals) were
saplings (less than 4 inches in d.b.h.), poles (4 to 10
inches in d.b.h.), small sawtimber (12 to 18 inches in
d.b.h.), and larger sawtimber (20 inches in d.b.h. and
larger). Dominance was based on the size-class of
trees that occupied the largest proportion of the
stand. With the exception of den trees, Gambel oak
trees larger than 15 inches in d.b.h. were removed
and all of the alligator juniper trees originally present on the watershed were cut leaving a residual
average of about 20 ft2/acre of basal area in trees 7
inches d.b.h. and larger. Smaller trees satisfied the
prescribed basal area level. Non-merchantable wood
and residual slash were piled in windrows in a manner similar to that on Watershed 12. Artificial regeneration was not prescribed.

Streamflow Response
Annual streamflow volumes increases averaging
1.6±0.2 inches persisted for 10 years following the
thinning treatment. These increases ranged from 10
to 30% above the predicted streamflow volume had
on the watershed remained untreated (Brown et al.

1974, Baker 1986, Baker and Ffolliott 1999). The
streamflow response was considered to be the result
of both reduced transpiration losses and increased
“runoff efficiency” of overland flows of water to
the stream channel. It was apparent that the windrows created by the treatment influenced snowpack
accumulation and melt patterns in a manner similar
to that observed on Watershed 12. Annual sediment
yields following the thinning treatment ranged from
0.03 to 0.32 tons/acre (Brown et al. 1974). Changes
in the chemical constituents entrained in the posttreatment streamflow volumes were insignificant or
inconsistent.

Impacts on Forest Structure
The thinning treatment resulted in the anticipated reduction in the number of trees, basal area,
and volume per acre. However, an inventory conducted 25 years following the treatment indicated
while the basal area and volume of the residual
trees increased on a per acre basis, the number of
trees remained the same (Ffolliott et al. 2000).
These post-treatment trends were similar to those
reported in earlier thinning studies at Fort Valley
by Ronco et al. (1985), Schubert (1974, 1971),
Myers (1967) Myers and Martin (1963), Gaines
and Kotok (1954), and Pearson (1950). Stocking of
natural regeneration was reduced from over 50%
before the treatment to less than 2% immediately
by the treatment. This initial loss of regeneration
was temporary as nearly 40% of the watershed was
re-stocked with ponderosa pine seedlings within 10
years of the treatment (Ffolliott et al. 2000). The
scarified soil-surface caused by the treatment
apparently provided a “favorable bed” for germination of the abundance of seeds dispersed 1 and 3
years following the treatment. Stocking at this time
was about 15% higher than that observed 23 years
following the clearcutting treatment on Watershed
12 (Ffolliott and Gottfried 1991).
Integrity of the thinned stands should be maintained at low density levels by preventing excessive
windthrow. But, it was unlikely that timber production could be sustained on a rotational basis even if
timber was later to become a component of forest
management (Ffolliott et al. 2000). Managing the
watershed for other resources is a more plausible
scenario. The observed post-treatment increase in
forage production should be sustained for a short
time following the thinning treatment (Brown et al.
1974). However, the annual average of 100 lbs/acre
of additional herbaceous species (including forage
plants) produced after the treatment (Clary 1975)
would decline as the density of forest cover
increased (Bojorquez-Tapia et al. 1990). Habitats
for mule deer and elk were enhanced by the treatment because of the combination of increased
forage production with retention of a protective
cover of trees. While many of the feeding and
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nesting trees that are commonly used by Abert's
squirrel (Ffolliott and Patton 1978, Patton 1975b,
respectively) were retained by the treatment, the
interlocking of tree crowns that is necessary for
squirrels to escape from predators and other disturbances (Patton 1975a) was lost by the prescribed
spacing of the thinned trees. Bird habitats were
essentially unchanged (Szaro and Balda 1979) with
the exception of habitats for birds nesting in cavities
of the standing dead trees that were cut as part of the
silvicultural treatment.

Combined Stripcutting and
Thinning of Tree Overstories
A combined stripcut-thinning treatment was
carried out on the 1,350-acre Beaver Creek Watershed 14 in 1970-1971 to evaluate its effect on
streamflow volumes. Cutting tree overstories in
strips can increase snowpack accumulation and, in
doing so, the amount of water available for streamflow (Gary 1975, Ffolliott et al. 1989, Baker 1999).
Thinning of trees in the intervening leave strips can
also increase accumulations of snow and, from a
silvicultural standpoint, the growth of the residual
trees. The effects of such a combined stripcutthinning treatment on streamflow volumes and other
resources were studied on this watershed.

Silvicultural Prescription
Overstory trees were cut in strips 60 feet wide
with alternating leave strips 120 feet wide. The stripcuts were oriented in the direction of the land-slope
and irregularly shaped for aesthetic purposes. A few
trees were left as “spacers” within the stripcuts to
break up the cleared continuity of the strips. The
intervening leave strips were thinned uniformly to a
prescribed basal-area level of 80 ft2/acre by retaining
favoring 12 to 24 inches in d.b.h. that were in
short-supply as timber at the time. Trees 25 inches
and larger, trees with heavy mistletoe infections, and
poor-risk trees were also cut. Gambel oak trees that
were larger than 15 inches in d.b.h. were cut in the
leave strips unless there was evidence of their use as
den trees. All alligator juniper trees were cut regardless of their size. The combined stripcut-thinning
treatment eliminated nearly 40% of the pre-treatment
total basal area on the watershed. Non-merchantable
wood and residual slash were piled in the center of
the stripcuts and later burned. Ponderosa pine seedlings were planted in stripcuts on better sites to supplement the natural regeneration that survived the
treatment.

Streamflow Response
The hypothesis tested by the combined stripcutthinning treatment was that streamflow volumes
would increase since water loss by transpiration
would decrease and the efficiency in transporting

overland flows of water to stream channels would
increase due to the uphill-downhill orientation of the
stripcuts. Increased overland flows were also
expected to occur because more snow would accumulate in the stripcuts as a result of reductions in
interception losses and a re-distribution of snowfall
by wind patterns (Ffolliott et al. 1989). An average
annual increase in streamflow volumes of 1.0±0.1
inches (12 to 24%) was observed following the treatment but it lasted for only four years (Brown et al.
1974, Baker 1986, Baker and Ffolliott 1999). The
comparatively short duration of increased streamflow was assumed to be caused by the recovery of
vegetation in the stripcuts including the growth of
planted ponderosa pine seedlings (Ffolliott and
Baker 2001). Sediment yields after the combined
treatment was implemented were less than those
occurring after the clearcutting on Watershed 12 and
heavy thinning treatment on Watershed 17. Changes
in the concentrations of chemical constituents in the
streamflow were largely insignificant.

Impacts on Forest Structure
The treatment eliminated most of the trees in
the stripcuts while retaining a mosaic of even-aged
stands comprised largely of trees 8 to 18 inches in
d.b.h. in the leave strips. The number of trees, basal
area, and volume per acre of residual trees in the
leave strip increased in the initial 25-year posttreatment period as expected (Ffolliott and Baker
2001). However, this finding differed somewhat
from the results obtained in thinning experiments at
Fort Valley where little or no initial increase in
basal area and volume per acre was observed
following thinning but individual trees grew faster
once they were released (Krauch 1949, Pearson
1950, Gaines and Kotok 1954, Myers and Martin
1963). Pearson (1950) believed that the results at
Fort Valley were related to the low residual
stocking of trees and high mortality of trees in the
virgin and cutover stands that were thinned. It
should be mentioned that trends similar to those
reported at Fort Valley were observed after the
thinning treatment on Watershed 17. Almost 20%
of Watershed 14 was stocked with natural regeneration before the treatment was implemented (Ffolliott and Baker 2001). This level of stocking was
similar to, or less than, stocking conditions in ponderosa pine forests elsewhere on Beaver Creek
(Ffolliott and Gottfried 1991, Ffolliott et al. 2000).
Stocking on the watershed was reduced by the
combined stripcutting-thinning treatment with less
than 12% of the leave strips stocked shortly after
the treatment was completed in 1971; stocking in
the stripcuts at this time was unknown. The loss of
stocking in the leave strips was caused by felling
and skidding of trees marked for thinning. Stocking in these strips has remained largely unchanged
since. Stocking of stripcuts that had been planted
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with ponderosa pine seedlings to supplement the
natural regeneration was about 45% in 1996 while
stocking in the stripcuts that were not planted was
12%, a level that was similar to the stocking of the
leave strips at this time.
Ponderosa pine stands in the leave strips should
be sustained with the growth of residual trees likely
to increase. However, planting of additional ponderosa pine seedlings in the stripcuts will be necessary
if a forest cover is to be re-established or, alternatively, other strips are cut to replace the original
stripcuts in the rotational cycle of management envisioned when the combined stripcut-thinning treatment was planned (Brown et al. 1974). The
increases in forage production in the stripcuts and
leave strips following the treatment were anticipated
to continue but at a lowering level of production
with increases in forest cover (Bojorquez-Tapia et
al. 1990). Mule deer and elk habitats were improved
with the increase in forage production, retention of
a protective cover in the leave strips, and the ecotone
created between the cut and leave strips (Patton
1974). Habitat for Abert's squirrel was lost in the
stripcut while it was retained at a lower quality in
the leave strips for reasons that were similar to those
following the thinning treatment on Watershed 17.
Availability of food and cover for bird populations
was mostly unchanged on a watershed-basis by the
combined treatment (Szaro and Balda 1979).

Timber Harvesting and
Thinning Tree Overstories
The Castle Creek watersheds, south of Alpine,
are part of a group of experimental watersheds in
ponderosa pine, mixed conifer, and mountain grassland on the Apache-Sitgreaves National Forest
(Gottfried et al. 1999). These watersheds were established to investigate effects of vegetative management practices on streamflow volumes based on the
“best thinking” of U.S. Forest Service managers at
the time the treatments were implemented (Rich
1972, Rich and Thompson 1974). As one component
of this research effort, a combined treatment of
harvesting timber and thinning of the remaining
overstories to place trees in the “best growing
condition” possible, was imposed in the ponderosa
pine forest on the 900-acre West Fork of Castle
Creek in 1965-1966. The silvicultural purpose of
this treatment was to initiate movement of the original uneven-aged structure of the forest to an evenaged form of management. West Fork is higher in
elevation than the Beaver Creek watersheds, and,
therefore, annual precipitation is greater, ranging
from 27 to 30 inches. Precipitation occurs in a
bi-module pattern of seasonal distribution similar to
Beaver Creek (Baker 1999). Ponderosa pine trees
dominated the overstory before the treatment was
implemented with an intermediate understory of
scattered Gambel oak trees. Mixed-conifer tree

species occurred on moist north-facing slopes and
along stream channels. Topography and soils are
similar to those found on the Beaver Creek watersheds. Forage for livestock and habitats for wildlife
are other watershed values.

Silvicultural Prescription
The timber harvesting operations involved clearcutting one-sixth of West Fork in irregular blocks
(openings) that were fitted to conform to the existing
stands of mostly over-mature and unneeded tree
size-classes. The remaining five-sixths of the watershed were thinned uniformly to remove high-risk
and over-mature trees, mature trees where necessary
to release crop trees, poorly formed trees, and trees
infected with dwarf mistletoe (Gottfried and DeBano
1990, Gottfried et al. 1999). This treatment “mimicked” a shelterwood system of silviculture at a
growing stock level of about 60 ft2/acre. The idea
was also to simulate “commercial timber management” by initiating a 120-year rotation period with a
20-year cutting cycle. This management model was
based largely on the results of earlier studies at Fort
Valley and later proposed by Schubert (1974) to
produce the “highest possible” sustained yield of
high-quality trees. Nearly 50% of the original basal
area of 135 ft2/acre on the watershed was removed
by the timber harvesting and thinning treatment.
Ponderosa pine seedlings were planted in the
harvested blocks to achieve adequate regeneration.

Streamflow Response
Increases in streamflow volumes on West Fork
remained stable at 0.5 inches (about 30%) for more
than 20 years after implementing this treatment
(Gottfried and DeBano 1990). These increases were
attributed to reduced evapotranspiration rates and
increased snowpack accumulations (Rich 1972,
Rich and Thompson 1974, Gottfried and DeBano
1990). It was also likely that the increases in
streamflow volumes were due to the roots of newly
established trees not fully occupying the soil
mantle. Other factors included the height differences between residual trees surrounding the cut
blocks and regeneration in these openings causing
aerodynamic conditions that favored increased
snowpack accumulations (Gottfried et al. 1999,
Gottfried and Ffolliott 2009).

Impacts on Forest Structure
The post-treatment stand structure on West
Fork closely resembled the initial stages of a balanced even-aged condition (Rich and Thompson
1974, Gottfried et al. 1999). Silvicultural studies at
Fort Valley indicated that a balanced even-aged
stand structure has a greater “timber-productivity
potential” than an unbalanced stand structure
(Pearson 1950, Schubert 1974). Timber production
is not the main component of forest management at
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this time. Changes in the stocking of natural regeneration as a result of the treatment were unknown.
However, even with the emphasis on the Four Forest
Restoration Initiative in Arizona (U.S. Forest Service 2010), which features thinning and stand
reductions, timber production is still an important
consideration of forest management planning.
Changes in the overall stocking of natural tree
regeneration as a result of the Castle Creek treatment
were unknown but many of the openings were
subsequently planted with ponderosa pine seedlings.
Since timber production is not a focus of forest
management, at the present time, management of
ponderosa pine forests is furnishing other ecosystem-based, multiple-use benefits on the watershed (Gottfried et al. 1999). The timber harvesting
and thinning treatment should benefit livestock
production because of anticipated increases in the
production of forage plants (Bojorquez-Tapia et al.
1990). Interspersion of the clearcut blocks with
thinned tree overstories should provide “excellent”
habitat conditions for mule deer and elk (Patton
1974). Abert's squirrel habitat was eliminated on the
one-sixth of West Fork where timber was harvested
while it was largely sustained on the remainder of
the watersheds. A study of changes in bird population after timber harvesting in a nearby mixed conifer forest (Franzblau 1977) suggests that some bird
populations benefitted from the treatment while the
effects on other birds were largely inconsequential
or detrimental.

SUMMARY
Silvicultural treatments implemented on watersheds in the ponderosa pine forests of Beaver and
Castle Creeks to increase streamflow volumes were
imposed following general agreement among collaborators in the original Arizona Watershed Program.
Findings from silvicultural studies on the Fort
Valley Experimental Forest played a key role in preparing the prescriptions for these treatments. It was
found that streamflow volumes increased at Beaver
Creek for seven to ten years, respectively, when the
tree overstories on Watershed 12 were clearcut and
the tree overstories on Watershed 17 were thinned.
A combined stripcut-thinning treatment on Watershed 14 and a timber harvesting-thinning treatment
on the West Fork of Castle Creek represented a combination of these silvicultural practices. The
increased streamflow volumes observed on these
watersheds were attributed to reductions in evapotranspiration rates and redistributions of snowfall
with differential melting of the accumulated snowpack improving increased overland flows of water.
Impacts of these experiments on forest structures
were what would be expected by applying the silvicultural prescriptions tested. Depending on the opening characteristics and magnitudes of the reductions
in the densities of tree overstories, all of the

treatments were beneficial to livestock and wildlife.
Knowledge gained from these keystone watershed
experiments should provide today's managers with
a better appreciation of the contributions of silviculture to the past management of Arizona's
ponderosa pine forests.
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EFFECTS OF PRESCRIBED FIRE AND A WILDFIRE ON OAK SAVANNAS IN THE
PELONCILLO MOUNTAINS OF THE SOUTHWESTERN BORDERLANDS REGION
Gerald J. Gottfried1, Peter F. Ffolliott2, Daniel G. Neary3, and Donald D. Decker4
The Southwestern Borderlands Region of
Arizona, New Mexico, and northern Mexico are
known for its biological diversity and beauty. The
area is characterized by its mountains surrounded by
deserts and grasslands. The region contains representative animals and plants from the Rocky Mountains in the north to the Sierra Madre Mountains to
the south. Madrean oak woodlands and savannas are
common within the area covering millions of acres.
Periodic fires caused by lightning or Native
American people maintained the grasslands and
reduced the encroachment of woody vegetation and
the accumulations of woody fuels. However, the
role of fire declined after the transcontinental
railroad was completed and large herds of cattle
were introduced into the area. Fires are still ignited
but do not spread throughout the landscape largely
because overgrazing caused a decline in herbaceous
vegetation which carried fires. Aggressive fire
suppression by land managers also contributed to
the reduced influence of fire.
Public and private land managers are concerned
that the lack of fires in the Borderlands Region is to
blame for the increase in woody species and the
decline in biological diversity and productivity of
the grasslands and savannas. The Peloncillo Programmatic Fire Plan was developed by the Coronado National Forest to re-introduce landscape level
prescribed and managed fires into Forest Service
and Bureau of Land Management lands within the
Peloncillo Mountains (Gottfried et al. 2009). One of
the issues was whether it was best to burn in the
cool-season (November-April) or the warm-season
(May-October) because of concerns about potential
harm to the threatened New Mexican ridge-nosed
rattlesnake (Crotalus willardi obscurus) and the
endangered Palmer agave (Agave palmeri). The
agave is important because it provides food for the
endangered lesser long-nosed bat (Leptonyceris
curasoae). The area usually burns during the warm
period prior to the monsoon season.

THE CASCABEL WATERSHED STUDY
There was a lack of information about the overall effects of fire in the savanna ecosystem. The

Forest Service's Rocky Mountain Research Station
through its Southwestern Borderlands Ecosystem
Management Unit initiated the Cascabel Watershed
Study. The objective was to evaluate the effects of
fire on as many savanna ecosystem components as
feasible. The study was initiated in 2000 in a Madrean oak savanna on the southeastern flank of the
Peloncillo Mountains in Hidalgo County, New
Mexico. Emory oak (Quercus emoryi) and alligator
juniper (Juniperus deppeana) are the dominant tree
species but are associated with Arizona white oak
(Q. arizonica), Toumey oak (Q. toumeyi), redberry
juniper (J. coahuilensis), border pinyon (Pinus
discolor) and the tree form of mesquite (Prosopis
glandulosa var. torreyana). Perennial grasses
include several species of grama (Bouteloua spp.),
Texas bluestem (Schizachyrium cirratum), and other
species. Elevations range from 5,400 to 5,600 ft.
The bedrock is Tertiary rhyolite overlain by
Oligocene-Miocene conglomerates and sandstone
(Youberg and Ferguson 2001). Soils have been
classified as Lithic Argustolls, Lithic Haplustolls, or
Lithic Ustorthents (Robertson et al. 2002). Streamflow is intermittent although large flows occur
following high intensity rain storms (Gottfried et al.
2006). Annual precipitation has only been about 15
inches during the current drought. More than 60%
of the annual precipitation occurs during the
summer monsoon period. Recent livestock use has
been light because herds were reduced due to the
drought. The Cascabel Watersheds are located in the
ecotone between the grasslands of the Animas
Valley and the woodlands of the Peloncillo
Mountains. Additional information about the Cascabel Study can be found in Gottfried et al. (2012).

Instrumentation and Measurements
Twelve small watersheds ranging in size from
20 to 60 acres were instrumented for the study. Each
watershed contains two Parshall flumes; one flume
has the capacity of 4.0 cfs to measure the common
low flows and the other has a capacity of either 42.7
or 57.5 cfs to measure larger flows. Hydrologic
stage is measured by electronic pressure sensors that
are downloaded in the field to laptop computers and
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the data are transferred to computers at the
Southwest Forest Science Complex in Flagstaff for
analyses. Weather information is collected at two
full weather stations, one on the eastern side of the
area and one in the middle of the area. These
stations collection information on precipitation,
temperature, humidity, and on wind speed and direction. Precipitation data is supplemented by seven
recording tipping bucket gauges. Each watershed
has a sediment dam and basin and several permanent points upstream for measuring changes in
channel morphology.
Measurements of vegetation, fire effects, fuel
conditions, soil erosion and deposition, and wildlife
are collected at permanent sample points that are
established on transects that cross the watersheds
perpendicular to the channel and run from ridge to
ridge. The number of points varies from 35 to 45
depending on watershed size and shape. There are
421 points at Cascabel. Points or a subset of points,
depending on the resource, are sampled in the spring
and in the autumn following the winter or summer
precipitation periods.

Treatments
The pre-treatment period at Cascabel ran longer
than anticipated because of the regional drought and
the small number of measurable flow events. Sufficient streamflow data were collected by 2007 but
the prescribed burning was delayed until 2008
because of dangerous fire conditions. The 12 watersheds were divided into four groups of three
treatments-cool-season prescribed burn, warm-season
prescribed burn, and control based on the hydrologic
record (Fig. 1). On March 4 and 11, 2008, the four
watersheds designated for the cool-season burn
(Watersheds C, H, K, and N) were treated by the
Douglas Ranger District fire crew. Three of the
warm-season watersheds (Watersheds A, E, and F)
were treated on May 20. It was getting dark and
weather conditions were in flux, so ignitions were
suspended. The next morning, on May 21, some of
the engines and crews were diverted to another fire.
Later that morning, winds picked up and blew
burning material across the fire lines and ignited the
vegetation in the remaining warm-season watershed
and the four control watersheds. Wind speeds were
measured at 42 mph at the weather station and at 60
mph on the fire line. The resulting fire, called the

Figure 1. Map of the Cascabel Watersheds indicating the watershed designations, treatments, and the location of the
flumes, weather stations, and tipping bucket rain gauges. (Map courtesy of Tonto National Forest GIS personnel.)
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Whitmire Wildfire, burned approximately 4,000
acres. The experiment was redesigned to evaluate the
effects of a cool-season burn (4 watersheds), a warmseason burn (three watersheds) and a wildfire (five
watersheds) on the resources of the oak savanna.

FIRE SEVERITY
Fire severities were determined at the 421 sampling points using the system developed by Hungerford
(1996) that relates fire severity to the appearance of
litter, duff, woody material, and soil conditions with
a range from low to high (Stropki et al. 2009). Severity ratings at the points on each watershed were
extrapolated to a watershed basis to determine the percentage of the watershed that was unburned or burned
at different severities. All watersheds were burned at
low severity and there were no differences among
burn treatments; therefore, data were combined to
compare pre-treatment and post-treatment conditions
for several treatment parameters.

RESULTS
A number of articles that describe pre-treatment
conditions on the watersheds have been published
(Gottfried et al. 2012). While some post-treatment
articles have been published, a comprehensive evaluation of the fire effects remains in the future.

Physical Attributes
Hydrology
A limited number of streamflow events have
occurred since the fire treatments because of the
regional drought, and therefore, comparisons
between pre-treatment and post-treatment peak
streamflow and volumes, and differences among
treatments have not been fully calculated at this time.
At least 30 events are needed for satisfactory
analyses. However, hydrologic records from the
seven years before the treatments and meteorological records since 2002 indicate high variability
among the 12 watersheds. A storm in August 2005,
which produced as much as 2.99 inches at one of the
precipitation gauges, resulted in flows that overtopped four of the large flumes (Gottfried et al.
2006). The highest calculated flow for that storm
was 76.8 cfs on Watershed H, at the northwestern
part of the research area.
Soil Water Repellency
Water repellency, which impacts infiltration of
water into and through the soil, was evaluated at the
421 sampling points using the Letey et al. (2000)
drop test. The occurrence and levels of soil water
repellency were limited in extent or magnitude
regardless of fire treatment. No water repellency
was found on 90% of the points. The other points
had slight water repellency or moderate or strong
repellency (Stropki et al. 2009). Burned and
unburned points were grouped together. There were

no statistically significant differences among watersheds with different fire treatments. Neary et al.
(2010) found that most fuel types showed slight
repellency, however, extreme repellency was mainly
measured under woody debris and beargrass (Nolina
microcarpa) clumps.
Ground Cover
The percentage of ground cover of plant material, litter, slightly decomposed organic debris on the
soil surface, bare soil, and bedrock were determined
around the sampling points (Ffolliott et al. 2011b).
There were no statistical differences among watersheds and burning treatments. Bedrock, litter, and
plant material were the largest component of the
ground cover prior to treatment. There were significant increases in the percentage of plant material
and bedrock after the fires while the relative
amounts of litter and bare soil declined.
Hillslope Erosion
The erosion of hillslopes and deposition were
measured at every third sample point within each
watershed. The largest erosion occurred after the
August 2005 storm when 27.56 tons/acre of soil was
eroded (Kauffman 2009). The August measurements
exceeded erosion in the subsequent two years.
Upper hillslope positions lost less soil than middle
and lower slope positions while deposition was
greater on the lower hillslope positions than on the
middle and upper positions. Deposition did not vary
by year but was statistically different between fall
and spring. There were some differences within
watersheds receiving the same treatment. There was
more erosion after the cool-season burn than before
and there was more deposition after the wildfire
than before. Initial measurements of erosion and
deposition rates before and after the fires for all
treatments were compared and no statistical differences were determined. The low amount of statistical differences can be related to the fact that all
watersheds experienced low severity burns and had
little or no soil water repellency (Stropki et al.
2009).
Channel Dynamics
Koestner (2012) examined channel changes on
the 12 watersheds based on measurements in 2003,
2006, and 2009. They measured 142 channel crosssections. None of the burn treatments had a significant effect on changes in channel cross-section area
or cross-section shape. They concluded that small
bedrock lined watersheds burned at low to moderate
severity are not at risk for increased sedimentation
due to fire. However, the regional drought and the
lack of high intensity storms may have contributed
to the relative stability of the Cascabel channels.
Koestner (2012) postulated that low-severity burns
and drought may have a similar impact on erosion
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because of reductions in herbaceous cover and
increased exposure of bare grounds without
impacting soil texture and sensitivity to erosion.

Biological Resources
Overstory Tree Cover
The overstory tree density was measured before
and after the three fire treatments (Ffolliott et al.
2011c). Results were pooled together because all 12
watersheds received low severity burns and differences among treatments were not observed. Approximately 78% of the trees that were present before
treatment survived initially. Eighty percent of the
oak trees of all species and 75% of the juniper trees
of all species survived. It is assumed that most
damage was caused by convection heating from the
surface fires. The crowns of 80% of the surviving
oak and juniper trees, regardless of species, were
scorched or top killed. Basal sprouting was observed on 37% of the surviving oak and 11% of the
surviving juniper trees. A greater number of the
large trees ($9 inches diameter at root collar) survived than small or medium trees but crown damage
was more severe on the larger trees possibly
because of greater fuel accumulations adjacent to
the trees. Species richness and spatial distribution
were not impacted by treatment. In recent years,
increased overstory tree mortality has been observed
throughout Cascabel and could be the influence of
the extended drought on the injured trees. A subsequent tree inventory would be beneficial to evaluate
this situation.
Herbage Production
Estimates of the production of early- and lategrowing grasses, forbs, and total herbage were
obtained before and after the burning treatments
using the weight-estimate procedure outlined by
Pechanec and Pickford 1937). The species composition of herbaceous plants and shrubs were similar
before and after the prescribed burns and wildfire
(Ffolliott et al. 2012b). However, there were some
differences related to treatments afterwards. The
production of perennial grasses in both the spring
and fall was significantly greater following the
burning events relative to pre-treatment conditions.
Depending on the event, there was a five- to sevenfold increase in the production of early-growing
grass species. Increases in the production of late
growing grasses following the burns was significant
but of a smaller magnitude. The greater production
could be related to reduced interception and water
consumption by the remaining open tree canopy,
reduced interception by the forest floor, and to
increased nutrients left after the vegetation, litter,
and duff consumed by the fires.
The production of forbs was significantly less
than the production of grasses. Results were inconsistent. Neither the production of early-growing nor

late-growing forbs was altered by the cool-season
burn. Forb production of early-season forbs
increased after the warm-season burn and the wildfire but production did not increase for late-growing
species after these treatments. The growth of shrubs
was not affected by the fire treatments. However,
the growth of tree basal sprouts reported earlier was
greater before treatment than after the fires.
Agave
Agave plants were not tallied on the sampling
plots before the fire treatments. However, the posttreatment survey found agave on about 13% of the
plots. None of the sampled plants had been damaged
by the treatments although dead and damaged agave
plants were noted by Ffolliott et al. (2010) in
adjacent areas. It should be noted that some of the
observed mortality may be related to the fact that
these agave normally will die shortly after they
produce their seed stalks. There was no pattern in
the location of dead or damaged agave.
Wildlife
The prescribed burning season and the wildfire
did not affect the use of the watersheds by two keystone species – Coues white-tailed deer (Odocoileus
virginianus couesi) and the desert cottontail
(Sylvilagus auduboni) (Ffolliott et al. 2012a). Fecal
pellet-groups were counted at the permanent sampling points in the spring, after the winter rains, and
in the autumn, after the summer monsoon. Counts
were higher in the spring than in the autumn for
both species. The deer appear to stay in the lower
elevation savannas during the winter and spring and
move to the higher elevation woodlands in the summer. Higher spring counts for the cottontail could be
related to reproduction during the winter and lower
autumn counts could be related to predation during
the summer.
Surveys of bird species and numbers were conducted around a sub-set of sampling points during
the spring and autumn before and after the fire treatments (Ffolliott et al. 2011a). Some species were
tallied occasionally, while other species were observed more frequently. More bird numbers and
species were tallied in the autumn. Some common
sightings included the Ash-throated Flycatcher
(Mylarchus cinerascens), Bushtit (Psaltriparus
minimus), and the Mexican Jay (Aphelocoma
ultarmarina). A more complete list of species can
be found in Ffolliott et al. (2011a). However, it was
difficult to isolate the effects of fire because of the
large variability in tallies throughout the study.
Herpetological studies were conducted, primarily because of the concern about the effects of fire
on the New Mexico ridge-nosed rattlesnake. None
of these snakes were found at Cascabel in either the
pre-treatment of post-treatment periods (Goode and
Parker 2013). However, 8,951 lizards belonging to
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10 species were identified on the watersheds. It is
difficult to draw any conclusions about the effects
of fire on the lizard population because of the variability of rainfall, vegetation cover and lizard numbers on the individual plots. A preliminary conclusion was that the fires did not affect the lizard
populations.
Data Management
A geographically-referenced multiple-resource
data management system has been developed for the
Cascabel Study (Chen et al. 2009). The system is
designed to enable researchers and land managers to
store, interpret, and analyze data collected at Cascabel using a readily available computer program. The
system should be applicable to other oak savanna
within the Southwestern Borderlands Region.

CLIMATE CHANGE IN THE BORDERLANDS
Climate models predict that the arid Southwest
will become drier during this century and that this
transition is already occurring (Archer and Predick
2008, Seager et al. 2007). These models predict that
temperatures will increase, precipitation will fluctuate, and there will be an increase in extreme
weather. These changes could affect the density and
viability of less drought-tolerant species of plants
and animals causing some of them to disappear.
More drought tolerant invasive species may replace
the native plants. A warmer and drier climate would
affect water supplies for ranchers and wildlife and
increase the potential for more frequent and larger
wildfires. Cascabel with more than 10 years of
meteorological, hydrologic, and ecological information would be ideal for monitoring climate change
within the Borderlands. Cascabel data could be
combined with information from other sites within
the Borderlands of the United States and Mexico to
provide a bi-national view of climatic dynamics in
the greater Southwestern Borderlands Region.
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WATER HARVESTING IN ARID AND SEMI-ARID REGIONS
Peter F. Ffolliott1, Kenneth N. Brooks2, and Daniel G. Neary3
Water harvesting, also called rainwater harvesting, is a technique of developing surface water
resources to augment the quantity and quality of
water available to the people in arid and semi-arid
regions where other water sources are not readily
available or too costly to develop and use. A waterharvesting system consists of facilities for collecting
and storing rainfall and the resulting surface runoff
until the water is used for livestock, small-scale
agricultural production, or domestic uses. A distribution facility can also be required unless the collected water is immediately concentrated in the soil
profile to grow plants. For example, a distribution
facility is needed when the stored water is used to
irrigate an agricultural crop or provide water to
households.Water harvesting is potentially applicable in almost any area receiving at least 100 millimeters (mm) of annual rainfall (National Academy
of Science 1974). Larger volumes of water can be
stored on sites where the annual rainfall is 250 mm or
more and an adequate storage facility is available.

WATER HARVESTING SYSTEMS
How a water harvesting system is developed
depends largely on the local topography; the treatment to be applied on the surface of the catchment
(if any) to increase runoff efficiency by reducing
infiltration losses; and the ultimate use to be made
of the harvested water (Frasier 1975, Frasier and
Myers 1983). Water harvesting systems, therefore,
assume many differing characteristics and configurations. Among the more common water harvesting systems found in arid and semi-arid regions of
the world are microcatchments, strip harvesting,
roaded catchments, and harvesting aprons.
Microcatchments are suited to situations where
drought-resistant perennial plants are to be grown
(Frasier and Myers 1983, Renner and Frasier 1995).
The size of the catchment area can range from 10 to
1,000 square meters (m2) depending on the amount
of rainfall on the site and the water requirements for
the plants. Strip harvesting is a modification of the
microcatchment method where berms are constructed on the contours with the area between the
berms prepared as catchment areas. The water
collected between the berms is concentrated above
the downslope berm to irrigate the plants.

Roaded catchments are used to grow fruit or nut
trees or grapes on gently sloping ground (Frasier
and Myers 1983). These systems consist of parallel
rows of drainages 100 meters (m) or less in length
and 10 to 15 m apart with the trees or grapes to be
grown planted within the drainages. The area
between the drainages is shaped like a high-crowned
road (hence the name) to facilitate the collection of
water. The catchments are cleared of vegetation and
other obstructions and the surfaces smoothed and
often treated with sodium chloride (NaCl) or other
material to reduce the infiltration of surface runoff.
Water storage to provide supplemental irrigation is
achieved by diverting excess water into a storage
facility.
Harvesting aprons are used primarily to collect
water for livestock, wildlife, or domestic uses.
Apron-type systems are the simplest water harvesting system to design with the size of the apron
dependent on the annual water requirement and
average annual precipitation (Frasier 1975, Frasier
and Myers 1983). The catchment area (the apron) is
treated to reduce infiltration losses unless the surface of the apron is already impermeable to water.
Gravel-covered asphalt-impregnated fiberglass is a
common material applied for this purpose. A storage facility with the necessary pipes and valves to
conduct the water into drinking troughs or people's
homes is needed.
Compartmental ponds of three storage areas are
often constructed to provide water for small-scale
agricultural production (Reig et al. 1988). Pumps
are needed to transfer water between the ponds and
activate the irrigation system although a gravity system can be feasible in steep terrain. Treatment of
catchments to reduce infiltration can be required
since large quantities of water are usually required
for irrigation. Application of NaCl is effective for
this purpose where the soil has a sufficient quantity
(about 10% or more) of expanding clays.

Catchment Area
The ideal catchment area should be impermeable to water and large enough to collect the amount
of rainfall and surface runoff that is necessary for
storage. Effective catchment surfaces are natural
rock outcrops; smooth land surfaces cleared of
vegetation and other obstructions; smooth surfaces
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treated with NaCl, silicones, latex, or oils; and surfaces covered with concrete, butyl rubber, metal foil
or plastic (Frasier and Myers 1983). The material
used for treating a catchment surface when necessary must be resistant to damage by intense rainfall,
moderate flows of surface water, excessive wind,
animal trampling, and plant growth within the
catchment. The material should also require minimum site preparation for its application with its
maintenance kept simple. The runoff water that is
collected must be nontoxic to plants, livestock, and
people.
There are no standard shapes for a catchment
area with flexibility in its delineation and treatment
to reduce infiltration (if any) encouraged to take
advantage of the natural topography and minimize
the construction costs. The slope should be only as
steep as necessary to facilitate collection of the surface runoff – often less than 5%. Slopes that are too
steep can erode and produce large amounts of sediment in the runoff water. The catchment surface
must be kept cleared of vegetation, rocks, and other
debris that might reduce its durability.

Storage Facility
A storage facility can be the soil body, an excavated pond, or a tank or cistern. Ancient water-harvesting systems were simple arrangements where the
surface runoff was directed immediately from the
hillslopes onto a cultivated area to store the water in
the soil for plant growth. A problem with this
arrangement is that an insufficient amount of water is
often stored to offset a prolonged drought (Brooks et
al. 2013). Nevertheless, this method remains in use to
grow drought-resistant varieties of plants.
An excavated pond is an economical way of
storing water for small-scale agricultural production
although evaporation and seepage of the stored
water are potential problems (Frasier and Myers
1983). While simple, effective, and economical
methods to limit evaporation losses are generally
not readily available, chemical dispersing agents,
bentonite, membrane liners, NaCl, or simple compaction can seal the impoundment to lessen seepage
that can account for 60 to 85% of the annual water
loss from a pond. A tank or cistern is often suitable
for storing water for livestock, wildlife, or domestic
use. Evaporation and seepage losses are less with
these storage facilities than with an excavated pond.
In reality, almost any container that is capable of
holding the needed amount of water with minimal
losses can be used as a storage facility.
External storage of the collected water is a component of runoff-farming where a form of irrigation
is required to distribute the stored water on the
cropped area (Frasier 1975, Frasier and Myers
1983). Also, external storage is frequently needed to
supply drinking water for people. Parenthetically, a
storage and water distribution facility is often the

most expensive item in constructing many water
harvesting systems.

FEASIBILITY
A water harvesting system must have an adequate storage capacity to provide the amount of
water of sufficient quality that is needed at the time
it is needed for its intended use (Frasier and Myers
1983). The amount of water required for livestock
production depends on the grazing system practiced
and the distribution of rainfall in the area. A daily
water requirement of 20 to 25 liters (L) for each animal is a general minimum (Holechek et al. 1998).
However, the type of livestock also determines the
water requirement with the daily intake of water for
meat-producing livestock increasing to 30 to 35 L
per animal while that of a high-grade milkproducing cow is nearly 95 L. Systems constructed
to furnish water for agricultural production are more
difficult to design because the water requirement for
the plant to be grown from its germination to its
harvest is not always known. According to the
World Water Assessment Programme, a person
requires an average of 20 to 50 L of water each day
to meet their basic needs for drinking, cooking, and
cleaning. However, the daily water needs for households in arid or semi-arid regions are quite variable.
Equally important to satisfying the water
requirement for the intended purpose of a water harvesting system is when the rainfall and surface runoff occur (Renner and Frasier 1995). Mean annual
rainfall is not always a good indicator of available
water in arid and semi-arid environments, however,
because there are often more years when the annual
rainfall is less than the mean value than years with
rainfall amounts are greater than the mean.
Water collected from a catchment area can contain unwanted organisms and water-soluble impurities from windblown dust deposited that is on the
surface of the catchment; chemicals originating
from the material applied to increase the catchment's
runoff efficiency; or by-products created by the
weathering of the treatment materials (Brooks et al.
2013, Frasier 1988). Fortunately, the quality of the
water flowing off most treated catchment surfaces is
usually suitable for livestock and wildlife consumption while the surface treatments applied in water
harvesting systems to reduce infiltration losses do
not generally affect plant production. But, a filter of
some kind is often needed if the water is to be
utilized for human use.
The feasibility of a water harvesting system
should also be evaluated within the context of alternative water resources that might be available in the
area (Frasier 1975, Frasier and Myers 1983). Such
alternatives might be tapping a spring, tapping a
shallow groundwater table, or tapping a perched
water table with a horizontal well (Brooks et al.
2013). Alternative sources of water that are avail-
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able should be evaluated with respect to their location relative to where the water will be used; their
sustainable suitability in terms of yield and quality;
and their developmental costs before embarking on
the construction of a system to harvest water. If an
alternative source of water can be developed economically but is deficient in its yield or dependability, it might still be useful as a supplement to the
water harvesting system.
The feasibility of a water harvesting system can
be assessed from a financial standpoint by the profit
realized (if any) by the sale of livestock, an agricultural crop, or other commodities obtained from the
system (Oron et al. 1983). Also, there can be environmental benefits such as mitigating the concentrations
of livestock at a water source located on highly
erodible soils that (in turn) leads to a decrease in
erosion rates. More sustainable agricultural production and, therefore, a lessening of food shortages can
be another benefit of water harvesting.

EXAMPLE
An example of a water harvesting system to
provide water for local people is found in the village
of Stungopovi on top of a mesa of sandstone-rock
on the Hopi Reservation in northeastern Arizona.
Stungopovi did not have a reliable source of water
when it was originally established, and, as a consequence, the villagers were forced to carry water up
from the valley below initially by foot and later on
the backs of burros. A water harvesting system was
developed by the inhabitants of the village in the
early 1930s to alleviate their persistent shortage of
water (Chiarella and Beck 1975). One-third of a
hectare was cleared of vegetation and loose soil to
expose the underlying bedrock. A deep cistern was
hewed into the rock to store rainwater and the
resulting surface runoff and a concrete roof was
constructed below the cleared area to protect the
collected water from evaporation. This system was
a key part in supplying water for the village for
nearly 30 years, at which time when a well was dug
and a pump installed on the valley floor and an uphill water distribution system was constructed to
furnish a more reliable water source.
Other water harvesting systems including those
that have evolved historically but are still used by
people and those that incorporate more modern technologies into their design are too numerous to describe in this paper. However, the reader is referred to
the literature for examples of these systems (see
Hillel 1967, Burdass 1975, Myers 1975, Mehdizadeh et al. 1978, Vashistha et al. 1980, Karpiscak et.
al. 1984, Zohar et al. 1988, Agarual and Narain
1997, Rockstrom et al. 1999, Prinz 2001, and
others). Information on the systems is also available
through Internet linkages.

SUMMARY
Water harvesting is a technique of capturing
water to meet the needs of people in the arid and
semi-arid regions of the world. Water harvesting
systems include components for collecting and storing rainfall and surface runoff until it can be used
for its intended purpose. More specifically, these
systems require an effective catchment area for the
collection of water and a sufficiently large facility
for storing the water to satisfy its intended use. A
distribution system needed is those systems furnishing water for irrigation and domestic use. Water harvesting can be feasible in almost any region with at
least 100 mm of annual rainfall.
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TRACE METAL AND PHOSPHATE PARTITIONING BETWEEN STORMWATER
RUNOFF, GROUNDWATER AND SEDIMENTS ADJACENT TO
LAKE HAVASU, ARIZONA
Doyle C. Wilson1
A baseline study was established to characterize
heavy metal, arsenic, selenium, and nutrient levels
in stormwater runoff from Lake Havasu City,
Arizona. It also lead to investigating the fate of
those constituents in lake water, shallow groundwater and surficial sediments at the mouths of five
washes draining from the city into Lake Havasu.
Composite core and pit sediment samples collected
at wash mouths before and during historic low lake
water levels, reveal a fairly consistent metal and
total phosphate presence at most wash sites. Two
sites have generally higher concentrations where
clay is a more significant component in the sediment. Regression correlations support that nickel
has a strong association with chromium and cobalt
in all sample types as well as with barium in runoff
and groundwater. Copper and cobalt also show
strong affinities with several other transition metals
in groundwater and sediments. Reducing conditions
prevail within 1-2 inches of the sediment surface at
all locations, yet metal concentrations within 1.5
feet of the surface display a spatial change from
increasing with depth at northern wash sites to a
more variable pattern at southern sites. Phosphate
concentration with depth is more variable and may
contradict the local metal trends. Metal ion and
complex adsorption to mineral and organic surfaces
is expected though total organic carbon levels,
reflected by the presence of freshly buried vegetation, are highly variable. Black color of sediment
cores converts to yellow-brown overnight indicating
chemical changes and the subordinate effect of
organic matter in the sediment. Wash mouth sediments appear to be a repository for most metals and
for total phosphate, though more work is needed to
determine the mechanisms involved associating
stormwater runoff with chemical and sediment
deposition.

BACKGROUND
The Bureau of Land Management (BLM) manages much of the federal land surrounding Lake
Havasu City, Arizona. The city had leased from
BLM, 280 acres within a half-mile of Lake Havasu
in preparation for various developments, including
a municipal golf course. BLM staff were concerned
with golf course maintenance practices that include
fertilizer and pesticide applications. Specifically,
chemical runoff during storm events could transport
compounds down existing, well-defined wash channels to the lake. The BLM approached the City in
1

2011 to develop an agreement to conduct a baseline
survey of the water quality of stormwater runoff
from the city into Lake Havasu. This information
would be used as a guide for future work specific to
the development of the 280 acres and to assess the
water quality of the runoff from the city. The baseline work has led to investigating the fate of several
constituents detected in the runoff, including major
cations and anions, hydrocarbons, arsenic, selenium,
heavy metals and nutrients. This report presents
initial findings of the partitioning of representative
heavy metals, arsenic, selenium and nutrients
among runoff, shallow groundwater and nearsurface sediments at the lake's shoreline.
Lake Havasu City has approximately 77 miles
of washes that act, along with city streets, as the primary drainage system for stormwater runoff as the
city has no stormwater drains (Fig. 1). All washes
have been modified to some extent through either
channelization or bank enhancement during the
initial construction of the city in the mid-1960s.
Though the washes today empty into Lake Havasu,
they extended further down slope prior to impoundment of the lake in 1939. The mouths of these
washes were formerly part of an upslope reach of
the drainage system. The entire drainage system lies
on an alluvial fan complex consisting predominantly
of interlayered cobbles, gravel and silty sand. Wash
mouths are typically characterized by a zonation of
vegetation adjacent to the lake, which acts a buffer
for trash and debris during normal runoff events.
Pima Wash, which is part of the city's Rotary Community Park, is the only wash without vegetation at
the shoreline, which has helped to facilitate the
development of the most significant delta of the five
washes.

METHODS
Water and sediment sample collection occurred
from the beginning of 2012 through the winter of
2014. Eight of ten washes that empty into Lake
Havasu were sampled at least once for runoff. Two
washes, Falls Spring and Indian Peak, did not have
significant flow levels to collect samples. All other
washes were sampled multiple times. Runoff
samples were collected at the last road crossings in
the city before the water entered the wash mouths
(Fig. 1). Best efforts were made to collect the
samples during the beginning of rain events. All
samples were collected with 250-500 ml plastic
sample bottles provided by the professional labora-

Lake Havasu City Operations Department, Lake Havasu City, AZ
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Figure 1. Lake Havasu City drainages into Lake Havasu and sample locations. All washes were
modified during the construction phases of this master-planned community in the mid 1960's.

tory that conducted the analyses. Water samples for
analyzing total phosphate and heavy metals were
preserved with sulfuric acid and nitric acid, respectively, placed on ice in coolers along with nonpreserved water samples and shipped overnight to a
state-certified laboratory in Phoenix, Arizona.
Both lake surface water and shallow groundwater were collected in the same manner as the
runoff samples, but with one extra step involved for
sampling phosphates. A peristaltic pump was used
to filter water for more accurate total phosphate
concentration results. Lake water was collected
from a boat at all wash mouths. Shallow groundwater and sediments collection adjacent to the
shoreline was limited by wash mouth access. Heavy
vegetation from both the land and lake approaches

barred sampling at Falls Spring, Havasupai, and
Mockingbird washes (Fig. 1). All wash mouth/delta
shallow groundwater and many sediment samples
were collected from dug pits usually one to two feet
away from the shoreline and one to 1.5 feet deep
(below water level), depending on how easily the
soft sand sloughed into the pit. Most of the sediment
samples were collected on the deltas of Pima and El
Dorado washes (from pits and cores) as these
washes afforded the most accessible sampling points
during normal lake levels (447-449 ft above msl).
In the winter of 2013-2014, lake levels were
lowered to approximately 445 ft above msl, exposing normally submerged wash mouth/delta surfaces.
Three, 1-inch diameter cores (<3 feet deep) where
taken with a hand corer at all five washes. A
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multi-parameter field probe was used to measure
oxidation levels and pH in the cored holes as they
filled with water. Composite samples were collected
from the cores at various depths. These included a
surficial yellow-brown (oxic) horizon, an underlying black (anoxic) horizon, if present, and at
deeper points if a mix of oxic and anoxic conditions
seemed evident in the sediment. Most wash mouths
or deltas contain moderately well sorted, unconsolidated sand to silty sand and lesser amounts of
gravel. Two sites, Daytona Wash and Chemehuevi
Wash, contain sticky, silty clay adjacent to the
shoreline.
All sediment samples were placed in glass jars
without preservatives and shipped in the same
manner as the water samples. The most intense
period of sediment collection occurred from December 2013 to February 2014 when water levels of
Lake Havasu were at historic low elevations to
accommodate maintenance work by the Bureau of
Reclamation at Parker Dam. Wash mouths and
deltas were best exposed during this interval, allowing for sample coring that could not otherwise take
place.

RESULTS
Multiple chemical constituents were analyzed
for the entire project, including major anions and
cations, arsenic, selenium, heavy metals, total dissolved solids, alkalinity, hardness, nutrients and
hydrocarbons (oil, grease and polycyclic hydrocarbons) (Wilson 2013). This report focuses on
spatial and correlation relationships among average
concentrations of representative heavy metals,
arsenic, selenium, and the nutrients nitrogen-nitrate,
total phosphate and orthophosphate. These constituents were analyzed from runoff, groundwater, and
sediment samples at the mouths of five drainages
and corresponding lake water adjacent to each wash
mouth (Tables 1-4). Kiowa and El Dorado washes
represent the north part of the city, Pima and Daytona washes, the city's central section and Chemehuevi Wash, the southern part of the city (Fig. 1).
Heavy metal, arsenic and selenium average
concentrations in runoff from most washes are
either below or just above detection limits, except
barium and manganese, which are up to two orders
of magnitude higher (Table 1). Daytona Wash
values are slightly elevated from the other washes.
Total phosphate average concentrations range from
0.15 mg/L in Chemehuevi Wash to 1.71 mg/L in
Daytona Wash. Orthophosphate levels range from
below detection at Kiowa Wash to 0.51 mg/L again
at Daytona Wash. Nitrogen-nitrate concentrations
range 0.43 to 2.28 mg/L in the runoff, well below
the EPA's 10 mg/L maximum concentration level
for drinking water.
Not unexpectedly, constituent concentrations of
Lake Havasu samples are mostly uniform among the

sample locations and few metals were detected
(Table 2). Those that were, except barium, are not
much above their respective detection limits.
Nitrogen-nitrate concentrations are consistently
below 0.6 mg/L and at levels similar to those
detected from past sampling surveys conducted by
the Arizona Department of Environmental Quality.
No phosphate was detected in any lake samples.
Heavy metal, arsenic and selenium concentrations
in shallow groundwater occur from just above detection limits to one to two orders of magnitude higher in
the case of barium and manganese (Table 3). Total
phosphate average concentrations range from 0.5 to
almost 3.0 mg/L with orthophosphate composing 5%
or more of those averages. Orthophosphate and
nitrogen-nitrate average concentrations in groundwater are slightly lower than and similar to, respectively, average runoff concentrations.
With some exceptions, sediment samples at all
five wash mouths revealed a wholesale two to three
orders of magnitude increase in heavy metal, arsenic
and nutrient concentrations with respect to groundwater concentrations (Table 4) and even higher than
in runoff samples (Fig. 2 and 3). Since the detection
limits of the solid samples are also two or more
orders of magnitude higher than in corresponding
water samples, two metals, cadmium and molybdenum, and selenium, are not proportionately enriched
as they were not detected in any samples. Nitrogennitrate concentrations are variable, but this constituent has not been detected (<0.452 mg/kg) in sediments at three of the five washes. Where it has been
detected, the concentrations are similar to all the
water sample types (Fig. 2 and 3). Though the
orthophosphate content increases relative to groundwater concentrations at some localities, the percentage of this phosphate form relative to total
phosphate concentrations is much lower. Also note
that among all sample types for metals, barium is
the most persistently detected (Fig. 2 and 3).

Sediment Cores
Sediment cores, consisting predominantly of
sand at most washes, were extracted from all five
wash mouths. They revealed changing oxic conditions with depth, though true oxidation conditions
could only be approximated with a field probe as
the water filling the bore holes quickly oxidized.
Measurements taken indicate at least mildly reducing to mildly oxidizing conditions (from -60 mV to
46 mV) within a pH range from 6.89 to 8.23, yet the
sediment below the top inch or two, quickly transitions to black for the underlying 9 inches to over 1
foot. With the exception of Daytona Wash, the subsurface below the initial black horizon has varying
degrees of mixed brown and black coloration.
Daytona Wash mouth sediments consist mostly of
sandy, silty clay that only have a thin veneer of
brown color covering a consistently black extent of
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Table 1. Averaged runoff concentrations of selected heavy metals and nutrients from five
washes that empty into Lake Havasu. (nd = not detected; n = # of samples)

Constituent

Detection
Limits
(mg/L)

Kiowa
Avg. n=2

El Dorado
Avg. n=3

Pima
Avg. n=4

Daytona
Avg. n=4

Arsenic

0.002

0.006

0.003

0.003

0.015

0.004

Barium

0.002

0.041

0.095

0.109

0.858

0.181

Cadmium

0.001

nd

nd

nd

0.002

0.002

Chromium

0.003

0.007

0.047

0.009

0.039

0.016

Cobalt

0.005

nd

nd

0.005

0.032

0.009

Copper

0.002

0.006

0.043

0.021

0.086

0.050

Lead

0.002

0.004

0.018

0.015

0.047

0.012

Manganese

0.003

0.051

0.336

0.156

1.611

0.289

Molybdenum

0.002

0.003

0.003

0.002

0.006

0.003

Nickel

0.005

nd

0.024

0.009

0.059

0.016

Selenium

0.002

nd

nd

0.005

0.011

0.004

Total Phosphate

0.02

0.15

0.63

0.40

1.71

0.57

Ortho-phosphate

0.05

nd

0.43

0.25

0.51

0.50

Nitrate-N

0.1

0.492

1.76

1.10

2.28

0.98

Chemehuevi
Avg. n=4
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Table 2. Lake Havasu surface water average concentrations of selected heavy metals and nutrients
adjacent to five wash mouths. (nd = not detected; n = # of samples)

Constituent

Detection
Limits
(mg/L)

Kiowa
Avg. n=1

El Dorado
Avg. n=5

Pima
Avg. n=4

Daytona
Avg. n=3

nd

nd

nd

nd

Chemehuevi
Avg. n=2

Arsenic

0.002

Barium

0.002

Cadmium

0.001

nd

nd

nd

nd

nd

Chromium

0.003

nd

nd

nd

nd

nd

Cobalt

0.005

nd

nd

nd

nd

nd

Copper

0.002

nd

nd

nd

nd

nd

Lead

0.002

nd

nd

nd

nd

nd

Manganese

0.003

nd

nd

nd

nd

Molybdenum

0.002

nd

Nickel

0.005

nd

Selenium

0.002

nd

Total Phosphate

0.02

nd

nd

nd

nd

nd

Ortho-phosphate

0.05

nd

nd

nd

nd

nd

0.116

0.117

0.005
nd
0.002

0.121

0.007
0.004
nd
nd

0.121

0.005
nd
0.002

nd
0.118

0.005
nd
nd
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Table 3. Shallow groundwater average concentrations of selected heavy metals and nutrients at the
mouths of five washes. (nd = not detected; n = # of samples)

Constituent

Detection
Limits
(mg/L)

Kiowa
Avg. n=3

El Dorado
Avg. n=13

Pima
Avg. n=14

Daytona
Avg. n=3

Chemehuevi
n=1

Arsenic

0.002

0.008

0.016

0.02

0.052

0.072

Barium

0.002

0.344

0.947

1.256

2.120

0.546

Cadmium

0.001

0.001

0.002

0.003

0.003

Chromium

0.003

0.025

0.056

0.057

0.111

0.037

Cobalt

0.005

0.007

0.025

0.026

0.065

0.022

Copper

0.002

0.021

0.064

0.043

0.302

0.035

Lead

0.002

0.025

0.055

0.073

0.113

0.045

Manganese

0.003

0.862

2.273

4.550

2.590

Molybdenum

0.002

0.018

0.007

0.005

0.008

Nickel

0.005

0.019

0.054

0.057

0.100

Selenium

0.002

0.004

0.031

0.019

0.027

Total Phosphate

0.02

0.594

1.819

2.843

2.315

Ortho-phosphate

0.05

0.309

0.091

0.155

0.1895

Nitrate-N

0.1

1.380

0.742

0.914

0.472

nd

nd

nd
0.050
nd
0.825
nd
0.293
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Table 4. Sediment average concentrations of selected heavy metals and nutrients at the mouths of
six washes. (nd = not detected; n = # of samples)

Constituent
Arsenic

Detection
Limits
(mg/kg)
.0.909

Kiowa
Avg. n=4
2.38

El Dorado
Avg. n=14
2.20

Pima
Avg. n=18
5.08

Barium

0.909

54.5

48.2

43.8

Cadmium

0.455

nd

nd

nd

Chromium

0.909

10.5

Cobalt

0.909

Copper

Daytona
Avg. n=3

Chemehuevi
Avg. n=3

2.00

5.50

126

121

nd

nd

10.8

17.9

8.70

7.80

3.17

3.07

2.88

1.82

7.02

5.61

Lead

0.909

3.40

4.99

Manganese

1.82

112

96

107

141

237

Molybdenum

0.909

nd

nd

nd

nd

nd

Nickel

0.909

Selenium

2.73

nd

nd

nd

nd

nd

Total Phosphate

9.43

255

191

168

680

287

Ortho-phosphate

0.05

Nitrate-N

0.452

7.49

0.335
nd

5.94

nd
nd

33.0
5.31

7.03

12.5
0.98

3.20
9.00
5.40

8.10

0.700
nd

6.90
13.2
9.00

17.4

0.500
2.530
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Figure 2. Comparison of average metal and nutrient concentrations among runoff, lake surface
water, groundwater and sediments at El Dorado Wash. Non-detect results within each element or
compound sequence are blank.

Figure 3. Comparison of average metal and nutrient concentrations among runoff, lake surface
water, groundwater and sediments at Pima Wash. Non-detect results within each element or
compound sequence are blank.
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Table 5. Range of total organic carbon (in mg/L) in sediment samples collected at wash mouths. (nd =
non-detect; detection limit = 0.5 mg/L)
Kiowa Wash

Pima Wash

El Dorado Wash

Daytona Wash

Chemehuevi Wash

TOC range

nd to 2600

nd to 2110

nd to 2830

16,400 to 20,300

5740 to 9220

# of samples

4

16

13

3

3

silty clay. Relatively undecayed plant and shell
(mollusk) debris is present in the shallow subsurface
at most washes. The black coloration was first
thought to be caused by decayed organic material;
however, the combination of wildly varying total
organic carbon concentrations at each site (Table 5)
and the fact that most of the cores exposed to the
atmosphere overnight turned from black to brown,
indicates that the coloration is chemical, probably a
combination of iron and manganese oxidation
(though that needs to be verified).

DATA ANALYSIS AND DISCUSSION
To find out any spatial and compatibility relationships among constituents, a series of ANOVA
and regression tests were run for the runoff, groundwater and sediment results. The surface lake water
concentrations for most metals and nutrients were
not sufficient to apply these tests as most constituents were at non-detect levels.

Stormwater Runoff
ANOVA analyses of the metals indicate that
only arsenic (α=0.0362) and manganese
(α=0.00005) concentrations in Daytona Wash runoff
statistically standout from concentrations in the
other drainages (Fig. 4). All other metal concentrations analyzed are not significantly different from

one location to another. Similarly, only nitrogennitrate runoff concentrations (α=0.0255) are statistically separated at Daytona Wash from the other
drainages. Daytona Wash carries rainwater from
two primary land use types, residential and from a
36-hole golf course. This may explain the elevated
nitrogen-nitrate levels as the golf course applies
fertilizers to its fairways and greens. However, an
explanation for the elevated arsenic and manganese
levels is lacking. All the other washes also drain
from residential areas. Interestingly though, groundwater that is hydrologically connected to the lake
contains high enough arsenic and manganese concentrations to require their removal at the city's
water treatment plant.
Total phosphate and orthophosphate concentrations in the runoff are higher than found in the lake
and may be a contributor of available phosphate to
aquatic plants. Average concentration of total phosphate in runoff from an urban area with a population
density of 2,500/km2 was estimated by Weibel
(1969) at 0.4 mg/L. The average total phosphate
levels from these washes (0.15 to 1.71 mg/L) are not
too different except for the higher end, which may
be cause of concern from nutrient loading perspective. There are indications that the Colorado River
is limited with respect to phosphate (Wynn and
Spahr 1997, Mayer and Gloss 1980) and algal

Figure 4. ANOVA box and whisker plots of arsenic and manganese runoff concentrations
indicate the statistical separation at Daytona Was from the other washes.

54

Figure 5. ANOVA box and whisker plots of barium and copper sediment concentrations
indicate that one of these elements is distinctly enriched at either Daytona or Chemehuevi
washes from Pima, El Dorado and Kiowa washes, but not from each other.

blooms in the reservoirs of the lower Colorado
River Basin have been related to phosphate input.

Groundwater
ANOVA analyses of shallow groundwater
metal concentrations indicate a statistical difference
only in arsenic (α=0.000189) at the mouth of Daytona Wash. All other metal, selenium, and nutrient
concentrations show no significant differences
among the five washes. Daytona Wash also contains
a number of other metals with the greatest range of
measured values between samples, including barium, cadmium, chromium, cobalt, lead and nickel.
Sediments
Cobalt (α=0.000058) and nickel (α=0.000171)
sediment concentrations at Chemehuevi Wash are
significantly higher than at the other washes.
Barium (α=0.000062), chromium (α=0.001438),
copper (α=0.000053), and manganese (α=0.000801)
sediment concentrations have interesting statistical
relationships. Tukey-Kramer analyses of confidence
intervals and p values indicate that at either Chemehuevi (barium) or Daytona (chromium, copper and
manganese) wash mouth, concentrations are significantly different from Pima, El Dorado and Kiowa
washes, but not from each other (Fig. 5). Sediments
at the sample sites of Chemehuevi and especially
Daytona washes contain more silt and clay than at
the other wash mouths, which were mostly medium
to fine sand with scattered gravel. Daytona Wash
sediments sampled contain little sand though the
percentage has not been determined. Reducing conditions of the fine grained sediment at the Daytona
and Chemehuevi washes may govern the extent of
metal concentrations in the sediment and associated
groundwater.

Although the ANOVA probability level of
α=0.00634 for total phosphate is well below a=0.05,
the Tukey-Kramer analyses indicate only the concentrations at Daytona Wash are significantly higher
(α=0.02841) than those at Pima Wash, not from the
other drainages. Notwithstanding, the range of values
between the two washes slightly overlap (Fig. 6). The
finer-grained material containing more organic
material at Daytona Wash may be a factor.
Regression analyses were run using results from
all five washes to determine compatibility associations among the constituents to use as predictors of

Figure 6. Total phosphate concentration box and whisker
plots at each drainage. Tukey-Kramer analyses indicate
that the values at Daytona Wash are higher than at Pima
Wash.
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Table 6. Regression correlations greater than 0.83 for elemental pairings in runoff (Run), groundwater (Gdw)
and sediments (Sed) from chemical analyses of the five washes.
As
Ba
Cr
Co
Cu
Mn
Mo
Constituents
Arsenic
Barium
Chromium
Cobalt

Run

Run

Gdw

0.87

0.92

Sed

Run

Gdw

Sed

Run

Gdw

Sed

0.93

0.88

Gdw Sed

Sed

Run

0.90

Copper

0.86

Lead

0.93

0.94

Manganese

0.86

0.95
0.86

0.87
0.91

0.94

Molybdenum 0.95
Nickel
Phosphate

0.92

0.87

0.97

0.91

0.86

0.83

0.96

0.88

0.91

0.90

0.86

0.9

their relative presence in runoff, groundwater and
the sediments. Constituent pairings showing correlations greater than 0.83 are presented in Table 6.
Barium has strong affinities for several elements in
all sample types, but there is little correlation
between any one of those elements across all sample
types. Nickel has strong affinities for both chromium (Fig. 7) and cobalt across all sample types
and for barium in water samples. Nickel may be a
useful indicator for the relative abundance of these
other elements, particularly in water. Copper and
cobalt also have several significant associations
with other period four transition metals and barium
in groundwater and in the sediments (Table 6).
Many other pairings showed little correlation potential within any sample type, such as manganese and
lead (Fig. 8).

Chemehuevi Wash cores with respect to the other
wash results is probably due the finer grained nature
of the sediments at these two locations. Clay sediments are known to provide good adsorption sites
for metal species, especially under reducing conditions (McLean and Bledsoe 1992).
The concentration trends for the nutrients are not
as clear, especially for nitrogen-nitrate, which does
not vary consistently within the depth range of the
cores. Total phosphate partially mimics the metal
trends, yet tends to be more random overall from site
to site (Fig. 10). The concentrations probably are
connected to the amount of organic debris in the
sediment (van der Perk, 2006) as a few of the cores
contained visible undecayed plant material,
especially at Daytona and Chemehuevi washes.

Sediment Core Trends

Considering the area surveyed from an urban
environment, there does not appear to be any major
concerns to lake water quality with respect to the
concentrations of the metals, selenium, arsenic or the
nutrients investigated so far during this project. Total
and orthophosphate levels in groundwater do raise a
concern of the impact they might have in the aquatic
environment.There is an enrichment of most of these
constituents in the sediments relative to runoff and
groundwater as would be expected under normal
biogeochemical conditions in the wash mouth sediments. Total phosphate levels in the sediment samples though warrants further investigation to better
understand its cycling into the lake environment.
More runoff, groundwater and sediment chemical
data needs to be collected and correlated to confirm
relationships noted from this preliminary work.

Sediment samples were collected and analyzed
from different core depths according to apparent
changes in oxidation-reduction conditions in the
sediment. Generally three depths were sampled at
most locations, above the transition from oxic to
anoxic (brown color to black in the core) conditions,
in the anoxic section of the core, and if present,
when coloration changed to a mottling of brown and
black, which was usually below lake level. Cores
from Kiowa and El Dorado Washes generally show
an increasing concentration of metals with depth
(Fig 9). El Dorado had two core locations on its
delta to test for consistency. These two washes are
located in the northern part of the city. Cores from
washes further south mostly show an opposite relationship of metal concentration with depth of sediment. There is no obvious reason why this relation
would change, yet the two northern washes flow
through a small industrial section of the city that the
washes to the south do not. The relatively elevated
concentrations of several metals in the Daytona and
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Figure 8. Lead-manganese relationships in runoff,
groundwater and sediments, respectively.
Figure 7. Chromium-cobalt relationships in runoff,
groundwater and sediments, respectively.
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Figure 9. Representative changes in metal concentrations with depth from cores collected at the five wash mouths.
Northern washes exhibit an increasing concentration trend with depth while the opposite is true in most washes further
south in the city.
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WATER QUALITY IMPACTS OF FOREST FIRES
Aregai Tecle1 and Daniel Neary2
This paper is concerned with the effects of forest fires on water quality, especially surface water
quantity. The topic is important since surface water
constitutes the main source of water for most
domestic, industrial and commercial uses in the
United States. The bulk of the surface water is the
product of runoff from precipitation that falls as
snow or rain on our forested and rangeland watersheds. In many areas such as the arid and semi-arid
Southwest, the vegetation in these watersheds is dry
and susceptible to wildfires. Oftentimes, fire in the
form of prescribed burning is used to protect these
areas from wildfire. However, such fire suppressions
have resulted in overcrowded and dense vegetation
and the production of abundant fuels in watersheds.
Such a situation and the frequently recurring drought
and extensive insect infestation have most forest systems susceptible to catastrophic fires that scorched
many of the Nation's forests, rangelands, parks and
other large-scale real estate properties (Neary et al.
2008, Lutz et al. 2009, Stein et al. 2013).
In 2013, there were a total of 9,230 lightening
started fires in the United States burning 3,057,566
acres. In the same year, there were 38,349 humancaused fires that burned 1,261,980 acres. This made
the total acreage burned by the two types of fires in
2013 to be 4,319,546 acres (National Interagency
Fire Center 2014). Such fires accounted for $13.7
billion in total economic losses and $7.9 billion in
insured losses from 2000 through 2011 in the
United States (Haldane 2013, International Association of Wildland Fire 2013). These burns also
have tremendous effects on the characteristics of
water-producing watersheds and the quality of the
water coming out of them. This paper discusses the
effects of wildland fires on water quality and suggests ways of managing fire-prone forested water
source areas to prevent their degradation from wildland fires. The paper uses information from recently
occurred catastrophic fires in Arizona to demonstrate the effects of wildland fires on water quality.

GENERAL WILDFIRE EFFECTS
In the past few years, the western part of the
United States has seen dramatic increases in the
number and intensity of wildfires causing enormous
damages to forests, rangelands and other rural areas
of Arizona and the Southwest. In the year 2013
alone, for example, five federal agencies: the
Bureau of Land Management, the Bureau of Indian
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Affairs, the Fish and Wildlife Service, the National
Park Service and the Forest Service together spent
$1,740,934,000 to suppress wildfires nation-wide.
The same activity cost the five agencies $1,902,446,000
in 2012 and $1,733,168,000 in 2011 (National Interagency Fire Center 2014). These costs, though very
large, do not include any monetary and material
expenditure by other federal, state or local governmental agencies and private sources. State land
departments, rural and urban communities' fire
fighters and land management entities also spend
substantial amounts of money and materials to
suppress wildfires at local levels.
There have been very large fires close to home
in Arizona recently that cost the State very much in
terms of financial, environmental and other valuable
resources. In terms of smallest to largest, the three
biggest fires in Arizona are the Cave Creek complex, the Rodeo-Chediski, and the Wallow fires.
June 2005, the Cave Creek Complex fire, burned
248,310 acres of forest, pasture land and private
property all over central Arizona. That fire cost
$16,471,000 to suppress it. Before that, in 2002,
there was the Rodeo Chediski fire, which burned
468,638 acres and destroyed 491 structures in the
White Mountain area of Arizona. That fire was a
part of 6.7 million acres of forest and wildlife habitat area that burned in the USA in that year. More
recently, in 2011, we had the Wallow, which burned
535,039 acre, destroyed 72 buildings and hurt 16
people mainly on the Apache Sitgreaves National
Forest in Apache, Greenlee, Graham and Navajo
counties in Arizona and Catron County in New
Mexico. We will briefly discuss the Rodeo-Chediski
and Wallow fires as examples of the effect of fire on
water quality later in this paper. In the mean time,
we note that such big fires have many damaging
effects, some immediate and others delayed, on the
environment. The effects may also have short term
and/or long term durations. At the time of burning,
numerous valuable land resources such as timber,
wildlife and wildlife habitat, understory vegetation,
soil and soil chemicals, historical artifacts, residential homes and other structures are either immediately damaged, or completely destroyed. The
delayed effects include numerous post fire environmental degradations such as loss of vegetation cover
that leaves the land exposed to impacts from rainfall, runoff, wind and solar radiation resulting in soil
hydrophobicity (DeBano et al. 1998), flooding, soil
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erosion and off-site downstream degradation of
streams, lakes and reservoirs (Morgan and Erickson
1995, Veenhuis 2002). Knowledge and good understanding of these possibilities is important for developing appropriate forest and other landscape management to minimize the effects of forest fires on
water quality.

lems. The physical water quality and associated
problems that follow forest fires include erosion and
sediment yield, turbidity, flooding, and increased
temperature. The chemical water quality problems
that may arise after forest fire may consist of
increased production of macronutrients, micronutrients, basic and acidic ions and decreased oxygen
level. Some of these chemicals come from the
disturbed and bare ground and others are produced
from the burned plant material. Increases in stream
flow also changes with time following fire disturbance. In general, Hibbert (1971) and Hibbert et al.
(1982) found that first-year water yield from various
burned watersheds in Arizona increases from as low
as 12% to one exceeding 1,400% of normal flow.
The effects of fires on storm peak flows are
highly variable with the magnitude and variability
of peak flows being dependent on many factors such
as topography, soil and vegetation cover characteristics, fire severity and precipitation intensity. Peak
flows over burned areas in the Southwest commonly
increase in magnitude from 500 to 9,600% (see
Table 1) of that occurring on unburned areas during
the summer months when highly intensive monsoonal thunderstorms are the norm in the area. The
increase in Salt River stream peak flow of 4,000%
following the year 2002 Rodeo Chediski fire (see
Fig. 1) and those of the 2011 Wallow fire are very
significant and fall in the above range. Others have
also found that the increase could even be higher as
the value from a burned chaparral watershed in
Table 1 shows. The increase in peak flow from
burned chaparral watersheds can reach as much as
45,000%. Again, these results indicate the need for
careful management of southwestern watersheds to
minimize the occurrence of severe wildfires that
upset the normal quality and quantity of water in
and from forested areas.

FOREST FIRE EFFECTS ON WATER
QUALITY AND FLOODING
The main concerns for hydrologists and water
resources managers with wildfires are their impacts
on water quality and peak flow. The hydrologic
influence of vegetation cover ranges from intercepting and reducing the amount of precipitation
reaching the ground to enhancing the rate of infiltration and thereby decreasing the amount and rate of
surface flow. Wildfire, on the other hand, not only
burns vegetation cover but also destroys forest floor
material leaving the ground bare and sometimes
with hydrophobic soils that slow infiltration rate and
allow for more and faster surface water movement
(DeBano 1981, Morgan and Rickson 1995, Zwolinski 2000). However, soil hydrophobicity disappears when the temperature of burned areas
reaches 300EC. For most fire burns, soil temperatures remain below this level leading to
hydrophobicity and subsequent increase in flowing
water (Dlapa et. al. 2006). Apart from decreased
infiltration and faster surface flow, the other major
effect of forest fires is on water quality.

Factors that Affect Water Quality
The factors that affect the type and severity of
post-forest fire water quality are complex and vary
significantly from place to place depending on
effective precipitation, soil and vegetation cover
characteristics as well as the geologic, topographic,
and fire severity conditions in the area (Robichaud
et al. 2000). The water quality concerns may be
grouped into physical and chemical related prob-

Table 1. Percent increase in peak flow following forest burn at different locations.
Location

Vegetation type

Percent
increase

References

Eastern Oregon

Ponderosa pine

45

Anderson et al. 1976

Central Arizona

Mixed conifer

500-1,500

Rich 1962

Central Arizona

Ponderosa pine

9,600

Anderson et al. 1976

Cape region of
South Africa

Monterrey pine

290

Scott 1993

Southwestern U.S.

Chaparral

200-45,000

Sinclair and Hamilton 1955;
Glendening et al. 1961

Northern Arizona

Ponderosa pine

200-5,000

Leao 2005
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Figure 1. Macronutrient concentrations, Ca, Mg and K
after Rodeo-Chediski Fire in the Salt River at the entrance
to Roosevelt Lake.

Forest Fire Impacts on Water Quality
The level of influence of wildfires on water
quality can be substantial depending on the severity
of the wildfire, the nature of vegetation cover, and
the physical and chemical characteristics of the
burned area (DeBano et al. 1998). Large and fast
stream flows from burned areas can pick and transport large amounts of debris, sediment and chemicals that significantly affect the quality and use of
water downstream. Also, wildfires interrupt or terminate nutrient uptake, increase mineralization and
mineral weathering. These were the cases in the
recent three largest fires in Arizona. One of them,
the Cave Creek Complex fire of 2005 burned
248,310 acres of forest, pastures and private property, generated huge amounts of sediment load in
streams and cost $16,471,000 to suppress it. The
largest fire in Arizona history, the Wallow, which
burned 535,039 acres in northeastern Arizona and
parts of New Mexico in 2011, left a lot of destruction and waste on its way. The most obvious environmental effects of the fire were in the form of
bedload and suspended sediments in lakes, reservoirs and stream flows that affected fish and other
wildlife. Reservoirs such as Nelson, River and Luna
received large ash flows from severely burned areas
resulting in significant fish kill. Certain lakes such
as Helsey Lake and Ackre Lake were filled with
sediment and suffered the most with all of their fish
population dying. Also, a number of Apache trout
and Gila trout streams suffered significantly fish
kill. These streams include South Fork of the Little
Colorado River, Bear Wallow Creek, Hannagan
Creek, KP Creek, Raspberry Creek and upper Coleman Creek. However, the effects were highly variable with some areas having the greatest impacts on
fish population from ash flows and flooding following the Wallow fire.
The most destructive of the three big fires was
the Rodeo-Chediski fire of 2002. That fire burned
468,638 acres of forest land, and destroyed 491
structures in the White Mountain area of Arizona. In
addition, the fire had other major environmental

effects in the form of physical and chemical problems that affect downstream water quality. This was
determined by looking at various water quality parameters measured at the Salt River entrance to
Roosevelt Lake. Figures 1 and 2 show significant
increases in the concentration of the major macronutrients of calcium, magnesium and potassium
(Fig. 1) and sulfate, phosphorus, and total nitrogen
(Fig. 2) in Salt River water following the RodeoChediski fire. Though, there were increases in the
calcium and sulfur concentrations following the
Fire, the values remain less than half of the U.S.
EPA standard concentrations for calcium and sulfur,
whereas those for magnesium, potassium, phosphorus and total nitrogen rose about 2, 5, 390, and
22 times, respectively.
Figure 3 shows the concentrations of the hazardous chemicals of arsenic, copper, iron and lead in
the Salt River where it enters Lake Roosevelt. The
values are high and dangerous, consisting of about
6,850%, 300%, 3,000%, and 460% of the U.S.
Environmental Protection Agency standards for
arsenic, copper, iron, and lead, respectively. Figure
4 represents the adverse levels of the physical factors of flooding, turbidity, temperature and specific
conductivity on the Salt River water following the
Rodeo-Chediski fire. As shown in the figure, the
flood magnitude in the Salt River flow entering
Lake Roosevelt increased by 6,000% following the
Rodeo-Chediski fire. Turbidity and specific conductivity measurements at the same time increased
by about 1,500,000% and 422% of the U.S. EPA
standards, respectively, while temperature rose to an
uncomfortably high level of 29oC. The post-RodeoChediski water quality parameters' values are shown
in column 2 of Table 2. The table also compares
those values with the World Health Organization
(WHO) and U.S. EPA drinking water standards
values, shown under columns 3 and 4, respectively.
To summarize, wildfire can have devastating
effects on water quality that affect water dependent
living things and the physical environment. This is
demonstrated in the post Rodeo-Chediski chemical
concentrations and physical water quality levels
indicated in column 2 of Table 2. Most of these
values when compared with those of drinking water
standards in columns 3 and 4 are very high and
dangerous to aquatic life and other living things. For
example, the turbidity value of 51,000 NTU, if persisted would make the reservoir water nontransparent and practically too dark for any limnetic and
deeper dwelling aquatic organisms to function
properly. Likewise, the high temperature value as
well as the highly elevated presence of salts and
other chemicals could make the water unsuitable for
many organisms for some time like those of Lakes
Helsey and Ackre in which all fish died following
the Wallow fire. The very high macro- and micronutrient values could also lead to increased algal
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Figure 2. Macronutrient concentrations of S, P and N after RodeoChediski Fire in the Salt River at the entrance to Roosevelt Lake.

Figure 3. Hazardous mineral concentrations after Rodeo-Chediski Fire in the Salt River at the
entrance to Roosevelt Lake.
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Figure 4. Flooding and physical water quality effects of the Rodeo-Chediski Fire in the Salt River at
the entrance to Roosevelt Lake.

growth and eutrophication of the water making it
unfit for drinking and aquatic fish habitat. Luckily,
the serious effect of the fire on the various water
quality parameters did not persist for long (Paterson
et al. 2002, Wondzell et al. 2003). This is demonstrated in Figures 1 through 4 in which the highly
elevated levels of the various Salt River water quality parameters rapidly decreasing shortly after the
burn period.

CONCLUSION
The impacts of wildfires on peak flow and water
quality can vary very much and become highly
significant. Because there are not sufficient amounts
of vegetation cover left on watersheds after wildfire
burns, and also because soils become hydrophobic
soon after most forest fires, most precipitation that
falls on such areas is readily converted to surface
flow, which moves downstream with little or no
difficult. Such flows may be huge in amount, have
high velocities and be very forceful to severely
disturb and damage watersheds and stream channels, and then carry large quantities of sediment and
other chemical contaminants downstream. Wildfires
can also interrupt or terminate nutrient uptake,
increase mineralization and lead to mineral weathering. Increased temperatures decreased dissolved
oxygen and introduction of nutrients and toxic
materials into water bodies can cause eutrophication
and destroy aquatic life. Hence it is important that
foresters, other land resources managers and any
interested parties make all efforts to minimize the

occurrence of damaging fires. This can be done
through forest thinning and appropriate harvesting
methods and levels, prescribed fire and paying
careful attention to possible occurrences of fires and
other harmful forest disturbances and dealing with
them diligently before the problems become out of
control. This requires well-educated and highly
insightful decision makers, availability of necessary
rules and regulations, adequate budget and skilled
workers to proactively prevent forest fires and control them once they occur. Such proper management
of forested watersheds should prevent and/or minimize forest fires that can lead to catastrophic
flooding and result in major water quality problems.
Preventing forest fires is also important as returning
burned sites is extremely expensive and takes a very
long time to restore them to pre-fire conditions.

REFERENCES
ANDERSON, H. W., M. D. HOOVER, and K. G.
REINHART. 1976. Forests and water: Effects of
forest management on floods, sedimentation,
and water supply. General Technical Report
PSW-18, USDA Forest Service, Pacific Southwest Forest and Range Experiment Station,
Berkeley, CA. 115p.
DEBANO, L. F. 1981. Water repellant: A state-ofthe-art. General Technical Report PSW-46,
USDA Forest Service, Pacific Southwest Forest
and Range Experiment Station, Berkeley, CA.
21p.

63

Table 2. Rodeo-Chediski fire effects on water quality measured in Salt River at
the entrance to Roosevelt Lake, and WHO and U.S. EPA water quality standards.
Guidelines for Drinking Water
Quality

Parameter

Post-fire water
quality levels

World Health
Organization

U.S.
Environmental
Protection Agency

1

2

3

4

0.685 mg/L

0.01 mg/L

0.01 mg/L

Bicarbonate

312 mg/L

NI**

380 mg/L

Calcium

144mg/L

NI

380 mg/L

Chloride

2110 mg/L

(>250 mg/L)

250 mg/L*

Copper

0.375 mg/L

2 mg/L

1.3 mg/L

Iron

90 mg/L

2 mg/L

0.3 mg/L*

Lead

0.690 mg/L

0.010 mg/L

0.015 mg/L

Arsenic

Magnesium

45 mg/L

Mercury

0.7 mg/L

0.006 mg/L

0.002 mg/L

Phosphorus

39 mg/

NI

0.1 mg/L*

Potassium

26 mg/L

NI

5 mg/L

Sulfate

170 mg/L

(>250 mg/L)

250 mg/L

Total nitrogen

220 mg/L

NI

10 mg/L *

Dissolved oxygen

7.4 mg/L

NI

>5 mg/L *

Suspended sediment

25800 mg/L

>600 mg/L
(TDS) ***

500 mg/L (TDS) *

Spec. conductivity

6970 µS/cm

NI

1650 µS/cm ****

29oC

NI

NI

51000 NTU

NI

1 NTU*

Temperature
Turbidity

*Secondary drinking water standard
**NI = no information
*** TDS=total dissolved solids
****µS=microsiemens

20 mg/L *
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RESTORATION BENEFITS TO NATURAL SPRINGS
IN THE LAKE MARY WATERSHED
Clairisse Nash1, Aregai Tecle1, Ashley Craig1, Andrew Sanchez-Meador1, and Larissa Yocom1
Hoxworth Springs are one group of the many
natural springs located in the Lake Mary watershed
of northern Arizona. They are a part of and located
in the Coconino National Forest's ponderosa pine
type forest at an elevation of 2,143 m and about 12
miles to the southwest of the City of Flagstaff,
Arizona. The springs are an important source of
fresh water in the Lake Mary watershed area. Based
on evidence such as fire scars on trees, researchers
have determined the pre-settlement reference conditions for the ponderosa pine forests in the area. Prior
to pre-settlement, the forest stands in the area
experienced frequent and low-intensity fire regimes
that supported healthy understory vegetation with a
lower risk of erosion (Cocke et al. 2005). The ponderosa pine trees were characterized as, “extremely
well-spaced and commonly forming a very open
forest,” (Weaver 1943). The reference conditions of
the springs were found to have had “... pools of
water along narrow streams and fertile soils...,”
with, “good meadow and knee-deep grama grasses
…” (Stevens 2010).
The areas around Lake Mary and the nearby
Mormon Lake were used extensively as local
sources of water by early Mormon settlers and the
Hopi, Navajo and Moenkopi peoples in the mid1800s. Since then, the areas have become heavily
settled and used for grazing, hunting and recreation.
Within 20 years of the Homestead Act of 1862 and
the completion of the railroad in 1888, the same
area became overcrowded with more competition
for fresh water (Brown 2008). The increased grazing and other heavy resources uses along the fragile
streams have made the Lake Mary watershed more
susceptible to increased risks of degradation.
Riparian and wetland habitats are of immense
value to the Southwest, as they are highly productive systems characterized by good quality water,
reliable forage for herbivores, and with high diversity of flora and fauna (Medina 1996, Phillips
2006). Functions of a healthy riparian system
include: maintaining stable stream banks, good
quality water, high water table, high biomass production, deep soil organic matter content, and perennial vegetation types. Wetlands are also characterized by certain vegetation types such as native
aquatic or mesic vegetation types, for example,
Carex spp. However, these valuable, biological “hot
spots” are often found in degraded areas (Medina
1996). Disturbance events such as floods and fires
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have certain effects on wet meadow habitats, however, the most impacts come from human and animal activities such as constructing roads, recreation
activities, grazing and trampling (Medina 1996).
Although wetlands can function at various conditions, ecosystem services such as water purification
and support for biodiversity are at risk of being lost
due to continued grazing, off-road motor vehicle
recreation, erosion, sedimentation, loss of water
retention and catastrophic wildfire.
Soil erosion is the process of soil materials
leaving a system. This is a major problem along
stream banks of rivers, their channels, and in springs
that are particularly susceptible to erosion by stream
flows. Stream banks tend to loose stability over time
as a result of compounding vegetation loss along the
banks, flood disturbance events, and continued
grazing and other activities of ungulates (Medina
1996). As stream banks erode away, the stream
structure gets wider and shallower over time, reducing the flow to downstream locations and decreasing
the wet meadow's ability to support aquatic life or to
function as a source of fresh water supply for mammals, birds, insects, amphibians, and other animals.
Furthermore, sedimentation and “silting” occur in
downstream areas as sediments flow from eroded
areas along the stream. This results in reduction in
water storage capacity and additional alteration of
stream morphology. Soil erosion can also result in
loss of soil stability and productivity. Subsequent
changes in plant community structure can also
change the quantity and quality of stream flow and
the physical structure of the stream (Baker 2003).
Furthermore, invasion by annual grasses may result
in the loss of mosses and soil bio crusts, which are
important soil stabilizers (Belnap 2003).
To address concerns of soil erosion along Hoxworth Springs and other areas of the Lake Mary
watershed Springer et al. (2005) did some restoration activities that improved the conditions of this
wet meadow system. The efforts consisted of stream
channel stabilization in 1997 and in 1998, followed
by re-vegetation within the next few years. The restoration activities included use of netting for soil
stabilization and planting by transplants and directseeding (Springer et al. 2005). An elk exclosure
fence was installed around the spring's source in
what is known as “Phase I” to protect the newly
treated areas from further impacts by grazing animals. The stream flow after restoration, in September
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of 2004, was measured to be approximately 0.2-0.3
gallons per minute (Springer et al. 2005). The restoration area is currently closed to motor vehicles,
using elk exclosure, though there is a large gap in the
fence that appears to have been created with wire
cutters. The community of Elk Park Meadows is
located very close to the springs, and the area has
been is used for local recreational purposes.
The primary objective of this study is to determine if the restoration efforts by Springer et al.
(2005) had a positive effect on the overall health of
the wetland system created by Hoxworth Springs.
To achieve the objective, we asked the following
questions: 1) Does the restoration effort improve
soil stability? 2) Is the vegetation cover along the
stream adequate and appropriate? 3) Do spring restoration efforts decrease stream width? Based on
these questions, the research hypotheses related to
the above questions are expressed, respectively, as:
Ho1: µSAG1=µSAG2 vs. Ha1: µSAG1>µSAG2, at
alpha=0.05.
Ho2: µVC1=µVC2 vs. Ha2: µVC1>µVC2, at
alpha=0.05.
Ho3: µWidth1=µWidth2 vs. Ha3: µWidth1<µWidth2,
at alpha=0.05.
Here SAG stands for soil aggregate stability, VC
stands for vegetation cover while Width represents
stream channel width and the subscripts 1 and 2
indicate treated and untreated riparian areas, respectively, while µ stands for the mean of the particular
parameter.
To answer the above questions and address
these hypotheses, the study (1) assessed surface soil
aggregate stability (SAG), (2) stream width condition and (3) the state of vegetation cover along transects within the treated area inside the elk exclosure
fence and in the untreated area downstream from the
spring’s origin. It was predicted that the restoration
treatment and elk exclosure would provide more
suitable conditions for the growth of wetland indicator
plant species, such as Carex spp, improved soil
aggregate stability and better stream conditions.

METHODS
In order to answer the research questions on the
effects of the restoration practices, field measurements were taken on vegetation cover, soil aggregate stability (SAG), and stream width in both
treated (site 1) and untreated (site 2) sections of the
stream. Site 1 is located near the spring's source, and
inside the elk-exclosure fence. Site 2 is downstream
and on the other side of a forest service road,
starting at approximately 66m to the north of the
road. A randomly selected starting point was established using a blind-flag toss, then the first plot was
set up along the stream, perpendicular to the point
where the flag landed. A measurement was taken at

each starting plot using a geo-positioning system
(GPS). A transect line was then extended to 120 m,
with a measurement plot directly parallel to the
stream banks, located every 10 m on alternating sides
of the stream channel for a sample size of n=12 plots
for each treatment type. Measurement details on the
three variables of interest are provided below.

Vegetation Cover
Ground cover was assessed in each plot using a
0.5×0.5-m quadrat. The location of the quadrats
started at 0 m, and then continued at 10-m intervals
along the stream bank so that a quadrat captures an
area directly parallel to the stream’s edge. Cover
classes and plant species were recorded onto data
sheets with the percent of the quadrat covered by
each cover class or plant species type. The cover
classes measured were: bare ground (complete
absence of cover), rock (greater than 2"), litter (dead
herbaceous plant matter), woody debris (dead
woody plant matter), moss, and other specific plant
species. The data from each treatment type were
entered into an Excel spreadsheet and organized into
matrices of rows of percent cover in each plot
versus columns of plant species or other cover class.
The mean percent cover of each class was then
determined using the formula: % cover for spp. A=
(total % cover for spp. A in all plots/number of plots
estimated) × 100 (Unknown Author accessed from
the webpages.uidaho.edu). The percent cover by
class type or plant species was then put into pie
graphs for visual representation and comparison of
the data for the treated and untreated sites.

Soil Aggregate Stability
A Jornada field kit was used to assess the soil
aggregate stability (SAG) of the surface soils along
the stream. The procedure consists of collecting soil
samples from each plot after vegetation cover data
was collected. Six dry, pea-sized “pods” of surface
soil were collected from each plot and put into
sieves that were submerged in water and then
dipped after 5 minutes of submersion. This was
followed by assigning values from 1 to 6 to reflect
the rate at which the soil pod “melted” away in the
water. A value of 1 indicates very poor soil stability,
6 stands for the most soil stability value measured
and the values in between represent gradual
increases in the soil stability. The six SAG values
for each plot were then averaged, and then the
average of the 12 averages taken to determine the
mean SAG value for each treatment type. A twosample T-Test with unequal variances was used
with the R Console i386 3.0.2 to test for differences
between the two data sets.

Stream Width
The width of the stream was also measured at
10-m intervals along each transect. To measure the
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width of the stream, a metric transect tape was held
by individuals at opposite edges of the stream and
record the distance between them as the stream
width in meters. The widths data were then analyzed
using two-sample t-test statistics with unequal
variances and plotted as a graph for visual interpretation and the results are discussed in the results
section below.

RESULTS
Similar to methods, the analyses outcomes for
the three different parameters are presented separately in this part. The three parameters, which are
the bases for the three research hypotheses, are the
degree of variability in vegetation cover, soil aggregate stability and stream width. The research outcomes related to each parameter are presented in
some detail below.

Figure 1. Percent of different Cover classes in the treated
site.

Vegetation Cover
Vegetation and other cover classes and their
respective percent area covered in the two treatment
types (treated and untreated) are shown in Table 1.
A special note from the cover class data is that there
was the presence of Carex sp. in the treated site (in
15.5% of it), but not in the untreated site. Furthermore, there was more Bouteloua sp. or “grama”
grass (14.1%) in the untreated area compared to a
9% in the treated part. Elk scat/browsing evidence
was also present in both treatment types; however,
there was 33.33% of it in the treated area, and only
very little (0.167%) in the untreated site and within
the elk-exclosure fence (see the last row of Table 1
and Figures 1 and 2). In spite of such differences in
vegetation cover, there was no significant difference
in bare ground and grass cover between the treated
and untreated sites (see Figures 1 and 2).

Soil Aggregate Stability (SAG)
Soil aggregate measurements using Jornada
field kit are analyzed with the R Console i386 3.0.2
to tests the differences in the SAG values between
those of the treated and untreated plots. The mean

Figure 2. Percent Vegetation cover in untreated site; %
Carex =0.

SAG values of the treated plots are 4.4 with a standard deviation of 0.737, while those of the untreated
ones are 2.4 with a standard deviation of 0.547 (see
Figure 3). These values show that those of the
treated plots are almost twice as much as those of
the untreated ones with a p-value of 6.833×10-8 (see
Figure 3). This is very significant since the p-value
is way less than the alpha value of 0.005. Under this
condition the null hypothesis is rejected in favor of
the research hypothesis. This means, at the 95%

Table 1. Cover survey results in treated and untreated areas.
Treated:

Untreated:

10.4% of area is bare ground

15.6% of area is bare ground

Carex sp. observed as 15.50% of plant cover

There was a 0% Carex sp. observed

Bouteloua sp. observed as 9% of plant cover

Bouteloua sp. observed as 14.1% of cover

Evidence of browsing and elk scat observed in
33.33% of the plots inside exclosure

Evidence of browsing and elk scat observed in
0.167% of the plots, with some evidence
outside
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CONCLUSIONS

Figure 3. Mean Soil Aggregate Stability Values in treated
and untreated plots.

confidence level, there is sufficient evidence from
the data supporting the statement that the mean
SAG value in the treated area was greater than the
mean SAG value in the untreated area.

Stream Width
Two characteristic that are used to determine the
stability and or vulnerability of a stream to change
are stream width and depth. Generally the streams in
the study area follow meandering paths as they flow
away from the source springs. We used changes in
stream widths as well as the presence or absence of
water to compare the conditions in the treated and
untreated watersheds. There was water in all of the
treated plots, while water was absent in most of the
untreated plots. Also as shown in Figure 4, the mean
stream width in the treated site is 1.304 m with a
standard deviation of 0.791, while the mean stream
width in an untreated site is 4.3m with a standard
deviation of 1.672. This means the mean stream
width in the untreated plots is about three times as
wide as that of the streams in the treated plots with a
significance p-value of 2.104×10-5 <alpha=0.05
(df=15.688) (R version 3.0.2 (2013-09-25)).

Figure 4. Graphical comparison of mean stream width
values in treated and untreated areas.

Based on statistical analyses performed and
from the R-output listed in the Results section
above, several conclusions can be drawn on the
observed data from the treated and untreated sites.
The answers to our research questions on soil stability, vegetation cover characteristics, and changes
in stream width in the system indicate that there are
significant changes in the system. The soils in the
treated area (site 1), on average, have become more
stable, and contained Carex sp., while those in the
untreated area, (site 2), did not have any sedges or
wetland indicator species present. This indicates that
the stream bank stabilization efforts were successful. However, the elk-exclosure fence does not
appear to be effective in preventing ungulate activity in the treated area, as there was more evidence of
browsing/elk activity within the fenced area than
there was in the untreated and open area of site 2
(Bean 2012). Since there was little or no water
present in the streams of site 2, while there was
water along the entire transect in site 1, the elk may
have been more attracted to the areas with drinking
water and sweeter vegetation. The elk may have
also preferred the treated area of site 1 more than
the untreated areas of site 2 because of their relative
locations. The untreated site 2 is located closer to a
road and the “Elk Park Meadows” residential community to make it less secure and unsuitable for elks
to freely graze. The fact that the elk-exclosure fence
was cut by humans indicates that there is still a gap in
awareness between field scientists and researchers
implementing restoration projects and the less
informed public. Furthermore, there was evidence of
tire tracks along the edge of the meadow, an area in
which motor vehicle access has been restricted. Also
there are marks that show that a vehicle had been
driven over/through the small wire fence near the
site's entrance.
Watershed management goals in Arizona have
included maintaining watershed health and ensuring
the stability of fragile riparian ecosystems (Ffolliott
et al. 2000). Restoration techniques of mechanical
thinning, followed by pile burning would be an
ideal preventative measure for land managers to
take on the forest stands in the Lake Mary watershed. Thinning would not only reduce the fuels
present in the system, but it would also reduce the
loss of water due to evapotranspiration, and would
leave more open space, water and nutrients for the
remaining trees to grow healthier. If a wildfire were
to occur in the ponderosa stands around Hoxworth
Springs without some type of fuel reduction intervention, the effects on the stream vegetation and
other riparian elements could be devastating. The
situation would lead to watershed and stream bank
erosion and the degradation of valuable springs in
an area of freshwater scarcity. The problem is particularly important at a time of recurring drought,
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disappearing riparian areas and increasing water
shortage. The importance of riparian areas can be
summed up by their necessity to support up to 33%
of the total flora and fauna in the Southwest even
though they occupy only about 5% of the landscape
in the area (Medina 1996, Phillips 2006). Considering that the most valuable and productive portions
of land are the most at risk for degradation and loss
of their functions, it is imperative that the public
become better educated, more aware and take appropriate actions to help conserve and protect our local
and regional riparian areas in particular and the
overall health of the forest system surrounding them
in general.
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EFFECTS OF CLIMATE CHANGE ON LAND USE AND LAND COVER
ON THE SAN PEDRO RIVER, ARIZONA
Jason Klotz1 and Aregai Tecle1
This paper covers the riparian portions of the
San Pedro River watershed. The watershed is
drained by the san Pedro River, which flows northward from Sonora, Mexico, into southeastern
Arizona (see Figure 1). The watershed is situated in
a transition zone between the Chihuahua and
Sonoran deserts and has a highly variable climate.
The dominant vegetation cover consists of desert
shrub-steppe, riparian forests, grasslands, oak and
mesquite woodlands and agricultural crops in the
lower elevations, and some pine type forest cover on
the cooler and wetter higher elevations (Hernandez
et al., 2000). Most of the riparian corridors in the
southern part of the basin are located below 3500 ft
elevation and cut through areas dominated by
Chihuahuan desert shrub. Most of the plants along
the riparian corridor are phreatophytes, plants
characterized by deep-rooted plants that obtain most
of their water supply from the zone of saturation
(Hernandez et al. 2000).
The San Pedro River flows freely without any
damming throughout its distance. As such, it
remains relatively undisturbed and is well-known

Figure 1. San Pedro River Basin in Arizona, U.S.A. and
Sonora, Mexico (Kepner et al. 2004).

1

for its significant biodiversity. Unlike conditions in
many of the rivers located in or passing through the
Southwest (Colorado, Rio Grande, Santa Cruz, Gila,
etc), the overall riparian habitat of the San Pedro has
not declined significantly during the last few
decades. The watershed supports among the highest
number of mammalian species in the world (Miller
et al. 2002). Also, the riparian corridor provides
nesting and migration habitat for more than 350 bird
species and supports 75% of the gray hawks' nesting
areas in the United States (Leskiw et al. 2005).
While water scarcity in the southwestern United
States becomes more prevalent, the San Pedro River
has remained to be habitat for a diverse riparian
species and a refuge pathway for migratory species
whose primary migration routes have become
degraded or lost and can no longer sustain mass populations (Commission for Environmental Cooperation 1999).
The San Pedro watershed is a region in a socioeconomic transition, as previously dominant rural
ranching economy shifts to irrigated agriculture and
rapidly growing urban development (Stromberg et
al. 2009). Because of these changes, the region has
become valuable for studying the impacts of climate
change on the hydrology and land management of a
semi-arid area. Due to recurring drought periods,
groundwater pumping has become increasingly
intensified. The situation is dramatically altering the
quality and quantity of water and thereby the
vegetation and land use in the watershed. If the ongoing excessive urban demand for water continues
to outweigh the available water supply, one of the
most biologically diverse regions in the country
may be permanently compromised.
The objective of this paper is to evaluate the
effects of climate change on San Pedro watershed
land use and vegetation cover and related socioeconomic and ecosystem functions. This is done
through sequential investigation into historical
settlement, land use and any landscape and environmental changes that have taken place in the area.
This is followed by discussions about the implications of the changes on the hydrology and water
resources, riparian ecosystem functions and the
overall future conditions of the study area. These
topics are covered in some detail to provide the
reader with a good perspective on the state and
possible future conditions of the San Pedro watershed.
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HISTORY OF THE SAN PEDRO BASIN
The entire San Pedro River watershed has for a
while been experiencing significant changes in land
use. It has been heavily grazed ever since the first
Spanish settlers introduced cattle into the area. The
ranches along the riparian corridor were the dominant land use for much of the last 100 years. As
there wasn't any serious efforts to control human
activities in the early days, overgrazing became
abundant leading to watershed problems such as
decreasing water quality and increasing erosion.
Today, much of the land in the Mexican side is
given to Mexican farmers by the government. The
Cananea Mine, located in the upper Sonora, drives
many of the water decisions made in the Basin.
However, only a small portion on the Mexican side
is considered protected by the government (Dixon
et al. 2009).
On the United States side of the border, there
are many entities entrusted with the management of
the San Pedro watershed. They include Fort Huachuca, Coronado National Forest, the Bureau of
Land Management (BLM) and many other public
and private interested parties that take care of especially designated areas such as the San Pedro
Riparian National Conservation Area (SNRNCA).
These approaches become more important with the
Basin's recent experienced rapid growth in population. In 1998 the Upper San Pedro River Basin in
both Arizona and Sonora consisted of only about
120,000 people. This population number might have
grown significantly in the last 14 years if growth
were to follow the same trend as the population of
the town of Sierra Vista. The population of the town
grew by 21.5% from 37,000 according to the census
of 2000 to a population of 46,000 eight years later
in 2008 (CEC 1999, Stromberg et al. 2009).

CHANGES TO THE
SAN PEDRO RIVER WATERSHED
For more than a century, the human population
around the globe has been growing exponentially.
This growth, coupled with major advances in technology, has transformed the surface of this planet.
The transformations has been powered by burning
of fossil fuels, which returns most of the carbon
generated that had been captured through photosynthesis some millions of years ago back to the atmosphere. As these fossil fuels and other energy sources
burn, increased levels of greenhouse gases are
released into the atmosphere. Atmospheric concentration of these gases functions as a kind of global
insulation that is trapping the heat radiated from the
earth's surface making its lower atmosphere warmer.
This is climate warming.
As temperatures slowly rise, monsoonal moisture becomes less and less prevalent. Most of the

annual stream flow in the San Pedro River comes
from these summer monsoonal weather patterns and
the runoff events that follow. Today, only a small
percent of the rain that falls in the Upper San Pedro
Watershed reaches the river channel, since most of
it evaporates from the soil or is transpired by upland
vegetation cover. Also the increasingly low intense
and less frequent rainfall occurrences are causing
decreased rates of groundwater recharge into the
regional aquifer (Stromberg et al. 2009), leading to
lowered water availability in the region.
Localized water diversions and increasingly
widespread groundwater pumping for agricultural
and domestic use are greatly altering local water
tables and surface flows. This has made once perennial areas to become ephemeral or intermittent
resulting in decreased groundwater recharge. This
situation lowers the water table making mostly deep
rooted or drought tolerant vegetation such as salt
cedar to grow intensively in some parts of the
corridor.
Many flora and fauna require surface flows in
the riparian corridor to be year round. Wetland
plants along the corridor's edges also depend on
saturated soils that are present during perennial
streamflows. Shallow groundwater makes it possible for the establishment and growth of dense
riparian forests of cottonwood and willow, and has
enough productivity to maintain some of the grasses
in the area (Stromberg et al. 2009). However, as
monsoonal events become more sporadic, floods
that scour vegetation, mobilize sediment, and provide pulses of productivity downstream, are occurring less frequently. Plants in this area rely on these
floods and the groundwater recharge that occurs
during these floods. Therefore, as flood events and
groundwater availability change with time and
climate change, the area's vegetation covers also
change. Figures 2 and 3 show significant land-cover
change that occurred in the San Pedro River Basin
between 1973 and 2010, and between 1986 and
2010, respectively.
Riparian species, such as a cottonwood or
willow, are sustained in part by groundwater. Shifting from perennial to intermittent flows resulted in
declines in groundwater recharge. This caused a
massive transition of the riparian corridor into grasslands and mesquite woodlands. Cottonwoods and
willows declined immensely, most likely due to
insufficient groundwater availability needed to sustain the dense forest types. As a result, there is an
out competition of native species by invasive
species, such as salt cedar. The invasive plants are
more temperature and drought tolerant. Also
increased urbanization has taken over a large portion of the original woodlands and native grasslands
slowly encroaching on wildlife habitat.
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Figure 2. Land-cover change between 1973 and 1997 (Miller et al. 2002).

IMPLICATION OF WATERSHED
CHANGES ON RUNOFF
The above changes have numerous implications
in the area of study. First, there is a tremendous
increase in groundwater pumping in the area due to
increasing water consumption by fast growing urban
population and expanding agriculture. Second, due
to increasing drought occurrences, there is lower
groundwater recharge and overall decreased water
availability. Also, the increased urbanization and
decreasing vegetation cover are leading to increased
runoff and erosion problems. For example, the
Sierra Vista subwatershed has witnessed significantly adverse land cover changes from 1973 to
1997 as shown in the last column of Table 1. The
same time period as well as that between 1973 and
1986 indicates major increases in mesquite trees.
The table also shows decreases in all land cover
types other than forests and mesquite trees with
increased urbanization in the watershed.
A kinematic runoff and erosion model, known
as KINEROS was used to determine the impacts of
land cover changes on runoff in the Sierra Vista
watershed. As shown in Table 2, the model indicates an increase in annual runoff over time with
increased rainfall and expanded urbanization. The
percent change in runoff is inversely proportional to
the return period.
The sediment yield data shown in Table 3
reveals a gradual and directly proportional increase
with urbanization. Since erosion and sediment yield
are directly related to runoff velocity and volume,
then as runoff volume and rates increase, there is an
increase in sediment production. However, the perFigure 3. A comparison of land cover changes in the San cent increases in sediment yield in Table 3 are not
Pedro River Basin during the three periods (Chan and proportional (even though they show similar trends)
to the percent increases in runoff shown in Table 2.
House-Peters 2013).
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Table 1. Percent land cover changes in the Sierra Vista subwatershed during the
periods 1973-1986, 1986-1992, 1992-997, and 1973- 997. A positive cover
value in a column indicates an increase in area for the particular period (Miller
et al. 2002).
Land-cover

1973 to 1986

1986 to 1992

1992 to 1997

1973 to 1997

0.00

0.00

0.00

0.00

-0.48

-1.17

-1.47

-3.09

Mesquite

306.25

-5.98

-12.67

233.57

Grassland

-34.65

0.00

-9.01

-40.54

Desert scrub

-36.67

-5.38

-7.09

-44.32

Urban

302.78

19.62

36.34

556.89

Forest
Oak Woodland

Table 2. Results of Runoff Simulation Using KINEROS for Sierra Vista Subwatershed. Design storms expressed in mm are provided for 5-, 10-, and 100-year return
periods and 30- and 60-minute durations (Miller et al. 2002).
Runoff (mm)
Rainfall Event

Percent Change

Rainfall (mm)

1973

1986

1992

1997

5 yr, 30 min

17.35

0.057

0.144

0.134

0.158

177.2

5 yr, 60 min

21.08

0.185

0.339

0.367

0.498

169.2

10 yr, 30 min

22.74

1.25

1.64

1.72

1.95

56

10 yr 60 min

26.44

2.07

2.47

2.55

2.79

34.8

100 yr, 30 min

31.79

7.02

7.55

7.65

7.95

13.2

100 yr, 60 min

38.33

10.2

10.7

10.8

11

7.8

Spatially distributed changes within the watershed in
both runoff and sediment yield may explain this
divergence (Miller et al. 2002). As urbanization
increases, so does the percent of impervious surfaces.
The impact of rain on surface erosion is proportionally less on impervious surfaces compared to on
unconsolidated surfaces. These competing mechanisms are reflected in both Tables 2 and 3.
The above simulation results indicate that land
cover changes in the Sierra Vista watershed have
altered the hydrologic regimes of the area. These
localized changes were associated with vegetation
transition and urbanization. A reduction in groundwater recharge and in percent of land cover, accompanied with increased impervious surfaces has

1973 to 1997

resulted in increased simulated runoff from a variety
of events.
Declines in volume of total annual flow in the
Upper San Pedro River indicate significant reductions in summer monsoonal events and the groundwater recharge associated with these events. This is
sufficient to convert many perennial flow conditions
to intermittent or ephemeral streams. Future scenarios have been developed to predict hydrologic
changes in the watershed. These changes lean
towards a trend of increasing runoff and sedimentation, particularly if there are no constraints or landuse plans being proposed for future agricultural and
urban development (Kepner et al. 2004).
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Table 3. Results of Sediment Yield simulation Using KINEROS for Sierra Vista Subwatershed. Design storms expressed in mm are provided for 5-, 10-, and 100-year return
periods and 30- and 60-minute durations (Miller et al. 2002).
Sediment Yield (Ton)
Rainfall Event

Percent Change

Rainfall (mm)

1973

1986

1992

1997

5 yr, 30 min

17.35

2.02

18.0

15.2

19.2

851.0

5 yr, 60 min

21.08

20.8

21.9

24.1

26.9

29.3

10 yr, 30 min

22.74

212.0

208.0

248.0

295.0

39.2

10 yr, 60 min

26.44

283.0

423.0

427.0

449.0

58.7

100 yr, 30 min

31.79

1803.0

2070.0

2180.0

2420.0

34.2

100 yr, 60 min

38.33

2580.0

2550.0

2890.0

3090.0

19.8

IMPLICATIONS ON RIPARIAN
ECOSYSTEM FUNCTION
Changes in timing and spatial availability of
water can have significant effects on the composition and functions of riparian ecosystems. With
increasing temperature and the amount of water use
in urban and agricultural areas, there is less water
available for riparian ecosystems that need it most.
Because of this, cottonwood and willow trees will
decline, resulting in increases of mesquite trees or
sacaton grass. Mesquite and sacaton grass are
drought resistant with less photosynthetic surface
area than cottonwood and willow. As such, there
will be a decline in groundwater take up by these
vegetation types resulting in better water conservation (Stromberg et al. 2009).
Changes in the composition and landscape configuration of the riparian corridor could also affect
animal diversity. Reductions in total cottonwood and
willow covered areas could reduce the abundance of
species that heavily rely on these multi-level riparian
forests. On the other hand, increased compositions of
mesquite would actually increase the habitat of
certain birds that favor this vegetation cover type.
The transition of forested riparian areas to grasslands
could also result in an increase in population sizes of
both grassland bird species and insects such as
butterflies that prefer this vegetation type.

FUTURE MANAGEMENT DIRECTION
Interested parties, both local and non-local,
must have roles to play in watershed management
and improvement. Close monitoring and evaluation
of future watershed changes are necessary for future
management planning. Collaboration and cooperation amongst environmental organizations, local
communities and landowners must occur for proper
conservation and protection of riparian watershed.

1973 to 1997

This collaboration could allow for leverage on limited
available funding for improvements, and to properly
allocate such funds to land stewardship and restoration. Engaging all partners in the planning and
implementation could result in the creation of several
activities or arrive at globally acceptable actions to
improve the watershed resilience and adaptability to
changes in climate and future land use.
Actions should be taken to increase groundwater supply to the riparian corridor and to reduce
groundwater demand by the riparian vegetation.
Some efforts that conserve and re-use water include
recharge of treated municipal effluent, construction
of urban stormwater retention and recharge basins,
a reduction in groundwater pumping for agricultural
use (already occurring), construction of watershed
check dams, and prescribed burning of dense
mesquite woodlands.
Burning in the semi-arid environment of the
southwestern United States should be for specific
purposes and can have significant influence on the
nature of trees and grass covers. The intention
should be to reduce riparian water use, reduce fuel
loads, and restore riparian and desert grasslands. As
the Southwest continues to witness increasingly
extreme climate changes, the probability for intense
fire occurrences will most likely increase. As a
species that is well adapted to occasional fires, the
mesquite trees in the area may experience increased
mortality rates from more frequent and highintensity fires that may become common under the
changing landscape and climate scenarios. Massive
mesquite die-offs may result in more tree covered
areas conversion to grasslands, and have reduced
soil fertility and shallow soil moisture conditions.
However, while the grasslands may become well
adapted to recurrent fires, the combination of
drought and more intense fire regimes may become
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too much to overcome and instead become lethal to
the grasses.

SUMMARY AND CONCLUSIONS
Recent evidences indicates the presence of multiple successional changes to the riparian land cover
in the upper San Pedro riparian corridor. For
example, a severe and intense flood event occurring
under current drought settings will have the necessary power to reshape the floodplain. If a flood does
not occur, however, cottonwood and willow forests
will begin to shrink as the older stands begin to
senesce. Younger stands, in effect, can begin to
form with lateral channel migration (Dixon et al.
2009). As long as major groundwater changes do
not occur, the cottonwood and willow forests will
remain as important vegetative land cover on sites
with shallow groundwater. Older cottonwood and
willow forests will eventually succeed over mesquite forests and grasslands. If increases in temperature, CO2 levels, and perhaps precipitation occur,
the succession of cottonwood and willow over mesquite and grasslands could become accentuated
(Dixon et al. 2009).
Considering all the above factors, future vegetation changes, whether linked to climate or influenced by humans, are inevitable in the upper San
Pedro watershed. Knowledge and understanding of
these changes will increase our ability to make
better informed decisions on management and conservation efforts. As the Southwest climate warms
and the area becomes drier , conflicts among water
resources users could become common and if water
becomes too limited leading to accelerated losses of
cottonwood and willow forests. On the other hand,
if a wetter climate were to occur, there would be
more water available to improve the state of cottonwood and willow forests in the study area. However, if current climate change trend persists and
groundwater pumping continues at the current high
rate throughout the upper San Pedro River watershed, then there would be increased losses to the
cottonwood and willow forests there.
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