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A BRIEF SUMMARY OF A REPORT BY THE NATIONAL RESEARCH COUNCIL ON THE
HYDROLOGIC IMPACTS OF FOREST MANAGEMENT
Peter F. Ffolliott'
There are close connections among forests, water, and
people. Forests cycle water from precipitation inputs
through the soil and deliver it as streamflow to supply
nearly two- thirds of the clean water to the people of

relatively small, homogeneous areas and span short
time periods. While there are a large number of
hydrologic simulation models available, not all are
suitable for applications on forested watersheds

the United States. Changes in the character of because of the complex nature of forests cycling
forested headwater areas that include tributary streams precipitation inputs through the soil and deliver it
impact on the quantity and quality of the water downstream as streamflow.
resources available to people. In this way, forests,
water, and people are closely intertwined. At the
request of the U.S. Bureau of Reclamation and the
U.S. Forest Service, the Water Science and
Technology Board of the National Research Council
convened a committee to study and then report on the
present status of forest hydrology science, connections
between forest management, the attendant hydrologic
effects, and the consequent impacts on people; and

FUTURE RESEARCH AND MANAGEMENT
NEEDS

Forest hydrology science has led to a better
understanding of the principles of water movement
through forests. These principles focus mostly on
general hydrologic responses to changes in forests on
small areas for

short periods of time.

Many

interacting factors affect forests including climate

forest
species
disturbances,
forest
future research and management needs to sustain change,
composition
and
structure,
and
land
development
and
water resources from forests. This study has been
ownership.
These
factors
tend
to
"break
up"
forests
completed and the report of the study, entitled
"Hydrologic Effects of a Changing Forest into smaller, noncontiguous parts. However, today's
Landscape," was published by the National Academy forest and water managers need forest hydrology

of Sciences late last year. This paper presents a brief science that helps them to understand and predict how
summary of the report.

the factors will affect water quantity and quality

across large areas and over long time scales.
One of the more important unresolved issue in forest
STATE OF FOREST HYDROLOGIC SCIENCE
hydrology
science is how to "scale up" finding from
Forest hydrology science draws on hydrological
the
principles
of forest hydrology that were largely
sciences, water resources engineering, and förestry to

address primary questions about forests and water. developed on small, homogeneous watersheds to
improve the predictions of hydrologic responses

Among the questions frequently asked are:

.

across

What are the flowpaths and storage reservoirs
of water in forests and forested watersheds?
How do modifications of forests impact water
flowpaths and storage?
How do changes in forests affect water
quantity and quality?

large,

heterogeneous

watersheds

and

landscapes. A landscape perspective allows for the
analysis of forest and water connections over large
areas to use the principles of forest hydrology to make

predictions about forests and water that address
current

and

anticipated future

issues

such

as

cumulative watershed effects, climate change, and
forest management practices.

Researchers seeking answers to these kinds of
Cumulative Watershed Effects
questions have obtained much of their source data and
information from plot studies, paired watershed Cumulative watershed effects are the hydrologic
investigations, and hydrologic simulation models. All effects resulting from multiple land -use activities over
of these approaches are important elements of forest time on watershed landscapes. Extreme precipitation
hydrology. However, plot studies and pair watershed events often reveal cumulative watershed effects and,

investigations have generally been conducted on in doing so, spur public interest in obtaining better
1
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understanding

how

on

land

uses

on

forested

watersheds are related to downstream flooding and
Assessing cumulative
other detrimental effects.

watershed effects required a knowledge of the
physical, chemical, and biological processes that route

water, sediment, nutrients including pollutants, and
other materials

from watershed hillslopes

Researchers
Researchers are poised to advance forest hydrology
science to address critical water issues. New research
approaches should be pursued and many of the current
research agendas should be maintained or expanded.
Researchers should:

and

headwater streams to downstream areas. Future
research on this issue should strive to elucidate the
relationships among forests, water pathways and
quality, and watershed land -use activities over large
spatial and long temporal scales.

Climate Change
Effects of climate change on forests and water are
becoming increasingly evident and future impacts of
continuing climate change are likely to have "major
effects" on forest hydrology. Direct effects of climate
warming such as increases in frequency of wildfires
and changes in the magnitude and timing of
snowmelt -runoff contributions to streamflow are
already being observed. However, more research is
needed to improve predictions of the indirect effects

of climate change including evaluations of how

watershed
small
current
Continue
experiments and re- establish small watershed
experiments where research has been
discontinued.
Catalogue historical and modem climatic and
hydrologic records.

Use the "whole body" of paired watershed
experiments as a "meta experiment" to better
understand hydrologic responses to forest
disturbance over large spatial and temporal
scales and across a range of forest types.

Expand the capacity for visualization and
prediction of hydrologic response on large
watersheds
geographic

and river basins through
information systems, remote

sensing technologies, sensor networks, and
advanced simulation models.

changes in forests and forest management influence

Work with economists and other social

hydrologic responses.

scientists to improve understanding of the
value of sustaining water resources from

Forest Management Practices
Forest management practices evolved over time.
Forces that modify forests today are triggering forest

forests.

Managers
Forests, forest management, and the climate and

managers to initiate novel and contemporary practices.
Many of these new practices such as thinning for fuel social contexts of forests are dynamic. Therefore, best
reduction and best management practices to manage management practices should be updated continually
riparian buffers for species protection have not been through an adaptive management approach. Best
fully assessed for their attendant hydrologic effects. It management practices for forests can mitigate the
is important, therefore, that the hydrologic effects of negative consequences of forest management
these newer forest management practices be activities, but their "effectiveness" might be mostly
understood over long temporal and large spatial site- and storm- specific and, as a result, difficult to
quantify. Managers should assess best management
scales.
practices and modify the current suite of these
ACTIONS FOR RESEARCHERS, MANAGERS, practices to increase their effectiveness. To do this,
management should:
AND CITIZENS TO TAKE

Researches who study forest hydrology, forest and
individual

or

agency

best

water managers, and citizens each have a role in

Catalogue

sustaining water resources from forests. Through
individual and collective actions, they can apply the
current understanding of forest hydrology science,
explore research gaps and informational needs, and

management practices at the national level
and make this information available to the

pursue the following recommended actions.

public.
Monitor best management practices for
effectiveness and analyze monitoring data for
use in adaptive management frameworks.
Design adaptive management approaches that
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management,
research,
coordinate
monitoring, and modeling efforts.

Citizens
Citizens and communities can influence forest and
water management at the local, regional, or watershed
level. Cumulative watershed effects, changes in land
ownership and management, changing population and
development patterns, and water supply concerns have

CONCLUDING COMMENTS
Much of the content of this paper has been extracted

from a "Report in Brief' of the National Academies
entitled "Hydrologic Effects of a Changing Forest
Landscape," dated July 2008. The complete report on

the study, also entitled "Hydrologic Effects of a

Changing Forest Landscape," is available from the
National Academies Press, Washington, DC. The
committee preparing this report consisted of Paul K.
spurred activity to protect watersheds and water Barten (Chair), University of Massachusetts; Julia A.
community level. Jones (Vice -Chair), Oregon State University; Gail L.
Watershed councils and other locally -led citizen Achterman, Oregon State University; Kenneth N.
quality from the "grass- root"

groups should work within communities and with Brooks, University of Minnesota; Irena F. Creed,
University of Western Ontario; Peter F. Ffolliott,
state and federal agencies to:
University of Arizona; Anne Hairston- Strang,
Use councils and other citizen groups as Maryland Department of Natural Resources; Michael
vehicles to meet multiple goals of integrated C. Kavanaugh, Malcolm Pirnie, Inc.; Lee Macdonald,
watershed management at the community Colorado State University; Ronald C. Smith,
Tuskegee University; Daniel B. Tinker, University of
level.
Participate in watershed councils and other Wyoming; Suzanne B. Walker, Azimuth Forest
citizen groups and help them grow in number Services; Beverley C. Wemple, University of

and influence on watershed uses at the Vermont; George H. Weyerhaeuser, Jr., Weyerhaeuser
community level.

Company; and Lauren Alexander (Study Director)and

Ellen de Guzman (Research Association), National
Research Council.

WATER REPELLENT SOILS FOLLOWING PRESCRIBED BURNING TREATMENTS AND A
WILDFIRE IN THE OAK SAVANNAS OF THE
MALPAI BORDERLANDS REGION
Cody L. Stropki,' Peter F. Ffolliott,' and Gerald J. Gottfried'
Water repellent (hydrophobic) soils impact the infiltration and adjacent to the watersheds. As a consequence of the
process of a water budget by restricting the movement of wildfire, the original objective of the research program

water into and through a soil body. The infiltration of was modified to accomplish the goals of the research
water into a water repellent soil can be inhibited or program by evaluating the impacts of the cool and warm
completely impeded in which case much of the incoming season burning treatments and the wildfire on ecosystem
precipitation reaching the soil surface becomes overland resources and hydrologic -functioning.

flow. One mechanism causing the formation of water
repellent soils is the distillation of organic compounds in

STUDY AREA

Twelve small watersheds on the eastern side of the

the litter and duff layers during combustion in a fire
(DeBano 1981, 1999, 2003, Doerr et al. 2000). This Peloncillo Mountains in southwestern New Mexico, the
mechanism resulted in the formation of water repellant Cascabel Watersheds, were the study area. The areal
soils following prescribed cool and warm season burning
treatments and a wildfire on the Cascabel Watersheds in
the oak savannas of the Malpai Borderlands Region in the
eastern part of the Coronado National Forest. This paper

aggregation of these watersheds is 451.3 acres. They are
situated between 5,380 and 5,590 feet in elevation. The
nearest long -term precipitation station indicates that the

annual precipitation in the vicinity of the watershed
complements the findings of an earlier study on the averages 23.5 inches, with about one -half of the
formation of water repellency on selected sites locations precipitation occurring in the monsoonal summer.
classified by accumulations of litter and other organic Geological, physiological, and vegetative characteristics
debris or dominant tree species on the watersheds before of the watersheds are described elsewhere (Osterkamp
the fires (Neary et al. 2008) by reporting on the 1999, Gottfried et al. 2000, 2007, Youberg and Ferguson
occurrences and levels of water repellency on a 2001, Neary and Gottfried 2004, Gottfried and Edminster
watershed -basis. An attempt to correlate the occurrences 2005, Ffolliott et al. 2008, and others) and, therefore, are
and levels of water repellency to the severity of the not presented in this paper.

prescribed burning treatments and the wildfire is also
STUDY PROTOCOL
On each of the watersheds, between 35 and 45 plots
PRESCRIBED BURNING TREATMENTS AND THE have been placed on randomly established transects
perpendicular to the main stream channels and situated
WILDFIRE
The original objective of the multi -purpose research from ridge to ridge to provide the sampling basis for
program on the Cascabel Watersheds (Gottfried et al. measuring ecosystem resources and evaluating the
2000, 2007, Gottfried and Edminster 2005, and others) hydrologic functioning on the watersheds. Intervals
was to evaluate prescribed warm season (May through between the plots vary depending . on the size and
October) and cool season (November through April) configuration (shape) of the watershed sampled. A total
burning treatments in relation to unburned control of 421 plots were located on the watersheds. Occurrences
watersheds on selected ecosystem resources and and levels of water repellent soils were determined on
presented.

hydrologic- functioning relationships in the oak savannas these plots in the fall of 2008, approximately four months
ecosystem. Following their calibration, four of the after the warm season burning treatment and the (nearly)
watersheds were burned in the cool season of early March simultaneous wildfire.
2008. Three of the four watersheds to be burned in the Litter, duff, and other organic debris were removed from
warm season were (in facto) burned on May 20, 2008, each plot at this time, a drop of water was placed on the
with ignition of the remaining watershed scheduled for a soil surface with an eye dropper, and the time it took for
later date. However, wind gusts up to 60 mph the the drop of water to penetrate the soil surface was
following morning blew fire brands from the previous day recorded (Letey et al. 2000). This procedure was then
onto the remaining unburned warm season watershed and repeated at the plot because the location of a water
the four control watersheds. The resulting wildfire repellent layer (if a hydrophobic layer existed) was
crossed the control lines between the Cascabel unknown. The longest of the two times recorded for the
Watersheds in three places to burn nearly 4,000 acres on drop of water to penetrate the soil surface was related to
1 School of Natural Resources, University of Arizona, Tucson, Arizona
2Rocky Mountain Research Station, U.S. Forest Service, Phoenix, Arizona
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charred remains of larger shrubs are visible. Soil
temperatures at 0.5 inch are greater than 485oF.
Lethal temperatures for soil organisms occur to
depths of 3.5 to 6.4 inches.

following criteria of the National Wildfire
Coordinating Group (Clark 2001) to determine the Ievels
of water repellency:
the

No repellency
RESULTS AND DISCUSSION
Slight repellency - less than 10 seconds for a drop
The occurrences and levels of water repellent soils on
of water to penetrate the soil surface
the Cascabel Watersheds following the prescribed cool
Moderate repellency - 10 to 40 seconds for a drop
and warm season burning treatments and the wildfire
of water to penetrate the soil surface
magnitude. No water

were limited in both extent and
Strong repellency - more than 40 seconds for a repellency was found on about 90 percent of the plots on
drop of water to penetrate the soil surface
the watersheds, slight water repellency was measured on
5 percent of the plots, and a level of either moderate or
A classification system relating fire severity to the soil strong levels of water repellency was measured on the
resource response to burning (Hungerford 1996) was the remaining plots (Figure 1). This general pattern prevailed
basis for assessing the severities of the prescribed cool regardless of the prescribed burning treatment or the
and warm season burning treatments and the wildfire at wildfire. The limited occurrences and levels of water
Hungerford's system of classifying fire
the plots.
watersheds were not

repellent soils found on the
severity ( DeBano et al. 1998, Neary et al. 2005, and other necessarily surprising, however, because the severities of
references on fire effects) is:
the burning treatments and the wildfire were all
Hungerford's
according to
low
comparatively
No fire.
classification system.

Low fire severity - low soil heating or light

ground char occuring where litter is scorched,
charred, or consumed, while duff is left largely
intact although it can be charred on the surface.
Woody debris accumulations are charred or
partially consumed. Mineral soil is not changed.
Soil temperatures at 0.5 inch are less than 125 °F.

Lethal (fatal) temperatures for soil organisms

occur to depths of 0.5 inch. The lethal
temperatures for most soil organisms range

None
100

Strong

70 S

asoc

50 -

1

40-

1.

30-

moderate ground char occurring where the litter

10 -

Woddy debris is mostly consumed except for logs
that are deeply charred. Underlying mineral soil
is not visually altered. Soil temperatures at 0.5
inch can reach 212 to 392 °F. Lethal temperatures
for soil organisms occur down to depths of 1.2 to
2.0 inchs.

Moderate

80 -

upward to 212 °F (BeBano and others 1998).
Moderate fire severity - moderate soil heating or

and the duff is deeply charred or consumed.

Slight

90 -

20 -

0

_

Cool Season

Warm Season

Wildfire

Figure 1. Occurrences and levels of water repellent soils on
the Cascabel Watersheds following the prescribed cool and
warm season burning treatments and the wildfire. The levels
of water repellency are based on the criteria of the National
Wildfire Coordinating Group (Clark 2001).

High fire severity - high soil heating or deep
where the duff is
It was initially "hypothesized" by the authors that the
completely consumed and the top of the mineral occurrences and levels of water repellent soils might be
soil is visibly reddish or orange. Color of the soil related to the severities of the two prescribed burning

ground char occurring

below 0.5 inch is darker or charred organic treatments and the wildfire. However, the fire severities
of the prescribed cool and the warm season burning
treatments were not detected or classified as low on

material. The char layer can extend to a depth of
4 inches or more. Logs can be deeply charred or
consumed and deep ground char can occur under
slash concentrations or burned -out logs. Soil
texture in the surface layers changed and fusion
evidence by clinkers can be observed. All shrub

stems, if present, are consumed and only the

nearly 95 percent of the plots on the

watersheds

experiencing the two burning treatments, while moderate

fire severity was observed on the remaining 5 plots
(Figure 2). On the watersheds burned by the wildfire, no

7

effects of the fire on the soil resource were observed on 5
percent of the plots, nearly 75 percent of the plots were
burned by a low severity fire, and about 20 percent of the
plots had experienced a moderate fire severity. None of
the plots on the Cascabel Watersheds were exposed to a
high severity fire by the prescribed burning treatments or

However, the persistence of the water repellent soils on
the watersheds will be monitored into the future to assess
the longer -term impacts of the burning treatments and the

wildfire on this soil parameter and, more generally, the
hydrologic functioning of these watersheds.
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SNOWPACK DYNAMICS IN AN OPENING AND A THINNED STAND IN A PONDEROSA PINE
FOREST
Gerald J. Gottfried' and Peter F. Ffolliott2
Snow that accumulates in high- elevation forested forests at Beaver Creek, south of Flagstaff (Baker 1986,
watersheds is an important source of water for Baker and Ffolliott 1999), on the Sierra Ancha

downstream municipalities, industries, and agricultural Experimental Forest in central Arizona (Gottfried et al.
activities. Streamflow and water storage impoundments in 1999a) and in the White Mountains of eastern Arizona
the drier regions of the western United States depend on (Gottfried et al. 1999b) to evaluate the potential of
snowmelt. Troendle (1983) estimated that almost 90 achieving these goals. As part of this effort, silvicultural
percent of the total annual water yields in the Rocky treatments were conducted in the ponderosa pine stands

Mountain Region, which includes Arizona and New on the West Fork of Castle Creek, an experimental
Mexico, are derived from snowmelt. One estimate watershed in the Apache - Sitgreaves National Forests of
indicates that as much as 5,103,630 acre -feet (6.3 billion
cubic meters) of water can be in storage in the snowpacks
prior to snowmelt (Ffolliott et al. 1989). Snowpacks in the
Southwest differ from those in more northern mountains.
Most southern snowpacks will experience some melting

eastern Arizona.
Forest snowpack management designed to delay
snowmelt may become an important concern in the future
as projected increases in global warming develop.

Historically deep snowpacks may not develop in the
throughout the winter and, at lower elevations, the future as rain replaces snow at middle and higher
snowpack often can disappear between storms (Gottfried elevations and higher temperatures cause rapid melting.
et al. 2002). Snowpacks in northern areas tend to Intermittent snowpacks and resulting runoff changes, such
accumulate throughout the winter and melt gradually as those reported for Sierra Ancha (Gottfried et al. 2002)
will become more common. These watersheds are
during the early summer.

Foresters and water managers have considered the between 6,590 and 7,724 ft in elevation. The change

potential of augmenting streamflow by managing forests
to increase snow accumulations and to modify snowmelt
runoff. Troendle (1983) reviewed the scientific literature
pertaining to the potential for water yield augmentation
from snowpack management in the West. Ffolliott et al.
(1989) conducted a similar review of snow research in the

could result in earlier peak streamflows and longer fire
seasons.

The objective of this paper is to examine the snowpack
record for a typical irregularly- shaped opening of about
300 feet in diameter in the West Fork of Castle Creek and

to compare the results with those from an adjacent
Southwest. One prime strategy is to create openings forested area where thinning removals had been minimal.
within the stand. Research has generally shown that Records for five years are compared. Results are
smaller openings, approximately 1 to 3 H (tree height) in compared to meteorological records and data from the
diameter, were most efficient in accumulating snow and historic USDA Soil Conservation Service (now Natural
in delaying snowmelt (Troendle 1983). Ffolliott et al. Resources Conservation Service) Beaverhead Snow
(1965) and Hansen and Ffolliott (1968), working in an Course (Jones 1981).
TREATMENT PRESCRIPTION
Arizona ponderosa pine (Pinus ponderosa Laws.) forest,
The
Castle
Creek complex, located about 12 miles south
found that clearcut openings and strips of between 1.5 H

and 2 H increased snow accumulation and increased of Alpine in the Apache -Sitgreaves National Forests,
snowmelt rates and daily water losses. Openings tend to consist of two watersheds, the West Fork and the East
change the dynamics of storm winds moving over the Fork. The watersheds occur between 7,835 and 8,580 ft in
forest canopy resulting in more turbulence and greater elevation, where average annual precipitation is about 27
snow falling into the openings. More snow accumulates inches. Each watershed contains a 120- degree v -notch
under a thinned forest canopy depending on the residual weir. The standard watershed experimental approach uses
density, because less snow is intercepted, by the tree paired watersheds where one watershed is treated and the
crowns (Gary and Troendle 1982.)

other is not. A statistical relationship is established

An important objective of forest management in the between runoff from the two areas prior to treatment and
Southwest, particularly in Arizona, in the 1960s was to then compared to a similar relationship developed for a
increase streamflows and productivity of forest lands for number of years following treatment.
One -sixth of the forest on the 900 -acre West Fork
multiple resources. Watershed experiments were

established in the ponderosa pine and mixed conifer watershed was harvested in 1966 and 1967 to create

Rocky Mountain Research Station, U.S. Forest Service, Phoenix, Arizona
2 School of Natural Resources, University of Arizona, Tucson, Arizona
1
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openings to improve stand conditions by removing groups evapotranspiration values confirms that clearing the forest
of diseased and over -mature trees and the remaining areas results in less water used.

were thinned to remove high-risk, poor trees and to
release potential crop trees. The goal was to initiate a
commercial forest management operation with a 120 -year

SNOW STUDY
Methods

watershed of about 0.5 inch or about 30 percent (Gottfried
et al. 1999b). The increase persisted for more than 21
years until evaluations were concluded. The benefit of the
openings would decline as the new trees grow in height

different place at each point on each visit. Snow was
measured in 1968, 1969, 1973, 1974, and 1975 when
sufficient snowpacks developed. There were generally
eight to nine surveys in a season except in the last two

rotation and a 20 -year cutting cycle. Under this system The second hypothesis concerned the role of forest
one -sixth of the watershed would be cleared every 20 openings in efficiently accumulating snow and modifying
years. Another objective of the treatment was to improve snow ablation in the spring. The snow study was
deer and elk habitats. The hypothesis was that the established in the opening and adjacent thinned forest
openings would contribute to water yield improvement experimental sites that were studied by Thompson (1974).
because of reduced evapotranspiration and, because the The forest site was north of the opening. Six snow courses
differences in height between the residual stand and the were established in each area, three running northeast to
openings, would create aerodynamic forces that would southwest and three running northwest to southeast
result in increased snowpack accumulations. It was (Figure 1). Each site contained about 77 snow survey
assumed that the thinned forest might use less water than points. The opening was approximately 300 ft in diameter
the unharvested stand and also contribute to increased or about 2 acres in size. The clearing was not a true circle
streamflows although this was not tested. However, any but included open areas that extend away from the center.
increase in water would depend on residual stand density Lines were extended into the surrounding forest to study
since a dense residual stand will utilize any additional possible edge effects on the snowpack. The amount of
water on site, especially in dry years. The original stand water in a snowpack is described in terms of snow water
had about 135 ft of basal area per acre which was equivalents in inches. Snow was measured at each point
reduced to about 63 ft /acre by the harvest. The treatment to determine depth and snow water equivalents using a
resulted in a significant increase in water yields from the Federal snow tube. Care was taken to insert the tube in a

and the difference between them and the surrounding years when the snowpack essentially disappeared by the
end of February. Snow measurements only indicate the
trees decline.

difference between two dates; they do not indicate

MICROMETEOROLOGY STUDY

fluctuations (gains and losses) during the period. Figure 2

The first hypothesis was that the openings would shows the winter precipitation by year from the Log.
contribute to augmented streamflow by reducing the Canyon recording rain gauge which was established as

demands as stated above. The part of the micrometeorology study and located within the
replacement grasses, forbs, and tree regeneration would forest opening southeast of the tower (figure 1). Total
evapotranspiration

utilize less water than the original forest. The reduced winter precipitation accumulations at the Log Canyon
demand would also result in more rapid soil recharge and gauge (figure 2) were greater than those reported for the
more efficient movement of water into the stream individual snow measurement years because they are for
established the entire period between December 1 and April 30.
(1974)
Thompson
channels.
micrometeorologicaI stations in a cleared forest opening, Precipitation for each year when snow was sampled only
a thinned forest, and a native wet meadow or cienega in indicates the period between the first snow measurement
West Fork. The three sites were relatively close to each and the last measurement (figures 3 and 4). This also
other. He measured net radiation, temperature, vapor reflects the basic differences between snow course data
pressure, and soil heat flux to calculate evapotranspiration and point precipitation data as explained by Ffolliott et al.
by the Bowen ratio equation. He used three years of data (1965). Snow water equivalent data from the two study

to calculate evapotranspiration for a 150 -day growing sites were compared to the similar record from the
season. The forest used 19.4 inches, the opening used 15.3 Beaverhead snow course measured by the USDA Soil
inches, and the cienega used 13.2 inches. Thompson then Conservation Service. The course, which is located in a
applied these values to the acreage in each class on the meadow within the East Fork of Castle Creek, to the east
watershed and calculated watershed evapotranspiration at of the study sites, was measured twice a month from
18.4 inches. This was similar to the 20.2 inches calculated January 15 until April 1 or until snow had disappeared.
for the period by subtracting runoff from precipitation. The course, which was established in 1937 -38, is now
The 4.1 inches difference between the forest and opening being monitored as part of the SNOTEL system.
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Figure 1. Map of the forest opening at Castle Creek West Fork and the layout of the
snow survey lines. Survey points are 50 ft apart and parallel lines are 75 ft apart. The
tree line is shown. The same design was used in the forested plot.

The tree cover was measured on every other snow point season as the sun angle changes. The shaded area is larger
using a 10 BAF wedge. Points in the center of the opening in the winter and declines as spring approaches and the
were not measured. There were 21 points in the opening sun angle increases.
plot and 41 in the forest plot. The forest surrounding the The snow water equivalent data were compared visually
opening contained 105 trees/ac and 40 .ft2 /ac of basal without statistical analyses. However, paired t -tests were
area. Sixty -nine percent of the trees were ponderosa pine, used to compare conditions for the two sites and the
21 percent were Gambel oak (Quercus gambelii), and 10 Beaverhead course at the beginning of the season and at

percent were aspen (Populus tremuloides). The forest the point of maximum accumulations. The assumption
contained 133 trees /ac and 58 ft2/ac. Ninety -four percent was that all three areas were affected similarly by the

of the trees were ponderosa pine and the rest were same storms.
Gambel oak. The average tree height was calculated to be
Results and Discussion
about 73 ft in the open site and 63 ft in the forest site. A
The
amount
of
snow
water equivalents fluctuates during
greater number of large ponderosa pine trees had been left
the
winter
depending
on new snowfall and continuing
in the stand surrounding the opening. The letter H is used
in forest snow research to represent the height of the snow evaporation, sublimation from the snowpack

average tree and openings are described in terms of surface, and snowmelt. Snowmelt recharges the soil

multiples of H. The average 1.5 H of the trees mantel and the excess contributes to early streamflow.
surrounding the opening at Castle Creek was calculated to Precipitation and the amount of snow water during the
be 110 ft. Much of the 300 ft diameter opening would be five winters were different (figure 2). The changes in

under the influence of the border. The influence zone, snow water equivalents between the forest opening and
especially of the southern border, varies throughout the

the forested plots for the five years are presented in

12

figures 3 and 4, along with the accumulated precipitation
measured at Log Canyon from December 1 through the
date of the last survey (figure 2). Most of the snow in the
winter of 1967 -1968 fell during a historical December

31, 1968 but the number of bare points increased after
that date except for the period after the storm of March
12. The snowpack in a forest declined sooner and more
rapidly than the one in an opening and then stayed about

storm that produced more than 9 inches of snow water the same until final snowmelt (figure 3). The rapid melt is
equivalent at Castle Creek (figure 3). An additional 0.84 related to solar radiation that is "trapped!" below the
inch fell in January before surveys began. Measurements canopy and re- radiated to the snow surface rather than
on January 30, 1968 indicated that the snow depth and escaping into the atmosphere. This aspect of the radiation
water equivalents were "fairly" uniform across the open budget was not measured. Approximately 40 percent of
plot. Average snow water equivalents were 2.76 inches the points were bare by March 5, 58 percent by March 20,
greater in the opening than in the forest. Snow and 82 percent by March 27. The forest points were
interception by the forest canopy probably contributed to completely bare by the April 5 survey.
some of the early differences between sites. However,
interception losses are not a significant factor in
southwestern forests because most snow water eventually
J"'"
reaches the ground by snow slide, wind erosion or melting
18
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snow water dripping from the canopy (Ffolliott et al.

"'"J-J
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1989).
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Figure 3. Snowpack fluctuations in snow water equivalents
for the forest opening and forest during the winter of 1968.
The accumulated precipitation from the Log Canyon gauge
is shown.
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Figure 2. Precipitation for the December through April
period at the Log Canyon recording precipitation gauge in
the forest opening. The graph presents the average with the
one standard deviation lines.

Data for 1969 (figure 4A) was typical of most years
where the snowpack fluctuated but generally accumulated
throughout the winter. The forest opening accumulated

snow until March 18 when increased temperatures

resulted. in a rapid decline in snow water. Snow water
equivalents in the forest declined throughout the season
The record 1968 snowpack declined in the opening except for the effects of the late winter storm. Almost 60

throughout the season, except for the influence of a March percent of the forest points were bare by February 5 while
storm (figure 3). The initial reading indicated that more only 6 percent were bare in the opening site.
snow was present in the snowpack than was measured at Snow accumulations during 1973 differed from those

the Log Canyon gauge, which is located in the forest during 1968 (figure 3) because snow accumulations in
opening. This could reflect some snow drifting within the 1973 increased throughout the season until their total
plot during and following a storm. Ffolliott et al. (1965) reached 8.3 inches (figure 4B). Accumulations in

determined that snow tube measurements over an area are
more accurate than gauge measurements because
turbulence and eddy currents could reduce the amount of
water collected at a single point. Bare points were noted

February and March were 7.10 inches. The snowpacks in
the forest and opening were similar at the beginning of the

season. Although the forest water content increased
during the season, losses exceeded gains. Some scattered

in the opening during the March 27 survey. Forty-two bare points were noted during the early surveys but

percent of the points were bare on April 5 and 77 percent
were tallied as bare during the last survey on April 9.
Most of the remaining snow was within 50 to 100 ft of the
tree line.
The forest plot had a complete snow cover on January

general snowmelt was not noticed until the April 2
measurements. Snowmelt increased after March 20. The

date when all snow had melted was not determined.
Surveys were terminated in 1973 -1975 once local

13

observations by personnel from the Apache- Sitgreaves
National Forests indicated that the plots were essentially
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bare.
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Figure 4D. 1975
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The total water content of snow accumulations during
Figure 4A -D. Snowpack fluctuations in snow water
equivalents for the forest opening and forest during the
winters of 1969 (A), 1973 (B), 1974 (C), and 1975
(D). The accumulated precipitation from the Log
Canyon gauge is shown.

1974 and 1975 winter seasons (figures 4C and 4D,
respectively) were "typical amounts of long -term average

winter precipitation for the site which was 7.5 inches
(figure 2). A general snow water equivalent decline was
measured in 1974 (figure 4C); 63 percent of the forest
points were bare by January 24 and 87 percent were bare
by February 22. The opening had 2 percent and 64 percent
bare on those dates. The amount of water in the snowpack
initially increased in the opening in 1969, 1973, and 1975

,2

(figures 4A, 4B, and 4D) and melted rapidly during the
late winter or spring. Winter precipitation in 1975 was
above the average for the eight -year study period (figure
2), and no bare points were measured early in that season
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because of frequent storms. The early snow water
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equivalent decline in 1975 may, in part, reflect the less
intense sampling schedule that could have missed larger
snow accumulations between February 19 and March 13.
All five years of data confirm that more snow
accumulates in the forest opening relative to the adjacent

Figure 4B 1973
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amount of snow remains on site until mid -March or early
April when air temperatures rise and snowmelt
accelerates. This is apparent in the data from 1968, 1969,

and 1973 when most of the winter was monitored. The
rapid snow melt provides efficient movement of water
through the recharged soil into the stream channels. The

.-

r ,fi
r

thinned forest stand. While snowmelt and other water
losses occur in the opening throughout the winter when
compared to the accumulated precipitation, a substantial

,r r

flush of snow -melt would be less from the thinned forest
stands. Isolated snow patches that remain after the period
of rapid melt do not contribute to runoff unless they are
close to the channel because the soil profile has begun to
dry due to evapotranspiration and drainage. These patches
do provide a local benefit to the vegetation.
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within a ponderosa pine forest opening and an adjacent
Comparisons with Beaverhead Snow Course
The Soil Conservation Service Beaverhead snow course thinned ponderosa pine stand in eastern Arizona. The data
(Jones 1981), which is located in the East Fork of Castle show that more snow accumulated in the forest opening
Creek downstream from the snow study site, also than in the forest and that the snow remained on the soil
provides a history of snowpack dynamics during the five surface longer into the spring. This relationship has been
years when the forest opening and forest were measured. observed in other western forests. Linking the snowpack
The Beaverhead snow course was established to provide information to the results from Thompson's (1974)
an indication of snowpack dynamics in the Castle Creek evapotranspiration study validate the hypothesis that
area which includes the headwaters of the Gila and Salt openings contribute to the sustained increased runoff from
Rivers. Beaverhead is affected by the same storms as the Castle Creek West Fork. We do not have information
two experimental sites; however, the amounts of snow about the contributions of the thinned stands to runoff on
water equivalents measured at Beaverhead were similar Castle Creek. However, a heavy thinning of a ponderosa
but not identical to the study area. It would be surprising pine forest on Watershed 17 at Beaver Creek in Arizona
if data from the experimental sites and the snow course produced significant increases in streamflow for a 10 -year
were identical. Each experimental site on Castle Creek period (Baker 1986). Studies in other locations (Gary and
contains 77 points while the standard SCS snow course Troendle 1982) indicate changes in snowpack
contains between eight and ten points. Beaverhead is in a accumulations related to stand density which could affect
relatively large opening where wind could be an influence soil moisture recharge and streamflow.
The results, which provide information for interpreting
especially after storms and before the snow crust
develops. One example of this difference is that the peak the impacts of forest overstory modifications on runoff,
in 1973 was 8.3 inches in the forest opening study site and are based on data that were collected more than 30- years6.8 inches at Beaverhead. The shapes of the lines on ago. Files stored at the Rocky Mountain Research Station

graphs of snowpack fluctuations also may be different.
Differences can be related to the dynamic nature of the
snowpack between measurement dates which often
differed between the experimental areas and the SCS

locations in Flagstaff and Phoenix contain additional
weather, snowpack, and streamflow data that could be
used to further explain the snowpack dynamics that were
observed. It would be interesting, for example, to try to

snow course.

link snowmelt to

fluctuations

in the

watershed's

Several comparisons were made between the data hydrograph. The original study actually contained six

collected by the Soil Conservation Service at Beaverhead other openings ranging from 0.5 to 15 acres in size. These
and those collected on the forest stands and openings at data have not been analyzed. Similar files of relevant data
Castle Creek. These comparisons are based on the from other research studies exist in cabinets ' at
assumption that all three areas were affected in the same governmental agencies and universities. Archiving and,
way by the storm patterns. Linear regressions of where appropriate, analyzing them can be a relatively
maximum snow water equivalent data were developed easy and cost effective way of advancing science.
between Beaverhead (the independent variable) and the Cooperative efforts between the Forest Service and
forest opening and the forest site. Both regressions were university faculty and students should enhance these
significant and had coefficients of determination between efforts by providing new insights and approaches to the
0.91 and 0.93. Differences between the two lines were efforts. The data could serve as a basis for developing or
not compared since the confidence bands were large validating predictive computer simulation models.
Knowledge o historical snowpack dynamics and
because of the small sample size (n= 5).
Paired t -tests were conducted on initial snow water streamflow regimes will be important in the future as we
equivalent data and on maximum accumulation data. The attempt to gauge and monitor projected climate change
initial measurement data did not indicate any significant scenarios on snowpacks and streamflow from these
differences between Beaverhead and the forest or between watersheds that provide water to ecosystems throughout
Beaverhead and the opening. The same type of analysis at the Southwest and to downstream and local human
the time of maximum accumulations indicated that populations. The enhancement of snow accumulations and
Beaverhead and the opening were similar but that water production by modified silvicultural prescriptions
Beaverhead and the forest and the opening and the forest may again become important forest management goals.

at Castle Creek were significantly different at the 5
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IMPACTS OF CLIMATE INSTABILITY ON FLOOD MANAGEMENT
DECISIONS OF THE RIO DE FLAG IN FLAGSTAFF, ARIZONA
Jamie K Quisenberry'
Wildfires in the western United States are driven
by natural factors such as fuel availability,
relative
winds,
precipitation,
temperature,
humidity, and others including insect infestation
and anthropogenic influences (Westerling 2001).
These climatic fluctuations affect natural factors

STUDY AREA

The Rio de Flag is an ephemeral stream that
originates on the southwestern slopes of the San
Francisco Mountains. It is also a tributary of the

San Francisco Wash feeding into the Little
Colorado River. The Rio de Flag flows over

on temporal and spatial scales. Climatologists various types of terrain: wide, flat valleys of the

have analyzed some of these natural factors and Fort Valley area; the steep, narrow canyons north
indicate prolonged periods of drought, hotter of Flagstaff, and the wide, flat -bottomed canyons
seasons and possible increased storm intensity for southeast of Flagstaff. The total drainage area of
the Rio de Flag watershed is approximately 116
the North American southwest (IPCC 2008).

During periods of drought ponderosa pines square miles, and the total drainage area above the
become weak and more susceptible to tree loss City of Flagstaff is roughly 50 square miles. The
due to death from frequent bark beetle infestation Upper Rio de Flag Watershed encompasses
and extensive fires. As seen in recent years, about 13,800 ha gathering surface flow from a number
4.8 million acres burned in Arizona and New of parallel sub -basins that converge (Leao 2005)
Mexico between 1998 and 2007 with another 3 to a drainage area that ranges from approximately
million+ acres of forest and woodland impacted 12,356 feet to 6,800 feet in elevation (USACOE

by drought and bark beetle -caused mortality 2000).
(Swetnam 2007), The loss of forest cover as a The City of Flagstaff identified the Rio de Flag
result of tree mortality and fire would lead to an as one of the primary drainages contributing to
increased amount of runoff and flooding during flooding and as being a major damage center and
storm events falling on the headwaters of the Rio problem area. Located within the City of Flagstaff
and Coconino County, Arizona, the study area for
de Flag.
The lower portion of the Rio de Flag flows flood damages is approximately 15 square miles.

through the City of Flagstaff increasing the The floodplain encompasses the Rio de Flag
possibility of flooding and flood damage to local upstream from the city limits to the Route 66
residence along the floodplain borders. The crossing just downstream of the Continental
estimated cost of flood damage as a result of a Estates housing development (USACOE 2000).
100 -year flood event is approximately $93 million

(USACOE 2000). The problem of flood hazard
and its subsequent damage are exacerbated by the

haphazard rerouting of the Rio de Flag through

Zoning Clisslinäan L,on1m in 700yr
Floodaltin (Amin)
DC:.rr.r73,
0 =ti:_3r:
O Ri3t:irtal
f

c..yL.d

the City of Flagstaff.

Using hydro climatic indicators in climatic
projections and known ponderosa pine forest

Ir::lC'3

D C::rty.3r:

3s

Putiel..II
23%

system responses to drought and fire occurrences,

I hypothesize that there is significant projected
watershed instability within the Rio de Flag and
put forward that the U.S. Army Corps of
Engineers' recommended rerouting alternative 6B
is under capacity and suggest in my paper that
Poff and Tecle's alternative A 12 be considered in

Commie,

as

Figure 1. Source: City of Flagstaff Planning
Department - 1998

its place.
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Flooding in Rio de Flag is related to snowmelt
from the San Francisco Peaks in the winter and
spring due to runoff (rain and/or snowmelt) from
single or multiple storm events such as intense
summer thunderstorms and dissipating tropical

knowledge of the history of different natural
disturbance regimes over long periods. Such
retrospective perspectives also provide a basis for

assessing how and when human actions might
interact with these processes (Williams et al.,

cyclones. The average annual precipitation for the 1997).
Climate data was collected on the Colorado
Rio de Flag drainage area ranges from about 20
inches in Flagstaff to about 35 inches in the San and Coconino Plateau in U.S. Geological Survey
Francisco Peaks, with a basin average of about 25 Scientific Investigation Report 2005 -5222 which
inches (USACOE 2000). About 74% of the makes known that winter storms (Oct. - April)
National Forest lands in the Flagstaff/Lake Mary provide about 60% of the precipitation to the
Ecosystem Area are ponderosa pine with 1% study area and summer storms account for the

aspen, 11% piñon juniper and 9% grassland remaining 40% (Bills et al., 2007). U.S.
(USFS 1999). The importance of ponderosa Geological Survey Scientist Richard Hereford
dominated ecosystems is their active watershed concludes with his data collection, from 1951functions which for this paper, focuses on water 2006, that there has been an average daily
absorption and soil stabilization. Currently, most
tree mortality is centered in "stress- zones" such as
drier south- facing slopes, transition areas between
ponderosa pine and piñon juniper areas and recent
construction sites (USFS 2006). Prolonged
drought conditions in the Southwest would

increase in temperature of 1.7 °F with an ongoing
period of drought since 1996 to 2006. This data
collection is based on a regional scale with only a
few decades of data. To get landscape scale data
on a millennial timescale I turned to a study using

dendrochronology on the San Francisco Peaks

change the fire regime in the ponderosa and analyzing tree -ring widths shown below.
mixed conifer dominated forest of the headwaters In the arid American Southwest, variations in
of the Rio de Flag, and increased fire disturbance tree -ring widths from one year to the next have
in conjunction with other determining factors may long been recognized as a source of information
cause severe tree mortality resulting in increased on past precipitation. Because the growth of most
runoff and sediment loading to the Rio de Flag southwestern trees is primarily limited by
moisture availability, most dendroclimatic
watershed.
reconstructions in the southwest are precipitation
reconstructions (Salzer 2000). Salzer's study was
METHODS
The primary method of research for this study done on a millennial timescale using
was observational. This included extensive review dendrochronology (tree -ring analysis) and shows
of pertinent literature, communications with similar dry and wet periods dating back some
community action groups, written and verbal 1400 years ago to the current early 21st century
communications with concerned officials and warming period. The analysis shows that the late
experts in the study area and attended open house 20th -early 21st century climate fluctuation to a
discussions on the reroute of the Rio de Flag. I drier /warmer state has never been met in
also used published and unpublished data and magnitude over the past 1,400 years.
other information on local vegetation and climate The IPCC's Third Assessment report highlights
scenarios, ecosystem response to fire disturbance numerous models projecting Salzer's findings,
and utilized various articles, EIS reports, theses, being a warmer and drier climate for the
books, and online media to make inferences about southwestern United States. Seager et al. (2007)
the impacts of a drier climate on the watershed produced a multi -model ensemble showing mean
precipitation minus evaporation (P -E) using 19
system.

models from AR4. The multi -model shows a
transition to a sustained drier climate for the
Some of the hydro climatic indicators of climate southwestern U.S. (including all land between
RESULTS

change are the shifts in snow and rain patterns, the 125 °W and 25°N and 40°N) that begins in the late
decrease in spring snow pack and earlier 20th and early 21st century (Seager et al., 2007).

snowmelt and runoff often all associated with The continued ensemble multi-model shows a
increased temperatures which instigate drought mean P -E in this region around 0.3 mm/day in
conditions. To better understand how ecosystems 2100 which put into perspective is 0.21 mm/day
function during these fluctuations we must gain greater than the dust bowl drought in the 1930's
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and 0.17 mm/day greater than the 1950's drought Denser tree stands also play a role in the
weakening of trees as they compete for the little
in the southwest.
available moisture and nutrients remaining in the
soil (USFS 2009). These denser tree stands
DISCUSSION
The effects of drought accompanied by warmer benefit the spread of bark beetle infestation and as
temperatures resulting from green house forcings the weaker trees die, millions of new snags form
might be expected to produce even greater effects and present a threat of spotting. Once trees fall, a

fire in these large fuels would burn longer and

on vegetation change than those of periodic,
protracted drought alone (Breshears 2005). The
projection of a prolonged period of drought is a
key variable to forest health and watershed
conditions. During periods of drought we have
seen an increase in bark beetle outbreaks and
increased

forest fires

hotter, damaging soils and adversely affecting the
site in the long -term (USFS 2006). The dynamics
of fire occurrence create conditions that decrease

the rate of infiltration into soil thus causing an
increase in surface runoff and sedimentation and
result in large -scale flooding as an immediate
post -fire concern (Leao 2005 & DeBano 2009).
Leonard DeBano, a professor in the School of
Natural Resources at the University of Arizona

which depending on

severity, can create a rapid shift in ecotone as
noted by the ponderosa pine (Pinus ponderosa)
mortality in response to the 1950's drought
(Breshears 2005). Breshears et al. found that of found in his earlier work (1996) that there are two
particular concern is regional -scale
mortality of overstory trees, which rapidly alters
ecosystem type, associated ecosystem properties,
and land surface conditions for decades
(Breshears 2005).

major factors that affect the hydrologic response

of a watershed to fire, fire severity and the
magnitude and timing of precipitation following
fire.

According to the U.S. Geological Survey, a 100 year
flood event is determined through a process
The bark beetle is native to ponderosa forests
called
frequency analysis, which estimates the
and trees are typically able to push them out with
of the occurrence of a given
probability
their sap but during periods of severe drought
precipitation
event. The recurrence interval is
trees lose this ability and are killed as a result.
based
on
the
probability
that the given event will
Several years of drought and high tree densities
be
equaled
or
exceeded
in any given year. This
combined to allow pine bark beetle populations to
however
does
not
consider
forest conditions,
reach outbreak levels during 2002 - 2004. Data
disturbances
and
future
climate
changes.
from aerial surveys recorded 2.1 million acres of
The
approved
flood
management
alternative 6B
piñon juniper woodland and 1.3 million acres of

ponderosa pine affected in Arizona and New is expected to handle a 100 -year return flood
Mexico (USFS 2009). The last major outbreak of under existing forest and climate conditions.
these bark beetles on record in the southwest Currently the capacity to carry discharge varies
occurred during the 1950's drought.

considerably along the Rio. At Meade Lane, south

Table 1.The processes of the hydrologic cycle most affected in forest fires are those that
are controlled by vegetation and the soils of the watershed which are listed below
(DeBano 2009).
Processes and pathways most affected by fire
(vegetation & soils of watershed)
Interception

Infiltration and Percolation

Evapotranspiration
Soil Moisture Storage
Overland Flow of Water

Process description and changes

Reduced as a result of destroying both the
vegetation canopy and the organic litter on the
soil surface
Reduced as a result of the formation of a water repellent soil layer or plugging soil pores with
fine ashy material
Results from the loss of vegetation
Reduced as result of above processes
Increased as a result of above processes

20

of "The Narrows" at the Museum of Northern along residential areas and calls for the addition of

Arizona, the capacity is 4,800 cfs. In the center of a detention basin at the Clay Avenue Wash with a
channel
and
closed
channel
town where the channel was realigned to its concrete
present position between the Flagstaff Public modifications in specific sections of the
Library and City Hall, the capacity drops to about watershed. These suggested stream channelization
200 cfs (Wilcox et al., 2002). If there is a alternatives are not easily adaptable to changes in
significant hydro climatic shifts or a decrease in flow as closed channels cannot be easily modified
forest health, specifically influential to the Rio de to increase maximum input. Without the ability to
Flag watershed, alternative 6B could be modify, the adaptive management approach may
not be considered as the best working approach.
considerably under capacity.
Duncan Leao, a graduate student in the Forestry Alternative 6B not only fails to fit the project
Dept. at NAU, generated peak discharge profile of adaptive watershed management but
hydrographs for 2, 5, 10, 25 and 100 -yr storm according to Poff and Tecle (2004) it fails to
events under three AMC's (antecedent soil consider the requests of the community and multi moisture conditions). In these hydrographs, he objective use which .would have resulted in the
also included current vegetation condition, creation of alternative Al2.

thinning treatment, and three levels of wildfire Alternative Al2 would include two detention
scenarios for the Rio de Flag watershed. The basins (Thorpe Park & Clay Avenue Wash) and
wildfire scenarios consists of one -fourth, half and suggests a greenbelt with levees constructed to
the entire area of the watershed being burned. merge unobtrusively with the natural landscape on
Leao's model for a 100 -year storm over the three both sides of the stream channel running through
wildfire scenarios produced peak discharges that town from the Thorpe Park detention basin to
ranged from 28 -230 m3 /sec ( -980 -8,050 cfs) areas downstream of the Rio de Flag Water
Reclamation Plant (Poff & Tecle 2004). This
under dry to wet AMC's (Leao 2005).
The U.S. Army Corps of Engineers used an alternative would be better suited in adaptive
upstream high flow value of 240 cfs and a management practices since the construction of
downstream high flow value of 1,421 cfs. When the project permits uncomplicated access allowing
compared to Leao's 100 -year hydrographs, reasonable ability to modify the channel once
generated under specific conditions and focused decisions have been reflected upon. The
just on the upper portion of the watershed which suggested alternative Al2 also does not cover any
would include the upstream portion of the flows, of the channels therefore allowing for the
we see a large variation in predicted flows and influence of varying climatic condition's on flows
flow capacities by as much as 6 times.
Based on historical records, flooding within the
City of Flagstaff may occur during any season of
the year (USACOE 1997), this uncertainty along
with the uncertainty of possible forest
disturbances resulting from climate change needs

to be better managed.

CONCLUSIONS.
The peak discharges from a 100 -year return
period storm event over all types of watershed
treatments exceeded 31 m3 /sec (-1,085 cfs),

altered or retrofitted to suit the needed
improvements to apply new found knowledge.

notably, the peak discharge over the most severely
2 -6.6 times greater
(depending on AMC) than the historic 1923 flood
(Leao 2005). Natural disturbance factors such as
fire regime and hydro climatic indicators such as
drought implications need to be more thoroughly
considered in determining the recommended
rerouting plan.
The proper flood control project for the Rio de
Flag should include a management plan that does
not solely depend on frequency analysis of

The U.S. Army Corps of Engineers' chosen
rerouting alternative 6B does not fit the project
profile of adaptive watershed management.
Alternative 6B proposes to replace the detention
basin at Thorpe Park with a trapezoidal channel
which would be closed channel modifications

watershed disturbances in conjunction with
frequency analysis of storm events is a proactive
inclusive process which may compensate for the

to show some weight in the decision making burned area could be
process. This uncertainty should be approached
through adaptive management practices and
should consider retaining option value by
employing sequential decision analysis to
improve later decisions using insight gained from
earlier choices. This approach should only include

project alternatives that can easily be upgraded,

historic precipitation events but rather it should
consider the possibilities of projected changes in
climate and fire disturbance. Accounting for
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increase in capacity variation from the calculated supported predictions of a changing climate's
ability to alter the flow regime of the Rio de Flag
100 -year flow.

In 2005, the rate of forest thinning was just watershed. The USACOE's proposed closed
under 405 ha/year or approximately 3% of the channel modifications do not have the ability to

total forested watershed area (Leao 2005). If we handle flows outside of the 2009 FSEA calculated
continue to greatly expand forest thinning along 100 -year flow. This insufficient emphasis on
the watershed we could help decrease the uncertainty and the irreversibility in the

probability of high intensity fires resulting in USACOE's recommended alternative 6B can
lower probability of
flooding. It is also necessary to do controlled
burns in conjunction with the thinning to assure
surviving trees will have increased vigor due to

have long -lasting consequences. Even assuming
perfect certainty about the costs and benefits of
alternative actions, there needs to be reflection on
past project decisions. An activity which yields

susceptibility to bark beetle attack by ridding the
weak stands of trees that were growing on highly
susceptible sites (DeGomez 2004). Monitoring is
also recommended and necessary to evaluate the
progress of a project to ensure effective decisions

thereafter but

decreased runoff and

less competition. This in turn results in less positive returns in the short-run and negative
cannot be terminated should

perhaps not be undertaken in the first place.
Hence, if the City of Flagstaff has chosen
alternative 6B as a short-term solution this could
create long -term problems.

Poff and Tecle have demonstrated grounds on
addition of active gauging stations along the Rio the community level to reject alternative 6B and I
de Flag so climatic variability will be recorded have shown grounds for rejection based on its
inability to adapt to watershed disturbances. The
within the watershed to provide useful

have been made. This can be done with the
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Figure 2. Five generated hydrographs from a 100 -year storm event
under 5 treatment scenarios with 3 antecedent soil moisture conditions
(Leao 2005).

information pertaining to the correlation between better alternative to managing the Rio de Flag
watershed under anticipated natural and climatic
stand loss, peak discharge and climatic changes.
The U.S. Army Corps of Engineers' project disturbances is best applied through adaptive
proposal alternative 6B, does not consider the management practices and consideration of Poff
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and What Can We Do? NAU Seminar
and Tecle's alternative Al2 would allow the City
Presentation 2007.
of Flagstaff to handle what should be, anticipated
Salzer,
Matthew W. (2000). Dendroclimatology
additional flow requirements.
In The San Francisco Peaks Region of
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SPRINGS RESTORATION IN THE MOJAVE NATIONAL PRESERVE
Annie.Kearns' and Boris Poffl
the Figure 1). The exact number of springs and seeps
Mojave Desert depended on the development of varies depending on climatic conditions. From 2002 to
available water resources. The scarcity of surface 2004 most springs were inventoried and GPSed. To
water forced early European- Americans to seek out date, over 250 sites associated with naturally
springs and underground sources to supply the water occurring water have been identified but more are

Historically, any economic development in

occasionally still found. In wet years, such as 2005,
water is found seeping from places that normally are
not associated with water. Late -summer monsoons in
the preserve provide patchy rainfall coverage at best,
mountain fronts fed by small perched aquifers. In but are most dependable along the spine of mountain
order to access the limited water resources early users chains from the Castle Peaks in the northeast to the
installed elaborate pipeline systems often moving Granites in the southwest. Of the spring and seep
water for many miles from its source (JRP and locations in MNP, all but probably two (MC Spring
Caltrans 2000). While most diversions were installed and Piute Spring) are mountain -front type springs
for mineral processing and cattle watering, some were discharging from perched aquifers that receive most of
used for homesteading, railroad use and other obscure their recharge during the winter season. Thus they are
purposes. In either case, water development has led to unlikely to be affected by groundwater pumping from
the alteration of nearly half of all springs in MNP and local basin aquifers. They are, however, sensitive to
in some instances even the depletion of smaller variable precipitation and like to go dry in a multiyear
drought. These springs are the only natural water
aquifers.
There is limited evidence that Native Americans sources in a 1.6 million acre preserve for 321 bird and
manipulated some water resources in the Mojave 50 mammal species.
Desert (Earle 2009), however, it is well documented

necessary to their activities, which included mining,
ranching, transportation and farming. Most springs in
Mojave Desert are not connected to a large carbonate
aquifer region. Instead they are situated along

and still evident today that early Euro- American Status of the Springs Inventory in Mojave National
Preserve
inhabitants altered their environment in order to
access more water. Hundreds of such sites were The assessment of the springs and seeps in Mojave
developed by Mojave miners and settlers (Koenig National Preserve (MNP) is an ongoing and dynamic
2007). These developments may or may not have had process, with new spring and seep locations still being
surface water present initially but were named added to the Preserve's database, 15 years after its
"springs" upon development and many retain those creation. All of the "large volume springs" in MNP
names today. Beginning in the late 1800s, mining have been developed. Of the approx. 250 springs and
claims were documented in county records and in the seeps surveyed, 118 (47 %) are developed and 128
reports of the State Mineralogist. When water was. (51 %) remain undeveloped. Of the developed springs
used on site, the location of its source was always 33 had water transferred off site, 27 had the
horizontally excavated tunnel -type, known as qanats,
noted.
Regional newspapers reported updates on local 33 have drinkers (which include springboxes, troughs,
mining operations and often noted whether water was tanks), 17 have vertically excavated shafts (wells), 6
piped a long distance, from how many miles away it are dammed and 5 are scrape- excavated springs (see
was transferred, and the approximate volume used per Figure 2). These developments are not mutually
day. Army posts were all sited near reliable water exclusive. Often water is piped from a qanat into a
(e.g. Rock Springs, Piute Spring, Marl Spring, and drinker. However, to avoid double counting only the
Soda Springs) (U.S. Army 1859- 1890). Early maps of development with the highest impact is listed for each
the region focused on locating water sources for spring. A diversion is counted when the water is piped
a considerable distance away from the source, where
travelers (Thompson 1929).
Most springs in the 1.6 million -acre (647,500 ha) the destination may be a mining site, cattle trough or
MNP are located in the Providence and New York residence. Nearly 13% of all surveyed springs have
Mountain ranges diagonally crossing the preserve (see been dry every time the location has been surveyed
1

Mojahve National Preserve, Barstow, California
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since 2002. Dry springs and seep split evenly between and open excavations. (4) Drainage systems were
usually set -up to be gravity -fed and were mostly piped
developed and undeveloped sites.
to limit water loss due to evaporation. However, a few
drainage systems resembled miniature canals (Koenig
Historical Spring Development
2007). Some excavation, such as qanats were
spring
about
exists
The documentation that

development is sparse at best. However, records do
exists of spring developments for various springs at
various locations at various points in time. Based on
this documentation and the remains found at present

progressively excavate into the hillside, chasing the
water as its perched storage became depleted. In these
cases the progressive excavation eventually produced
a tunnel in the hillside where an interior storage pool

time suggests a following likely historical spring fed water to a pipe; (5) When these horizontal
development: (1) A location was initially selected excavation could no longer support a gravity-fed
based on vegetation. Willow trees (Salix spp.) and system or the tunnel excavation became too

what was known by local ranchers as "water weed" hazardous, the tunnel was abandoned and a well and
(Baccharis sergiloides) are usually a good indication or windmill would be set -up to continue to extract
of water close to the surface and/or a perched aquifer. water for piped translocation. (6) Wells could either
Topography, such as canyon and washes in be deepened or ultimately abandoned if it collapsed
combination with vegetation may also be a good and/or efforts to develop it further produced
indicator of a water source. In wet years these location diminishing results and/or the water was no longer
are more common and were referred to by locals as required because of depleted/abandoned mines, and
abandoned
(2) consequentially
seeps" (Overton 2008).
"wet weather
Phreatophytic vegetation was cleared to reduce discontinued ranching activity.

settlements

or

evapotranspiration. A form of excavation took place The majority of the hillside tunnels have collapsed
to encourage the formation of a surface storage pool. by now. Weathering and vegetation growth may even
(3) Excavations include qanat (horizontal well), adits conceal evidence of the site's history. Current spring
(horizontal mine shaft), hand -dug wells, spring boxes conditions of developed sites may appear from mildly
to significantly impacted, based upon visual

Figure 1. Location of Mojave National Preserve and location of springs in the preserve (diamonds).
Dark lines represent major roads in the Preserve; the lighter lines demarcate wilderness boundaries.
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observations, but this is only a guess since the original They may fill with phreatic vegetation, eliminating the
conditions were not properly documented, if at all. presence of surface water in most years. Such active
Several sites still support growth of familiar management of these springs include removal of
phreatophytic plants, but the ground is dry. A typical access vegetation? How did the native population of
abandoned spring development has a dry soil surface, the Mojave "manage" these springs? How can we
collapsed excavation structure or well shaft cover, and restore something if we don't know the original
is overgrown with Baccharis sergiloides. Sometimes conditions, especially without knowing if these

the excavation appears to be collapsed, yet the springs were managed by people at all over the past
diversion still functions. Eventually, though, the pipe 9000 years? If we let nature take its course, what will
intake will accumulate sediment, become clogged, and the springs look like in 10 years, 50 years, or 100
cease to function. Overgrown vegetation makes it years? Should the National Park Service attempt to
difficult to recognize a "spring" from just another manage the recovery of desert springs? What
management goals should be identified? A caveat to
heavily vegetated spot in the drainage.

restoration is that some desirable target conditions
dams,

wells, 17

6excavation, 5

flowing surface water) imply frequent and

gauging

(e.g.

station,1

intensive management (e.g. periodic removal of

'w

drinkers, 33

ganats, 27

diver,ions, 29

Figure 2. A breakdown of how springs in the
Mojave National Preserve have been developed.
Only the most disturbing development at each
spring has been listed here to avoid double counting.

phreatophytes). How much disturbance is acceptable
when performing management activities? How much
can be done on a shoestring budget?

Passive Restoration at Arrowweed Spring
Around 1956 a rancher used a backhoe to excavate
and expose the seepy hillside at Arrowweed Spring.
He dug a 4' deep, V- shaped trench into the water exuding sediments in front of the exposed hillside,
vertically installed a stilling well (a 4' long section of
slitted culvert) at the hinge- point, and filled the rest of
the trench with cinder gravel. He connected a pipeline

base of the stilling well to drain the
accumulating water. The pipeline ran for over 8 miles
and conveyed about 15 gallons per minute. By 2000
at the

the surface of the site was mostly dry and heavily
vegetated with Baccharis. Surface water was limited
When it comes to restoring water features /resources to a 10' reach.

Restoration Questions

in the National Park System there are a number of In March 2001 the system was perturbed by
questions that need to be addressed, even before any plugging the drainage pipe and removing some
plans should be made. What does spring restoration Baccharis to speed the re- hydration process. Good
mean in the Mojave Desert? What type of restoration winter precipitation in spring 2003 helped the site
is sought: Ecological and cultural? Unlike an recover to a lush appearance with a stream of surface
ecological restoration, a cultural restoration of a water water running 300' down the slope. By 2008 the
feature to its historic condition would add great spring had become a little oasis in the desert featuring
cultural value to MNP, which is also a mission of the a plethora of plant and bird species, providing open
Park System. When considering an ecological water access even during the driest time of the year.
restoration, the main question is whether a developed
What Management Options Exist?
spring will be able to recover to its pre -EuroAmerican condition, especially under changing Potential management efforts at springs could take
climatic factors? What will be restored: function or several forms, ranging from passive monitoring to
Active efforts could include
process? If a "restored" site is one that is self - active restoration.
sustaining, we may have to concede that many springs plugging and/or removal of a drainage system,
will be destroyed as a result of the restoration effort. removal of phreatophytic plants, or slope
reconstruction. Should production of surface flow be
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encouraged by installing a French drain at the JRP Historical Consulting Services (JRP) and
California Department of Transportation
excavated tunnels? Is it important to know which
springs still have pipe systems in place, even if no
remnants remain on the surface? What if nothing is n
done? Would plants merely usurp all available near surface water; thereby prohibiting wildlife use?

(Caltrans). 2000. Water Conveyance

Systems in

California: Historic Context Development and
Evaluation Procedures. JRP Historical Consulting
Services, Davis, CA, and California Department of
Environmental
Transportation,
Office,
Studies
Program/Cultural
Sacramento.

What research questions should we be asking?
What monitoring questions would be most useful?
Should we try to manage for surface flow? What if
we remove phreatophytes on an experimental basis? Koenig, H. 2007. Mining History of the Mojave
National Preserve. Anthropological Studies
What other actions might encourage surface flow?

Center, Rohnert Park, CA. p135.
How best to prioritize springs for restoration? Should
Overton,
T. 2008. Personnel Communication.
we seek money for active restoration at any springs?
D.G. 1929 "The Mohave Desert
Thompson,
Are there any strategies we can adopt to help protect
Region,
California:
A Geographic, Geologic, and
the springs from a projected long -term drought? What
States
Hydrologic
Reconnaissance."
United
effects on aquatic resources and environments might
Geological
Survey
Water
Supply
Paper
578.
we expect at springs in different current conditions?
Interior,
of
the
Department
States
United
Stay tuned as many of these question are being
USGS, United States Govt. Printing Office,
addressed and will continue to be pondered as the
Washington, D.C.
assessment of the springs and seeps in the Mojave
National Preserve continues and various restoration United States Army. 1859 -1890. Letters Sent,
Fort Mojave, Arizona Territory, 1859 -1890.
projects are being carried out.
Unpaginated microfilm, Roll T838, Vol. 1.
Record Group 393, Records of U.S. Army
REFERENCES
Continental Commands, 1821 -1920. National
Earle, D.D. 2009. Ethnohistorical Overview
Administration,
Records
and
Archives
and Cultural Affiliation Study of the Mojave
Washington, D.C.
National Preserve. Applied EarthWorks,
Fresno, CA. p217.

SMALL SCALE RESTORATION PLAN FOR THE ISSEL RIVER IN NORTHWESTERN GERMANY
Silke Buschmann' and Aregai Tecle'
The northwestern regions of Germany and the adjacent
regions of the Netherlands share a number of rivers and
streams that originate in Germany and flow into the North
Sea. One of these rivers is the Issel River, which is the
case study for this paper. The river has been used mainly

Population in the Issel area is sparce with an average
density of 254/km2. (Ministerium, 2005a; Thiel and

biodiversity. Suggestions are also made to restore parts of
the riparian areas to ensure a stable establishment of the
fauna and flora and increase the retention area.
Considerations about further uses and needs of the river

vegetation and wetlands meadows allowed water cycling.

Broggiato, 2000).
The discussion on this paper focuses on the German side

of the Issel River, mainly along its headwaters. The first
settlers
along the Issel River started to change the river
for irrigation purposes for the last 400 years and was
therefore extensively modified from its natural flow channel to better suit their needs. When they first reached
channel. In recent years, extensive flooding has become a the Issel River, it was in a very healthy ecological state.
major problem. The proposed restoration plan for the Its natural meandering channel had a low flow velocity.
river's headwaters includes the removal of several dams There were sufficient retention areas along the sides of the
to improve the river's structure and enhance its river to accommodate frequent floods while the riparian

Fish traveled along the entire length of the river (Thiel
and Broggiato, 2000). However, in the presence of high
precipitation, the low flow velocity resulted in floods that

system, plans for funding the project, and cooperation had affected the use of the river (Thiel and Broggiato,
between the two countries will be part of the proposed 2000). As a result, dams were built in many places across
restoration plan. The proposed changes are expected to the river channel to increase flow velocity, and stream
improve the river's overall viability while maintaining the bank walls constructed to protect houses and farms, many
of which are located in the flood plain.
functions it has today.
These changes to the river channel were made starting in
the 17th century, but the first written federal
WATERSHED CHARACTERISTICS
The Issel River originates in northwestern Germany in documentation that described about the changes and use
Westfalia and flows 200 km until it of the River was published in 1845. During 1949 -1959,
the state
reaches the North Sea in the Netherlands. On the German 10 weirs were constructed in the lower and middle parts
side, the Issel River is 55 km long and has more than 20 of the river to increase the water level. After that, it took
tributaries all together draining a watershed area of 2180 almost another ten years before the headwaters of the
km2 (Fig.1). The landscape is generally flat, with an river were modified by constructing dams and
average slope of 0.86% and elevations between 12 and 56 straightening the channel. Today, only a few naturally
m above sea level. Soils are mostly sandy and loamy. The shaped meanders of the original river channel are found in
average annual precipitation in the watershed ranges parts of the headwater tributaries (Fig.2) (Busch
between 720 and 850 mm (Busch and Kreymann, 1992). and Kreymann, 1992).

Wesel

Figure. 1 Map of the Issel River (according to Busch and
Kreymann, 1992)
1 School of Forestry, Northern Arizona University, Flagstaff, Arizona
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width of the river is between 0.6 -2 m and increases to an
average of 10 -12 m near the Germany/Netherlands border.
Floods occur with every high precipitation event, leaving
the fields covered with stagnant water for weeks during
the winter months (Ministerium, 2005a). This also
transports large amounts of fine to medium sized
sediment downstream (Busch and Kreymann, 1992). At
present, the main function of the Issel River is
transporting the flood flows downstream. In addition, the

river receives a mix of storm flow rainwater flow and
wastewater discharge from a variety of sources
Figure. 2 Natural river flow in headwater tributaries
(left: Siegewinkelbach, 1992)

(Ministerium, 2005a).
Among the wastewater sources are four treatment plants

along the river that discharge their outflow into the river
(Thiel and Broggiato, 2000). Land use in the Issel River

Meadows and wetlands are characteristic to this part of watershed as well as any soil and water relationships
the German landscape. They often function as retention along the river and its tributaries can be seen in Fig. 3.
basins to the river systems. The Issel River was drained The main land use, which constitutes about 55% of all
by farmers to use the land for agriculture. In addition, uses, is agriculture and the largest part of the river system
building of farms and villages sealed the ground and consists of tributaries. The headwater of the river and its
prevented water infiltration (Busch and Kreymann, 1992; tributaries are groundwater recharge areas and the latter is
Ministerium, 2005a). In combination with higher flow the main source of drinking water supply (Ministerium,
velocities from dam structures, the reduction in retention 2005a).The state of Northrhine Westfalia is Germany's
areas causes the river to flood large adjacent areas (Thiel most important site for chemical industry, steel
production, and energy production. Extensive coal mining
and Broggiato, 2000).

During low precipitation periods many of the small has shaped large parts of its areas. The Issel River

valley tributaries do not carry much water and some even
dry out for weeks (Thiel and Broggiato, 2000). Most of
them were straightened and deepened; not uniformly, but
with varying channel widths. At the source, the average

watershed does not receive discharge from these
industries, however, salt mining in the watershed's

western part is common and affects the water quality in
the area (Ministerium, 2008a).

DAM CHARACTERISTICS
The Issel River system contains more than 30 dams that

were built on the German side. Most of these are small
dams located in the river's headwaters. Of these

structures, at least 8 are weirs which are still under
operation. Most dams, however, are small ramps made of
concrete or wood (Fig.4). Dams have been built for many
years all over the world. Among the main reasons

for building dams are an increase in water supply for
domestic, industrial, and irrigation uses, flood
suppression, and power generation (Heinz Center, 2002).

Dams I

Dams influence rivers dramatically in their shape,
structure, and function by changing their chemical,
physical, and biological processes as well as flow
characteristics (American Rivers, 1999). Dams divide
rivers into segments which consist of an upstream

reservoir area and a clear downstream stream. Lateral
dams will change the slope and flow velocities and most
Figure. 3 Land use and water types in the Issel
River watershed

often lead to an increase in sediment transport and erosion
(Ministerium, 2005b). River bed sediment is continually
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Ecosystem Characteristics

supplied by watershed and natural channel erosion and

tends to be trapped in low flow reservoirs like those
formed behind dams. A reservoir with a storage capacity
of 1% of the annual inflow is expected to trap up to 55%
of the inflow sediment (Randle, 2002).
Reservoirs often show a pond -like structure. Depending
on the hydraulic residence time, thermal stratification
often causes anoxic bottom waters (Hart et al, 2002b) and
evaporation will lead to water losses (NSW, 2006). Plants
and animals that need standing waters would make it their
habitat. Downstream from the dam, high flow velocities
often result in river bed erosion. Because of these there
are differences in ecosystem habitat between the upstream
and the downstream parts of a dam due to the variations
in light, temperature, and nutrient availabilities
(Ministerium, 2005b; Hart et al., 2002b).
Dams on the Issei River have been monitored for their
appearance for several years (most of them from 1971 to

The presence of fish in the Issel River has been reported

as early as the 1600's. Some reports from the 1800's
describe the introduction of various fish species like eel
and trout as well as crabs. The fish use the entire river
length and width. In search of food, spawning, drifting,
and migration, the fish travel long distances both laterally
along the tributaries and linearly up- and downstream. It
is therefore crucial to allow all species of fish to travel
unblocked in both directions between headwaters and the

sea if a disturbance in their natural behavior is to be

prevented (Ministerium, 2005b). The life cycle of many
fish shows a migratory component; catadromous fish like
the eel, for example, reproduce in salt water, but grow in
fresh water and they are plenty (Ministerium, 2005b).
Because of this, the main fish species caught
commercially today is the eel, and fishing, in general, is
considered extensive (Busch and Kreymann, 1992).
the present) to ensure having proper function and use. Commercial fishing depends on an all year round and
Some structures like weirs and windmills are so important reliable water flow and an unobstructed movement of fish
that they are considered as national heritage and along the river. In 2008, a study reported the reproduction
designator for historical preservation for future of indicator fish species to be 0 -20% over the entire
generations to enjoy and serve as tourist attraction length of the Issel River. The appearance of such fish
( Ministerium, 2008a). However, a number of dams are species was 0 -20% in the headwaters while it was 21 -40%
considered unnecessary, unreliable and expensive to further downstream (Ministerium, 2008a).
and in danger of Floods are of major concern in the Issel River area.
maintain with some becoming
collapsing over time (Ministerium, 2008c). Since the majority of neighboring fields get flooded during heavy
dams in the Issel River were built in the 1950's and rainfall events, which occur several times per year. Most
1960's, they are expected to show signs of deterioration as of these are crop fields, but there are also many buildings
they reach their useful life expectancy of about 50 years constructed in the flood plain and will be flooded even
with a 5 year flood event. Observation of flood events and
(Heinz Center, 2002).
construction of dams along the streambanks are

constantly undertaken, however, some of the flooded
areas are too large to receive protection by dams. Owners

must either rebuild and flood proof their homes or
evacuate quickly during a flood event (Staatliches
Umweltamt Herten).

PROPOSED WEIR REMOVAL
In this study, it is proposed to remove two weirs and
four small dams from the Issel River. None of the dams
chosen is considered to play a role in preventing flood
events (Ministerium, 2008c). Many of the dams found in
the

Issel River were constructed in almost identical

shapes. The four small dams chosen for this study have
very similar features (Fig.5). They are all located between
the source of the Issel River and the Löchter Mühlenbach
(Fig.1). The Issel River's first downstream tributary,
Fauler Bach, shows only intermittent flow, while the

i
Figure. 4 Shape and function of a small
dam (Ministerium, 2005b)

Löchter Mühlenbach is known to be perennial.
The dams were constructed from concrete at a 90° angle
to the river bed. All of them are constructed to allow fish

travel downstream, but they are too high and steep for
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Increase of Retention Area
upstream movement of fish. The average flow velocity
over the dams is 0.072 - 0.24 m3 /sec, while the lowest When the Issel River channel was straightened, much of
flow velocity is between 0 - 0.004 m3 /sec. All of the the natural riparian habitat was removed (Thiel and
dams were constructed between 1967 and 1968 and have Broggiato, 2000). The area along the Issel River is
been monitored since 1971 (Busch and Kreymann, 1992). characterized by meadows, heath, and wetlands that have
The two weirs suggested for removal are located developed in close proximity to the river. Stream bank
between the source of the river and Löchter Mühlenbach dams can cause these areas to get cut off from stream
(Weir Möllmann), and between the very southern point of sides, which lead to the loss of their function as riparian
the river (by Wesel) and the tributary of Kleine Issel (Weir habitats. In addition, drainage of the fields and building of

Isselbruch), respectively. They were both constructed houses made the ground impermeable and increased the
from concrete at a 90° angle to the river.

retention capacity of the floodplain along the river.

Legal and Regulatory Requirements
The European Union passed the Water Framework
Directive in 2000, which regulates integrated river basin
management in Europe. Countries are required to write a
management plan for each watershed. Countries that share
river systems must provide management plans according
to their law and then cooperate to provide a major plan for
shared rivers (Ministerium, 2008a). Until 2015, Germany
is required by law (Water Framework Directive) to have
Figure. 5 Dam structures Hoher Absturz Hoeren and
its surface water and groundwater in a "good ecological
Hoher Absturz Grömping (Ministerium, 2008c)
and chemical state" in accordance to indicator organisms
Weir Möllmann (Fig. 6) was constructed in the 1960's and threshold values. To reach this goal, monitoring of
on the river's headwaters. It is a fixed weir that creates a biological and chemical parameters is required; goals
reservoir of 50 m upstream. Fish can pass downstream, must be assessed and a reference state for each water
but not upstream. Weir Isselbruch (Fig. 6) is a movable body chosen. The main goal of the Issel River
weir which was constructed in the 1950's further management plan is to protect economically important
downstream. Due to low flow conditions, the reservoir fish species (Ministerium, 2008a). The ongoing intensive
length is considered none existent. Fish can neither move agricultural use of the river, however, will not allow the
upstream nor downstream across this weir.
achievement of such a good ecological state by 2015

without dramatically negative effects on the farmers.
German authorities therefore extended the date for
reaching the goals for the Issel River until 2027. Until
then, it must prove to have a good ecological condition
(Ministerium, 2008a).

For the last 30 years the ecological quality of the Issel

River has been constant. According to the German
classification system, the ecology of the River has been
classified as II -III with I being the best and IV the most
severely degraded. The low flow velocities seen along the

Issel River during normal and low flow conditions is
considered to be the main factor for the degradation
(Thiel and Broggiato, 2000).

The 2008 summary report on

Figure. 6 Weir Isselbruch (above) and Weir
Möllmann (below) (Ministerium, 2008c)

the Issel River's

ecological state considers 40% of it bad, and 25% of it
very bad. These values account for problems such as
aquatic flora, phytoplankton, general chemical and
physical parameters, metals, and herbicides. However,
restoration activities that focus on improving the metals
and herbicide levels are not considered a priority. The fish
status is reported to be a 39% satisfactory while the
general degradation is listed as 35% satisfactory. Organic
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content in the water is above its threshold level, oxygen Ievels are predicted to decrease. However, years to
levels are low in parts of the river (e.g. wastewater decades latter the model seems to predict that the natural
inflow) and too high in other parts (e.g. reservoirs) sediment transport and the channel form as well as plant
causing eutrophication (Thiel and Broggiato, 2000). The community succession return to their natural conditions.
As mentioned earlier, sediment most of it fine silt and
River's overall ecological enhancement potential is
sand,
will have accumulated in the upper part of the dam
considered to be only 14% (Ministerium, 2008a).
due to the low flow velocities. Eventually, the sediments
would be transported downstream, causing disturbance
DISCUSSION
and resuspension. Depending on the amount, the sediment
and
The Issel River channel has been extensively
may cover plants and other organisms living in the river
be
in
artificially changed. Although it is not considered to
bed
and cause turbidity (Bednarek, 2001). In addition,
an alarming state, certain biological and chemical
downstream
reaches would react to the change in the flow
parameters are in an ecological unsatisfactory state
velocity
resulting
in change in their sediment load and
(Ministerium, 2008a). The proposed removal of four
flowsediment
equilibrium. However, the
dams and two weirs would improve the ecological reestablish
effects
of
temporary
high
sediment
transport would most
condition along the restored sections of the River by
possibly
be
short-term
effects
(Bednarek,
2001) until a
allowing fish to travel undisturbed while enhancing the
sediment
transport
new
equilibrium
is
found
and/or
active
natural restoration of the ecosystems.
Between 1912 and 1999, 465 dams had been removed in is established.
the U.S. alone. The primary reasons for the removal were Considering the size of suggested dams for removal in

environmental problems, dam safety, and economic the Issel River, the recovery time could be less than a
impacts (American Rivers, 1999). Heinz published a list week (American Rivers, 1999). The removal of small

of other key indicators for the necessity of dam removal. dams that trapped only a small amount of sediment does
channel
These indicators fall into the categories of physical, not have much impact on the downstream river
chemical, ecological, economic, and social aspects (Heinz (Randle, 2002). However, in case the effects of sediment
flow were expected to be severe, mechanical removal of
Center, 2002).
Removing dams and restoring river habitat is often more the sediment prior to dam removal as well as the
environmentally -sound than repairing it, especially when installation of sand traps as temporary structure would be
the dam is no longer officially used and it has outlived its an option. This is especially important in parts where the
shallow; here an increase in
original functions. Reestablishing fish passage with downstream channel is
economic and ecological value is one of the most sediment load would create small banks and result in low
important reasons for the Issel River restoration. flow conditions.
Improving water quality through recovery of natural Before removing a dam, it is advisable to test the quality
of the accumulated sediment for the presence of toxic
sediment and nutrient flow, restoring habitat, and
substances. Cases have been reported where contaminated
improving aesthetics are additional reasons.
sediment release had a severe negative impact on
the
Removing dams from .rivers brings changes to
hydrology, sedimentation, geomorphology, and water downstream ecosystems, for example in the removal of
quality, as well as the overall conditions of the ecosystem the Fort Edward Dam on the Hudson River in 1973. In
(Baish et al., 2002). The removal responses are likely to this case, accumulated PCB laden sediment was released
vary depending on dam type and watershed characteristics into the river (American Rivers, 1999).
(Hart et al., 2002b). The extent of regulation throughout Although the priorities established for overall ecological
the river significantly influences the success of a project enhancement of the Issel River according to the Water
( Bednarek, 2001). In river systems with several dams Framework Directive do not include metals at this point,
built in a row, it is advisable to remove more than one they are reported to be above their thresholds in many
structure to enhance the restoration process. Most parts of the river, including the headwaters (Ministerium,
research on ecological responses to dam removal covers 2008b). It is therefore advisable to analyze sediment
sediment behavior and fish habitat conditions (Hart et al., samples for their composition before dam removal.
Dam removal would bring positive changes like
2002b).
enhanced
fish movement, and possibly negative effects
Hart et al. presented a spatial and temporal framework
through
changes
in insect, fish, and general wildlife
for hypothetical examination of the potential ecological
populations.
The
restore
natural water flow is expected to
responses to dam removal (Hart et al., 2002a). They
organisms and decreased
of
displacement
predicted increases in biotic exchange and sediment flow cause
populations
that
have
been
established during more
on both upstream and downstream sides of a dam can be
constant
flow
conditions
both
along the reservoir and
observed within days to years. At the same time, water
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increase
downstream (Bednarek, 2001). Elimination of the to their proximity to valued recreational sites. An
in
retention
area
could
therefore
be
advantageous
to new
of
different biotic assemblages upstream and downstream
developments
by
taking
some
of
the
risk
out
of
flood
the dam is expected to result from the dam removal (Hart
Outdoor
events
and
leaving
a
more
predictable
situation.
et al., 2002b). However, the reservoirs behind the dams
are small and shallow. A study on the ecological effects recreational activities are considered of high value in the
of small dam removal in Man tawny Creek, Pennsylvania, Issel River region. The upstream waters are too shallow
found the composition in biota in both the upstream and and not wide enough to allow extensive use by boats,
downstream of dam to be similar (Hart et al., 2002b). A instead canoeing is a favorite sport there. Many of the
dramatic change in ecosystem composition is therefore weirs open during the summer making canoe movement
possible. However, the many fixed small dams and ramps
not expected.
The overall effect of the proposed dam removal in the along the river channel pose danger and do not allow the
Issel River would be lowering of flow velocities. This passage of canoes. Hence, removing several of the small
may result in higher flooding during high precipitation dams in a row would increase the recreational value of the
events, but such flooding would not be frequent and very Issel River.
hazardous. Also the low flow velocities are considered to Another advantage of dam removal is it cost less than
be the main reason for the ecological degradation in the fixing the dams in place to achieve the intended use of the

Issel River (Thiel and Broggiato, 2000). However, it is River. In fact, there are evidences that the cost of dam
expected that the restored flow characteristics would repair is found to be three to five times higher than the
create a situation where the ecosystem experiences costs associated with dam removal (Graber, 2002). Also
there is a good chance to receive federal funding for dam
recovery in biota and nutrient cycling.
The reasons for the frequent flood occurrences along the removal projects at a time when the Water Framework
Issel River are a combination of low slopes, low flow Directive is still applicable. De Leaniz reported the cost
velocities and insufficient retention basins. Although the for the removal of small weirs in Spain to be between

flow velocities would decrease with dam removal, 2000 and 16000, depending on the size (de Leaniz,

2008). Using the same classification system, the cost of
removing the dams under consideration for removal in the
Issel River would be about 2000 per dam. In this study,
the traditional benefit -cost analysis which involves a "no
action" option would be difficult to defend since several
weirs
it has been reported that none of the dams and
proposed for removal has any impact on controlling flood of the dams in the Issel River are considered to be
retention areas would increase resulting in reduced peak
flood flows. It is expected that the increase in retention
area would have a larger impact than the lowering of flow
velocities in reducing the flood magnitudes. In addition,

dangerous. In conclusion, to enhance the ecological
Another activity that has some impact on the proposed potential of the Issel River, dam removal would be a
study is grazing. There are evidences to show that much better option than a non removal option.
livestock grazing can have negative impacts on soil Active participation of community members in river
compaction and bank stability (Magner 2008). The restoration is crucial to the success of the proposed
minimum required width of stream bank retention area is project. In fact, such citizen participation should be a
5 m on each side (Blue Richtlinie, 1999). Also by prerequisite to starting a successful project. However,
in the area (Ministerium, 2008c).

enhancing the widths of retention areas, the impacts on even though there are a handful of cities with populations
the land of livestock through trampling and the around 60,000 in the region, most communities consist of
accompanying effects of increased nutrient and fertilizer spread out farms. In such sparsely populated areas,
input would be reduced. Thus, the decreasing trend of community education and involvement may be
land use for agriculture in the Issel River basin is of problematic. However, when the Water Framework
advantage to the proposed change. Commercial fishing is Directive in 2000 became active, round tables formed
also predicted to decrease in future years (Ministerium, quickly. These local groups meet on a regular basis and
2008d). An increase in fish movement and their each works on a certain river or river system in the region.
reproductive success could turn this trend around. Strategies and tactics on how to implement the newly
Population in the area is considered increasing as people formed regulations are discussed. The local city officials
print brochures that are distributed throughout the region
move from cities to rural areas (Ministerium, 2008d).
It has become obvious in recent years that the impacts of to involve as many members of the population as possible

floods on buildings located along flood plains are in the project.

disastrous. In spite of the problem, there is an ongoing As mentioned earlier, cooperation between Germany
discussion between engineers and management officials and the Netherlands is expected when writing a Master
about building even more houses on the floodplains due Plan for the Issel River to comply with the Water
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Framework Directive. Fortunately, there is already a long Dam removal research (2002). The H. John Heinz III
Center for Science, Economics and the
successful history of cooperation between these two
Environment.
countries. The most recent collaborative activities
between the two countries has been with various Das Ministerium fir Umwelt und Naturschutz, (Ed.)
Ijssel:
Ergebnisbericht
(2005a).
restoration projects on the River Rhine, another shared
Wasserrahmenrichtlinien.
NRW
Bestandsaufnahme.
river system between the two countries. Governmental
agencies from both countries have formed an extensive Das Ministerium für Umwelt und Naturschutz, (Ed.)
(2007). Der Rhein kennt keine Grenzen - de Rijn
network of organizations that work hand in hand to ensure
kent geen grenzen.
the success of restoration projects. Brochures for
informing citizens were printed in both languages to help Das Ministerium fir Umwelt und Naturschutz, (Ed.)
(2005b). Handbuch Querbauwerke.
in the process.
Das
Ministerium fair Umwelt und Naturschutz, (Ed.)
from
projects
study
case
restoration
Successful
Nordrhein Bewirtschaftungsplan
(2008a).
neighboring areas may serve as examples to help make
Westfalen.
the proposed restoration projects easier. Also, the Issel
region has several success stories to report, for example Das Ministerium fir Umwelt und Naturschutz, (Ed.)
(2008b). Mehr Leben fir Issel, Bocholter Aa und
the reconstruction of small dams in away to allow fish
Schlinge: Die Fließgewässer und das Grundwasser im
passage. Several neighboring rivers of the Issel River
Gebiet Issel - Zustand, Ursachen von Belastungen
already have established programs that allow eels to travel

und Maßnahmen.
between fresh water and the sea by building bypasses and
Das
Ministerium fir Umwelt und Naturschutz, (Ed.)
fish ladders across weirs. Such a restoration project along
(2008c)
F1ussWinlMS Data/Maps.
large
farm
areas
that
the
a neighboring river may include
Das
Ministerium
fir Umwelt und Naturschutz, (Ed.)
without
getting
owners were not willing to give up
Analyse
Wirtschaftliche
(2008d)
reimbursed. After the successful restoration of the riparian
Ijsselmeerzuflüsse.
habitat, farmers started to make some of their land freely
De Leaniz, CG. 2008 Weir removal in salmonid streams:
available for additional restoration projects.
implications, challenges and practicalities.
Hydrobiologia, 609, 83 -96.
SUMMARY
Graber,
B. (2002). Potential economic benefits of small
The proposed removal of small dams and weirs in the
dam
removal. In Dam removal research. The H.
Issel River has the potential for success. It is possible to
John
Heinz
III Center for Science, Economics and the
get fmancial support from the German government to
Environment
(pp.56 -66).
enhance the ecological potential of the river as expected
Hart,
D.
D.,
Johnson,
T. E., Bushaw -Newton, K. L.,
by law. Costs will be comparably small due to the small
Horwitz,
R.
J.,
Bednarek,
A. T., Charles, D. F., et.al.
size of the dams and their easy access. Community
and
removal:
Challenges
Dam
(2002a).
support is likely to be strong due to enhanced recreational
river
research
and
ecological
for
opportunities
value, but mostly due to the increasing ecological
restoration.
BioScience,
52(8),
669
-681.
awareness in the region.
Hart, D. D., Johnson, T. E., Bushaw -Newton, K. L.,
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THE SUCCESSFUL RESTORATION OF COMANCHE CREEK IN NORTHERN NEW MEXICO:
INTEGRATING THE WATERSHED'S HYDROLOGICAL, ECOLOGICAL, AND SOCIAL
FUNCTIONS
Melanie Lawrence'

The restoration of Comanche Creek is a watershed - different users of the area, enhances the stewardship
based and collaborative effort aimed at creating an possibilities of these important riparian areas.

atmosphere of stewardship with the land. It is holistic in The Quivira Coalition, a non -profit organization based
the deepest sense as it incorporates all the functions of the out of Santa Fe, N.M. whose purpose is creating a new
landscape and provides an opportunity for building a ranching paradigm, is the keystone organization
lasting relationship between people and land; this facilitating this project. Their involvement goes back to
partnership leads to improving water quality and restoring 2000 when Quivira was called in to work on a project
fish habitat while healing damage from past land use. The begun by New Mexico Trout, a fly -fishing group
restoration of Comanche Creek can be deemed successful concerned with the loss of habitat for the RGCT, a species
found in the cold mountain waters of Comanche Creek.
on many different levels including:
The New Mexico Environment Department (NMED) was
habitat improvement and protection for an also concerned as their Unified Water Assessment showed
imperiled native fish, the Rio Grande Cutthroat that the Upper Rio Grande watershed, of which
Comanche Creek is a part, is in need of restoration.
Trout (RGCT);
Quivira coordinated. the project starting in 2001 using
improved overall water quality;
monies
from an EPA 319(h) Program grant to:
learning to manage a watershed in a holistic,
integrated fashion;
providing educational opportunities for the public
to learn about the importance of watershed
restoration;
cooperation and collaboration among the
Comanche Creek Working Group;
opportunities for interested stakeholders to
participate in restoration activities;
dissemination of technical information regarding
successes and failures including adaptive

conduct an assessment to identify specific
impairment;
conduct baseline monitoring and mapping
activities;
identify and implement best management
practices, and;
conduct an educational program (White 2008).

According to the Watershed Restoration Action Strategy
document
prepared by the Quivira Coalition, the goals of
management techniques and the results from
the project are to improve the condition of the Comanche
monitoring.
Creek watershed to meet current water quality standards

The Comanche Creek restoration project successfully and to restore normal hydrologic functions (WRAS
integrates

the

hydrological,

ecological,

and social 2005). The benefits of attaining these goals include

functions of a watershed by involving federal and state improving the habitat of the RGCT and other native fish
agencies, non -governmental organizations (NGOs), and and aquatic species, improving habitat for terrestrial
community -based groups to assess, plan, implement, and wildlife species, enhancing recreational opportunities for
monitor the project. The goals and objectives of the local communities and visitors to the area, and providing
riparian restoration project include appraising Comanche the foundations for sustainable economic use (WRAS

Creek as to the values it provides to the entire watershed. 2005).
While the main focus is on providing for and protecting
SITE DESCRIPTION AND LAND USE HISTORY
the habitat of the RGCT with attendant emphasis on local
Comanche
Creek is located in north -central New
water quality, the multiple uses of this watershed are not

ignored; livestock grazing, recreation, and hunting are Mexico in Taos County, and lies within the Sangre de
figured into the overall value of this watershed. The Cristo Mountains. It is a tributary of the Rio Costilla
which is located within the Upper Rio Grande watershed
collaborative involvement of all these groups with

divergent interests in Comanche Creek created the
project's most important successes: dialogue and
education. The kind of reciprocal learning that is
necessary between agencies and the public, and between
1

(USGS Hydrologic Unit Code 13020101015) and
contributes 27,430 acres to the Costilla Watershed

(WRAS 2005). The elevation of the headwaters of

Comanche Creek is about 10,400 feet and

School of Forestry, Northern Arizona University, Flagstaff, Arizona

it flows
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northward for 11.8 miles to empty into the Rio Costilla at
an elevation of 8,940 feet. The creek has ten perennial
tributaries along its length and the peak flow of

cottonwoods (White 2008).

The sum total of these `wounds' can be seen in the

Comanche Creek occurs in May and June due to the imperilment of the RGCT and reduced water quality in
Comanche Creek. The USFS, as the resource manager of
higher spring runoff.
The entire length of Comanche Creek falls within the this area, is involved in both the protection of the aquatic
Valle Vidal Management Unit of the Carson National species and the necessary conditions for its survival. The
Forest and is administered by the Questa Ranger District.
The Valle Vidal, consisting of over 100,000 acres of land,
has a unique history as it was donated to the USDA Forest
Service by Pennzoil in 1982 (WRAS 2005). Originally a
Spanish land grant, the Valle Vidal (Valley of Life) has

Forest

Service's

Watershed

Conservation

Practices

Handbook, Chapter 10, "Management Measures and
Design Criteria" states that although aquatic ecosystems

make up only 5% of forest lands almost half of the

imperiled species are aquatic dependent so there is the
been used heavily for grazing, mining, and logging and recognition of the importance of watershed management
these activities have left the uplands of Comanche Creek, and restoration (Forest Service Handbook 2509.25).

and its tributaries in a "highly degraded state" (White
2008).

On a general level the USFS is also concerned with
meeting forest -wide management goals aimed at the

Minimal management of grazing by sheep and cattle watershed including, but not limited to:

seriously denuded the area until the transfer of the maintaining and protecting a riparian buffer;
property to the USFS in the early 80s. The USFS stopped
all grazing for two years and starting in 1984 allowed the
Valle Vidal Grazing Association to stock the allotment
with a conservative number of cattle only. This herd is
managed by a rider who is tasked with keeping the cattle
from loitering in the creek bottoms and moving the herd
from pasture to pasture throughout the grazing season.
Past logging practices also contributed to the
degradation of Comanche Creek, not only by the level of

sediment abatement;
proper placement of recreational trails;
minimal impact grazing strategies;
quantified habitat monitoring, and;

development of in- stream/riparian restoration
projects (Carson National Forest website)

timber removal but by the methods in which the trees Developing a specific plan to deal with the RGCT is
were removed. `Jammer' logging, using a cable and important to the Carson National Forest, where Comanche
winch system to skid logs uphill to a landing site, resulted Creek is located, as it uses the RGCT as a management

in the construction of a new road every 150 feet up many indicator species.
hillsides and these road networks contributed significantly
to the erosion in the area (emphasis in original WRAS COMANCHE CREEK RESTORATION PROJECT
2005). Placer mining for gold from the 1870s until late in
Many factors coalesced in creating the need for a
the1800s along La Belle Creek, a tributary of Comanche watershed -level restoration project in the Comanche
Creek, that involved diversion of the stream from its Creek area. The impetus for the project, according to the
original channel, is also thought to have contributed to the Comanche Creek website, came from the management
present condition of the creek. All of these past land use goals of several state and federal agencies such as NMED,
practices combined with current recreational uses serve to New Mexico Department of Game and Fish (NMDGF),
contribute to a pressing need for restoration in the USFS, and the U.S. Fish and Wildlife Service (USFWS)
Comanche Creek watershed.
concerning water quality and the status of the RGCT.

NEED AND PURPOSE OF RESTORATION
Water Quality
The legacy of historical over -use of Comanche Creek is
An important reason for the restoration of Comanche
evident in:
Creek comes from the requirements of the New Mexico
Environment Department (NMED). As mandated by the
eroded stream banks;
Clean Water Action Plan, a federal program aimed at
poor hydrological functioning which contributed assisting the individual states in identifying and
to high sediment loads in the creek;
prioritizing watersheds with regards to water quality
concerns, NMED conducted an assessment of all of New
poorly designed and maintained roads that
Mexico's watersheds. This 1998 assessment revealed that
contributed to sediment loads;
21 of 83 watersheds were in need of restoration and so
overgrazing by cattle and elk that prevented the
were designated Category 1. Comanche Creek is a subgrowth of beneficial plains such as willow and
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watershed within a Category i watershed - the Upper Rio
Grande. New Mexico's Surface Water Quality Bureau is

use;

recreational opportunities (White 2008).

tasked with determining Total Daily Maximum Load
(TDML) which is "the total quantity of pollutants (from
all sources - point, non -point, and natural) that may be
allowed into waters without exceeding applicable water
standards" (cleanwater.gov website). Comanche Creek
exceeded the standards for temperature when monitored
in 2001 and 2002; also the standards for aluminum and
stream bottom deposits have been exceeded in the same
time periods. More recent monitoring reveals an upward

Since the administrative structures are already in place,

the Quivira Coalition believes that the likelihood for
success is high. Comanche Creek is entirely within the
Valle Vidal Management Unit of the Carson National

Forest and is protected from future development, logging,
and mining, and the goals for restoration are completely
within the management objectives of the Forest. From a
socio- ecological perspective the view is also optimistic;
trend in the latter but as so many of the contributing there is an active and collaborative stakeholder group in
factors that result in high frequency of small particle size place, and all ecological trends and habitat indicators are
classes in substrate analysis are resolved, the occurrence in a positive direction.

of turbidity and fine sediment deposition is likely to
continue (WRAS 2005).

RESTORATION PRACTICES

After Quivira completed baseline assessments and
mapping, and created photo points for future reference, a
threepronged strategy was developed to address the raw
The range of this subspecies of trout includes the
streambanks,
bad roads, and hungry animals that the
headwaters of the Rio Grande River so the management
group
identified
as being the culprits in the degradation of
area encompasses two U.S. states and many regional,
state, federal, and tribal governmental agencies. The Comanche Creek watershed (White 2008). Professional
Management Plans and Conservation Strategies for the restorationists, adept at viewing the watershed in a

Rio Grande Cutthroat Trout

RGCT sprang out of the 2003 multi -party agreement holistic fashion and creating effective natural channel
between NMDGF, Colorado Department of Wildlife, treatments, worked with volunteer groups under the
USFWS (Regions 2 & 3), National Park Service, Bureau direction of the Quivira Coalition to construct upland and
of Land Management, USFS Regions 2& 3), and the in -stream treatments, repair and install exclosures, and
Jicarilla Apache Nation, assuring the "long term revegetate streambanks. All of these treatments are aimed
persistence of RGCT subspecies within its historic range" at improving water quality and habitat for the RGCT but
also result in overall healthier watershed conditions
(Comanche Creek website).
NMDGF has an obvious interest in restoration of the through using (and contributing to) Best Management
RGCT as it has the authority and responsibility for the Practices (BMPs) employed by the USFS and other
management that arises from sport fishing, stocking, and agencies.

elk management but cannot regulate water use, dam
Upland Erosion Control
construction, grazing, mining, timber harvest, or
Treatments consisted of constructing one rock dams,
construction/maintenance of roads and trails where those
species reside (Comanche Creek website). It is rock baffles, rock bowls, worm ditches, and headcut
imperative for NMDGF to work with the other state and control structures installed along side drainages to slow
federal agencies in its quest to protect and restore the the movement of water, collect soil, nourish vegetation,
habitat of the imperiled RGCT as well as manage for and prevent sediment from entering the creek (WRAS
other aquatic and terrestrial species important to the 2005). Drifter fences were erected in some upland sites to
keep cattle and elk from trailing down the drainages
ecological health of the area.
causing erosion. In addition, over eight miles of roads
Quivira Coalition Involvement
were closed or rehabilitated for erosion control purposes
This NGO sought to begin achieving the long -term (when it took possession of the Valle Vidal the USFS
goals of restoring Comanche Creek and its tributaries by: closed more than 300 miles of roads); treatments included

culvert improvement or removal, and stabilization of
improving water quality (temperature and
sediment TMDLs);
improving the overall hydrological function;
restoring the conditions for healthy riparian
habitat for aquatic and terrestrial species;
creating the foundation for sustainable economic

roadways with rolling dips and waterbars to harvest water

from roadways and to lessen sediment load to streams
(WRAS 2008). Heavy equipment was only used to create
low -water crossings.
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Geomorphic changes are tracked using Rosgen Level II
In- stream Controls
`hubs'
(cross sections arising from the same central
the
Previous treatments, such as revetments installed by
point).
This
monitoring detects changes in bank location
bank
Forest Service in the 80s that had failed to slow
and
shape
due to installation of vanes and other
erosion, were removed. Post vanes were installed "at
treatments.
Water
quality is determined using Quality
strategic locations to direct stream flow left or right, away
Assurance
Project
Plan
for the NMED's Water Quality
from eroding banks to reduce sediment production and
Management
Program
that
involves measuring stream
2005).
promote streambank vegetative growth" (WRAS
bottom
deposits,
turbidity,
temperature,
and stream flow
These areas with post vanes had rock placed behind the
(WRAS
2005).
All
treatment
areas
include
permanent
vanes and vegetation such as sedge `mats' and willow
photo
points
using
GPS
coordinates
for
identification
and
cuttings (a minimum of two species taken from
GIS
maps
assist
in
to
document
changes
over
time.
exclosures) were planted to catch sediment and induce the
in
and
watershed
the
assessing
visually
stream to aggregate rather than erode. Baffles, more

aggressive than vanes, were also installed in a few treatment/structure location.
RGCT population and habitat are being monitored
strategic locations.
Wildlife mini -exclosures were installed or repaired to separately but both are being performed by Trout

provide protection for the riparian vegetation needed for Unlimited - Truchas Chapter. The focus is on measuring

bank stability, aquatic habitat, and cooling of stream three variables: (1) channel cross section; (2) stream

water. These mini -exclosures, based on evidence that elk bottom deposits; and (3) bank erosion (WRAS 2005).
are hesitant to jump into small fenced areas, have proven
ACCOMPLISHMENTS - HYDROLOGICAL,
to work at protecting the woody vegetation in several
ECOLOGICAL, AND SOCIAL
locations along a stream reach. This alternative provides
Hydrological /Technical
more opportunities for natural germination and/or places
Included in this category are improvements in the
from which to gather cuttings (CC Final Report 2008).
hydrological functions of the watershed. From the Final
Report on the Comanche Creek Restoration Project, the
MONITORING
Quivira Coalition claims to have accomplished the
watershed
of
the
to
one
Monitoring, according
restoration practitioners integral to the Comanche Creek following:

project, "is not research; it's a tool of management"
(Zeedyk 2004). He goes onfurther to state that "it can be

simple but never casual" and it must be deliberate,
disciplined, scheduled, and consistent (Zeedyk 2004).
According to Jeffrey Kershner (1997) in "Monitoring and
Adaptive Management" (Chapter 8 in Watershed
Restoration: Principles and Practices), to be effective in

generating feedback useful for adaptive management,
monitoring must have procedures developed in advance to

discern the effects and differences associated with the
project's

implementation,

effectiveness

(including

changes in trend), and validation of the assumptions
behind the effectiveness monitoring (geared more to a

building 130 in -stream structures;
treatment of 35,000 feet of channel sites;
construction of 50 elk mini -exclosures to protect
200 feet of stream bank;
treatment of seven eroding upland sites with 75
structures, and ;
extensive treatment of eight miles of
administrative and closed roads with 150 water harvesting BMPs (Comanche Creek Watershed
Restoration Project 2008).

Additionally, the technological accomplishments
include a better understanding and knowledge of how to
The protocols used by Quivira for monitoring the achieve agency -required BMPs, better techniques for
restoration efforts on Comanche Creek and laid out in the construction and installation of mini -exclosures, and other
Project Quality Assessment Plan include using the RMRS adaptive management strategies to restore the
Technical Reference Guide "Monitoring the Vegetation hydrological functioning of a second -order stream.
Response in Riparian Areas," (known as the `greenline
monitoring') and the USDA Jornada Experimental
Ecological
Rangeland Monitoring Protocol for determining stability The Comanche Creek restoration project is still too new
of the Comanche Creek uplands as to grazing impacts and to judge whether the ecological goals are being met.
erosion from roads. Vegetation changes are interpreted by These goals include improved water quality and RGCT
using permanent photo points, line -point intercepts for habitat so as to restore a healthy cold -water fishery.
cover and composition, and gap intercepts for determining Aquatic and terrestrial creatures will benefit from the
spaces between plants.
improved conditions as willows, alders, and at the lower
research focus).
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Cooler water
temperatures from improved water flow and the shade
provided by streambank vegetation should also improve
RGCT habitat; the lower levels of sedimentation should
contribute to better spawning habitat for trout.
Bill Zeedyk, the primary restorationist for the
elevations,

cottonwoods,

regenerate.

continues to stymie some collaborative efforts. Other
impediments include overworked, underfunded resource
management agencies; one person stationed in The Carson

National Forest's Questa Ranger District (wishing to

remain anonymous) stated that the extra burden placed on
the limited staff by the Quivira- related restoration project
Comanche Creek project, explains in his booklet about was unwelcome.
erosion control how important it is to help the soil retain Regardless of the challenges, concern for the declining
more water; its sponge -like ability to absorb and slowly health of riparian areas is "shared today by a much

release moisture is the most important function soil broader spectrum of interest groups including land and

allows water resource managers, legislators and litigators,
soil
the
infiltrating
Water
performs.
microorganisms to flourish and encourages dormant seeds educators, and environmentalists" and these interested
of the
to germinate. So the ecological effects from this stakeholders seek "a better understanding
dynamics,
functions,
uses,
and
the
restoration
of
degraded
restoration project should be apparent as many other
species of plants and animals benefit - from beaver to riparian areas" (Neary et al 2004). Identifying
opportunities to develop partnerships to improve water
songbirds to wildflowers - from a restored watershed.
quality, restore fish habitat, and heal the damage from past
land use practices in an age of reduced budgets for land
Social
Collaborative stewardship must rank as one of the management agencies is imperative.
most impressive achievements for the Quivira Coalition In "Changing Roles and Responsibilities for Federal
and the Comanche Creek Working Group as more than 19 Land Management Agencies" (Chapter 9 in Watershed
.

stakeholder organizations - from small, local, informal Restoration: Principles and Practices), the authors point
groups to large, well -known, national groups - are out that it is no longer sufficient to use "gabions (stonefilled wire baskets) or riprap (a collection of large rocks)
involved.
to artificially support degraded stream habitats" in
transfer
of
the
are
for
'
Quivira
The main goals
technological knowledge to other watershed groups as addressing the effects of degradation; the root causes must
well as the dissemination of the knowledge gained from be identified. More importantly they make the case for

Public outreach includes workshops on collaborative stewardship as a means for prioritizing
restoration and erosion control and how to involve the watersheds that "merit special protection due to their
public in restoration activities. Another form of ecological and social importance or that offer a good
dissemination of knowledge gained from their activities is potential for recovery" (Dombeck et al 1997).
the publication of three booklets. Published in Organizations such as the Quivira Coalition fill the need
collaboration with several authors and organizations and as facilitators for the stewardship activities that create
dealing with restoration techniques and erosion control effective public -private partnerships for watershed
are: An Introduction to Induced Meandering, 2004, An restoration such as the project on Comanche Creek.
Courtney White, one of the founders of the Quivira
Introduction to Erosion Control, also in 2004, and A Good
Coalition
more than ten years ago and current Executive
Road Lies Easy on the Land: Water Harvesting from
Director,
believes the human element is mandatory in
Low- Standard Rural Roads, 2006. Each of these booklets
restoration
of Comanche Creek and its ability to "renew,
is free to the public and the information is available
heal,
reaffirm,
nurture, rekindle, revitalize, repair, revive,
online. All of the reports, including GIS maps and
mend,
soothe,
rebuild, fix, regenerate, and reinvigorate"
photos, from the Comanche Creek restoration project are
The dialogue that exists between
2008).
(White
also available online at comanchecreek.org.
stakeholder groups and resource management agencies is
necessary for the process of restoration and it is akin to
CONCLUSIONS
The need for watershed -based restoration and holistic the movement "to reconnect people to nature
ecosystem management of public land has been apparent meaningfully and adaptively" which results in the
to government agencies for some time now but the push possibility of redemption for the wounds we have
to become partners in stewardship projects has been inflicted to our ecosystems (White 2008). Stewardship
thwarted, at times, by institutional culture. Turf wars, partnerships bridge the socio- ecological gap between
power struggles, and the inability to relinquish the image restoration and redemption bringing another dimension to
monitoring.

of being the `experts' in decision -making coupled with
legal constraints regarding the sharing of responsibilities

holistic ecosystem management.
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ROLE OF DENDROCLIMATOLOGY IN WATER SUSTAINABILITY IN SEMI -ARID REGIONS
Ramzi Touchan' and David M. Meko'
646 square
variable.
For
are highly

Society faces many challenges, few of them more central Colorado, encompasses

867

complex than the need to conserve natural resources at the kilometers. Annual flows
same time as providing the benefits of economic example, water -year totals for the 104 -year Rio Grande
development to all sectors of the population. This near Lobatos gaging station near the Colorado/New

challenge is particularly severe in dry lands, where the Mexico border range from 497 093 cubic meters (1977)
resource limitations come not merely from a shortage of to 11,681073 cubic meters (1907). The recent drought
water, but from the high variability of precipitation in placed a tremendous strain on the Rio Grande water
space and time in such regions, and hence chronic supply and had far -reaching impacts. The water -year for
2002 was the second lowest on record (572, 335 cubic
uncertainty for those using climate -related resources.
Water resources are a critical factor in arid and semi -arid meter) and Elephant Butte Reservoir, the largest reservoir

regions. Water is always in critical balance with arid on the Rio Grande, was at 7.5% of its capacity at the end
ecosystems. This balance is upset by dense populations
of people and their livestock in many countries. Brooks
et al. (1986), state that one -third of the land surface of the
earth is dry. Over half of the dry area is inhabited by 630
million people. The remainder is climatically so arid and
unproductive that it cannot support human life. The
increasing pressure of human activities in dry regions in
Asia, Africa, and America may cause the degradation of
land and water resources.
In the Near East the population is growing rapidly, now
surpassing 200 million, and competes for shrinking water

resources for agricultural development. Nations like
Jordan and Israel are swiftly approaching the point where

they will exhaust all the water resources available to
them. In North Africa the drought encompasses much of

region with the exception of Tunisia. Farmers in Algeria

and Morocco are desperately demanding help, while
governments are steeling themselves to bump up imports
to feed the population. "The government must take urgent
measures to help over 2.5 million farmers be ready for the
next season. We have got drought, and most of our people

are pessimistic about the future," National Union of
Algerian Farmers' president Mohamed Alioui told
Reuters. In Morocco the harvest has slumped by 57
percent to 3.6 million tones. This has resulted in a 33

oí2003 (http: / /www.emnrd .state.nm.us/nmparks /PAGES/
PARKS/BUTTE/BUTTE.HTM).

In the Colorado part of the basin, 85% of all water is

used for irrigated agriculture and in the Middle Rio
Grande Valley of New Mexico (from Cochiti Reservoir to
Elephant Butte Reservoir) nearly 90% is used for
agriculture ( Niemi and McGuckin 1997). The great
dependency on this limited water supply, coupled with the
high degree of flow variability, including severe droughts,
presents challenges to water management. These
challenges have increased with changes in water demand
related to expanding populations (New Mexico's
population doubled in the last 40 years) and
considerations such as in -stream requirements for
endangered species.
Efficient use of this limited water resource will require
better and more effective planning processes to implement
the long -term management actions and other interventions
strategies necessary to achieve sustainability. Planning
for this long -term use is fraught with risks and
uncertainties of what the future water supplies might be.
Planning is currently constrained by climate data, such as
precipitation, temperature, and streamflow records that in
the best case only exist for slightly more than 100 years in
many regions and 70 years in North Africa. These

percent rise in import needs for the June 2005 -May 2006 records are not long enough to determine the climate
business year to 4.9 million tones -- 2.3 million tones of it variability over several centuries.
Instrumental records can be extended back several
as soft wheat used mainly in bread making
( http:// www. planetark. com/dailynewsstory.cfm/newsid/31 centuries using proxy data from sources such as tree
rings. These proxy records can provide knowledge of the
657 /story.htm).

Water is the critical limiting factor for agricultural past frequency and severity of climatic anomalies which
production in much of the American southwest. Shared may be used to help anticipate the probability of such
water resources are the lifeblood of the region. In south - events in the future. Long time series of tree -ring growth
central Colorado, New Mexico, and parts of Texas, the records are one of the best sources of proxy data for
quantity and quality of water derived from the Rio Grande reconstructing past records of precipitation, streamflow,
Basin (RGRB) will constrain agricultural and drought on interannual to centennial time scales
development and plans for future expansion. The Rio (Touchan et al., 2008; Meko et al., 2001).
Grande River system, with its headwaters located in south Few dendrochronological studies have been performed

River

1 Laboratory of Tree -Ring Research, University of Arizona, Tucson, Arizona
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in North Africa, with the exception of Morocco. Morocco features of the reconstruction reveal the magnitude of pre has a rich history of dendroclimatic research going back instrumental droughts from the historic record.
nearly 40 years (e.g. Helleputte, 1976; Munaut, 1978; Remarkably, the most recent drought (1999 -2002) appears
Berger et al., 1979; De Corte, 1979; Till, 1987; Till and to be the worst since at least the middle of the 15th
Guiot, 1990; Stockton, 1985; Meko, 1985; Chbouki et al., century.

1995; Glueck and Stockton, 2001; Esper et al., 2007).
Dendrochronological studies have also been carried out
in Algeria (Messaoudene, 1989; Messaoudene and
Tessier, 1997; and Safar et al., 1992) and Tunisia (SerreBachet, 1969; Aloui, 1982 ; Aloui and Serre- Bachet,
1987; Tessier et al., 1994), but previous studies in Tunisia
and Algeria were restricted to analysis of the relationship
between annual tree -growth and climate. Touchan et al.

B. PRACTICAL EXAMPLE FROM
SOUTHWESTERN UNITED STATES

In the past

it

has been unusual for studies and

management plans of water and other natural resources to
make use of tree rings as a tool for reconstructing longterm means and variability in precipitation and
streamflow. One of the most outstanding examples of a
(2008 a and b) published the first two dendroclimatic problem where the lack of historical information caused
severe water resource over -allocation is the case of the
reconstructions for Algeria and Tunisia.
Colorado
River Water Compact in the southwestern
Tree -rings studies have successfully reconstructed
United
States.
Around 1922, when tree -ring studies were
historical streamflow regimes for a number of river basins
very
limited,
planners
for the Colorado River Basin met to
in United States (Stockton and Jacoby, 1976; Smith and
agree
on
the
distribution
of rights to the water coming
Stockton, 1981; Meko et al., 1995, 2001; Woodhouse,
2003; Graumlich et al., 2003). One of the best known is down the Colorado River. The 2,667 - kilometer river
Stockton and Jacoby's (1976) 500 year long flows through some of the most arid lands in North
reconstruction of annual streamflow for the upper America, including parts of seven states in the US: and a

Colorado River. The study showed that the Colorado small portion of two states in Mexico. From existing

River Compact of 1922 was based on short historical flow instrumental records, planners estimated that the Colorado
records that were much higher than the reconstructed 500 River had an average annual flow of 19,985 billion cubic
year average. This resulted in severe water resource over - meters. This estimate was based on the 17 years of

allocation. The Lees Ferry reconstruction subsequently precipitation and streamflow data that was available
formed the basis for a set of studies which examined the (1906 to 1922). In 1976 at the Laboratory of Tree -Ring
impacts of a severe sustained drought in this basin (Young Research of the University of Arizona, Stockton and
Jacoby (1976) reconstructed the flow of the Colorado
1995 and references within).

In this paper we describe how dendroclimatology has River back to A.D. 1564 (450 years) using time series
contributed to the understanding of drought recurrence in derived from tree -ring studies. Their reconstruction
two widely separate semi -arid regions in the Northern indicated that the period from 1906 to 1930 was the

Hemisphere. The first is Algeria and Tunisia in North longest period of sustained high streamflow during the
Africa and the other is the Upper Colorado River Basin in past 450 years. Subsequent tree -ring studies in the
Colorado Basin have corroborated the results of Stockton
the western United States.
.

and Jacoby (1976) with tree -ring networks of increased
site density and sample length (Woodhouse et al. 2006,
A. PRACTICAL EXAMPLE FROM NORTH
Meko et al. 2007). The short period of the instrumentaI
AFRICA (Touchan et al., 2008)
This study represents the first large scale systematic record was simply not representative of the long -term
tree -ring sampling from Algeria and Tunisia, and focuses flow of the river. Therefore, the allocation of water
on developing a climate- sensitive chronology from 13 among the US. states and Mexico was based on an
Cedrus atlantica and Pinus halepensis sites (Figure 1). anomalously high value which resulted in shortages when
The length of the chronology is 859 years (AD 1148- all of the entities involved demanded their share of the
2006). The chronology is based on a total of 220 trees, available water.
with a mean sample segment length of 203 years.
Touchan et al (2008) discussed the first Palmer Drought
Index (PDSI) reconstruction for Algeria and Tunisia. This

May -August PDSI reconstruction, which covers the
period AD 1456 -2002, has high accuracy and good skill

of verification as measured by statistics for the period
1920 -2002. The reconstruction shows drought variability

on both interannual and interdecadal time scales. Key

OUTCOME OF RESEARCH EFFORTS
Dendroclimatic reconstructions provide essential
information concerning hydroclimatic variability in both
regions. The placement of modern drought characteristics
in the context of several centuries of climate variability
will help natural resource managers apply low risk and
long -term plans to conserve and sustain water and other
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The improved planning facilitated by the results of these

research efforts will benefit an array of stakeholders at
varying economic levels of the agricultural production
and marketing cycle in this dryland region. The
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VARIETY OF ANTECEDENT RUNOFF CONDITIONS FOR RANIFALL- RUNOFF WITH THE
CURVE NUMBER METHOD

..._

Matthew R. Grabau', Richard H. Hawkins', Kevin E. VerWeire3, and Donald C. Slack'

A fundamental task in applied hydrology, engineering,
and watershed management is to know, predict, and
understand a watershed's response to a design rainstorm
event based on its land condition, and usually for an ungauged watershed. To meet this need on an institutional
and nationally consistent basis in the mid- 1950s, the
USDA Soil Conservation Service (SCS) developed the

Curve Number Method, intended for small rain -fed

WS26010 Coshocton, OH /1939.1986)

21000

Ó
MO

agricultural watersheds.

The method is briefly described as follows: Runoff
depth (Q) from a rain storm of depth (P) is given by:
20000

Mr
allill'

Prtirr.
;

[1]

where S is defined as the maximum possible difference
between P and Q once runoff has begun (i.e., P >0.2S),
and is in unit of depth. For ease of use and understanding,
S was transformed into a dimensionless variable "Curve

11,.
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w
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Q= (P- 0.2S)2/(P+0.8S) for P>0.2S, Q;)
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Figure 1. Illustration of event runoff variability for 879
events at Coshocton, Ohio, with the handbook AMC
bands superimposed. The drainage area is 1.37 acres.

Number" or CN, which varies from 0 to 100, and is The SCS

(now NRCS) then generated standard

conversions from AMCII to Conditions I and II. These

defined as

are also shown superimposed in Figure 1, and are
[2]

CN = 1000/(10+S)

abbreviated in Table 1. Table 1 is given in graphical form

in Figure 2, which forms the basis for much of what
follows. The original development or data analysis for

where S is in inches. To operate the CN method, a "CN"
Table 1 and Figure 2 has not been documented in either
is required, and tables of CN as a function of soils type,
the open literature or in surviving NRCS files.
land cover and use /condition were supplied in handbooks
by the SCS.
In the data analysis

that led to the method's

development, it was noted that the relationship between
rainfall depth (P) and event runoff depth (Q) contained
good deal of scatter. This is illustrated in Figure 1. In

Table 1. Abbreviated Handbook CN -AMC
relationships
CN(II)

loo

order to give a central trend definition to the runoff

95

response for the watersheds, the median CN for annual

90
85
80

flood events was taken as watershed -defining CN.

SOIL -WATER AND CURVE NUMBER
VARIABILITY
However, the scatter required explanation, and it was
attributed to the differences in on -site moisture
(Antecedent Moisture Condition, or "AMC ") at the onset
of the storms. The central trend CN was understood to be
at "AMC II ", or a median moisture condition for annual
floods. High deviants were thought to be caused by wet
conditions, and labeled as "AMC III ", and low departures
were taken to be from dry watersheds, called "AMC I."

75
70
65
60
55
50
45

40
35
o

CN(11I)

100
87

100
98

78
70
63
57

96

51

45
40
35
31

26
22
18
o

S(II)
0

la(11)
o

0.526

0.11

94

1.11
1.76

91

2.50

88
85
82
78
74
70
55
60
55

3.33
4.28
5.38

0.22
0.35
0.50
0.67
0.86

o

6.67
8.18

1.08
1.33
1.64

10.00
12.2
15.0
18.6

2.00
2.44
3.00
3.72

-

Source: condensed from NEH4 Table 10.1. S(11), la in inches.

GeoSystems Analysis Inc.,Tucson, Arizona
School of Natural Resources, University of Arizona, Tucson Arizona
3 HDR Inc., Pearl River, New York
4 Agricultural and Biosystems Engineering, University of Arizona
1

2

CN(I)

46
(1982) examined the probabilistic nature of the
departures. Using 12 mid -western USDA research

100

watersheds with records from 7 to 24 years, the CNs for
annual floods were found. With the rainfall depth P and
runoff depth Q, S is found by solving equation [2] via the

80

quadratic formula to
[3]

S = 5[P + 2Q -(4Q2+5PQ)0.5]

a 60
z
o
X
4

and then CN is determined from equation [2]. The CNs
so found were assumed to be log -normally distributed, the

cc

50% item (i,e, the median) taken to be defining CN at
ARC II, and the cumulative probabilities for the ARC I
and ARC -III determined by interpolation using the full
handbook version of Table 1 and the known properties of

4 40
z
o

20

the lognormal distribution.

Surprising order emerged: the table -defined ARC -III
was found to be quite close to the 90 percent CN. That is,
20

00

80

60
40
CN FOR ANC II

100

90 percent of the CNs were less than the found value
(10% greater), implying that 90% of the runoffs at a given

Figure 2. Graphical representation of the data from Table 1, rainfall would be less that that calculated with that CN
and R Similarly, ARC I was found to be quite close to the
taken from NRCS Hydrology Guide Table 10.1

10 percent CN. That is, 10 percent of the CNs were less
than
the found value (90% greater), implying that 10
was
variability
This acknowledged event -to -event
percent
of the runoffs at a given rainfall would be less
originally explained by aligning AMC status with 5 -day
than
that
calculated with that CN and P. In short, in the
prior rain by seasons. This is shown in Table 2.
language
of cumulative distributions, ARC -I was 10 %,
Eventually, with widespread and substantial critique,
ARC
-II
was
50% , and ARC- III at 90 percent. The ARCs
this approach was dropped, and is no longer espoused by
describe
"error
bands." These fmdings influenced the
was
NRCS. A new terminology and hypothesis
abandonment
of
the prior rainfall -based AMC categories
developed: AMC became ARC (Antecedent Runoff
(i.e.,
Table
2)
as
described
earlier.
Condition), and the observed unexplained departures

attributed to all the storm, watershed, data, and model The results of the Hjelmfelt et al work is shown in
factors (including error) that influence departures from Figure 3 Note the close alignment of the found points
the central trend (defined as the median, or CN at ARC - with the handbook AMC classes.
II). Thus the ARC factors include, but are not limited to,
prior moisture.
Table 2. Antecedent Moisture Classes defined by 5 -day prior
rainfall
Condition

-5 -Day prior rainfall (in) -Dormant Season

I

II
TII

<0.50
0.50-1.10
>1.10

Growing Season
<1.4

0
o
0

zá = 80
atorc
o_wf
Oá

W

1.40 -2.1
>2.1

m
Source: Table 4.2 (discontinued) NEH4, Ch 4. For historical and information purposes
only. No longer endorsed or supported by NRCS; DO NOT USE.
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CURVE NUMBER FOR 50% AND AMC I1

PROBABILITIC DESCRIPITIONS
Hjelmfelt, Kramer, and Burwell. Given that runoff
variability is not well explained satisfactorily by site
moisture or prior rain, Hjelmfelt, Kramer, and Burwell

Figure 3. Hjelmfelt et al findings for 10 and 90
percent CNs plotted on NRCS handbook AMCI
and III relationships.
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for the handbook tables, especially given their lack of

Larger sample study

This new "random" description of CN (and Q) documented origins and open literature review.
variability influenced to the abandonment of the prior However, it should be remembered that the professional
rainfall -based AMC categories (i.e., Table 2) as described and scientific interest is in the rainfall runoff, not the
Curve Number Method itself. The CN method and its
earlier.
appurtenances is only a means of approaching the rainfall runoff target. Natural variability in runoff does occur, and
Table 3. Results Summary

the CN method's ARC bands do seem to give a useful
descriptive handle on that variability.

Handbook Table ---Condition

ARS(N =63)

AMC I
AMC II
AMC III
Spread I to III

-

Data Sets

USGS(N= 51) Combined (N =114)
100

88.0 (0.27)
87.8(0.27)
88.2(0.28)
------ - - - - -- defined as 50 %-- -- - - -_
12.4 (0.38)
11.8(0.30)
12.9(0.41)
75.3

76.0

90

X. 10% POE, ARS
o - 10% POE, WSP

80
70

75.6

E

za

Note: Table entry is average and standard deviation of the "¡eater than" cumulative
rank percentage for the ARC indicated .

E

ARC III

50
40

Ú
30
20

However, the sample was quite limited: only

12

watersheds of modest record length and geographical
spread. Here a larger sample is examined, and a greater

10
o

0

20

40

60

80

100

Curve Number, Antecedent Runoff Condition U

variety of locations is covered. The study here includes a
much larger sample: 114 watersheds from USDA and US Figure 4. Distribution of CN I and CN III with 10% and
Geological Survey sources (only 99 considered here), and 90% Probability of Exceedance (POE), annual series
for a minimum period of 20 years. In all, 3548 annual maximum runoff flow rate for all Agricultural Research
flood events were used. As with Hjelmfelt et al, CNs were Service (ARS) and United States Geological Survey
determined from P and Q data, the results arrayed, and the (WSP) watersheds.
probabilities of the Table AMC I, II, and II determined.
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where m is the rank order, and n is the sample size.
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with variation attributable to the large sample sizes. Not
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extreme events (i.e., 10% and 90 %) defining AMC I and
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percentages, the mean results are slightly different, as
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DISCUSSION, SUMMARY, CONCLUSION
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ANNUAL WATER YIELD USING PRECIPITATION AND TEMPERATURE:
GRUNSKY'S EQUATION RECONSIDERED.
Richard H. Hawkins' and Francisco L. Santos2

associated with average annual
watersheds faced by planners looking to enhance temperatures (T), Grunsky's a values are

The problem of water yield from ungauged closely
local supply on the San Francisco peninsula in
the early 1900s was formulated by C.E.Grunsky
in 19008. He made of the following paraphrased
observation from the limited information at his

extended to establish a general underlying a(T)
hydro -climate relation giving insights to
reasonable estimates of annual yields for

California watersheds. The water yield model is
disposal: `The percent of annual rain that then applied and validated with watersheds data
becomes runoff is equal to the inches of rainfall, from southern of France and Portugal.
up to 50 inches of rain." He was referring to
flows (or yields) as depths/time, i.e., inches /yr.
100
His assertion becomes algebra as
80

P<50,

100Q/P=P

J

[1]
60

and solving for Q,

ari'

40
P<<-50,

[2a]

P<50,

[2b]

Q = P2 /100

or,

Q = 0.01 P2

The "up to 50 inches" proviso avoided
unnatural or outrageous results that Grunsky
foresaw beyond that point. First, if P>50 in

(50,2 5)

20
0

20

0

40

60

80

100

Annual Precipitation, P (in)

Figure 1. Grunsky's equation for a = 0.Olin'

Equation 1, then an increment of additional rain
calculates more than that increment of additional
GENERALIZATION OF GRUNSKY'S
runoff, an intuitively unreasonable outcome and
EQUATION
nuance (Fig. 1). In the extreme, note that if Given that the above was established for a
P =100, then Q =100, suggesting no losses, or that specific set of conditions, i.e., the lands and
all rain becomes runoff. Thus, he added: "Above climate found locally in the San Francisco area,
50 inches, the runoff is the rain less 25 inches" an extended statement - actually a hypothesis or,
of Gunsky's equation can be formulated.
Equations 2 and 3 can be re- stated as
Q = P-25

P>50,

[3]

Equations [2] and [3] are the complete 2 -part

relationship for the conditions found in the
central

California maritime

area near

Q=ap2

P<P*

[4a]

Q = P - L*

P>P*

[4b]

San

Francisco. This marvel of simplicity, which we where P* and L* play the role of the 50 in/yr
call Grunsky's equation here, might also be (threshold rainfall) and 25 in/yr (constant loss
called " Gunsky's Rule" or "Grunsky's Rule -of- above the 50 inch threshold) for the original
Thumb." The objective of this study is to revive conditions. The coefficient a fulfills the role of
Grunsky's equations, propose an extended and 1 /100 or 0.01, with the dimensions of in-'.
more generalized statement of Grunsky's The values for P* and L* can be found at the P
equations, and determine Grunsky's a values where the slope of the runoff function (Equation
for California watersheds (17 river basins). 4a) becomes 1:1 (Fig. 1). Differentiating and
Found distinctive of Mediterranean climate and
setting equal to 1, and solving for P gives

1

2

School of Natural Resources, University of Arizona, Tucson, Arizona
University of Evora, ICAAM, Portugal
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Values of a From Literature
Grunsky's original application was straightforward
and local, and gave no values for a beyond the implied
value of 0.01: Indeed, he did not generalize. In fact, in

dQ/dP = 2aP =1
or,

P=P*= 1/(2a)
at P=P*, then

and,

1915 he published in the ASCE Transactions a

second/revised approximation of a standard California
Q = Q* = aP*2 = a[1/(2a)]2 = 1/(4a)
"a ", no, he didn't call it that, of about 0.008. This was
given as a graph with no data points shown. However,
L* = P* - Q* = 1 /(2a) -1 /(4a) = 1 /(4a) [8] Sellers (1969) gave estimated regional reference

Thus, for the general case of "Grunsky's equations"

values of coefficient a from gauged watershed data
under a different nomenclature, and are shown in

Q = ap2

P5P*

Table 1.

Q =P -L*

P?P*

listing of a in textbook form. To this must be added
"Central Coastal California, from Grunsky's founding
works, with a3.010. While these are in general
alignment with data- derived values, Sellers does not
give sources for the above. Most a determinations
from precipitation- runoff data vary from ca 0.0025 to
0.0130, and vary distinctively with general geography
and climate, but show a clustering tendency within

This table is almost the sole available reference

where P* = 1 /(2a) and L* = 1 /(4a). Note that the
watershed runoff behavior is defined by the

coefficient a. A plot of the general function for
various values of a is shown in figure 2. The quadratic

part ((aP2) pertains for Q<P /2, and the linear part

(Q =P -L *) applies for Q >P /2. This results because
Q */P * =1/2. From the original . Grunsky's case, a = regions. Another attempt to provide table values based
on the evaluation of results, is given by Gifford et al
1 /100 =0.01 in',P * =50 in and L * =25 in.
(1975). Joel Justin, a contemporary of Grunsky, and
Table 1. Some estimated regional values of the
also concerned with similar matters, studied streams in
coefficient a
the northeastern U.S. and published in 1914 (Justin,
a(ini')
a(mm"')
Region
1914) his "k" values (our "a" here) for watersheds in
<0.005
<0.000197
Great Plains, Texas, Florida, Southwest Desert
0.005-0.010
0.000197New York, New Jersey, West Virginia, Connecticut,
East Central states and West Coast
0.000394
most
the
Perhaps
Canada.
southern
and
0.010-0.020
0.000394Great Lakes, New England, Northern
0.000787
Appalachians
comprehensive
effort
has
been
the
recent
nation
-wide
>0.020
>0.000787
Rocky and Sierra Nevada Mountains

work of Vogel, Wilson, and Daly (1999) data for

Source: Selle, (1969)

Values of a From Specific Rainfall- Runoff Data
Knowledge of local data and hydrologic behavior is
the hydrologist's stock -in- trade. Thus, insights to
reasonable - and unreasonable - estimates annual

constants and exponents for unit hydrologic budgets,
with long -term data from 18 regions in the US, and

which used not only P, but temperature ( °F) and
drainage area (A) for inputs as well in multiple
regressions in logarithmic form. While their work
used metric units (mm/yr, km2, with output in m3 /sec),

yields can be gotten from specific P:Q data. The their regression results can be simplified, converted to

process is simple: with known P and Q, presumed to English units and expressed in consistent hydrologic
valid and representative, equations [4a] and [4b] can budget terms, making it comparable to Grunsky's
be solved for a.
equation form. When the above exponential
formulations for Q are set equal to aP2 an implied "a"
[9a] is gotten by back -calculating (Table 2). Insofar as the
Q<P/2
a = Q/P2
a = 1/[4(P-Q)]

Q>P/2

above Vogel et al equations include not only the

[9b] precipitation (not confined to P2) , but the temperature,

drainage area as well, the "a" calculations shown
above are for an arbitrary reference case of area,

where P and Q are mean values (in/yr). However, the A =10m2, temperature, T =60F, and rainfall, P= 40in/yr.
two Grunsky equations represent one continuous For example, for the California case, a calculates to

relationship, so if fitting with multiple data points 0.0087in'. It might be noted that even with these
exists on both sides of P *, then both of the equations subjective choices that influence outcomes, this result
can be applied. Hopefully the same value of a would is close to Grunsky's value of a =0.01, and even closer
prevail above P* and below P.
to his 1915 chart presentation of about 0.009.
Furthermore, the precipitation exponent of 1.999 is
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essentially identical to Grunsky's value of 2. The
heavy role of temperature in fixing "a" should also be
noted and will be treated subsequently. An analysis of
annual runoff from watersheds in the western U.S. by

GENERALIZED MEDITERRANEAN WATER
YIELD MODEL
Mediterranean a values

In a study of geologic sedimentation and fault
Hawley and McCuen (1982) led to a series of movement in California, Kolterman and Gorelick
exponential equations similar to those later developed (1992) summarized the long -term runoff and climate
by Vogel et al. (1999). A simple study (Hawkins, of coastal streams, from the Smith River in the north

11 to the San Luis Rey River in the south. The digital
Q
ungaged basins in central Arizona gave values of = data was not included in their journal paper, but was
0.004019P2, r2 = 95.08 %, SE = 0.42 in/yr, seen as scaled from plots provided, and is shown in Table 3.
From this values of a were calculated from the P and
fitting the Grunsky precedent.
Q for each the basins. While this gave a wide scatter

1991) of annual precipitation and runoff for

Table 2. a values derived from Vogel et al. (1999)
regional regression model of annual streamflow for
the United States.

of a, it was found to be very closely associated with
the average annual temperatures via the equation:

a (in-') = 0.01967 - 0.000966T(°C)

Region
New England

0.00043

0.0109

Mid - Atlantic

0.00024

0.0061

South - Atlantic -Gulf

0.00021

0.0052

Great Lakes

0.00026

0.0065

Ohio Valley

0.00024

0.0060

Tennessee Valley

0.00041

0.0103

Upper Mississippi

0.00017

0.0042

0.012

Lower Mississippi

0.00021

0.0052

0.010 -

Souris- Red - Rainey

1100019

0.0047

0.008 -

Missouri River

0.00025

0.0064

Arkansas- Red -White

0.00022

0.0057

Texas -Gulf

0.00050

0.0128

Rio Grande

0.00016

0.0041

Upper Colorado

0.00025

0.0063

Lower Colorado

0.00021

0.0052

Great Basin

0.00019

0.0049

Pacific Northwest

0.00029

0.0073

California

0.00034

0.0087

with r2 = 89.922% and SE = 0.00094in'. The very
good fit in equation 10 (Fig. 3) from such a wide
range of sites suggests a general underlying hydro climatic relation that might be extended to broader
application.
-

0.006 0.004 -

0.002
0.000
5

20

15
10
Average mewl temperature ('C)

Figure 3. Plot of Grunsky's a vs
temperature (California data).
Table 3. Average annual precipitation (P),
runoff (Q), temperature (T), and a for
California coastal watersheds from Kolterman
and Gorelick (1992) scaled data.
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Figure 2. Plot of Grunsky's equation for various
a.

River
Smith
Klamath
Redwood Cr
Mad
Eel
Navarro
Russian
Cache Cr
Putah Cr
Napa
Alameda Cr
Pajaro
Salinas
San Antonio
Santa Clara
Sta. Margarita
San Luis Rey

P

Q

T

(in ye' )
109.06

(in Ye')

(`C)

84.25
61.02
54.72
41.73
34.29
26.65

8.51

84.65
79.13
64.57
59.06
52.36
45.28
30.91
40.94
40.94
22.44
18.19
26.06
25.43
18.19
15.16
17.24

8.69
9.01
9.5
10
10.6

20.91

11

6.46

12.6
12.6
11.6
12.6
14.2
13.6
11.6

20.91
15.67

3.54
1.84

3.22
6.73
1.54

0.75
0.71

15.3
17.9

17.9

a
(in')
0.0101
0.0106
0.0102
0.01084
0.0101
0.0097
0.0102
0.0068
0.0069
0.0093

0.007
0.0056
0.0047
0.0104
0.0047
0.0033
0.0024
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(http: / /snirth.pt, option Dados Sintetizados >Recursos
Hídricos >Climatologia >Boletim de Precipitaçáo).
Table 5 presents the average watersheds main
A limited test of the Mediterranean generality characteristics and provides for a values based solely
hypothesis is enabled with composited data from four on the analytical Eq. 10 for temperature. Fig. 4 shows
small watersheds at the Collobrier site southern the calculated value a on the California and French

Local Calibration of a(T) Model From
Mediterranean Hydrologic Data
Southern France Réal Collibrier watershed

France, presented in Table 4, and described in plot and Fig. 5 adds the plot for the Portuguese
Andreassian (1992). Using the Collobrier P and Q, a watersheds. The predictive power of the model is
is found to be 0.0089 in'. Using Equation 10, based shown in Fig. 6, where the basins observed Q values
on the temperature alone, the a value also calculates to are regressed against Q values calculated from the
0.0090 in'. The French Collobrier data falls on the proposed Grunsky's generalized Mediterranean water
California trend line (Fig. 4), hinting at general yield model. The good fit (1:1 line) from such a wide
application to Mediterranean climates on a wider range of sites renders possible extending the model to
a broader Mediterranean application.
basis.
Table 4. Average watershed area, annual precipitation
(P), runoff (Q) and temperature (T) for Réal Collobrier
in southern France (Andréassian, 1992). The
composited data from the 4 small watersheds at the
Collibrier site is presented below. a = 0.0089 in'.

Table 5. Average characteristics for Portuguese
watershed (rivers).
watensad

Wutort Q
Pa/Yr)

Avg. Temp,
CC)

Rainfall, P
Pater)

Alpha, a

(Portugal)
Ave

27.4

13.9

59.9

0.00953

Douro

11.5

13.5

35.7

0.00638

Guadiana

1.7

16.4

23.5

0.00762
0.00754

P t)

Area
(mit)
3.6

P

Q

T

(in)
48.5

(in)

(°C)

19.6

11

Lima

31.3

13.6

70.1

3.2

44.0

17.0

11

Lis

3.9

14.8

33.7

0.00940

0.6

42.8

19.6

11

Mira

2.3

16.6

26.3

0.00347

0.6

48.4

28.1

11

Mondego

15.0

14.5

44.6

0.00560

Nabio

13.6

14.5

38.1

0.00379

Sedo

1.4

16.1

26.3

0.00489

Tejo

4.8

15.6

31.5

0.00201

Timega

26.4

13.2

52.6

0.00304

2lzete

10.3

14.8

42.9

0.00335

Composite
1I

21.1

45.9

8.0

0.012 Soute: lnstimto da Agua. I.P. [Portuguese water tnstitute] (2009).
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Figure 4. Plot of Grunsky's a vs
temperature (California and French data).

0.006 0.004 -

0.002 0.000

Portuguese watersheds
More tests done on data from 12 watersheds (Table
5) located from north to south of Portugal (Instituto da
Agua, I.P., 2009) validated the generalized application

of the water yield model to Mediterranean climates.

Computations were made ' using the water years
1940/41 to 1997/98 for the precipitation -runoff, and

time series of more than 30 years for temperature

5

10

15

20

Average annual temperature (°C)

Figure 5. Plot of Grunsky's a vs temperature
(California, French and Portuguese data).
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Land
Luis Valley: USDI, Bureau
Management, Colorado State Office, 370 pp.

Grunsky, C.E. 1908. Rain and Runoff near San
Francisco, California. Transaction of the
American Society of Civil Engineers, LXI (1090),
496 -543.
Grunsky, C.E.. 1915. Discussion on "Run -off
from Rainfall and Other Data," by A.F.

Meyer. Transactions of the American Society of
Civil Engineers, page 1165.
Hawkins, R.H. 1991. Average Annual Runoff
Figure 6. Observed and derived annual
from Precipitation and Basin Factors in
water yield using precipitation and
East Central Arizona. Proceedings of Arizona temperature (California, French and
Nevada Academy of Sciences Annual Meeting,
Portuguese data).
Hydrology Section. April 1991. 9 pp.
Hawley, M.E., and R.H. McCuen. 1981. Water
CONCLUSIONS
Yield Estimation in Western Untied States.
the
in- between
established
was
link
A
Journal of Irrigation and Drainage Division,
Mediterranean a values and the generalized Grunsky's
American Society of Civil Engineers, (108) 25equations, leading to development of a generalized
34, IRl, March 1982.
water yield model for Mediterranean watersheds. Its
1914. Discussion on Justin, J.D.
main advantage, as the Grunsky's approach, relies on Horton, R.E.
1914. "Derivation of Run -Off from Rainfall
its transparency and simplicity, making a convenient
American Society
Data" Transactions of the

basis for local comparisons. By virtue of simple

of Civil Engineers, vol. LXXVII, p346.
rainfall- runoff relationships, Mediterranean watershed
Horton Discussion on page 369 -75.
water yields can be assessed. The "Losses" component
J.D. 1914. "Derivation of Run -Off
Justin,
also conveys meaning in plant geography. The
Rainfall Data" With Discussions by
from
predictive power of the model, and the sought linkage
L.J. LeConte, R.B.H. Begg, R.G.
Messrs
between watershed hydrology and climate were
Robert E. Horton, J. William
Clifford,
validated using Mediterranean watershed data from
Link, J.K. Finch, and Joel D.Justin.
France and Portugal.
Transactions of the American Society of
It should be noted that the model applies to long
Civil Engineers, vol LXXVII, page 346.
term averages, not individual years, though some
J. D. 1915. Discussion of "Run -off
Justin.
similar trends can be found. In addition, it is best
F.
from Rainfall and Other Data," by Adolph
applied to larger watersheds and river basins where
Meyer, M. Am. Soc. C. E. Transactions of the
the areal idiosyncrasies and geologic happenstances of
American Society of Civil Engineers, paper

small watersheds are internalized or averaged out.
1348. Presented at the meeting of April 2161
This smoothing is the rationale for compositing the
1915. [Justin discussion on pages 1156 -61].
four Collobrier watersheds in the above discussion.
C.E., and S.M. Gorelick. 1992.
Kolterman,
Equally, the model can easily be converted to metric
Terrestrial
system.

REFERENCES
Andreassian, V.P.J. 1992. Comparative Hydrology
M.S.
Shrublands.
of Mediterranean

Thesis (Watershed Resources), University of
Arizona, 139 pp.

Gifford, G.F., R.H. Hawkins, and J.S. Williams.
1976. Hydrologic Impacts of Livestock Grazing
on National Resource Lands in the San

in
"Paleoclimatic Signature
26
Flood Deposits" Science 256, 1775 -1782,
June 1992.
Sellers, W.D. 1969. Physical Climatology. U
Chicago Press. Page 85 -89.
Vogel, R.M., I. Wilson, and C. Daly. 1999.
Regional Regression Models of Annual

Streamflow for the United States. Journal of
Irrigation and Drainage Engineering, American
Society of Civil Engineers, vol.125 (3), 148 -157.

ENHANCING THE SUSTAINABILITY OF COMMUNITY-BASED WATERSHED INITIATIVES
THROUGH SOCIAL NETWORK ANALYSIS
Adam C. Springer' and J.E. de Steiguer'
This study explores the utility of social network analysis in 2007. In this figure, stakeholders are represented by
in enhancing the sustainability of two community-based squares, called nodes, and stakeholders with some form of
watershed initiatives in southern Arizona. The first is a contact have a line between them, called a tie. As this
watershed stakeholder group that relies upon serial figure indicates, the Cienega Creek Watershed has two
volunteerism to support watershed -scale projects. The stakeholder groups involved in the watershed. Each group
second is an environmental non -profit that facilitates identifies as being independent, however the two groups
community-based efforts to improve urban water quality. have the shared goal of stewarding the resources of the
Social network analysis is used to provide descriptive same watershed. This figure illustrates which participants
information about the structures of these two watershed have contact with each other and the collaboration that
initiatives. This analysis reveals distinct characteristics occurs both within groups and between groups. Figure

about the networks that can be used to both better 2 displays a very different type of community-based

understand how community-based watershed initiatives watershed initiative. This network shows participation in
function and inform strategies for ensuring their ability to a series of six public workshops conducted in 2008óy the
Watershed Management Group, a Tucson -based nonrespond to challenges over time.
profit. This figure is called a two -mode network because
events are displayed in addition to participants and their
USING SOCIAL NETWORK ANALYSIS TO
relationships. Each square represents a single workshop
DESCRIBE GROUPS
and each person is represented by a single circle. The
Despite their growing numbers, community-based facilitator of the network is represented by the black circle
resource management initiatives are plagued with in the middle of the diagram. This figure reveals who
problems (Byron and Curtis 2005; Koontz and Thomas attended which event and how many events any given
2006). They must continually respond to both internal and person attended.
external

challenges,

often

with

extremely

limited

resources (Folke et al. 2005). If we are to better
Using Social Network Analysis to Enhance
understand how to improve the long -term viability of
Sustainability
these initiatives, we must first understand how groups Although several metrics exist for analyzing group
function and the reasons for which stakeholders are structure, three fundamental statistics may provide insight
involved.
into the structure of a group: degree, density and
Social network analysis provides complementary betweenness. By measuring how these statistics change
theoretical, graphical and statistical elements to describe
and analyze groups. This methodology provides a means
to both characterize a network and facilitate inferential
statistical analyses on the factors that affect the success of
groups over time. This study focuses on two types of

over time and the factors that influence them, substantial
insight will be gained into how to foster more efficient,
effective and sustainable groups.
Degree is the simplest of these metrics, and is simply a

count of the total number of individuals with whom a
participatory watershed initiatives and discusses how person has contact. Density is a statistic that indicates the
social network analysis might be used to identify factors
total number of ties observed in a network relative to the
that may affect their sustainability. This information can total number of theoretically possible ties. Betweenness is

ultimately be used to eliminate obstacles to fostering a measure of the ability of an individual to control the
wider participation and enhancing the success of flow of information or resources in a network. Individuals

stakeholder efforts.
that lie on the shortest path between other individuals
Graphical representations of social networks can display have relatively high betweenness values (Knoke and Yang
people, their relationships with each other as well as 2008; Wasserman and Faust 1994).
affiliations with events or organizations. Figures 1 and 2 In terms of sustainability amongst stakeholders, it would
present the networks of the two community-based be desirable in many cases for groups to have high degree
watershed initiatives discussed in this study: a watershed and density values. High values for these statistics would
stakeholder group and a series of water quality indicate that stakeholders are communicating with several
workshops.
other stakeholders in the network. Betweenness values,
Figure 1 displays characteristics of public participation however, ought to be low amongst stakeholders. Low

in the Cienega Creek Watershed in southeastern Arizona

1School of Natural Resources, University of Arizona, Tucson, Arizona
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Figure 1. Cienega Creek Watershed Network.

n

Workshop Participant
Wadcshop Leader
Workshop Event

Figure 2. Watershed Management Group Network.
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betweenness values indicate that resources are being activities. This information will be useful to participants,
shared equitably and that no single person dominates the facilitators and policymakers who wish to improve the
network. Groups containing members with high degrees, sustainability of these initiatives.
high densities and low betweenness values ought to be
REFERENCES
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A GEOGRAPHICALLY-REFERENCED MULTIPLE -RESOURCE DATA MANAGEMENT
SYSTEM FOR THE OAK SAVANNAS OF THE MALPAI BORDERLAND REGION
Hui Chen,' Cody L. Stropki,' and Peter F. Ffolliott,' and Gerald J. Gottfriede
Twelve watersheds in the oak savannas on the eastern database (Figure 1) has been developed using
side of the Peloncillo Mountains in the Southwestern Microsoft Access to manage and retrieve the datasets.
Borderlands Region of New Mexico are being
monitored to document the ecological and hydrologic
`_j Cascabel.mdb
characteristics, and to determine the effects of burning
2,j1 Geology
treatments on this ecosystem. Ecological components
11 Plots_Location
monitored include tree overstories, loadings of fuel
j Soil
fractions, and numbers and diversity of mammals and
Hydrologic components monitored are
birds.
-21 Ws_Boundary
streamflow regimes, soil erosion and deposition, and
Bird Observation
Watershed descriptors for each
sedimentation.

Canopy Cover

watershed include its designation, size, orientation,

Ground_Cover
Herbage
Soil Erosion
Timber Number
Timber Volume

and
The
protocols, and physiographic characteristics.
geographically -referenced data sets are incorporated
into the system to facilitate their spatial
interpretations.
streamflow

network,

monitoring

network

STRUCTURE OF SYSTEM
Twelve watersheds from 20 to 60 acres in size were

Wildlife

Figure 1. Outlook of Geodatabase

established on the eastern slope of the Peloncillo
Mountains in Southwestern New Mexico by the Data sets fall into three general categories:
Rocky Mountain Research Station, U.S. Forest watershed descriptors, biological characteristics, and
Service and their cooperators. These watersheds hydrological characteristic. Watershed descriptors
contain 421 permanent sampling plots, with 35 and 45
permanent sampling plots on each watershed. These
plots are located along transects perpendicular to the
main stream system and situated from ridge to ridge
with an interval between the plots ranging from 70 to

describe the characteristics for each watershed
including its designation, size, orientation, streamflow

network, monitoring network and protocols, and
physiographic characteristics. Biological components
monitored are tree overstories, canopy cover,

240 feet depending on the size and configuration of herbaceous understories, loadings of fuel fractions,
ground cover, and mammals and birds. Hydrologic
the watershed.

The primary objective of the research on these components include streamflow regimes, soil
watersheds is to determine . the effects of burning movement (both soil erosion and soil deposition),
treatments on the ecological and hydrologic dynamics water repellency, sedimentation, and water quality
in the oak savannas of the Southwestern Borderlands. (chemical) constituents.
A secondary objective is to gather baseline data to Global positioning system measurements have been
learn more about the ecological, hydrologic, and taken to spatially reference the sampling plots,
environmental characteristics of this ecosystem in the watersheds boundaries, and stream channels. As a
result, geographically -referenced data can be
region (Gottfried et al. 2007).
A geographically- referenced multiple -resource data incorporated into the data management system to
management system is under development to enable facilitate spatial interpretations. Figure 2 shows the
researchers, managers, and other stakeholders to store, geodatabase named Cascabel.mdb including examples
interpret, and analysis datasets from the Cascabel of feature data sets and tables (Geology, Soil,
The geo- spatial Plots_Location and Ws_Boundary). The feature data
watersheds with relative ease.
set of Plots_Location, for example, comprises 12 point
1

2

School of Natural Resources, University of Arizona, Tucson, Arizona
U.S. Forest Service, Rocky Mountain Research Station, Tempe, Arizona
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feature classes describing the location of sampling plot by the weight- estimate procedure originally
plots on each watershed, while the feature data set of outlined by Pechanec and Pickford (1937) in 9.6 -ft2
Ws_Boundary contains 12 polygon feature classes circular plots. Seasonal (spring and fall) species
describing the boundary of each watershed. ARC GIS composition and the estimated production of grasses,
software is used to display the spatial distribution of forbs, and shrubs are recorded. The three categories
data sets by joining the tables to feature classes based of grasses, forbs, and shrubs are summed together to
determine total herbage production. An example of
on the common fields they possess.
how the records of Herbage_Production are displayed
is shown in Table 3.

DATA SETS IN SYSTEM
Watershed Descriptors
Table

1

and Table 2 describe the physiographic

'WON Woolon

characteristics of the watersheds and sampling plots.

nr_óesesi0
-a,ecaVordD

These tables are related by the common field

eo.dr.

ttre

1k/0B

Canopy Cows

Ben+PO9

The table of
presented in WatershedName.
Plot_Physiography is also associated with other tables

OaqOL,
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that contain field measurements based on sampling
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Table 1. Cascabel Watersheds
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Figure 3. Tree Overstory Component in the database.

Table 2 Plot_Physiography
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Table 3. Herbage Production
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Biological Characteristics

Loadings of Fuel Fractions
Tree Overstories
Loadings of fuel fractions on the Cascabel
One- quarter -acre plots were established to measure Watershed have been measured. These fractions are
species compositions and tree characteristics in terms the standing trees, herbaceous understories, downed
of diameter root collar for single stem trees, woody material, and organic matter represented by the
equivalent diameter root collar for multiple stemmed litter and duff layers. The fractions consisting of
trees, and total height. The tree overstory component standing trees and herbaceous understories are
of the database is displayed in Figure 3. The field data estimated through interpretations of these respective
are transcribed into a table called Timber_Inverntori, components of the data management system.
where the field data can be summarized by number of Estimates of the downed woody materials and organic
trees, basal area, and volume per acre. Canopy cover matter fractions are obtained by the methods of Brown
measured in percent closure is also included in the et al. (1982).
data.

Ground Cover
The percentages of plant material, litter, bare soil
The production (biomass) of the herbaceous and bedrock on the ground surface are estimated
understory is estimated seasonally at each sampling annually at each of sampling plot.
These
Herbaceous Understories
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measurements are often indictors of hillslope erosion
rates (Renard et all i 997) and the successional status of
vegetative communities (Bedell 1988). Ground cover
is estimated in a rectangle frame of 12 -by -18 inches
placed at three equally spaced locations within 3 feet
of the sampling plots. Table 4 shows how the records
in the table of Ground_Cover are displayed within the
system.
Figure 4. Avifauna sub -database developed by Beth
Willaims.

Table 4. Ground Cover
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Hydrologic Characteristics
The hydrological components in data management
system at this time are soil movement in terms of soil
erosion and soil deposition. Other hydrological
components to eventually be incorporated into the
system include the' characteristics of streamflow

Mammals
The presence of mammals is measured seasonally by regimes,

sediment
cross -sections,
channel
counting fecal pellet on 40.5 m2 circular plots centered accumulations, and channel erosion -degradation.
over each sampling location. The mammals recorded Soil erosion and soil deposition were measured
are deer, cottontail, and coyote. The fecal deposits are seasonally (spring and fall) using the erosion -pin

cleared from the plot after each counting and, method. Implementation of this method involved the
therefore, the seasonal use of the habitats on a installation of three erosion pins around every third

Table 5 displays the plot with two pins located 6 -feet upslope and one pin
is located 6 -feet downslope of a plot center. Soil
records in the wildlife section of the database.
watershed can be estimated.

Table 5. Mammal data
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ID
1

movement is measured by the distance from the cap of
a pin to the soil surface (soil erosion) or the
accumulation of soil on top of the cap (soil
deposition). After of the measurements are taken, the
erosion pins are re -set to be flush with the soil surface
to facilitate the subsequent measurements. Table 6

displays records in the table of Soil_Erosion, with
positive measurements representing soil erosion,

negative measurements representing soil deposition,
and a number of 0 implying soil erosion and
Avifauna
Species and numbers of birds sighted in a 5- minute deposition are equivalent at the pin location during
observation period at every third plot on the that sampling time.
watersheds is the method used tó obtain avifauna data

(Ralph et aí.1995). Bird tallies are made between Table 6. Soil movement
0800 and 1130 hours on clear or partly cloudy days
Erosion
when minimal wind movement exists. The table Sampling Location érosion Erosion
Bird_ Observation presents the time and location of the
tallies. An avifauna sub- database (Figure 4) was

developed to enable a user of the system to retrieve
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Craw
CLS&DVZ

CLS&DVZ

comprehensive information for each bird species
tallied. Examples of the information that is available
on this sub -database are the species scientific name,

common name, diet type, forage technique, and
nesting location.
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EFFECTS OF GAMBEL OAK ON WATER HOLDING CAPACITY AND CARBON
STORAGE WITHIN THE LITTER OF A PONDEROSA PINE -OAK FOREST
Robert E. Lefevre'

The forest floor is more than an accumulation of made up of particles that could still be identified
organic debris separating the soil from the as plant material, while in the H layer particles
atmosphere. Physically, it has been shown to were broken down to a level that the source of
prevent erosion and store water (Neary, 2003). individual particles could not be identified. It was
Chemically, it has been shown to store nitrogen often difficult to tell the separation between the H

and carbon and improve nitrogen and carbon layer and mineral soil. Soil samples were
storage in the mineral soil beneath (Lefevre and removed in three segments, the 0 - 5 cm, 5- 15

Klemmedson, 1980). As the components of litter cm, and 15 -30 cm.
change, the capacity to store nitrogen, carbon, and
Water -Holding Capacity
water also changes. In Arizona, the predominate
The
five
arbitrary
litter types exhibited different
forest type is ponderosa pine (Pinus ponderosa).
Oak in the litter
While generally thought of as miles and miles of hydrologic properties.
uninterrupted pure pine, the stand composition statistically increased the capacity of litter to
varies considerably as a variety of other tree retain water at saturation. Oak- influenced litter
species are also found. These include Gambel retained significantly higher amounts of water per
oak (Quercus gambelii), Douglas -fir (Pseudotsuga unit weight than pure pine litter (Table 1). Litter
menziesii), pinyon pine (Pinus edulis), and juniper from stands with large amounts of oak (52 -66 %)
spp. ( Juniperus spp.). The effects these other did not retain significantly larger amounts of
water than litter from stands with small or
species have can be significant.
In this study, some specific effects on Gambel oak intermediate amounts of oak indicating that
presence of some oak and not the relative amount
are examined.
of oak was the important factor affecting water holding capacity of litter.
MEHTODS AND MATERIALS
Study Area
The data were collected between 1972 and 1974
on Watersheds 16 and 18 of the Beaver Creek
.46t.028x-.00024x2
Watersheds in north central Arizona. At that
r: .77
time, a great many studies were conducted in the
area, and greatly contributed to our understanding
of the pine forests of Arizona and New Mexico.
Precipitation at the time averaged over 28 inches
on Watershed 16 and 27 inches on Watershed 18
Precipitation records for the Beaver
annually.
Creek Watersheds have not been kept since 1982.
Study plots were chosen to minimize
experimental error by limiting sites to Brolliar
stony clay loam where tree species were limited to
75
5
50
ponderosa pine and Gambel oak. Total basal area
(%
of
total)
Oak Basal Area
was greater than 140 ft2 per acre. The plots had a
range from 100% ponderosa pine and 0% oak by
basal area to 25% pine and 75% oak. Twenty-five Figure 1. Variation of humus layer (H layer) as oak
plots were selected at random and litter and 30 cm basal area increases in the stand.
of soil was sampled from the center of each plot.
The litter was separated into three layers, labeled Because of this greater retention, runoff from oak L, F, and H. The L layer was material whose influenced areas may be expected to be less than
source was easily identified. The F layer was from areas uninfluenced by oak. It appears that
' Coronado National Forest, USDA Forest Service, Tucson, Arizona
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the

humus

fraction

of the

litter was

the

dominating factor, since fresh hardwood litter

generally does not hold as much water as
coniferous litter (Blow, 1955; Metz, 1958;
Helvey, 1964; Mader and Lull, 1968; Bourn and

Humus is capable of holding
considerably more water than undecomposed
Brown, 1971).

organic matter or mineral soil (Kittredge, 1948).
As shown in Figure 1, litter influenced by oak has
a thicker humus layer than pine -dominated litter.
The initial rate of moisture loss for different litter
types was similar (Figure 2). However, with time,
pine -dominated litters (A and B) began to give up

moisture less rapidly, and after about 10 days
were losing moisture at only one -half the rate of
oak -dominated litters (Table 2). Oak dominated
litters (C, D, and E) continued to lose moisture
fairly steadily. Pine dominated litters had almost
ceased to give up moisture after 20 days (Table
2), suggesting that under field conditions
evaporation loss of soil moisture may become
significant at this point. Oak- dominated litters
continued to lose moisture after 20 days of drying.
This suggests that oak -influenced litter could be
important in preventing soil moisture loss in a
pine forest during dry periods.
Table 1. Influence of oak in the stand on moisture holding capacity of litter at saturation. (All values
not followed by the same letter are significantly
different from each other at 0.05 confidence.)

Days

Figure 2. Changie in moisture retained by litter
over the period of time sampled

CARBON IN THE SOIL
Amount of oak in the stand had no influence on
litter, but
significantly effected the amount of carbon in the
surface soil. The effect was most noticeable in
the 0 -5 cm soil layer and diminished with depth.

the amount of carbon stored in

There was no significant effect beyond 15 cm
depth. Figure 3 illustrates the findings.
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Table 2. Influence of oak in the stand on rate of
moisture Ioss from litter as expressed by slope of
percentage moisture -time curve in Figure 2.
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Figure 3. Carbon storage in surface soil.
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Forest Service
Southeastern Forest Exp. Sta. Research
Paper SE -8. 8 p.
pine may be a welcome addition to the forest.
Forest influences.
1948.
Water retention in the litter immediately after Kittredge, J.
McGraw -Hill Book Co., New York.
precipitation will be higher where oak is present,

CONCLUSIONS
Gambel oak mixed in with a stand of ponderosa

Appalachians.

U.

S.

394 p.
and water loss from the soil beneath may begin
1980.
later as well. This could prove important in times Lefevre, R. E. and J. O. Klemmedson.
Effect of Gambel oak on forest floor and
of moisture stress. Carbon storage in the mineral
soil of a ponderosa pine forest. Soil Science
soil beneath stands containing some oak will be
Society of America Journal, Volume 44. p.
higher than in pure pine stands, an interesting
842 -846.
discussion point in light of the apparent need for
Mader, D. L. and W. W. Lull. 1968. Depth,
carbon sequestration.

Blow, F. E.
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