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AN ATTEMPT AT WATER YIELD MODELING IN 
THE CENTENNIAL FOREST IN NORTHERN ARIZONA

Ian Dai and Aregai Tecle1

INTRODUCTION
This paper outlines the efforts made so far in the use 

of a paired watershed experiment to model water yield 
and peak flow from a ponderosa pine forest ecosystem. 
The study site is the Northern Arizona University operated 
Centennial Forest located some six miles away to the west 
of Flagstaff, Arizona.  The long-term and broad objective 
of the study is to evaluate the impacts of prescribed fire or 
fire prevention vegetation treatments on forest hydrology. 
The two specific parameters used to indicate the 
hydrological outcome of the effects of prescribed fire or 
fire-prevention vegetation treatment in the study are water 
yield and peak flow.  The design of the study consists of 
establishing a paired small and adjacent experimental 
watersheds in which one of them will be treated while the 
other remains untreated as a control. So far both watersheds 
are being monitored to determine their similarities under 
no treatment conditions.  Eventually one of them will be 
treated while the other left untreated.  Upon completion 
of the experiment, our plan is to (1) determine the effects 
of vegetation treatments on soil moisture storage and 
infiltration capacity, (2) develop event-based peak flow 
and water yield models that incorporate study site climate, 
soil, and vegetation characteristics, and (3) evaluate model 
reliability by comparing model-based watershed outflows 
with flows actually measured at the outlets of the study 
watersheds. 

The ultimate purpose of this study is to develop 
improved forest watershed management schemes that 
minimize forest fires at a time of recurring drought and 
continuing climate change.  Because there have not 
been any treatments on either of the study watersheds, 
the analysis and discussion in this paper are based only 
on initial pretreatment watershed data.  In addition, we 
used a hypothetical vegetation treatment of one of the 
watersheds to a specific vegetation density level to see 
the hydrological impacts of the treatment.  In general, 
the research project is designed (1) to demonstrate the 
applicability of the model to determine the needed water 
yield and peak flow, and (2) to show the capability of 
the model to evaluate watersheds under both treated and 
untreated conditions so that the effects of treatment can be 
readily compared and evaluated.  The model application 
on data from the untreated and the hypothetically selected 
vegetation treatment level shows about 25% increase in 
water yield during the three years (2010, 2011 and 2012) 
the watersheds have been monitored.

STUDY SITE
The study watersheds are a pair of small watersheds 

located adjacent to each other in the Centennial Forest. 
The latter are a group of state-owned forested landscapes 
located about six miles southwest of Flagstaff, Arizona 
(see Figure 1).  The Centennial Forest, which have a total 

1 Universuty of Arizona, Tucson, Arizona

Figure 1.  Location of the Centennial Forest in Northern Arizona. �e two paired study watersheds   wit areas  of 0.16 mi2 and 0.04 mi2 are in the 
upper left corner of the �gure(Centennial Forest, 2002)
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area of about 47,000 acres are managed by Northern 
Arizona University. The surrounding area consists of 
the Coconino National Forest and some patches of small 
private lands. The topography is characterized by small 
hills and valleys with some meadows in between. The 
bulk of the soil material in the Centennial Forest (96.1%) 
is composed of loamy basalts or other loamy deposits of 
volcanic origin while the remaining small part (4%) of 
the soil is composed of limestone materials (Centennial 
Forest, 2002).  

The dominant vegetation cover type (78%) is a forest, 
mainly Ponderosa Pine (Pinus ponderosa) type with 
some Gambels Oak (Quercus gambelli) thinly spread in 
between. The Ponderosa Pine stand consists of small to 
mid-diameter trees (5-18”) with average canopy cover of 
greater than 45% (Centennial Forest, 2002). This cover 
density which varies from place to place throughout 
the area is generally considered to be higher than that 
of pre-settlement conditions (Centennial Forest, 2002). 
Other tree species found in very small number in the area 
include Quaking Aspen (Populus tremuloides), Alligator 
Juniper (Juniperus deppeana), Shrub Live Oak (Quercus 
turbinella) and a negligible number (0.1% of total cover) 
of Douglas Fir (Psuedotsuga menziesii).  In between the 
ponderosa pine stands, there are some interspersed grassy 
meadows of varying sizes in the Centennial Forest. The 
most common understory grass species consist of Arizona 
Fescue (Festuca arizonica), Muhly type grass species 
(Muhlenbergia spp.), Pine Dropseed (Blepharonueron 
tricholepsis), and Blue Grama (Bouteloua gracilis).

DATA COLLECTION  
We have used a number of research activities to collect 

relevant data to the paired study watersheds.  Most of the 
activities require on-site field measurements following 
a systematic sampling approach while others involve 
obtaining the needed data from nearby sophisticated 
instrumentation facilities.  The former are biophysical 
data types such as vegetation cover, soil infiltration 
capacity, soil moisture content, other soil characteristics 
and stream flow, while the latter are mostly climate 
and hydrological data such as daily precipitation, 
temperature and snow water equivalents obtained from 
a nearby USDA Natural Resources Conservation Service 
operated SNOTEL and daily evapotranspiration data 
from three Northern Arizona School of Forestry operated 
flux towers in the area.  Most of the pieces of information 
so gathered are used as inputs into a HEC-HMS model to 
estimate the needed water yield and peak flow. 

The different data collection methods used to assemble 
the necessary pieces of information are described 

separately under climate, soil and land cover and 
hydrological data collection topics below. Establishing 
baseline information on soil, vegetation, climate, and 
stream-flow characteristics is necessary for contrasting 
paired watershed experiments.  In order to assess the 
state of pretreatment conditions we have begun to collect 
data for climatic, stream-flow, land cover, and soil based 
parameters which are the inputs into the HEC-HMS 
model to estimate peak-flow and water yield.

Collection Of Climate Data 
The most important climate data we would need to 

have in any hydrological modeling effort are precipitation, 
temperature, atmospheric humidity, wind speed, cloud 
cover and solar radiation.  We installed a Davis Weather 
Station at the point where the paired watersheds meet 
to measure a number of the above climate parameters. 
However, a string of strong tornados that devastated the 
area in October of 2010 damaged the climate instruments 
we installed. We then decided to obtain the necessary 
data for our work from a couple of nearby facilities.  
One of them is a USDA Natural Resource Conservation 
Service operated ‘Fry’ SNOTEL station located about a 
mile away from the watersheds.  The SNOTEL station 
collects hourly precipitation; temperature, snow depth, 
and snow water equivalent data and are available for our 
use. 

Our other sources of data are the three eddy flux 
towers operated by Professor Kolb of the School of 
Forestry’s research group. Two of the flux towers are 
located within the Centennial Forest and very close to 
the paired study watersheds while the third is also in the 
forest but relatively away from the Centennial Forest 
(Dore et al, 2010).  All three facilities collected various 
climate data, soil moisture, evapotranspiration and others 
under varying ponderosa pine stand density and other 
conditions such as forest thinning, or forest fire burn. 
We specifically obtained precipitation, temperature and 
evapotranspiration (ET) data from such archives for use 
in our modeling process. However, we had to convert the 
monthly ET data into daily loss rates when estimating 
the water yield and peak-flow from the study watersheds.

Measurement Of Soils And Land Cover 
CharacteristicS

Apart from precipitation, soil and vegetation cover 
characteristics are the most important factors that 
affect the hydrology of a watershed.  For this reason 
it is important that we continue to make all efforts to 
determine the soil and vegetation characteristics of the 
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paired study watersheds.  This requires establishing 
sampling plots to obtain data that can adequately 
and reliably represent conditions in the study sites.  
For these purposes, we have been measuring the 
infiltration capacity, soil moisture content, and both 
understory and over story vegetation cover in the 
paired watersheds for the last two years.  

One important factor that affects the amount 
of water yield and/or peak flow from precipitation 
is soil infiltration capacity.  The higher the soil 
infiltration capacity the smaller the amount of runoff 
produced from a particular amount of precipitation. 
Infiltration capacity in turn is influenced by soil 
physical characteristics such as texture, structure and 
composition, soil moisture content and soil vegetation 
cover.  These are the reasons for our measurements of 
these characteristics.  In addition to soil characteristics, 
understory vegetation composition and density 
are important determinants on the distribution of 
precipitation on a watershed (Simonin et al, 2007). 
The type composition and density of understory 
vegetation can strongly influence the partitioning of 
precipitation between infiltration, evaporation and 
surface runoff. Since both soil and vegetation cover 
may change with time, it is important that we establish 
adequate sampling plots and reliable methods for 
continuous measurement of the soil and vegetation 
cover characteristics in the paired study watersheds.

Understory vegetation composition has been 
measured using the methodology outlined in Barry’s 
book, Monitoring Vegetation Cover (Barry, 1999).  
Accordingly, we established sampling plots using 
50 meter transect lines that ran perpendicular to the 
watershed slope at a number of arbitrarily selected 
waypoints.  One square meter reference frames (or 
microplots) were established at three meters intervals 
along each transect. These reference frames served 
as the sampling plots for estimating the amount and 
composition of vegetation cover.  Percent cover was 
estimated visually for various specific ground cover 
conditions and types such as bare soil, gravel, rock, 
moss, which are grouped as total bare ground, and 
litter, non-woody vegetation and woody vegetation 
cover that are grouped as total ground covered. 
Altogether, there were nine transects established for 
sampling and measurement purposes during the 2011 
summer field season. The data points measured along 
each transect were tallied and averaged to produce 
the average understory composition for each cover 
type.  The ground cover of the paired watersheds, 

which are considered ponderosa pine forested areas, 
have on the average 70.6% litter cover which consists 
of fallen pine needles, cones, twigs and branches. 
The remaining part of the ground cover consists of 
11.67% bare ground, 11.42% non woody vegetation, 
a small part of rock fragments (<4%) and non woody 
vegetation.  

In addition to understory vegetation, canopy cover 
was estimated along each transect using a methodology 
outlined in Elzinga et al. (1998). We used the same 
50 meter transect plots established for estimating 
understory vegetation to estimate the amount of canopy 
cover over the study watersheds. The initial percent 
canopy cover so determined along each transect was 
estimated to be 50.7%. This estimate is validated by 
two other sources that report nearly similar canopy 
cover composition. The United States Geological 
Survey’s National Land Cover Database provides an 
estimated canopy cover of approximately 42% for the 
study watersheds (Homer et al, 2004).  Similarly, the 
United States Forest Service Terrestrial Ecosystem 
Unit map for the watersheds shows an estimated 
canopy cover of 41.66% that is mostly dominated by 
Ponderosa Pine type forest (USDA, 1995).  In general, 
the determined percent canopy cover composition was 
used to produce a preliminary estimate of the canopy 
interception values for the watersheds.

 Watershed Hydrological Data Gathering
Our ultimate purpose in the project is to study the 

hydrological impacts of prescribed fire or fire prevention 
vegetation treatments on the hydrology of forested 
watersheds in general, and the particular paired study 
watersheds in the Centennial forest in particular.  For this 
reason, it is important that we measure the hydrological 
attributes of the watersheds as much as possible. The 
hydrological variables measured are stream-flow, 
infiltration capacity, and soil moisture content.  Currently 
there are two gages measuring stream flow: one on each 
of the paired study watersheds. Both gauges consist of 
downward looking radar for sensing flow in the channel 
below. However, the technology has not been successfully 
used in the very ephemeral streams being gaged. A 
simpler gage was constructed in one of the watersheds 
in the fall of 2011 to obtain a clearer stream-stage signal 
from the downward looking radar; yet, to date the 
reliability of the weir has not been ascertained.  In spite 
of the situation, we do continue to fine tune the gages 
to produce reliable stream-flow measurements, while at 
the same time we continue to do more measurements on 
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soil infiltration capacity and soil moisture contents in the 
study watersheds.

The first infiltration capacity measurements 
were done in the summer of 2011. Since then many 
additional measurements have been done using a 
double ring infiltrometer to determine the maximum, 
average and constant infiltration rates throughout the 
study watersheds. On the basis of the measurements, 
the average saturated conductivity rate for the paired 
watersheds is determined to be 0.6 inches/hour.  This 
value is well within the established range of rates for 
loamy soils, which is between 0.11 to 0.8 inch/hour 
(Rawls et al 1998). 

In the second field season of 2012, we arranged 
nine additional infiltration waypoints that were also 
used as sites for time domain reflectometry (TDR) 
use to measure soil moisture content. The TDR works 
by sending electrical impulses down a probe driven 
into soils; and depending on the amount of soil water 
content, there is a difference in the impedance of 
returning impulses. In this way, the TDR measurements 
provide soil moisture estimates before and after the 
wet seasons in the area. Such estimates are useful for 
assessing the reliability of the developed model to 
estimate the distribution of precipitation water on the 
surface and below the ground.

WATERSHED HYDROLOGICAL MODELING
The main purpose of the project leading to this 

paper is to develop a model for estimating water 
yield and peak-flow from the study watersheds.  The 
Hydrological Engineering Center’s Hydrological 
Modeling System (HEC-HMS) model is used to do 
the job in this study. Through careful selection of sub-
routines that track the partition of precipitation on 
the surface and below the ground into infiltration and 
percolation, surface runoff and evapotranspiration in 
the study watersheds, we are able to determine water 
yield and peak flow amounts from both untreated 
and hypothetically treated versions of the study 
watersheds.  

In order to model water yield on a continuous basis, 
we have used the soil moisture accounting (SMA) 
method for estimating runoff-volume. The SMA 
method is an empirically fitted modeling approach 
that can use lumped or distributed parameters to 
estimate water yield during both wet (rain/snow) 
and dry conditions.  The SMA model partitions 
precipitation into a series of surface and subsurface 
storage layers that represent processes such as canopy 
interception, surface depression storage, soil storage, 
and groundwater storage and flow (Figure 2). The 
partitioning or distribution of precipitation among 

Figure 2. Schematic representation of a SMA Model (Bennett, 1998)
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these storage layers is represented by an array of 
flow equations that stand for infiltration, percolation, 
surface runoff, evapo-transpiration, and groundwater 
flow (Bennett, 1998).

In the model, both flow and storage parameters 
must be explicitly defined by the user. In the present 
modeling effort, the inputs used were obtained 
using field measurement, from archival sources and 
relevant literature.  Canopy interception estimates 
were based on weighted average of canopy storage 
capacity values for ponderosa pine, grassland, litter, 
and other relevant cover types. The composition of 
these cover units was obtained from the values for 
understory and over-story cover determined using a 
transect sampling method described previously in this 
paper. The average vegetation composition consisted 
of 45% Canopy and 55% understory.  The understory 
cover material consists of predominately litter (61%) 
and the rest divided between bare soil (11.53%), rock 
fragments (11.63%), non-woody vegetation (11.4%), 
and woody plants (4.27%). Using a weighting scheme 
derived from the proportional composition of these 
components we determined a weighted average 
surface interception capacity value of 0.09 inches of 
water for the study watersheds.

Surface depression storage is that part of 
precipitation retained to fill depressions before any 
surface flow occurs.  Such storage values are obtained 
from the Arizona Department of Water Resources 
State Standards for Hydrology of mountainous areas 
with vegetated surfaces. Accordingly, the estimated 
storage capacity value for the study site is 0.15 
inches (ADWR, 2007).  Interception and depression 
storages constitute the above ground partition layers 
of precipitation most or all of which may be lost due 
to evapotranspiration. 

 Other group layers of storages are subsurface 
ones. The first layer of this group is soil water storage. 
This storage layer represents the amount of water 
stored in the upper layer of the soil. The storage 
values for this layer are obtained from Rawls et al. 
(1998) which are determined on the basis of soil 
texture groups. The soil texture groups for the study 
watersheds are determined from the Forest Service’s 
Terrestrial Ecosystem Unit textural and soil depth data.  
Using such data, we determined the available soil 
storage amount to be approximately 8.8 inches. Using 
a method of calculation used by McEnroe (2010), the 
tension storage of the soil storage is estimated to be 

31.25% of the total 8.8 inches storage amount (which 
is 2.75 inches).  Since our interest in this paper is to 
determine the portion of precipitation that becomes 
runoff, subsurface storage beyond the soil layer and 
the corresponding percolation process are not relevant 
to the present modeling scheme.

Looking at the above, the important processes 
in the model are precipitation, infiltration, evapo-
transpiration, and runoff. The amount of infiltration 
is linearly related to the soil’s moisture storage 
capacity. The maximum infiltration rate used in the 
modeling process is determined from an adjusted rate 
of saturated conductivity value (ADWR 2007); and 
that value for the study watersheds is estimated at 1.1 
in/hr.  The evapotranspiration rate values used in the 
model are averages of measurements from three eddy 
flux towers located on or adjacent to the Centennial 
Forest.  The data from the instruments are compiled in 
the form of average monthly evapo-transpiration rates 
which are then converted to daily rates before they 
are subtracted from the storage layers during periods 
of no precipitation.  The precipitation input into the 
HEC-HMS model is obtained from SNOTEL data 
records; it is then incorporated into the model using a 
snowmelt subroutine to ensure that the input is in the 
form of water.

Evaluation Of Possible Treatment Scenarios
The first order of business in the modeling process 

was inputting pretreatment watershed data into the 
model to determine pretreatment water yield for the 
years 2010, 2011 and 2012.  Due to limitations of 
data from the eastern watershed, the model run for 
the pretreatment conditions used data only from the 
western watershed. In addition to see the possible 
impacts of forest fire or fire-prevention vegetation 
treatment on water yield, we run the model under a 
hypothetical scenario in which half of the vegetation 
cover was assumed to be absent. Under this assumption, 
all the canopy cover and understory litter, non-woody 
and other flammable vegetation would be reduced to 
50% of the pretreatment condition.  Likewise, the soil 
infiltration rates were adjusted to reflect the reduced 
vegetation cover. We also used the eddy flux data 
on evapotranspiration obtained from wildfire treated 
plots for the post-treatment modeling scenario.  All 
other parameter values except that of infiltration in 
the latter case remained the same as in the model for 
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the pretreatment scenario (See Table 1). The second 
modeling effort was made to represent a proxy forest 
thinning scenario, as was initially planned under the 
proposed project.

It is important to note that the results generated under 
both the pretreatment and hypothetical post-treatment 
scenarios are not compared to actual stream-flow 
measurements due to lack of adequate data. Therefore 
the results generated under both conditions are only 
model generated flows from the study watersheds.

RESULTS
Comparing the results of the hypothetically 

prescribed fire scenario with those of the pretreatment 
condition, we see changes in hydrological processes 
such as interception, infiltration, evapotranspiration 
and to some extent surface storage, as a result of 
vegetation treatment, leading to a net increase in 
water yield. This phenomenon has been well observed 
in numerous previous works such as that of Neary 
(2005, pg. 118), Leao and Tecle (2005), Leao (2005) 
to mention some. Other processes such as snow 
accumulation and melt may also be altered though 
the specific effect on water yield could be different 
depending on the openings created by vegetation 
treatment (Troendle and Leaf, 1980). In general, it is 
expected that forest fire burn or vegetation thinning 
of mountainous Arizona ponderosa pine forests may 
result in as much as 50 to 350% increases in water 
yield (Neary, 2005, pg113), while the increases in 
peak flow may be as much as 2,350 times of a historic 
high flows (Gottfried et. al. 2003).

As predicted there were definitive changes in 
infiltration rates and storages volumes with treatment.  

Input Parameters 
Treatment Scenarios 

Pre-treatment  Post-treatment 
Canopy Storage (in) 0.09 0.052 
Surface Storage (in) 0.15 0.15 
Infiltration (in/hr) 1.1 0.4 
Soil Storage (in) 8.8 8.8 

Tension Storage (in) 2.75 2.75 
 

Table 1. Input parameter values for pretreatment and hypothetical post-treatment conditions

The amount of infiltrated water decreased on the 
average by 17% per year under the hypothetical 
treatment scenario during the 2.5 year project duration.  
However because of decreases in canopy storage 
there was far more precipitation amount reaching 
the ground and becoming available for infiltration. 
This has led to an average increase of approximately 
1.02 inches in soil water storage under the treatment 
scenario.  Despite the small amount of increases in 
soil water storage, the decrease in interception volume 
with treatment also led to increased water availability 
for surface runoff.  On the average, there is an increase 
of 2.4 inches of precipitation under the hypothetical 
treatment scenario, which is partitioned between 
infiltration and runoff, thus increasing both amounts. 

To summarize, modeling with the increased 
precipitation resulted in an increase in water yield of 
approximately 25% during the 2010 and 2011 research 
period.  Likewise the modeling results during the first 
three months of 2012 shows a 248% increase in water 
yield (See column 4 in Table 2). These preliminarily 
estimated results fall within the range of the amount 
of increases of 50-350% found by the USDA Rocky 
Mountain Research Station (USDA, 2005). Based 
on these results, we can expect that a prescribed 
fire or forest treatment that takes out about 50% of 
the vegetation cover in the Centennial Forest may 
result in appreciable increases in water yield, at least 
temporarily.

SOME CONCLUDING REMARKS
This paper is a report of a preliminary analysis of 

a relatively new research project to explore the effects 
of forest fire or fire-prevention vegetation treatments 
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on water yield and peak flow from a pair of Ponderosa 
Pine forested watersheds.  The analysis made so far 
indicates that there is about 25% increase in water 
yield with a medium vegetation treatment level. The 
results, however, are based on hypothetical treatments 
rather than on actual treatments since the research is 
still in its initial pre-treatment period.  So, the main 
value of the work lies in demonstrating a successful 
application of the event-based HEC-HMS modeling 
system to a ponderosa pine forested watersheds in 
Northern Arizona.  The other value is reporting of 
an on-going paired watershed research project that 
measures and involves local climatic conditions, 
vegetation cover, soil characteristics and hydrological 
data. These data types were imputed into the model 
to arrive at the above results.  In the future, we plan 
to (1) treat one of the watersheds after the calibration 
research period to determine the similarity between 
the two watersheds is complete, (2) determine the 
actual impact of prescribed fire or fire prevention 
vegetation treatment levels on both water yield 
and peak flow, and (3) evaluate model reliability to 
achieve desired results. Only the impact of vegetation 
treatment on water yield is evaluated in this paper, 
and (4) we will continue our field work to collect 
more data on the necessary inputs into the HEC-HMS 
model to better represent the study watersheds so 
the model results would be more representative and 
reliable.  Additionally, we will refine the precision 
of the stream-gages to accommodate very low flows. 
In any case, the research project is very relevant as it 
addresses climate and watershed biophysical changes 
with time and space in evaluating the hydrology of 
forested watersheds.

Water Yield (Ac-Ft) 
1 2 3 4 

Year Pre-treatment Post-treatment  % Increase in water yield 
2010 156.78 195.96  24.99 
2011 68.34 86.04  25.89 
2012 6.43 22.4 248.37 

 

Table 2.  Model Water Yield (Ac-Ft/yr) results under both pretreatment and hypothetical  post-treatment scenarios
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AN OVERVIEW OF THE SIERRA ANCHA EXPERIMENTAL FOREST’S ROLE IN THE FREE-AIR 
CO¬2 ENRICHMENT LARGE WOOD DECOMPOSITION EXPERIMENT

Peter E. Koestner1, Karen Koestner2, Daniel G. Neary2, and Carl C. Trettin3

INTRODUCTION

Background: Duke University Free-Air CO2 
Enrichment (FACE) Study

The Duke University FACE facility is located near 
Chapel Hill, in Orange County, North Carolina on the 
eastern edge of the North Carolina piedmont. The initial 
prototype plot was established in June, 1994 and eleven 
additional treatment plots were activated in August 1996 
and operated until October, 2010 (http://face.env.duke.
edu/main.cfm). To date, 263 publications have reported 
on results from the experiment. CO2 enrichment was 
discontinued in October 2010 and the final harvest began. 
Trees for the decomposition study were harvested in early 
2011. Later that year, the logs of three diameter classes 
representing different positions of the bole were sent to 
cooperators in the Southern Research Station, Northern 
Research Station, Rocky Mountain Research Station, 
Pacific Southwest Research Station, and the Pacific 
Northwest Research Station to be incubated on site for the 
Face Wood Decomposition Experiment. 

Findings from the Duke FACE study showed that 
increased tree growth and changing soil chemistry 
and provided data to model of how forests will react to 
elevated CO2.  Water use efficiency and photosynthesis 
increased in trees grown under elevated CO2, while total 
water use remained unchanged. The increase in water use 
efficiency was achieved through increased photosynthesis, 
not through decreased stomatal conductance (Ellsworth et 
al. 1995). Enhanced photosynthesis was observed for 10 
years and the effect is more pronounced in current year 
needles than in older needles (Ellsworth el al. 2012). 
Nitrogen use efficiency increased as leaves acclimated to 
the increased CO2 and one year-old needles allocated less 
nitrogen (N) to Rubisco, a major user of plant N (Crouse 
et al. 2008). Net primary productivity, growth rate, litter 
production and fine root production were all increased in 
elevated CO2 conditions (DeLucia el al. 1999). Though 
growth and photosynthesis were increased overall, 
wintertime photosynthetic activity decreased compared 
to trees grown in ambient conditions, indicating increased 
overwintering stress for trees grown in the elevated CO2 

environment (Hymus et al. 1999).Trees grown in elevated 
CO2 also reached reproductive maturity at a younger age 
and produced more seeds and cones than their ambient 
counterparts (LaDeau and Clark 2001). 

Allen el al. (2000) observed that elevated CO2 
increased carbon input into the soil, but also increased 
belowground respiration thereby accelerating carbon 
losses. Similarly, it was found that increased allocation 
of carbon (C) underground enhanced microorganism 
activity and accelerated decomposition and tree N uptake, 
thus creating a positive feedback. On the ecosystem-
level, tree mass was the main C sink while soil was not 
a significant C sink (Drake et al. 2011). Hofmockel et al. 
(2011) observed that in elevated CO2 plots tree N sources 
shifted to the increased N mineralization in the organic 
and 0-15 cm soil horizon and to deeper rooting to maintain 
the increased growth.

 Throughfall volume decreased as did the deposition of 
ammonium nitrogen, nitrate nitrogen, and hydrogen ion. 
Deposition of dissolved organic C and potassium increased 
(Lichter et al. 2000). At a depth of 200-cm soil solution 
cation concentration increased 271%, alkalinity increased 
162%, and silicon concentration increased 25%. The 
flux of dissolved inorganic C to ground water increased 
33% (Andrews and Schlesinger 2001). Microarthropod 
abundances deceased in the litter of elevated CO2 plots, 
through this decrease was only significant in the oribatid 
mites. Though populations were smaller, the increased 
volume of litterfall increases microarthropod habitat and 
decreases habitat desiccation which should help mite 
populations rebound (Hansen et al. 2001). 

DECOMPOSITION
Large woody debris is an important component of 

forest biomass and plays many critical roles including 
preventing erosion, providing habitat for small mammals 
and birds, and providing a food source for arthropods 
and microorganisms. Despite having many important 
ecosystem functions, and being a major pool of detrital 
biomass and C sink, there is an inadequate understanding 
of factors influencing decomposition of large woody 
debris and no mechanistic models to represent decay 
across the United States. There are many factors affecting 
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wood decomposition including: leaching, fragmentation, 
seasoning - a process of drying and shrinking in arid 
environments, respiration, and biological transformation. 
The FWDE provides the unique opportunity to examine 
all these processes with a common substrate across a 
wide range of climatic conditions.  

The addition of the Sierra Ancha Experimental Forest 
to the FWDE provides several benefits to the study. It is 
one of the dryer sites with average annual precipitation of 
834 mm (Gottfried and Neary 2001). It also has 10 years 
of climate data. It is estimated in the forests of Arizona 
that there are between 0 and 20 Mg/ha of large woody 

debris (Woodall and Monleon 2008). Understanding 
the processes influencing of the decay of this material is 
important for forest managers, especially in the face of 
climate change as rates of decomposition will likely be 
changing as well as inputs of new material.

METHODS  
The study uses nine different field sites across the 

United States in order to represent a wide range of 
climatic conditions (table 1).

There are a total of 48 Pinus taeda logs at each study 
site; twenty four logs grown in ambient CO2 and 24 grown 

Experimental 
Forest  State Physiographic 

Setting Ecoregion MAP 
(mm) 

MAT 
(C) 

Elevation 
(m) Station 

Santee  SC Coastal Plain Warm temperate moist 
forest 1350 18 0-10 SRS 

Duke Forest NC Piedmont Warm temperate moist 
forest 1200 15 200 Duke 

University 

Coweeta  NC Mountain Warm temperate wet 
montane forest 1650 11 806 SRS 

Marcell MN Glacial Plain Warm continental 780 3.3 250 NRS 

Sierra Ancha AZ Mountain Tropical/subtropical steppe 
mountain 

410-
850 7 1460-

1830 RMRS 

Tenderfoot 
Creek MT Mountain Temperate steppe 

mountains 810 5 1800-
2400 RMRS 

Fraser CO Mountain Cold temperate subalpine 
wet forest 584 .5 2680 RMRS 

San Dimas CA Mountain Mediterranean mountain 200 9.9 5100-
8415 PSW 

Andrews OR Mountain Marine Mountain 2500 1.8 1350-
5300 PNW 

Table 1 FWDE sites; all of the sites are part of the Forest Service’s Experimental Forest network except the Duke Forest (Trettin et al. 2011)

Figure 1. Vertically mounted logs Figure 2. Horizontal log with soil gas probe
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in elevated CO2. The logs in each treatment are from trees 
cut into six sections. Since the log size and position in 
the bole are known to influence decomposition, there are 
three bole positions represented; upper, middle and lower. 
Half of the logs in each size class are mounted vertically 
to decompose like standing dead trees (figure 1), and half 
are placed on the ground to decompose as downed trees 
(figure 2). In addition, soil gas and soil water are sampled 
under 6 vertical and 6 horizontal logs. Soil temperature 
is measured in one location. Volumetric water content is 
measured in 6 logs, and temperature is monitored in 4 
logs. Volumetric water content is measured with a CS616 
and temperature is measured with a CS 107 (Trettin et al 
2011). 

RESULTS AND DISCUSSION 
There are few results to report in the first year of 

monitoring of this long term study. Based on personal 
observations the vertical logs are beginning to dry and 
shrink, the collars fitted to hold them up have needed to 
be tightened. The bark on the vertical and horizontal logs 
is beginning to slough off. And the horizontal logs are 
beginning to incorporate into the soil. So far none of the 
logs are showing significant insect damage. 

The vertical and horizontal logs decompose at 
different rates because they are exposed to different 
microenvironments. The vertical logs are more exposed 
to wind and sun, and may experience greater daily 
temperature fluctuations. The horizontal logs are moister 
because they are adjacent to the litter and soil.

CONCLUSION
Long term research such as the FWDE is essential 

to gaining a full understanding not only of how 
biogeochemical factors affect decay, but also how 
climate change will affect forest ecosystems and 
nutrient cycling. The Forest Service’s experimental 
forest network is a great asset for long term research 
projects. In addition to the variables being monitored 
on the FWDE site at the Sierra Ancha Experimental 
Forest there is another long term study located two 
hundred meters away which is monitoring weather and 
canopy conditions. The information it provides will be 
able to complement the data collected on the FWDE. 
In order to answer questions about phenomena such as 
decomposition or climate a commitment to long-term 
research is required. Not only does long-term research 
answer long-term questions, it also can provide an 
anchor for other research. When certain infrastructure 
is in place such as weather monitoring stations, other 

short term research projects are easier to establish and 
provide can provide answers.
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CUMULATIVE EFFECTS OF WATERSHED MANAGEMENT 
IN ARIZONA AND THE SOUTHWEST

Peter F. Ffolliott1

Cumulative watershed effects (CWEs) are changes in 
watershed processes that are influenced by management 
practices and other land-use activities on a watershed.  
Evaluation of CWEs presents a challenge to watershed 
managers and the users of the natural resources on a 
watershed landscape.  It is important, therefore, that 
watersheds be managed in such a way that the combination 
of management practices and land-use activities do not 
significantly impact on beneficial uses of these resources.  
The uses of natural resources on watersheds in Arizona 
and the Southwest are often compatible with efforts to 
sustain or increase streamflow volumes.  Reductions of 
forest cover for water-yield maintenance or improvement 
can also increase herbage (forage) production, benefit 
some wildlife species, and reduce fire hazards (Baker 
1999, Baker and Ffolliott 2000, and others).  However, 
the same reductions in forest cover can also be detrimental 
to other wildlife species and scenic beauty. A watershed 
manager in collaboration with the managers of other 
natural resources including foresters, rangeland specialists, 
and wildlife managers need to find a balance between the 
management of water resources and the effects of these 
practices on other natural resources.

ENVIRONMENTAL RELATIONSHIPS
Most management practices and land-use activities on 

a watershed change the character of vegetation and soils; 
import and remove water, sediment, and chemicals; and 
introduce pathogens and heat.  As these environmental 
parameters change, the processes associated with the 
transport of water throughout a watershed also change 
and, in doing so, alter the production of water, sediment, 
chemicals, and other natural resources.  Comprehensive 
reviews of how these changes in environmental 
relationships affect the generation and transport of these 
watershed products in a general context are found in 
Sidle and Hornbeck (1991), Reid (1993), MacDonald 
(2000), and others.  The focus of this paper is to review 
how changes in these relationships affect watersheds in 
Arizona and the Southwest.

APPRECIATION OF CUMULATIVE 
WATERSHED EFFECTS

People can gain a better appreciation of the spatial 
and temporal effects of management practices and 

land-use activities and their effects on the production 
of water, sediment, and chemicals by recognizing the 
CWEs involved.  However, to understand CWEs requires 
knowledge of how watershed management and land-
use activities influence the diversity of environmental 
parameters that alter the controlling processes on 
watershed landscapes and all of the interactions therefrom.  
Many of these relationships are known in Arizona and 
the Southwest (Baker and Ffolliott 1998, 2000, Baker 
1999, and others) and, as a consequence, some of these 
interactions are either qualitatively or quantitatively 
predictable.  Importantly, an interdisciplinary approach 
of incorporating geomorphology, hydrology, and ecology 
into management practices and other land-use activities 
an understanding of the impacts that CWEs have on 
streamflow volumes, water quality, riparian communities, 
and groundwater resources in the region.

STREAMFLOW VOLUMES
Sustaining or increasing streamflow volumes has 

been and continues to be paramount in the management 
of watershed landscapes in Arizona and the Southwest.  
Overland flows of water, their timing, and their 
transport through a watershed-system are all affected 
by environmental changes brought about by vegetation 
management practices and land-use activities on the 
watershed.  Changes in vegetative composition, relative 
density, and age structure that occur through management 
and land use affect ET losses and, as a consequence, 
streamflow volumes and the timing streamflow discharge 
(Brooks et al. 2003, Ice and Stednick 2004).  Depending 
on the extent that a watershed is affected by planned or 
unplanned modifications of the vegetative cover and the 
antecedent soil moisture conditions at the time of the 
changes, these changes can also increase peak stormflows.  
However, alterations of streamflow regimes can also 
result by other vegetative management practices that 
are implemented for other purposes such as harvesting 
timber or implementing silvicultural cuttings; converting 
a forest overstory to herbaceous vegetation to increase the 
production of forage; or improving wildlife habitats by 
changing the spatial arrangement of trees.  These impacts 
can also occur indirectly as a consequence of other 
activities as discussed below.

1 Universuty of Arizona, Tucson, Arizona
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Many watersheds in Arizona and the Southwest 

have been exposed to the devastating wildfires 
with their hydrologic functioning changed as a 
consequence (Campbell et al. 1977, Ffolliott et al. 
2011).  For example, the burning of some plant species 
has released volatile oils that coat soil particles to 
form water-repellent layers in the soil (DeBano 2000). 
Overland flows of water rates often increased when 
the hydrophobic effects were widespread.  Flood 
peaks have also increased, low-flow discharges 
lowered still further, and available soil moisture for 
plant growth decreased.  Elsewhere, the construction 
of stock tanks and the surface cavities created by the 
uprooting trees and shrubs in many of the vegetative 
conversion treatments aimed at increasing streamflow 
volumes can change the flows of surface runoff 
leaving watersheds by increasing the area of water 
surface susceptible to evaporation.

Livestock grazing remains a common land use on 
many watersheds in the region. However, trampling 
by excessive number of livestock can compact the soil 
surface and, as a consequence, alter the hydrologic 
properties of the watersheds (Brooks et al. 2003, Ice and 
Stednick 2004).  For example, physical disturbances 
by scarification have increased soil permeability and 
its infiltration capacity. The accompanying increases 
in soil surface roughness slow surface runoff and allow 
it more time to infiltrate. Increased infiltration in turn 
decreases streamflow volumes and peak stormflows 
and increases low-flows by providing more water for 
the ET process. Unsurfaced roads and construction 
sites that are associated with many management 
practices and land-use activities are often highly 
compacted and, as a result, have generated increases 
in overland flows of water and ultimately streamflow 
volumes.

WATER QUALITY
Management practices or land-use activities that 

change the volume or timing of streamflow have 
often affected the rates of sediment and chemical 
transport from a watershed because the transportation 
of sediments and chemicals is largely dependent on 
water movement.  Timber harvesting, silvicultural 
cuttings, or wildfire have caused short-term increases 
in the concentrations of sediments and chemicals 
in streams (Baker 1999, Brooks et al. 2003, Ice and 
Stednick 2004).  Roads, trails, and other corridors are 
also problematic with respect to soil erosion because 
of the exposure to erodible soil and subsoil by their 
presence, reduced infiltration of water on the corridors 

surfaces, increased cutslopes and fillslopes, and 
concentration of overland flows from precipitation 
excess and the interception of subsurface flow.

Some management practices and land-use activities 
have altered chemicals by causing them to interact 
with the environment in different ways.  For example, 
increases in nitrogen (N) concentrations can result from 
reduced N uptake, increased subsurface flow, increased 
changes of N to leachable forms, or increased decaying 
organisms. Other activities that contribute to these 
mechanisms such as prescribed burning treatments 
or herbicidal applications have had generally similar 
effects.  Vegetative conversions change the spatial 
distribution of the resulting N mineralization because 
the plants lend different mineralization potentials to 
the soil.  Chemicals reaching stream channels are 
redeposited in downstream reservoirs where dissolved 
pollutants concentrate if ET rates are high.

RIPARIAN COMMUNITIES
Physical, chemical, and biological connections 

between upstream and downstream riparian 
communities largely determine the downstream 
impacts of disturbances caused by management 
practices and land-use activities on upstream 
watersheds.  Physical connections are often expressed 
by streamflow and sedimentation responses, chemical 
connections by losses in nutrients and other chemicals, 
and biological connections by organic debris (Baker et 
al. 2004, Ffolliott and Stropki 2007).  These and other 
physical, chemical, and biological constituents move 
downstream by pluses in ephemeral stream systems 
while these pluses are less episodic in perennial streams.  
Changes in downstream (riparian) ecosystems from 
the movement of these constituents lag behind the 
casual processes on upstream watersheds and riparian 
corridors.  While the timing of this lag is difficult to 
predict, it is controlled largely by the volume, velocity, 
and timing of upstream flow regimes.  Downstream 
hydrologic alterations, changes in water quality 
characteristics, and modification in the character of 
aquatic habitats are among the consequences of the 
impacts.

Managerial efforts continue to be placed on 
sustaining the health of the riparian communities 
in Arizona and the Southwest including the 
rehabilitation of riparian communities not functioning 
properly (Baker and Medina 1997, Baker et al. 1998).  
Watershed-related research has shown that many 
degraded but still resilient riparian ecosystems can 
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be rehabilitated through alterations in human-induced 
activities in riparian corridors such as the cutting of 
trees, grazing of livestock, or developing recreational 
sites that have often resulted in ecosystems functioning 
improperly.

GROUNDWATER RESOURCES
The development of groundwater resources including 

the construction of wells when surface-water resources 
are insufficient to meet the demands that are placed on 
the limited surface water in the region must be carefully 
planned and implemented within an integrated watershed 
management framework (Gregersen et al. 2007) while 
recognizing the CWEs of these actions on the watershed 
landscape.  Linkages of surface water to groundwater 
aquifers (Wirt and Hjalmarson 2000) and the effects of 
changes of vegetation covers on groundwater resources 
are key to achieving these goals.

Streams that originate on high-elevation (mountain) 
watersheds in Arizona and the Southwest have little 
connection with groundwater because of the relatively 
thin soils on the bedrock formations  A more common 
connection is associated with the lower-elevation streams 
and their riparian corridors including the exchange of 
water through the hyporheic zone.  The groundwater 
contribution to a stream is difficult to quantify, however, 
because observations suggest that the water moving 
in a stream is largely surface water. Groundwater that 
seeps into a stream system provides the baseflow for 
the few perennial streams in the region (DeBano et al. 
2008).  If the water table drops because of excessive 
evapotranspiration losses or pumping of the groundwater 
aquifer, both of which continue to occur in the region, the 
baseflow of these streams will also drop and the affected 
streams will become the more commonly encountered 
ephemeral systems. Therefore, the linkages between 
surface water and groundwater resources must be known 
so that actions such as flood control and artificial recharge 
are coordinated

SUMMARY
People can better appreciate the spatial and temporal 

relationships of management practices and other 
land-use activities and their effects on the production 
of water, sediment, and chemicals in a watershed by 
considering CWEs.  To understand CWEs, however, 
requires knowledge of how the management practices 
and land-use activities influence the environmental 
parameters that in turn alter the controlling watershed 
processes and all of the interactions therefrom.  

Many of these relationships are known in Arizona 
and the Southwest and, as a consequence, some of 
these interactions are qualitatively and quantitatively 
predictable. Nevertheless, incorporating hydrology, 
geomorphology, and ecology is needed to better 
understand the cumulative watershed effects of 
watershed management.
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THE SEVEN SPRINGS EXPERIMENTAL GRASSLAND WATERSHEDS

Gerald J. Gottfried1 and Peter F. Ffolliott2

Water is a critical resource in the Southwestern United 
States. The demands for reliable regional water sources 
have always been present but are increasing as the human 
population continues to grow, especially in the Metro-
Phoenix Area, which once supported Sonoran Desert 
ecosystems. While much of the land has been converted 
from farming to houses and other urban developments 
that use less water, the need for a reliable water supply 
is not diminished. The Phoenix Area’s main supply of 
surface water is the Salt-Verde River System. These two 
rivers originate in the mountains to the north and east 
of Phoenix in a region known as the Central Arizona 
Highlands. These mountains, which receive more 
annual precipitation than the deserts, are covered with 
ponderosa pine (Pinus ponderosa) and mixed conifer 
forests, mountain grasslands, pinyon-juniper woodlands 
and chaparral scrublands. These vegetation types sustain 
high quality streamflow, forest resources, forage, wildlife, 
and provide recreational opportunities for the populations 
of neighboring urban centers and are managed under the 
concept of multiple use.  Several dams and reservoirs have 
been created on each river to capture surface runoff and to 
distribute it to the communities below.

The Arizona Watershed Program was initiated by 
public agencies and private groups interested in obtaining 
more water for future growth while maintaining the 
state’s watersheds in good condition (Ffolliott 1999). The 
objectives were to determine if vegetation manipulations 
could produce additional runoff without producing 
negative impacts on other watershed resources. A research 
program was begun by the Rocky Mountain Forest and 
Range Experiment Station of the U.S. Forest Service 
and its cooperators to determine if surface runoff can be 
increased and if treatments imposed will impact other 
watershed resources. Streams in these vegetation types 
were instrumented with weirs and flumes and supplemental 
ecosystem data were collected. The forest and woodland 
vegetation types received the initial emphasis because 
several management options were available to manipulate 
the natural cover. Hibbert (1981) reported that potential 

annual water yield increases could range from less than a 
half inch in the pinyon-juniper woodlands to 3 to 4 inches in 
the mixed conifer forests. However these increases would 
be reduced by multiple use considerations. Watersheds in 
other vegetation types were also instrumented including 
the two Seven Springs Watersheds in the grasslands of 
eastern Arizona. The objective of this paper is to review 
the history of research on these watersheds, and add some 
additional information and analyses.

THE HIGH ELEVATION GRASSLANDS
High elevation grasslands occur above 9,000 ft. in the 

White Mountains of eastern Arizona where they cover 
about 80,000 acres in large continuous blocks. These 
grasslands contain islands of mixed conifer forests and 
are surrounded by mixed conifer forests. Thompson and 
others (1976) estimated, based on Schmidt’s (1972) snow 
transport model that snow particles would completely 
sublimate during 1,800 ft. of air travel under average 
snow-season climatic conditions at Seven Springs. They 
calculated that accumulating this blowing snow behind 
shelterbelts or snow fences would increase average water 
yields from the grasslands by approximately 10,000 acre-
feet a year. Hibbert (1981) was less optimistic about these 
potential increases in water yields from the grasslands 
because of concerns about visual quality related to snow 
fences in scenic areas and to questions about the validity 
of Schmidt’s equations for Arizona conditions.

THE SEVEN SPRINGS EXPERIMENTAL 
WATERSHEDS   

The paired experimental watersheds on the East and 
West Forks of Seven Springs were instrumented by the 
Rocky Mountain Forest and Range Experiment Station 
(now the Rocky Mountain Research Station) and the 
Apache National Forest in 1964 (now the Apache-
Sitgreaves National Forests) as part of the Arizona 
Watershed Program. A 1200 V-notch weir was constructed 
on two adjacent drainages. The objective was to learn more 
about the hydrology of these high-elevation grasslands 

1 Rocky Mountain Research Station, U.S. Forest Service, Phoenix, Arizona.
2 School of Natural Resources and the Environment, University of Arizona, Tucson, Arizona.
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and about the feasibility of increasing streamflow by 
using windbreaks, such as snow fences as was done in 
Wyoming or, alternatively, of creating tree shelterbelts. 
Much of the information from Seven Springs was 
summarized by Thompson and others (1976). The 
watersheds are east of Big Lake, Arizona and 11 miles 
south of Springerville, Arizona. The procedure followed 
in a paired watershed study is that one watershed is 
treated, by windbreaks in this situation, and the other 
is left untreated as a hydrologic control after a suitable 
calibration period.  

     Elevations at Seven Springs range from about 9,200 
ft. to 9,765 ft. The East Fork watershed covers 748 acres 
and the West Fork watershed covers 482 acres (figure 1). 
The plant cover is dominated by Arizona fescue (Festuca 
arizonica) and includes mountain muhly (Muhlenbergia 
montana), pine dropseed (Blepharoneuron tricholepis), 
and longtongue mutton bluegrass (Poa longiligula). The 
watersheds are underlain by 4,000 to 8,000 ft. of Tertiary 
basalt. Volcanic cinders cones, such as Rudd Knoll at 
the top of the watersheds, are a predominant feature of 
the landscape (figure 1). Grassland soils are generally 
12 to 32 inches deep. Surface soils are gravelly loams or 
gravelly sandy loams.  

A weather station was established near the confluence 
of the two stream channels. Snow courses were 
established perpendicular to the channels to determine 
snowpack water conditions. (Figure 1). Data from Seven 
Springs was often compared to data from the gauged 
mixed conifer forested watershed at Burro Mountain 
which was operated by the Apache National Forest as 

an administrative inventory site. The watersheds are 
inaccessible to regular vehicles in the winter because 
of the continuous and deep snowpack but were visited 
regularly during the study using mechanized over-snow 
equipment.

The objective of this paper is to review the Seven 
Springs record and to add some additional information 
and analyses. The 1976 paper by Thompson and others 
provides the basis for much of the information. Additional 
information comes from the files of the Rocky Mountain 
Research Station in Flagstaff. The snow fences were 
never constructed at Seven Springs because of projected 
construction costs and the feeling that the fences in this 
important tourist travel corridor to Big Lake would not 
be esthetically pleasing. It should be noted that snow 
fences, using a design which allowed them to be laid 
down during the summer, were eventually constructed in 
the adjacent grasslands along scenic Arizona Highway 260.

WEATHER DATA
The weather station at Seven Springs was established 

in 1964 with instruments to measure precipitation, 
temperature, wind speed and direction, and evaporation. 
Average annual precipitation (with standard deviation) 
between 1964 and 1979 was 16.7 ± 2.4 inches. While 
these watersheds are usually associated with snow 
cover, almost two-thirds of the annual moisture occurs 
during the summer monsoon period from June through 
September. Greatest precipitation occurred in the 1973 
and 1979 water years (October-September) when 19.5 
and 20.6 inches were measured, respectively. The 
average winter wind speed during the first 10 years 
was 10 miles per hour but gusts of 50 to 65 mph were 
common. The predominant wind direction was from 
the southwest quadrant with 65 percent of the winds 
originated in the south, southwest and west quadrants 
(Thompson and others 1976). Minimum temperatures 
between December and March for the initial period first 
were 11 to 150 F.

 Since wind is such an influence on snow 
accumulations, snow characteristics were measured 
on sample points located on 5 permanent transects on 
each watershed throughout the winter. There were 36 
points on West Fork and 41 points on East Fork. The 
federal snow tube was used to measure snow depth and 
water equivalents. Surveyors travelled by snowshoe or 
occasionally worked from the back of the snow machine. 
There were between one and five surveys in a year. 
Not all points or watersheds were visited during a trip 
because of logistics and time constraints. A comparison 

Figure 1.
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of snow data for common dates between 1968 and 1976 
is presented in Figure 2. There appears to be a good 
relationship between the measurements on the two areas 
although these data were not compared statistically.

STREAMFLOW
Streamflow for the two watersheds compared well 

(Figure 3) with a coefficient of determination (r2) 
value of 0.87. The linear regression is statistically 
significant. Better relationships between watersheds 
have been determined for neighboring mixed conifer 
covered watersheds, for example, the relationship 
between the South Fork and North Fork of Thomas 
Creek was 0.99 (Gottfried 1991). Several regression 

models were tested with the Seven Springs streamflow 
data in an attempt to better account for the two years 
of high flows; however, none of the models improved 
the r[ value appreciably. Average annual runoff (with 
standard error) was 3.36 ± 0.84 inches for East Fork 
and 3.29 ± 0.83 inches for West Fork. Average winter 
runoff amounts are equivalent to 95 percent and 99 
percent of the annual flow, respectively. Streamflow 
measurements at East Fork were slightly higher 
than West Fork for the same weather station record. 
Greatest winter streamflow occurred in the wet years 
of 1973 and 1979 when East Fork yielded 10.91 and 
11.49 inches and West Fork yielded 9.87 and 9.81 
inches, respectively. Winter precipitation for those 
years was 14.15 and 12.84 inches.

A comparison of annual streamflow with 
annual precipitation indicates that 14 percent of the 
precipitation eventually becomes streamflow with the 
r2 values of regressions for these two variables are 
0.44 and 0.48. Approximately 17 percent of the annual 
precipitation at Burro Mountain runs off. If part of 
the precipitation at Seven Springs is never measured 
because of winds and sublimation, the average runoff 
could be just 10 percent (Thompson and others 1976). 
If the relationship between winter precipitation and 
winter runoff is examined, the r2 values are improved 
to 0.66 for West Fork and 0.86 for East Fork.

Thompson and others (1976) graphed the 
relationship between elevation and precipitation 
for four gauged forested watersheds on the Apache-
Sitgreaves National Forests and for Seven Springs. 
Seven Springs at 9,200 ft. had an annual precipitation 
of 22.1 inches (in 1975), less than any of the other 
areas (Figure 4). They concluded that the Seven 

Figure 2.

Figure 3.

Figure 4.
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Springs weather station is not measuring the total 
moisture input because of high winds. Thompson and 
his associates suspected that the gauge was reading 30 
percent low and that actual precipitation could be 6 to 
8 inches greater. They compared snowmelt generated 
runoff accounts between Seven Springs and Burro 
Mountain. Ninety-six percent of the annual streamflow 
at Seven Springs and 80 percent of the annual runoff 
from adjacent forested watersheds could be related 
to snowmelt. The difference can be attributed to 
frozen soils at Seven Springs that reduce infiltration 
and produce rapid surface runoff. Some hydrologists 
also were concerned that the two weirs discharged 
flows into the prevalent strong winds that could affect 
streamflow stage heights and flow velocities.

WHERE ARE THE TREES?
There is a sharp divide between trees and the 

grasslands on the windward sides of the larger cinder 
cones. However, there appears to be a continuum 
between trees and grasslands on the lee-sides of hills 
and on relatively low cinder cones that support trees 
on all sides. Thompson and others (1976) attempted 
to determine the reason for the lack of trees on some 
sites. Grassland soils are relatively shallow, about 12 
to 32 inches deep, compared to forest soils which are 
between 12 and 48 inches deep. These researchers 
found some significant differences between grassland 
and forest soils but they were not sufficiently different 
to affect vegetation. They believed that soil moisture 
controlled the vegetation differences because of high 
summer evaporation in the grasslands, sublimation 
of snow in winter, and the absence of barriers to trap 
snow and reduce sublimation.

Thompson and his associates attempted to create 
natural windbreaks by planting containerize seedlings 
in the grassland in 1974. They used Arizona native 
Engelmann spruce (Picea engelmannii) and blue spruce 
(P. pungens), and introduced species such as Scotch 
pine (Pinus sylvestris), Austrian pine (P.nigra), and 
limber pine (P. flexilis). Limber pine is not common in 
Arizona and is mainly found in the Rocky Mountains 
to the north. An overall average of 76 percent survived 
the first growing season and 60 percent survived after 
two growing seasons. However, the trees did not grow 
appreciably because of bud loss due to drought or frost 
and to low vigor. Gophers (Thomomys spp.) killed 19 
percent of the trees. A cursory visit to the site in the 
mid-1990s did not indicate many surviving trees. The Seven 
Springs installations were decommissioned in 1979.

CONCLUSIONS
The high-elevation grasslands of eastern Arizona 

are an important component of the state’s landscape. 
Watershed managers considered the 80,000 acres of 
snowpack as a potential source for additional water 
for the Salt-Verde River System. The Seven Springs 
Watershed Experiment was designed to increase an 
understanding of grassland hydrology and, eventually, 
to test methods of trapping more snow and reducing 
sublimation losses. Although the watersheds were 
never treated, they did provide interesting information 
about the hydrology of the high elevation grasslands. 
Thompson and others (1976) summarized the first 
10 years of information from the watersheds, and 
this paper attempts to supplement the record with 
additional analyses and data that were collected before 
the installations were closed in 1979.
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MONITORING THE EFFECTS OF AIR-QUALITY ON FORESTS: AN OVERVIEW OF THE SIERRA 
ANCHA EXPERIMENTAL FOREST ICP-LEVEL II SITE

Peter E. Koestner1, Karen A. Koestner2, and Daniel G. Neary2

ABSTRACT
The Sierra Ancha International Cooperative Program 

on Assessment and Monitoring of Air Pollution Effects 
on Forests study site or (SAEF-ICP II) is part of an 
international network of cooperative forest monitoring 
sites spread throughout Europe and the United States.  
The United Nations Economic Commission for Europe 
established the ICP II network in 1985 to monitor 
long-term effects of transboundary air pollution. The 
Sierra Ancha Experimental Forest was chosen to be a 
part the U.S.’s network because it is the southernmost 
Experimental Forest in the contiguous U.S., and because 
it is downwind from a major metropolitan area, Phoenix, 
Arizona. The site monitoring includes forest overstory 
growth, crown condition, foliar chemistry, understory 
vegetation, litterfall, soil chemistry meteorology, ozone, 
and deposition.  This paper provides an overview of the 
ICP forest network, and discusses the research currently 
underway at the Sierra Ancha ICP II site.  An overview 
of the challenges encountered while implementing ICP 
Level II monitoring will also be included.

INTRODUCTION
Background: ICP Forest Monitoring

In 1985, the United Nations Economic Commission 
for Europe under the Convention on Long-range 
Transboundary Air Pollution established the International 
Co-operative Program on the Assessment and Monitoring 
of Air Pollution or ICP forest network in response to 
the deterioration of tree crowns observed across Europe 
attributed to air pollution.  Research has shown the negative 
impacts of ozone and nitrogen deposition on forest health 
and site productivity (Hadwiger-Fangmeier et al. 1994, 
Aitken et al. 1984). Today 41 European countries as well 
as the United States and Canada participate in the ICP 
forest monitoring network.  The ICP network provides 
information on the effects of air pollution on ecosystems, 
vegetation, fresh waters, and human health (ICP Forests 
2011).   There are two different types of monitoring plots 
within the ICP forest network, Level I and Level II.

Currently there are 6000 Level I monitoring plots 
and 800 Level II plots across Europe. Level I and Level 
II monitoring plots serve very different functions by 
monitoring forest condition at different intensity levels 
(ICP Forests 2011). The more abundant Level I monitoring 
plots are designed to provide an overview of forest health 
conditions.  These sites are located on a transnational 16 
x 16 km grid across Europe.  The Level II monitoring 
plots are more intensive, designed to understand causal 
relationships impacting forest ecosystems and determine 
the effects of different stressors on forest conditions. 

ICP monitoring program in the United States was 
initiated in 2007 with the selection of 18 experimental 
forests for the establishment of ICP Level II plots (ICP-
II).  The U.S. already had a corollary to the ICP Level I 
monitoring, called Forest Inventory and Analysis National 
Program (FIA). FIA has been compiling forest inventory / 
condition data since 1930 (Forest Inventory and Analysis 
National Program 2011).  The U.S. sites, FIA plots and 
the newly established ICP-II plots, are managed by 
the Research and Development arm of the U.S. Forest 
Service. The addition of the ICP-II monitoring plots is 
an attempt at implementing the intensive monitoring 
established in Europe, and extending the transnational 
monitoring network to North America.  The Sierra Ancha 
Experimental Forest was selected as one of the US ICP-II 
sites because it is the southern-most experimental forest 
in the United States and it is downwind from the major 
metropolitan area of Phoenix, Arizona.

SIERRA ANCHA ICP II SITE   
The site is located ~40 km (~25 miles) North-Northwest 

of Globe, Arizona in the Sierra Ancha Mountains in the 
Workman Creek watershed (Figure 1). The Sierra Ancha 
Experimental Forest (SAEF) was established in the 1930’s 
to study watershed management.  Three watersheds that 
drain into Workman Creek, a perennial stream within the 
SAEF, were equipped with flow gauges in 1939 to study 
the hydrology of mixed conifer forests and the possibility 
of increasing water yields by manipulating forest stands 
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(Rich and Gottfried 1976). These treatments were 
implemented between 1953 and 1969, and the study was 
terminated in 1980.  However, following a major wildfire 
in 2000, the Coon Creek Fire, monitoring at Sierra Ancha 
was re-initiated to observe post-fire watershed responses. 

The study area is situated in mountainous terrain 
at an elevation of approximately 2,200 m (7200 ft) 
on a northern aspect with a mild slope (<10%).  The 
average annual precipitation at the site is 84 cm (33 in).  
The overstory is predominantly ponderosa pine (Pinus 
ponderosa); Gambel oak (Quercus gambelii) and New 
Mexican locust (Robinia neomexicana) are also present. 
The ICP-II monitoring installations are located on the 

South Fork of the Workman Creek watershed which was 
mostly cleared during the water yield experiments (Rich 
and Gottfried 1976).  Since then the forest has recovered 
and is typical of the ponderosa pine vegetation type.

METHODS
Site selection for the ICP-II monitoring plot within the 

Sierra Ancha Experimentation Forest occurred in 2008. 
The principal requirements are an area with minimal 
slope, typical forest type and structure for the area, and 
an adjacent open area (meadow) for meteorological 
monitoring).  In 2009, the majority of required 
instrumentation was purchased and site infrastructure 

Figure 1. SAEF ICP-II site location.

Figure 2: ICP Level II site layout with sampling type and location 
key. 
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was installed (Figure 2).  Sampling began in 2010.  The 
crown condition survey and initial growth and yield 
measurements were completed.  The full implementation 
of the ICP-II monitoring is planned to be completed 
during the summer and fall of 2011.

The SAEF ICP-II site uses protocols provided by 
the ICP forest network for both data collection and 
sample analysis.  The principal areas of observation are 
vegetation, soil, and atmospheric monitoring.  There are 
several time scales for monitoring various ecosystem 
properties ranging from weekly to 10 year intervals 
(Table 1).

Vegetation Monitoring
Crown condition is assessed once per year on all 

trees over 60cm tall with less than 50% mechanical 
damage, such as storm or fire damage.  Each 
assessment is made by two people facing different 
sides of the tree.  Coppice stands are treated as a single 
unit.  Tree crowns are assessed in two parts; the whole 
crown and the assessable crown.  The assessable 
crown is the portion of the crown not affected by 
shading or mechanical damage.  The whole crown 
and assessable crown are separated to differentiate 
between defoliation caused by direct competition and 

Survey Frequency N. of plots 

Crown condition annually 797 

Foliar chemistry every 2 years 767 

Soil chemistry every 10 years 738 

Tree growth every 5 years 769 

Ground vegetation every 5 years 723 

Stand structure incl. deadwood test phase ongoing 90 

Epiphytic lichens test phase ongoing 90 

Soil solution chemistry continuously 254 

Atmospheric deposition continuously 545 

Ambient air quality continuously 41 

Meteorology continuously 209 

Phenology several times per year data validation ongoing 

Litterfall continuously data validation ongoing 

Remote sensing preferably at plot installation national data 

 

Table 1: ICP Level II survey frequency and completion data for the 800 sites in the European network (copied from: ICP Forests 2011, 
http://www.icp-forests.org/MonLvII.htm).
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defoliation caused by other factors such as disease and 
pollution. Each tree is assessed relative to a site tree; 
a site tree is a tree considered ideal for the site and 
has zero defoliation and zero discoloration.  Crown 
condition assesses trees for foliage transparency, 
discoloration, extent of flowers and fruit, signs of 
damage, location of damage, age of damage, causes of 
damage and extent of damage.

Leaves from 5 trees of each major tree species 
are sampled every two years. Leaves are sampled 
and analyzed for mass, nitrogen, sulfur, potassium, 
calcium, magnesium, and phosphorous.  Leaf samples 
are collected from mature leaves of the current year 
grown in full light.  Phenological observations are 
made bimonthly. Both life cycle events and damaging 
agents are assessed.  Litterfall is collected in ten 0.18 m2

traps bimonthly.  Leaf mass and leaf area are measured 
and dry weight per square meter will be calculated. 
Monthly carbon nitrogen, sulfur, potassium, calcium, 
magnesium, and phosphorous are analyzed.

Growth of all trees in the plot is measured every 5 
years.  The parameters measured in the growth survey 
are; diameter at breast height, tree height, crown 
height, and crown width. A survey of the ground cover 
is done biannually and has two purposes. The first is to 
characterize the current state of the forest ecosystem 
on the basis of the composition of the vegetation. 
The second is to monitor changes in the composition 
of the vegetation over time due to natural and 
anthropogenic factors. Studying vegetation dynamics 
aids in describing, explaining, and creating models 
of succession by looking at directions, reasons and 
methods of vegetation change (Manual 8, ICP Forests 
2011).  Four hundred m2 are sampled to determine 
species cover; however, the exact size of individual 
sample units has not yet been determined.

Soil Monitoring
Soil solid state measurements will be taken every 

10 years. A pedagogical characterization of the soil 
profile will be conducted as well as sampling in a 
profile pit.  The dry weight of the organic layer will be 
measured.  Particle size distribution, bulk density and 
soil water retention characteristic will be completed 
for the mineral layer.  Samples will be taken at 0-10cm, 
10-20cm, 20-40cm, and 40-80cm.  The chemical 
characterization will analyze; pH(H2O), pH(CaCl2+), 
total organic carbon, total nitrogen, carbonates, aqua 
regia extracted P, Ca, K, Mg, Mn, Cu, Pb, Cd, Zn, 
Al, Fe, Cr, Ni, S, Hg, and Na, exchangeable acidity, 

exchangeable cations Ca, Mg, K, Na, Al, Fe, Mn, total 
elements Ca, Mg, Na, K, Al, Fe, and Mn, and oxalate 
extractable Fe and Al.  

Soil solution, temperature, and matric potential are 
monitored continuously and collected biweekly.  Soil 
solution is sampled by Prenart suction cup lysimeters 
which are placed at depths of 0-10 cm, 10-20 cm, 20-40 
cm, and 40-80 cm.  Three lysimeters are placed at each 
depth. The soil solution is analyzed for pH, electrical 
conductivity, potassium, calcium, magnesium, NO3, 
SO4, dissolved organic carbon, and aluminum.   Soil 
temperature is taken at depths of 10 cm and 30 cm.  
Soil matric potential, which is the force needed to 
move water through the soil matrix, is monitored 
vertically from 6-30 cm in depth and horizontally at 
30 cm in depth.

Atmospheric Monitoring
Several meteorological measurements are recorded 

continuously from the met tower (Figure 2).  These 
include: rainfall, wind speed, wind direction, relative 
humidity, air temperature, solar radiation, and 
photosynthetically active radiation. 

Atmospheric deposition will be measured using 
wet deposition and throughfall (a surrogate for dry 
deposition). Wet deposition will be collected weekly 
and analyzed for calcium, magnesium, potassium, 
sodium, nitrate, chlorine, conductivity, pH, and 
sulfate using the National Atmospheric Deposition 
Network protocol. Throughfall will be collected 
by 20 throughfall collectors.  Parameters to be 
monitored are pH, conductivity, potassium, calcium 
magnesium, sodium, ammonium, chlorine, nitrate, 
sulfate, total nitrogen, and dissolved organic carbon. 
Passive samplers are also being considered for use in 
determining atmospheric concentrations of pollutants.

Ozone will be monitored continuously from April 
to November. The monitor will be out of service 
during the winter months due to the sensitivity of the 
instrument and the fact that ozone levels stabilize at 
low levels during the winter.

RESULTS AND DISCUSSION
Initial surveys completed on the Sierra Ancha ICP II 

site were crown condition and growth and yield. Overall 
the trees were healthy and the site classified as productive.  
The crowns were loosely spaced, with an average of 4.4 m 
of distance between crowns. The average defoliation was 
16% and the average crown transparency was 57%. Overall 
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there was minimal damage or discoloration. Average tree 
height for ponderosa pines was 12.8 m and the average 
diameter at breast height was 31.8 cm.  The tree height 
and DBH measurements are incomplete however due to 
a computer crash and loss of data.  Though data collection 
began in 2010, the fall of 2011 is when the entire site will be 
considered operational.

Challenges
There have been many challenges in implementing 

the ICP II forest at the Sierra Ancha Experimental Forest. 
Initially the permitting process for installing the fence and 
meteorological tower took longer than expected.  Secondly, 
the ICP manuals that guide data collection, such as the 
crown condition manual, are vague, not field friendly, and 
are still under revision.  The crown condition manual was 
rewritten in a bulleted and condensed format to facilitate 
use in the field. Thirdly, and most crucially, there is no ICP 
liaison to query about details where the manuals are vague or 
more where guidance in needed. This makes implementing 
the protocols detailed in the manuals difficult and reduces 
the value of the network overall, as different sites will 
undoubtedly execute unclear instructions differently.  
Further, there is minimal communication among U.S. 
sites, discrepancies on the degree of ICP-II implementation 
at selected experimental forests, and no direction on the 
required timeframe of completion.  All of these issues have 
slowed the full completion of the Sierra Ancha Experimental 
Forest ICP II site.  Further, the extensiveness of the ICP-II 
monitoring parameters is both cumbersome in field and lab 
time and, more importantly, requires broad expertise and 
dedicated funds to fully execute. This is readily apparent 
when viewing statistics of European ICP-II plots and survey 
completions (Table 1).  Of the 10 required surveys there is 
only one, crown condition, with 100% compliance from the 
~ 800 ICP II sites.

CONCLUSIONS
Long-term research studies such as the ICP-II network 

provide invaluable information and services. The ICP II 
network will provide valuable air quality and air pollution 
effects data to land managers, and help understand regional 
and international trends in air quality.  It will also provide 
important climate change information on how various forest 
types respond and how nutrient and pollution levels change 
over time.  The data collected at these sites will be useful to 
many different researchers for many different applications. 
Not only is the data important, but the site itself is valuable.  
Long-term research sites are an anchor for other research.  
They provide important background and peripheral data 

to other studies. There is already a decomposition study in 
preparation that will be placed in tandem with the SAEF 
ICP-II site, illustrating the utility of long-term monitoring 
sites. In conclusion, the ICP-II network is important in many 
ways and will continue to provide valuable information for 
years to come. 
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WATER SUPPLY AND GROUNDWATER ISSUES IN THE 
UPPER VERDE VALLEY OF ARIZONA

Brian Patrick1  and Aregai Tecle2

OVERVIEW
The Verde watershed of central Arizona provides a 

riparian ecosystem amidst the state’s semi-arid central 
highlands.  Despite its unpredictable and dry climate, 
conditions in the upper Verde Valley have supported 
one of Arizona’s few perennial rivers.  As such, the 
Verde River has become a vital riparian habitat suitable 
for preserving biodiversity and protecting native fish, 
migrating birds, and other threatened species.  The river 
also provides recreational and economic opportunities 
for local and regional communities, which can exist only 
with the continued health of the river and its surrounding 
watershed.  

The struggles over water management are in many ways 
the defining characteristic of life in the arid Southwest. 
This is because water demand under uncertain availability 
in the semiarid state of Arizona has increased substantially 
over the last 30 years and, with continued population and 
economic development, future projections point out that 
water demand will continue to exceed supplies in the 
study area.  While the legislature and courts have sought 
to resolve the complex issues of water claims, they have 
yet to develop the legal framework to address either 
hydrological reality or long-term water sustainability.  
There exists great debate on how to resolve the strenuous 
pressure from decreasing quantity and deteriorating 
quality of water in the headwaters of the Verde River with 
population growth and accompanying rapid groundwater 
exploitation in the area.  There is presently an opportunity 
to utilize the information gleaned during the past century of 
water management to develop strategies which can ensure 
the continued health of the groundwater and surface water 
systems in the Verde Watershed.

PHYSICAL SETTING OF THE STUDY AREA
The Verde Watershed lies in the transitional zone 

between the Colorado Plateau and the basin and range 
province in central Arizona.  Specifically, the area lies 
between the Mogollon Rim to the north and east and the 
Black Hills to the west and South (See Figure 1).  The 

upper portion of the watershed lies primarily within 
Yavapai County.  The water in this area flows towards the 
Colorado River and the Grand Canyon to the north, and 
the Salt River basin to the south.  A complex geology and 
location adjacent to the wetter highlands have created a 
substantial groundwater aquifer below the valley despite 
the region’s semi-arid climate.  This lucky mixture of 
conditions has allowed the Verde River to thrive in this 
area.

The valley between the Mogollon Rim and the Black 
Hills is an important basin with a substantial aquifer that 
holds between 13 and 22 million acre-feet of water and 
receives recharge between 107,000 and 138,000 acre-

1 Graduate student, Department of  Geography and Public Planning, Northern Arizona University, Flagstaff, AZ
2  Professor, School of  Forestry, Northern Arizona University, Flagstaff, AZ 86011-5018

Figure 1: Verde Watershed Map (Nature Conservancy, 2010). 
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ft. /year (Stitzer et al, 2009 p11-12).  Throughout the 
region the quality of the groundwater is generally very 
good despite some occasionally recurring areas of high 
contaminants.  Due to distinct geological, topographical, 
and hydrological characteristics, the basin is divided 
into four sub-basins.  The upper-most of these is the Big 
Chino Sub-Basin which lies in the north and west of 
the watershed.  This sub-basin covers an area of about 
1,850 square miles and is thought to hold 8 to 10 million 
acre-feet of groundwater.  This sub-basin is bordered 
on the southeast by the Little Chino Sub-Basin, which 
is far smaller in size and contains a smaller amount 
of groundwater, but has seen a far greater level of 
development due to its long history of human settlement 
and economic activity.  The largest sub-basin in the Verde 
Basin is the Verde Valley Sub-Basin which comprises 
2,600 square miles bounded by the Mogollon Rim, the 
Big Black Mesa, the Black Hills, and Fossil Creek.  At 
the lower end of the watershed is the Verde Canyon Sub-
Basin which is characterized by complex geology and 
minimal groundwater development (Stitzer et al, 2009 
p11-12).

For the most part, the water-bearing units are 
hydraulically connected and can be thought of as one large 
regional aquifer underlying the Upper Verde Watershed.  
The regional aquifer in the upper Verde River consists 
of a shallow alluvium along the river and the deeper 
aquifers of the Verde Formation, Coconino Sandstone, 
Supai Formation, Redwall Limestone, Martin Formation, 
and Tapeats Sandstone (See Figure 2 for a cross-section 
of the layers of the regional geologic formation).  Water 
moves through the various water-bearing rock units as it 
moves down gradient towards the valley.  Generally in 
the northeast, above the Mogollon Rim, the water-bearing 
layers include the Coconino Sandstone, Supai Formation, 

Naco Formation, Redwall Limestone, Martin Formation, 
and Tapeats Sandstone.  In the lower valley, the water-
bearing layers are mainly the Verde River Alluvium, the 
Verde Formation, the Supai Formation, and the Redwall 
Limestone.  In the Black Hills, the layers consist of the 
Redwall, Martin, and Tapeats formations.  The upper-
most regional aquifer is largely unconfined, although 
zones of confined aquifers are found in the Verde, Supai, 
and Redwall Limestone formations (Owen-Joyce et al, 
1983 p13-14). There are also scattered, disconnected 
aquifers found perched throughout the watershed in 
the alluvium, volcanic rocks, and limestone formations 
above the regional aquifer.  While these aquifers do 
not cover large areas, they are locally significant water 
sources (Owen-Joyce et al, 1983 p28-31).

Generally, water enters the system through porous 
soils and rocks from upland precipitation and snowmelt.  
In some instances, this water flows for some distance as 
subsurface flow before emerging in the form of springs 
along valley slopes and stream channels.  Typically, most 
of the stream water flows for a short distance before 
infiltrating again to the water table below (Hoffman, 
2002 p3).  Most of the water for aquifer recharge comes 
from upland areas of the Mogollon Rim, which has 
much higher annual precipitation and large stretches of 
exposed permeable sandstone, limestone, and volcanic 
rocks.  Recharge also occurs in the central highlands, 
particularly along the eastern flank of the Black Hills, 
which are extensively faulted.  The groundwater from the 
surrounding highlands flows down gradient towards the 
Verde River (Owen-Joyce et al, 1983 p16).

While it is milder than some surrounding regions, the 
climate of the Upper Verde Valley is defined by its aridity 
and high seasonal and spatial variability.  The average 
annual precipitation in the watershed ranges from less 

Figure 2: Geologic Cross-section of the Verde Valley (Ho�man, 2002 p3)
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than 12 inches in the lower areas to around 30 inches in 
the uplands.  Most of this precipitation comes in the form 
of winter storms that are characterized by long duration, 
low intensive and wide spread frontal precipitation 
patterns as well as by short duration, very intensive and 
localized summer monsoons.  The area’s temperatures 
are milder than those of the surrounding regions: the 
average annual temperatures ranging between 41°F 
and 73°F.  The differences between the high and low-
lying areas permit a diversity of vegetation zones that 
range from semiarid grasslands and chaparral in the 
valley to pinyon, juniper, and ponderosa pine forests on 
the higher elevations (Hoffman, 2002 p2; Phillips and 
Tecle. 2003; Shaw, 2006).   Tree ring analysis of historic 
climate change shows a boom-bust pattern of drought.  
Such analysis shows the most severe droughts in the 
last millennium occurred from 1276 to 1299 and from 
1573 to 1593.  Tree ring analysis of more recent times 
shows that the most severe droughts occurred between 
1942 and 1957 with the last quarter of that century being 
a relatively wet period for the region (See Figure 3 for 
the historic precipitation pattern in the area) (Barnett et 
al, 2002 p11).

The most prominent hydrologic feature of the Verde 
Watershed is the Verde River.  The Verde River holds 
the distinction of being one of the few perennial rivers 
in the state and is designated by the federal government 
as a Wild and Scenic River.  The river emerges in the 
upper Verde watershed above Paulden and meanders 

195 miles to the southeast before converging with the 
Salt River outside of Phoenix.  Diversions for irrigation 
aside, the river remains free-flowing for most of its run 
until it reaches Horseshoe dam.  While large rivers in 
more temperate regions are formed from the confluence 
of mountain streams, the Verde’s headwaters emerge 
from springs discharging water from the regional aquifer 
(Wirt et al, 2005 PG1).   This groundwater permits the 
perennial flow of the stream despite the area’s sparse 
seasonal precipitation pattern.

The Verde Watershed is characterized by a meager 
precipitation pattern supplemented by a robust 
groundwater system which permits the occurrence of 
a perennial riparian environment in the arid southwest.  
The contrast with the surrounding scrubland is stark and 
has made this a natural focus for attention by people 
looking to settle in the milder climate of central Arizona.

HISTORICAL SETTING OF THE STUDY AREA   
An understanding of the underlying landscape and 

scientific studies is insufficient to appreciate the current 
conditions of the Upper Verde Valley.  Rather, the threats 
to the watershed are the result of centuries’ of resource 
exploitation in the region.  In order to gain a full picture 
of the complex problem, an examination on the historic 
conditions of the area is important.  

The Verde Valley has been inhabited for thousands 
of years, although modern history only remembers little 
of this beyond the remnants of archaic nomads.   The 

Figure 3: Prescott Precipitation 1876 – 2001 (Barnett et al, 2002 p12)
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first firm evidence of human activity in the Verde Valley 
emerged during the period 8,000 B.C. to A.D. 1 in the 
form of projectile points and light stone grinding tools 
(Pilles, 1981).  These tools indicate a mobile hunter-
gatherer lifestyle.  Small groups of people, most likely 
organized in clan fashion around familial ties, might 
have roamed the valley in search of food (Fish and Fish, 
1977; Sheridan, 1995; Phillips and Tecle, 2002).  More 
recent archeological evidence indicates that the Sinagua 
who inhabited the region by 650AD became very skilled 
and started building stone houses in the period following 
1000AD.  However, the precise effect that these 
inhabitants had on the watershed is unknown except 
that there is evidence that the Yavapai, Western Apache, 
Walapai and Navajo creating fires that cleared areas. 
Additional evidence from other Arizona river valleys 
suggests that some effects of diversion and firewood 
gathering in the area were present long before European 
arrival.  Some of the first Europeans that came to the 
Valley were Spanish explorers who entered the Verde 
Valley in the 16th century.  Although there was little 
effort to colonize the area interaction of the migrating 
Spanish with local indigenous people spread new 
diseases. There are documented plagues of smallpox and 
measles that might have reduced the native population by 
75% (Barnett et al, 2002 p13).  The situation significantly 
decreased agricultural activities in the valley resulting 
in reduced anthropogenic impacts on the area for some 
time. 

In the 1850’s and 60’s, burgeoning mining and 
ranching opportunities in the area brought settlers to the 
Prescott Valley. There the original territorial capital of 
Arizona was established near an available water supply 
that emerged from the Little Chino sub-basin at Del Rio 
Springs. The land use changes which came with such 
intensive settlement had immense impacts that were 
felt immediately by the settlers.  The situation at that 
time may be summarized by Charles Douglas Willard’s 
writing in 1879 on the experiences of the settlers soon 
after their arrival in the Valley. Concerning the situation, 
he wrote that the new comers: 

“turned the stock loose in the finest pasture 
to be found anywhere. The grass was knee 
high and as thick as it could stand… However, 
almost every settler who came into the country 
brought cattle and horses, and soon the range 
was well stocked. These animals would stay in 
the shade of the trees and graze on the vines. 
In the evening, they would meander out on 
to the mesa to graze, returning to the river 

to drink and enjoy the shade. Generally they 
traveled single file, and naturally they soon 
had a trail in the yielding earth. Besides eating 
up the grass that had grown for centuries, and 
tramping into the ground what they did not 
devour under their feet, the soil became packed 
so that when the rains came the ground would 
shed water like rain off a roof. About 1880, the 
river began cutting on the banks. From that 
time to the present, it has never quit.” Charles 
Douglas Willard 1950 (from Barnett et al, 2002 p16)

By 1891, the number of livestock in the valley reached 
its peak, perhaps exceeding 40,000 heads of cattle and 
200 thousand sheep.   Such overstocking had damaged 
the riparian conditions and destabilized the historic 
hydrological balance in the area.  Mining activities, 
particularly copper mining and smelting near Jerome and 
Clarkdale, brought further damage through disruption of 
rock layers, cutting of trees, and release of sulfur-laden 
smelter smoke and acidic water (Barnett et al, 2002 p16-
18).

The early and mid-20th century saw increased water 
exploitation as well as ineffective attempts to regulate 
water use and mitigate damage to the watershed.  In the 
1930’s, government involvement and improved technical 
know-how led to expanded land improvement projects 
and the construction of the first deep wells in the area.  
By 1937, the ensuing increased groundwater exploitation 
began to show through the local lowering of the water 
table.  Meanwhile land use changes and fire suppression 
activities led to an increased density of the ponderosa pine 
forest in the upland watersheds.  The resulting increased 
evapotranspiration combined with the worst drought in 
400 years put stress on the region’s water supply.  By the 
1950’s, the continued water stress brought extra efforts 
that increased water yield to fuel the growing water 
demands.  This led to short-sighted attempts of increasing 
runoff through removal of vegetation and alteration of 
stream channels to maximize flow.  During the 1960’s, 
there was an increase in timber harvesting activities both 
through commercial exploitation and government forest 
management strategies (Barnett et al, 2002 p16-18).

By the end of the 20th century, the regional economy 
transitioned from farming, ranching, and mining activities 
towards suburban development strategies (Figure 4 
outlines the change in land use patterns in the upper 
Verde Watershed during the last half of the century).  
From the 1920’s to the 1960’s, the population of Yavapai 
County remained around 25,000 people; however, in 
the 1970’s the population began to rise rapidly (Yavapai 
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County Water Advisory Committee, 2004 p4).  Between 
1980 and 1997 alone, the population ballooned to 
142,075 people with an annual average increase of 6.4% 
(Wirt et al, 2005 pA8). Figure 5 gives an overview of 
the population growth between 1910 and 2010.  Such 
unprecedented increase in population has created a huge 
demand for water that has been exacerbated by a history 
of legal claims which place ownership of Verde River 
surface water in the hands of downstream communities. 

Overall, our analysis supports the notion that any 
regional developments prior to the 19th century had little 
long-term effects on the region’s hydrology; however, 
land use changes in the 19th and 20th century, particularly 
mining and ranching, caused significant changes in 
the land structure and vegetation cover pattern that 
altered the fire regime, upland runoff, and downstream 
flow patterns.   Attempts to mitigate the effects of such 
anthropogenic changes were often short-sighted and 
failed to either restore to pre-settlement conditions or 
establish sustainable growth patterns.  These problems 

still persist in the 21st century in the region as it struggles 
to grow economically while maintaining a healthy 
hydrological and ecological integrity.

PRESENT WATERSHED SITUATION
Currently, Yavapai County is home to over 210,000 

people, a population which is expected to reach 329,300 
people by 2030 (Yavapai County Board of Supervisors, 
2012 p25).  Many community leaders see this trend 
of population growth as necessary for the economic 
prosperity of the region.  Thus, municipalities are 
forced to place a priority on ensuring continued water 
supply to meet the anticipated demand to support a 
continuous economic growth.  This intense need 
to satisfy ever growing water demands has elicited 
a strong debate over how to equitably divide the 
available limited water supply amongst the various 
stakeholders in the state as well as how to balance 
human need for water and its importance for broader 
ecosystem health.   

Figure 4:  Historic Land Use in Upper Verde Valley Riparian Area 1940 – 1995 (Data From Lopez et al, 2001).

Figure 5: Yavapai County Historic Population growth1910 - 2010 & Projection 2015 – 2030 (Historic Data 
From US Census, 2010 and WRDC, 2009; Projection from Yavapai County Board of Supervisors, 2012)
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The situation is made more complex by a history 

of water laws which leaves most of the Upper Verde 
Valley’s surface water beyond the reach of local 
demands.  In Arizona, surface water is governed by 
the doctrine of prior appropriation, which gives a 
priority right to those who claim the use of the water 
first with little or no concern on the need for water of 
local residents.  Due to difficulty in managing such 
an outdated water rights doctrine, most river waters in 
Arizona are over-appropriated and rights of their use 
not fully adjudicated in court.  Nonetheless, with the 
exception of some historic diversions for irrigation, 
about 90% of the surface water in the Verde River 
is controlled by the Salt River Project on behalf of 
downstream consumers (Marder, 2009 p16).  Thus 
most of the Upper Verde Valley’s water demands are 
met with groundwater accessed through wells and 
springs.  In an attempt to manage the widespread 
groundwater overdraft, the state established the 
Groundwater Management Act (GMA) in 1980.   
This law identified areas of potentially critical water 
shortages in the state and designated them as Active 
Management Areas (AMAs).  The Prescott area is one 
of them, and, as an AMA, it is required to comply with 
a safe yield doctrine that requires a balance between 
the amount of groundwater withdrawn and the amount 
of recharge to the aquifer.  In 1999, the Arizona 
Department of Water Resources determined that the 
Prescott Active Management Area was not achieving 
safe yield in its groundwater pumping.  This has been 
demonstrated since 1997, in which the Prescott area 

has withdrawn 6,610 to 9,830 acre-ft. /year in excess 
of recharge estimates (Wirt et al, 2005 A8).  With such 
unsustainable amounts of water withdrawal, the rapid 
population growth, and rising economic activities, 
Prescott area cities have recently been forced to 
formulate drastic changes to their water policies.

To make up for the local noncompliance, Prescott 
uses provisions of the GMA to allow it to transfer 
water from the neighboring Big Chino basin (see map 
in figure 1) to supplement its decreasing groundwater 
resources.  The Big Chino Aquifer is much larger than 
the Little Chino and has seen less intensive water 
withdrawal so far.  The City of Prescott purchased 
a ranch in the upper Big Chino Valley and has since 
established plans to construct a pipeline to bring 
in 8,717 acre-ft./year of additional water to bolster 
its existing resources (Wirt et al, 2005 pA8).  There 
is a lot of controversy over the appropriateness 
and consequences of transferring this water across 
sub-basins; however, there seems to be little other 
source of available water to the projected growth in 
the region.  Presently, all groundwater withdrawal 
projections foresee continued groundwater overdraft 
even with the cross-basin importation (See Figure 
6 for a demonstration of what a water budget for 
Prescott would look like with and without groundwater 
importation).

The effects of so much groundwater withdrawal in 
the area have been felt in the form of lowered water 
table and decreased spring discharge.  Since 1940, 
groundwater levels in the Little Chino Valley have 

Figure 6: Prescott AMA Groundwater Overdraft 1985 – 2025. It includes Projections For 3 Usage Scenarios 
and Big Chino Valley Water Importation (ADWR, 2010).
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declined more than 75 ft. in some places.  The Del Rio 
Spring’s discharge has been reduced from 2,400-3,400 
acre-ft. /year when it was first gauged in the 1940’s to 
its recent amount of 1,000 acre-ft. /year (Wirt et al, 
2005 pA11). This is a difficult trend to halt even with 
increased input from the Big Chino Sub-Basin as huge 
numbers of unregulated wells that are not accounted 
for exist in the region. Also wells which can pump no 
more than 35 gallons/minute are exempt from a number 
of groundwater regulations (AZ Senate Research Staff 
2008).  As of March 2007, Yavapai County had more 
than 27,000 exempt wells and at least 450 of such new 
wells are sunk each year (Marder, 2009 p7).

While pro-growth politicians in the Verde region 
view groundwater as a buried treasure to be mined, 
the reality is that this resource is an integral part of 
the perennial stream water in the Verde River.  As 
spring input is removed due to drops in water tables, 
there is less water available for flowing in the river’s 
channel.  Hydrologists recognize that surface water 
and groundwater systems are in many cases physically 
inseparable.  The same water that enters an aquifer 
through infiltration and percolation emerges as spring 
water (Viessman et al, 2003 p389).  Arizona water law, 
however, does not reflect the true link between surface 
water and groundwater.  Groundwater is managed by 
laws similar to those of mineral resources which grant 
land owners the right to withdraw the water below their 
property for any reasonable use.  Attempts to merge 
the legal handling of surface water and groundwater 
have only yielded a clumsy definition of the term 
“subflow.” It refers to groundwater that is immediately 
below surface water bodies that have undeniable 
interactions with the surface water flow.  These 
different approaches to surface water and groundwater 
management make it difficult to comprehensively 
manage the region’s water resources (Marder, 2009 
p17).  The differences in the legal frameworks which 
govern water management are cause for conflict 
amongst various water users, which must be settled 
in court.  Considering the interaction between surface 
water and groundwater, it would have been much better 
if both of them were managed using closely related 
laws.  Heavy withdrawal of groundwater without due 
consideration to surface water leads to stream water 
disappearance, resulting in loss of their functions.  
The functions that would be lost include source of 
water supply for domestic, agricultural, recreational, 
and wildlife uses as well as the provision of adequate 
water for stream riparian and aquatic habitat.  As such, 

the loss of perennial streams may place deadly stress 
on already endangered native fish, and the loss of the 
entire riparian ecosystems threatening the habitats 
and migration routes for the region’s diverse species.   
Prescott’s plan to withdraw groundwater from the Big 
Chino basin essentially threatens the headwaters of the 
Verde River which depend on water from the springs 
that dot this sub-basin.  A comprehensive research 
work on the area’s water resources indicates that 80 
to 86 percent of the base flow in the Verde River in 
its upper reaches comes from the Big Chino aquifer, 
while the rest of the base flow comes from the Little 
Chino aquifer (Wirt et al, 2005 pG10).  Due to heavy 
pumpage, the water table around Sullivan Lake (near 
Paulden) has been lowered by more than 80 ft. since 
1947.  Also, even though the historical perennial flow 
in the Verde River began near Del Rio Springs, there is 
no year-round flow to Sullivan Lake since the 1970’s.  
Continuous perennial flow of the Verde River now 
begins 2—5 miles farther downstream than earlier 
records show (Wirt et al, 2005 pG1).  Also simulations 
of the area’s groundwater predict that discharge from 
Del Rio Springs will cease completely by 2025 (Wirt 
et al, 2005 pA27).  

Much of the current debate on the future of the 
Upper Verde River has come in response to the huge 
population growth in the Prescott area and the plans 
to utilize groundwater from the Big Chino Aquifer.  
While this is definitely an area of concern it is a mistake 
to attribute all threats to the aquifer to Prescott’s 
development plan.  Due to the country’s recent 
economic downturn, the unprecedented population 
growth rates in the Prescott area have slowed down 
resulting in a reduced pressure to develop new 
resources.   A 2009 population growth projection in the 
area predicted that it would exceed 400,000 people by 
2030, definitely much higher than current projections 
(See Figure 5 for population growth projections 
through 2030) (Marder, 2009 p6).  The attention which 
has been given to the water shortage issue coupled with 
this reduced pressure gives real hope that a sustainable 
solution to the problem will be found.  Meanwhile 
groundwater exploitation in other parts of the Verde 
Valley, primary for municipal use, does present 
similar threats to the health of the Verde River’s flow 
and the conditions of the watershed.  Furthermore, 
the management of surface water during irrigation 
diversions is poorly managed and implemented: far 
more water is withdrawn than is needed.  While the 
water eventually returns to the main stem of the Verde 
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following the diversion, it results in stretches of dry 
channel following the withdrawal.  Such dry stretches 
break the continuity of habitats in precisely the same 
ways that groundwater mining threatens to do.  This 
highlights the need to examine and carefully design a 
comprehensive hydrological plan for the region as a 
whole rather than follow an approach that focuses on 
either a single location or legal classification.

Unsustainable groundwater withdrawal and use 
affect water quality, the perennial nature of the Verde 
River, and eventually threaten the future survival of 
communities and the health of riparian ecosystems 
in the area.  Changes in vegetation patterns, riverine 
structure, erosion patterns, and available water 
undermine the wealth which has attracted humans to 
this valley for millennia.  In addition, unsustainable 
groundwater use undermines the ability of the basin 
to support diverse species and weakens the ecological 
strength of the entire region.  Solutions are sparse, 
but recent debates have brought a lot of attention 
and research to bear on the problem.  To develop 
and implement sustainable solutions, a long-term 
holistic view of watershed health should be taken 
into consideration along with a new cooperative and 
regional approach to water rights.

CONCLUSIONS
Without any doubts, the struggles over water 

management are in many ways the defining characteristic 
of life in the arid Southwest.  Despite the difficulty faced 
from climatic variations and the generally low water inputs, 
there is a vibrant perennial stream in the Verde Watershed 
which has come to symbolize the watershed conditions in 
the region.  While it would be a mistake to ignore the role of 
climate variations in the depletion of watershed resources, 
it is unwise to deny the role that anthropogenic land use 
and resource consumption plays.  While the vagaries of 
southwestern weather patterns remain beyond the (direct) 
control of the region’s inhabitants, the decisions and priorities 
set by resource managers and citizens are very important 
to cultivate sustainable water resource development.  This 
requires balancing priorities for economic growth with the 
realities of limited water supply.  In this regard having a 
long-view on the water issues of an area is critical.  While 
some questions lack certain answers, we know enough 
about the area’s hydrology and water resources to make 
reasonable predictions about the effects of increased water 
consumption on both groundwater and surface water 
resources and to make appropriate management decisions. 

It is important for Arizona to recognize that for communities 
to adopt a successful water management effort, the state 
needs to have timely and appropriate state water laws which 
seems inadequate at the moment. Arizona Senate Research 
Staff.  2008.  Arizona’s Groundwater Management 
Code: Exempt Wells. [online] URL: http://www.azleg.
gov/briefs/Senate/EXEMPT%20WELLS.pdf 
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RAINFALL-RUNOFF MODEL FOR BLACK CREEK WATERSHED,
NAVAJO NATION

Aregai Tecle1, Paul Heinrich1, John Leeper2, and
Jolene Tallsalt-Robertson2

ABSTRACT
This paper develops a rainfall-runoff model for 

estimating surface and peak flow rates from precipitation 
storm events on the Black Creek watershed in the Navajo 
Nation.   The Black Creek watershed lies in the southern 
part of the Navajo Nation between the Defiance Plateau 
on the west and the Chuska Mountains on the east. The 
area is in the semiarid part of the Colorado Plateau on 
which there is about 10 inches of precipitation a year.  We 
have two main purposes for embarking on the study. One 
is to determine the amount of runoff and peak flow rate 
generated from rainfall storm events falling on the 655 
square mile watershed and the second is to provide the 
Navajo Nation with a method for estimating water yield 
and peak flow in the absence of adequate data. Two models, 
Watershed Modeling System (WMS) and the Hydrologic 
Engineering Center (HEC) Hydrological Modeling 
System (HMS) that have Geographic Information System 
(GIS) capabilities are used to generate stream hydrographs.  
The latter show peak flow rates and total amounts of 
stream flows produced from rainfall storm events. Two 
24-hour rainfall amounts, 1.1 inches and 0.6 inches, are 
imputed into the WMS and HEC HMS modeling system 
and evaluated to produce 1770 cfs and 3.9 cfs of peak 
flows and 1106.5 acre feet  and 2.7 acre feet of total flow 
volumes, respectively. Even though the first one seems to 
be a little high compared to historical peak flows from the 
watershed, the outcomes seem to be quite appropriate for 
the study area when compared with gauging site flows at 
other times as well as with flows from well-instrumented 
nearby watersheds.

INTRODUCTION
 One of the two primary objectives of this research 

project was to develop an event-based precipitation-runoff 
model for estimating surface flow and peak flow rate from 
a particular watershed. To accomplish this, we developed 
a prototype watershed model using the Black Creek 
watershed as a case study. We selected the Black Creek 
watershed, because it has a large area that encompasses 
the most populated part of the Navajo Nation, where the 

towns of Fort Defiance and Window Rock are located. It 
is also located between the two most prominent mountain 
ranges in the area, the Defiance Plateau in the west and 
the Chuska Mountains in the east (see Figure 1). Because 
this area is located in the semi-arid part of the Colorado 
Plateau it receives about 10 inches of precipitation a year. 

The main purpose for the modeling effort in this study 
was to produce a reliable watershed model in the presence 
of inadequate data. Specifically, the model used the 655 
square mile Black Creek Watershed as a case study to 
determine the amounts of surface runoff and peak flow 
rates from precipitation storm events that fell in the 
watershed. The developed approach is expected to be 
transportable to other watersheds throughout the Navajo 
Nation.

Watershed Physical Characteristics
The largest Native America tribal community, the 

Navajo Nation encompasses approximately 27,000 square 
miles straddling the states of Arizona, New Mexico, and 

1 Northern Arizona University, Flagstaff, Arizona 86011
2 Navajo Nation Department of Water Resources, Fort Defiance, Arizona

Figure 1. Physiographic map of the Navajo Nation with the Chuska 
Mountain and De�ance Plateau and Stream Gaging Stations.
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Utah in the Four Corners region of the southwestern 
United States. The area is characterized by a semi-arid 
environment with Great Basin grassland and shrub 
vegetation types except on the high altitude mountain 
slopes which are characterized by Ponderosa Pine and 
mixed conifer forests (Wright et al., 1973). Precipitation 
events in this region occasionally produce damaging 
flash floods. Hence, there is a need for estimating peak 
flow rates from storm events falling on watersheds to 
develop a good floodplain management plan and reliable 
information to promote proper use and management of 
floodplains, to protect property and lives and to work on 
other development plans (NNDWR, 2002).

The Black Creek watershed is relatively a large 
landscape that covers an area of 655 square miles (or 
419,200 acres). It is located in the Upper Puerco River 
Basin, a tributary of the Little Colorado River. The 
watershed stretches from the confluence of the Black 
Creek with the Puerco River in the south onto the western 
flanks of the Chuska Mountains on the east and the eastern 
slopes of the Defiance Plateau on the west (see Figure 1). 
Although the narrow Black Creek Valley separates the 
Chuskas from the Defiance Plateau, they are two halves 
of the same monocline (upward) in the Earth’s crust that 
geologists call the “Defiance Uplift” (U.S. Army Corps of 
Engineers, 2004). There, “piggybacked” upon the larger 
Colorado Plateau, the Defiance Uplift has been raised 
up to about 8,000 feet above sea level and worn down 
repeatedly for hundreds of millions of years. The more 
rugged Chuskas reach up to nearly 10,000 feet elevation. 
In either case, some of the rain and snow that fall on the 
mountains drain southward into the upper Puerco River 
found near the southern boundary of the watershed.  The 
northern part of the Black Creek watershed is the location 
of the towns of Window Rock and Fort Defiance, the seats 
of Navajo Nation governmental departments. The mouth 
of the watershed, at 35 degrees 20’ 00” latitude and 109 
degrees 12’13” longitude, is the location of the Black 
Creek stream gaging station. The station was established 
in 1986 (Irving, 2006).  At that point, the elevation of 
the watershed is 6,110 feet while its highest point on the 
Chuska Mountains reaches 9,120 feet above sea level.

   Motivation for the Study
The motivation for engaging in the study leading to 

this paper was the Navajo Nation hydroclimate data and 
needs assessment study of Garfin et al. (2007). That study 
indicated that there were many important issues related 
to hydroclimate instrumentation and surface water flow 
estimation that need to be rectified in the Navajo Nation.  

Most watersheds in the Navajo Nation do not have any 
stream gaging facilities, and where gages exist they are 
not reliable and the data obtained are inadequate and, 
in many cases, not in useable form. The reasons behind 
the latter conditions are (1) absence of high quality data, 
(2) lack of proper data collection, handling, storage and 
processing methods, and (3) shortage of quality control 
and quality assurance in operating the stream gaging 
stations. Hence, any stream flow measurement and 
estimation from the Black Creek watershed in the Navajo 
Nation faces these challenges. 

In spite of these challenges, however, the Navajo 
Department of Water Resources (NDWR) is doing a 
very good job in providing some basic water resources 
information to the public. The study in this paper is a 
part of the efforts that have been made by the NDWR to 
improve hydroclimate data collection, transport, storage, 
and processing to better satisfy the needs of the Navajo 
Nation (Tecle et al. 2009).  But, where there are no 
reliable stream gages and no adequate stream flow data, a 
cost-effective method of estimating surface flow of both 
water yield and peak flow rate types is through a rainfall-
runoff modeling scheme. One method, we found to be 
appropriate and reliable for determining surface flow and 
peak flow rate in the study area, was the use of the WMS 
and HEC HMS models in Aquaveo (Tecle et al., 2009). 
The method is described in some detail below.

METHODS 
Stream flow determination from ungagged watersheds 

requires many pieces of information related to climate, 
soil moisture, land cover, land use management, and 
soil physical characteristics. Many of these pieces of 
information have temporal and spatial characteristics that 
require integration using different modeling schemes.  
The modeling effort done in this study consisted of 
delineating the study watershed and obtaining the 
necessary biophysical and climate data from various 
sources. We developed a GIS map that integrated 
the spatial distributions of soil types, parent material, 
vegetation cover, land use, drainage area, topography, 
precipitation, and other watershed characteristics. The 
spatial distributions of these characteristics and other 
data from the watershed were entered into off-the-shelf 
models known as the Watershed Modeling System 
(WMS) and the Hydrologic Engineering Center (HEC) 
Hydrological Modeling System (HMS) contained in 
Aquaveo (Aquaveo, Water Modeling System, 2009). The 
GIS software part of Aquaveo integrated the overlays 
of the different climate and biophysical watershed 



39

characteristics and compartmentalized the watershed 
into relatively homogenous sub-watersheds in which 
specific curve numbers and area values were determined.

Integrating Watershed characteristics using GIS
The specific spatial software used to create the GIS 

maps was ESRI’s ArcGIS 9.3. All the maps used as 
overlays were plotted in the same extent and scaled by 
clipping pieces of spatial information to a Black Creek 
watershed boundary and then re-projected to NAD83 
UTM 12N when necessary. Each map was constructed to 
represent a single major attribute such as monthly average 
precipitation, monthly average temperature, land cover, 
elevation, slope, aspect, main soil characteristics and 
land use activities. Many of these datasets came from the 
USDA Geospatial Data Gateway at http://datagateway.
nrcs.usda.gov/GatewayHome.html. Others such as the 
soil data are obtained from one of two sources. 1) The 
Soil Survey Geographic Database (SSURGO) available 
from the Natural Resources Conservation Service 
(NRCS) Soil Data Mart website at: http://soils.usda.

gov/survey/geography/ssurgo/ and http://soildatamart.
nrcs.usda.gov/, and 2) STATSGO Soils Data and EPA 
Vegetation Data available from the U.S. Environmental 
Protection Agency (EPA) website at http://www.epa.gov/
waterscience/ftp/basins/gis_data/huc. One advantage of 
the EPA’s database was that land use and soil type data 
were retrieved together using one download. Geographic 
boundaries and point locations were then included to help 
users orient the map. Figures 2 and 3 are presented to serve 
as examples of the mapping process and the types of maps 
produced and used in the study. The two maps consist of 
Black_Creek_Land cover from EPA STATSGO database 
(Figure 2), and the Black_Creek SSERGO unified soil 
classification data from NRCS (Figure 3).  The pieces 
of information from these databases along with others 
such as soil parent material, topography, springs and 
streams, etc., were used as map overlays and integrated 
using the ESRI’s ArcGIS 9.3 software (http://www.esri.
com/software/ arcgis/) to determine sub watersheds with 
specific area and curve number values.  

Figure  2. Vegetation cover distribution in Black Creek Watershed 
developed from EPA STATSGO database.

Figure 3. Uni�ed soil classi�cation in Black Creek watershed 
developed from NRCS SSERGO database (CH = clay of high 
plasticity, CL = clay, CL-ML = clay-silt, GC = clayey gravel, PT = 
peat, SC-SM = clayey sand - silty sand SM = silty sand).
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Delineating sub-watersheds using WMS
WMS 8.1 software was used to create sub-watersheds. 

We used digital land use and soil characteristic shape files 
to create using WMS the NRCS curve number values 
automatically. The process consists of determining spatial 
distribution of land use and land cover characteristics by 
activating Land Use shape files to produce a land use 
layer (Aquaveo, Water Modeling Solutions, 2009). The 
same process was repeated to create Soil Type Cover. 
Integration of the latter with a drainage module produced 
the Hydrologic Soil Groups for the different parts of the 
watershed. Then, by integrating the digital land use and 

the Hydrologic Soil Groups (A, B, C, D), the NRCS 
curve number values were generated automatically 
using WMS. General curve number values for various 
land uses and Soil Hydrologic Groups used as reference 
values are shown in Table 1. More information on 
developing curve number values is available from the 
website http://emrl.byu.edu/gsda. The outcome of this 
WMS process was a compartmentalized Black Creek 
watershed, divided into many relatively homogenous 
sub-watersheds the areas and curve number values of 
which are presented in Table 2. Once the watershed map 

Code Land Use Description Hydrologic Soil Group 
A B C D 

11 Residential 57 72 81 86 
12 Commercial and Services 89 92 94 95 
14 Transportation, Communications, and Utilities 83 89 92 93 

16 Mixed Urban or Built-up Land 81 88 91 93 
17 Other Urban or Built-up Land 63 77 85 88 
21 Cropland and Pasture 49 69 79 84 
31 Herbaceous Rangeland, 49 69 79 84 
32 Shrub and Brush Rangeland, 35 56 70 77 

33 Mixed Rangeland 35 56 70 77 
42 Evergreen Forest Land 36 60 73 79 
75 Strip Mines, Quarries, and Gravel Pits 77 86 91 94 

 

Table 1. Reference NRCS Curve Number Values for Some Common Land Uses and the Four Hydrologic Soil Groups

______________________________________________________________________________ 
WS No.    Watershed Area    Curve #  value   WS No.  Watershed Area    Curve # value   . 
1  4258.23      70.0      24  4922.22         66.1 
2  5564.57      67.0      25  6560.56         67.9 
3  5670.00      67.3      26  4265.44         70.4 
4  8384.81      70.2      27  7708.11         66.3 
5  8971.15      70.1      28  8444.28         70.6 
6  44.38.66      75.8      29  8400.98         73.9 
7  3442.67      70.6      30  5571.78         76.5 
8           17841.25      67.7      31  9144.56         75.4 
9  7289.51      74.6      32           10190.88         77.7 
10           17574.21      75.7      33  6943.08         77.3  
11  7520.46      78.7      34           12096.25         79.0 
12  6365.69      77.6      35           33206.95         76.0 
13           27166.05      76.1      36  6789.00         74.0 
14  4453.10      78.7      37  9555.75         73.8 
15  8509.21      73.0      38           13092.00         76.3 
16  8156.39      75.5      39  8646.37         75.6 
17           11930.26      71.0      40  3963.50         74.0 
18  8532.79      69.0      41  8980.14         75.6 
19  5615.09      64.0      42  8956.71         72.6 
20           10097.05      74.3      43  3572.58         76.1 
21           18209.34      68.3      44  9620.71         70.6  
22  5651.17      77.3      45  6986.38         64.2 
23  4063.36      68.2 
______________________________________________________________________________ 
 

Table 2.  GIS_ArCInfo generated homogenous sub-watersheds and their speci�c areas and curve number values
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is divided into sub-watersheds, then one outlet from each 
sub-watershed is determined to empty the outflows from 
the sub-watershed to the next one below it in a cascading 
fashion (Hans et al., 1982; Tecle et al., 2009).

Developing spatially distributed Precipitation event
Even though the study area has many rain gages (see 

Figure 4), most of them were non-recording gages (see 
the labeled dots in the figure) from which monthly data 
were collected. Even though precipitation data were 
generally available in monthly totals we developed and 
used a precipitation-elevation relationship to extrapolate 
event data from one sub-watershed to all the other sub-
watersheds on the study site. The equation below was 
developed to extrapolate daily rainfall from the monthly 
average values. It was based on general north central 
Arizona elevation – precipitation relationships. NOAA 
daily precipitation maps obtained from http://www.
cpc. noaa.gov/products/precip/realtime/ were used to 
determine existence and approximate amount of rainfall 
in each sub-watershed during the extrapolation process; 
when a map shows absence of rainfall in a sub-watershed 
a zero value was then assigned to that watershed.

Where Dn = Daily rainfall on station n
           En = Elevation of station n

        EBEN = Elevation of Bonito recording raingage 
location site 

             RBEN = Daily rainfall from the raingage at Bonito 
gaging site 

The above equation is multiplied by a rainfall 
distribution factor, Rf the value of which ranges from 
0 to 3 depending on the amount of rainfall that fell on 
any sub-watershed n relative to the amount that fell 
in the sub-watershed where the Bonito Creek (BEN) 
gage is located. The relative value was determined 
from the National Weather Service precipitation map 
for the same period. When a particular sub-watershed 
in a map shows no rainfall, the Rf value for that sub-
watershed becomes 0.

Determining stream flow and its routing using 
HEC-HMS

The process described in this part involved importing 
the sub-watershed curve number values determined 
using the WMS and the precipitation data developed for 
each sub-watershed using the HEC-HMS. The pieces 
of information imported from WMS were saved under 
different files for use in HEC-HMS. The functional 
activities performed in HEC-HMS include computing 
relevant GIS attributes and importing the NRCS curve 
number values for each sub-watershed. These pieces of 
information and the event rainfall in each sub-watershed 
were used to calculate the surface runoff and construct the 
hydrograph for each sub-watershed using the Aquaveo 
models. Then, the runoff and stream flow hydrographs 
from each sub-watershed were routed downstream from 
one sub-watershed to the next in a cascading fashion 
to determine the accumulated peak flow rates and total 
amounts of stream flows at the bottom of the watershed.

RESULTS
The main objective of the study leading to this 

paper was to use the HEC-HMS and WMS rainfall-
runoff model to generate amounts of surface flows and 
peak flow rates from ungagged semi-arid watersheds. 
We used the Black Creek watershed in southeast 
Navajo Nation to demonstrate calculating a stream 
flow from a large watershed in the absence of adequate 
measured precipitation and other biophysical watershed 
characteristics data. Since the method required 
compartmentalizing of the large watershed into small 
sub-watersheds to make it appropriate for using the 
HEC-HMS and WMS, we had to estimate every sub-
watershed rainfall data from that measured by the gage 
at Bonito sub-watershed. This was done for two daily 

	  

Figure 4. Location of stream and rainfall gages (most of them 
non-recording) in the Black Creek Watershed.



42

rainfall storm event amounts. The two storm rainfall 
events were 1.1 inches and 0.6 inches that fell on January 
13 and 14, 1997, respectively. 

Figures 5 and 6 are the HEC-HMS determined stream 
flow hydrographs produced from the storm events of 
January 13 and 14, 1997, respectively. The peak flow 
rate from the January 13 rainfall storm event is 1770 
cubic feet per second (cfs) while that from the January 
14, 1997, rainfall storm event is 2.9 cfs. The peak 
flow from the first storm event is probably somewhat 
higher for the watershed, due to possible errors when 
extrapolating precipitation data from one sub-watershed 
to the others. A second possible source of error is from 
the rough approximation of watershed characteristics. A 
third possible source of error may come from the WMS 
and HEC-HMS model inaccuracies. The hydrograph 
from the second storm is small but appropriate for the 
watershed, which seems to be similar to many observed 
wet period stream flows.

CONCLUSIONS
In the absence of measured stream flow data for all 

aspects of decision-making related to stream hydrology, 
indirect estimation of stream flow from precipitation 
storm events is very useful and quite appropriate. 
This approach can be done either through direct step-
by-step rainfall-runoff modeling approach, or using 
commercially available programs such as the HEC-HMS 
and WMS used in this paper or others like the NRCS TR-
20 and TR-55 (Hans et al., 1982) available at http://www.
bossintl.com/snet-tr-20-program-tr-55-hydrology.html). 
However, in spite of their usefulness and importance in 
many instances, all indirect estimation methods are prone 

to have some estimation error and uncertainties.
The above problems could be due to data inadequacy 

and model weakness. The result of the modeling effort 
used in this study is not free from these and other 
challenges. For this reason, we always recommend 
modelers to attempt to obtain and use best-fit models as 
well as have the necessary data sets carefully collected 
and well-prepared. In this study, the authors thought that 
there were adequate historical stream flow data available 
from the stream flow gaging station at the mouth of 
Black Creek watershed that would match with available 
rainfall storm events. To our surprise, in spite of the 
presence of a functioning stream gage since 1986, there 
were not any measured stream flows that match with any 
precipitation storm events. Hence, we could not verify 
the resemblance of the model-generated stream flow 
hydrographs with observed stream flow hydrograph for 
the same time period. Instead, we used year-round daily 
stream flow data (see Figure 7), taken in a different year, to 

Figure 5. HEC HMS and WMS determined stream �ow 
hydrograph  from January 13, 1997 rainfall storm event.

Figure 6. HEC HMS and WMS determined stream �ow 
hydrograph from the January 14, 1997, rainfall storm event.

Figure 7. Daily stream �ow rates (in cfs) at the Black Creek gaging 
station, Navajo Nation
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demonstrate the appropriateness and application of using 
the modeling effort to the study area. However, to have 
a direct comparison, we recommend that gaging station 
stream flows are consistently and appropriately collected 
and processed for many years to be of use in modeling 
as well as to provide needed information for use by water 
resources personnel and other water interested parties. 

In spite of some weaknesses, the modeling effort 
made in this study should be of value to describe the 
hydrology of the watershed as well as indicate the 
possible applicability of the model to other watersheds 
in the Navajo Nation and elsewhere. The HEC-HMS 
and WMS software available from Aquaveo is useful. 
However, there is lack of clear guidelines from the 
vendors to make it more readily applicable; and its 
extensive usefulness depends on clear communication 
and good interaction between users and the vendors.
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WATER IN WYOMING – AVAILABILITY, REGULATORY POLICIES, 
AND CLIMATE CHANGE IN THE COWBOY STATE

Amber L. Wilson

ABSTRACT
Climate change is real and may have devastating effects 

to a fragile world that is reaching beyond its capacity. This 
is especially true in the semi-arid areas of the western 
United States and particularly in Wyoming. The problem 
of climate change is serious and its solutions depend on the 
willingness of people to act on it with zeal in a coordinated 
and holistic manner. In particular, Wyoming is faced with 
possible water contamination from hydraulic fracturing 
operations. In the presence of continuing drought from 
climate change, such a problem in combination with the 
sheer amount of water required for fracturing practices 
can lead to serious water shortage. 

The objective of this study is to examine the current 
environmental policy in Wyoming and evaluate its ability 
to help adapt to climate change. This is very important and 
a clear understanding of existing environmental policies 
is necessary to develop and implement appropriate plans 
and procedures to protect the quality of the increasingly 
shrinking and valuable water supply in an effective, 
holistic and cost-effective manner. In this study, I expect 
to provide a comprehensive overview and understanding 
of the quantity, quality, allocation and use of the area’s 
groundwater and surface water under recurring climate 
change. Such information may lead to actions and steps 
that can be taken by Wyoming’s water stakeholders.

INTRODUCTION
Water policy is a complex and often convoluted body 

of doctrine that is of particular importance to those of 
us who live in the arid Western United States, where 
water can be harder to come by. As climate change and 
population growth threaten to decrease water availability 
and the number of stakeholders in western water supplies 
increases, many people will look to policy to offer some 
sense of direction. Some key questions then become, who 
has priority in the case of a water shortage, who should 
have that priority, and what happens to those who are 

shut out?  How do we effectively frame and address our 
water policy problems? These questions are difficult ones; 
finding an answer to them will not be easy. 

Wyoming has many landscape, economic, and cultural 
characteristics that make it unique among western states. 
Such distinctions, in turn, have their own influence upon 
Wyoming’s water law and the challenges that pertain to 
those laws. The intangible nature of studying groundwater 
in particular, can make understanding its supply and 
even its governing policies a daunting task. It is for this 
reason that I have chosen to construct a reference essay 
for those who wish to address Wyoming’s water problems 
in the shadow of climate change, but first require baseline 
knowledge of the state’s current laws, existing ground and 
surface water resources and the threat that is created by 
hydraulic fracturing in oil and gas production. 

This essay is broken into five parts. The first describes 
groundwater in Wyoming, its quantity, availability and 
demand, and the policies that govern its use. A second 
section describes surface water in Wyoming, its quantity, 
availability and demand, and the policies that govern its 
use. Third is an overview of stakeholders in Wyoming’s 
ground and surface water. The fourth part is dedicated 
specifically to Wyoming’s water quality laws since these 
apply to a mixture of ground and surface water sources, 
making it difficult to discuss in the separate ground and 
surface water sections. The final part of this paper is 
an exploration of Wyoming’s water challenges as they 
relate to both climate change and hydraulic fracturing 
operations. This paper may be most useful to decision-
makers in forming their background knowledge as they 
move forward in the water policy realm of Wyoming. 1

 GROUNDWATER IN WYOMING 
Quantities and Availability

Groundwater is an important water source in Wyoming. 
Twenty-five percent of municipal water users in the state 
rely solely on groundwater, 45% rely on a combination 

1 Arneson, C.S., J.D. Hamerlinck, and S.P. Gloss. 1997. Groundwater Protection Issues: Protective Ground Water Resource Manage-
ment and the Wyoming Ground Water Vulnerability Mapping Project. In Proceedings of Wyoming Water Law Conference, Cheyenne, 
Wyoming, Novemer 20-21. pp 87-103.

1 ºNorthern Arizona University, Flagstaff.
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of both ground and surface water, and an unspecified 
number of rural residents rely on private groundwater 
sources.2  The state of Wyoming is estimated to have 
about 10 million acre-feet of water stored in alluvial 
aquifers and around 3 billion acre-feet in bedrock aquifers. 
This amounts to somewhere around 9.8 x 1014 gallons 
of water stored underneath the earth’s surface within 
Wyoming’s borders.3 While 9,800,000,000,000,000 may 
be an unfathomably large number, we cannot jump to 
a conclusion of relief quite yet. Unfortunately, we have 
limited data about the depths of this water beneath the 
earth’s surface, its exact quantity, its quality, and how 
much it would cost to extract it if needed.4 Another 
problem exists concerning the ability to use some or all of 
these groundwater sources in a sustainable manner. Even 
if we could tap into it, the estimated annual recharge rate 
of alluvial aquifers is estimated at only 1 million acre-
feet and bedrock aquifers at 4 million acre-feet.5 Because 
of such uncertainties and questions about whether these 
sources would be sustainable, it would be unwise to 
blindly count on this untapped groundwater as a reliable 
safety net in times of need. Our improved understanding 
and caution is necessary.

Groundwater Allocation Law in Wyoming
Underlying Wyoming water law is the doctrine of prior 

appropriation, which means “first in time is first in right. 
6”  The Wyoming constitution appoints the State Engineer 
alongside the Board of Control as the chief administrator 
of water appropriation laws in Wyoming.7  Groundwater 
laws were first established in 1945, amended in 1947 and 
then replaced by new laws in 1958; major amendments to 
these new laws were made effective in 1969.8 Currently, 
groundwater laws in Wyoming dictate that as of March 
1, 1958, new priority rights to groundwater are given 

in order of the date the permit to drill was received by 
the State Engineer’s Office.9 Article 8, Section 1 of the 
Wyoming Constitution declares that all water within the 
boundaries of the state, including groundwater, is the 
property of the state.10 

In Wyoming, many municipalities rely on groundwater 
as their sole water source. In some cases, groundwater 
can become limited through any combination of 
high demand and slow recharge rates. Consequently, 
restrictions are made on the uses that are allowed access 
to these sources. This is done through designation of 
Groundwater Control Areas (GCAs) in accordance with 
§41-3-912 of the Wyoming State Statutes.11  

Wyoming currently has three GCAs: the Laramie 
County Control Area (established Sept. 1981), the Prairie 
Center Control Area (established Dec. 1977), and the 
Platte County Control Area (established Feb. 1982), all 
three of which are located in southeastern Wyoming.12

In order for a groundwater source to qualify as a GCA, 
one or more of the following requirements must apply: 
water use is near or exceeding the recharge rate, water 
levels are “excessively” decreasing, there is conflict 
between users, or regulation of the source is in the public 
interest.13  Within GCAs, water users seeking to use 25 
gallons per minute or more must complete the proper 
application process and receive approval by the State 
Engineer. For GCA permit applications, regardless of the 
order an application is received by the State Engineer’s 
office, priority is given first to stock and domestic uses 
where that use does not exceed 25 gallons per minute.14 

The remaining question however, is whether or not 
domestic uses would still have priority over, for instance, 
industrial use if the domestic use were over 25 gallons 
per minute, but the application was submitted after that 
of industry. An important note is that these GCAs contain 

2   Jacobs, J.J. and D.J. Brosz. 1993. Wyoming’s Water Resources. Cooperative Extension Service, College of Agriculture and Wyo-
ming Water Resources Center, University of Wyoming, Bulletin B-969. 7 pp.

3 Jacobs, J.J. and D.J. Brosz. 1993. 
4  Jacobs, J.J. and D.J. Brosz. 1993. 
5 Jacobs, J.J. and D.J. Brosz. 1993.
6 Jacobs, J.J. and D.J. Brosz. 1993.
7  Wyoming. Wyoming State Constitution. Article 8, Section 5. State Engineer.
8  Jacobs, J.J., G. Fassett and D.J. Brosz. 1990. Wyoming Water Law: A Summary. Cooperative Extension Service, College of Agri-

culture and Wyoming Water Research Center, University of Wyoming, Bulletin B-849R. 8 pp. (Updated June 1995)
9  Jacobs, J.J., G. Fassett and D.J. Brosz. 1990. (Updated June 1995)
10 Wyoming. Wyoming State Constitution. Article 8, Section 1. Water is State Property.
11 Wyoming. Wyoming State Statutes. Title 41, Chapter 3, Article 9. “Control areas; board member districts; designation; redesigna-

tion; duty of state engineer; hearings.” 
12 Wyoming State Engineer’s Office. Web. 8 Dec. 2011. http://seo.state.wy.us/index.aspx
13  Parkin, Darren. “High Plains Aquifer in Wyoming.” Wyoming State Engineer’s Office. n.l. Presented to Northeastern Wyoming 

iBAG. July 17, 2003.  Guest Lecture. and Ashley, Jeffrey S. and Zachary Smith.  Groundwater Management in the West. Lincoln: 
University of Nebraska Press, 1999. Print.

14  Ashley, Jeffery S. and Zachary Smith. Groundwater Management in the West.
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roughly one third of the state’s irrigated land15  as well 
as growing oil and gas development activities within 
the Niobrara Shale, an activity with high water demands 
both for drilling wells and fracturing them, sometimes 
multiple times.16 

SURFACE WATER    

Availability and Allocation in Wyoming
Wyoming contains five river basins, four of which are 

not closed. Each of the four basins, which drain water out 
of the state, is a water division and has a superintendent 
appointed by the state legislature to oversee it.17 The 
four open river basins include: the Missouri-Mississippi, 
which 72 percent of Wyoming’s land base drains into; the 
Green-Colorado, which drains 17 percent of Wyoming’s 
land base; the Snake-Columbia where five percent of 
the state’s land base is drained and the Great Salt Lake, 
where two percent of Wyoming’s land base drains. The 
closed basin is the Great Divide river basin. Four percent 
of the state’s land base drains into this closed basin.18  

Each year, there is an estimated 18.2 million acre-feet 
of surface water in the State of Wyoming.19 16.3 million 
of those acre-feet are a result of precipitation within 
Wyoming’s borders and 70 percent of that number is 
from snow.20 A series of compacts and court decisions 
allow only 6.4 million acre-feet to be consumed by 
Wyomingites, the rest must be allowed to flow to other 
states.21 As the chief administrator of appropriation 
laws in Wyoming, the State Engineer who is also the 
president of the Board of Control, presides over the 
allocations of surface water within the state to make 
sure the allocations adhere to intrastate, interstate and 
international appropriation laws. The remainder of the 
Board of Control consists of the four water division 
superintendents.22 

Within the state of Wyoming, the rivers and streams 
that have been allocated by decrees of courts are the 
Laramie River - applicable to Wyoming and Colorado, 
the North Platte River - a ruling concerning the states 

of Wyoming, Colorado and Nebraska, and the Teton 
and South Leigh Creeks, which were decided by the 
Wyoming District Court concerning Wyoming and 
Idaho.23 Interstate compacts and one international 
compact govern allocation of water from the rest of the 
streams and rivers in the state. These compacted rivers 
include the Bear, Belle Fourche, Niobrara, Snake and 
Yellowstone rivers and Wyoming’s three tributaries of 
the Colorado River, the Green, Little Snake, and Henry’s 
Fork.24  Of the previously mentioned 18.2 million acre-
feet of surface water supply in Wyoming, 15.4 million 
of that flows out of the state, 3.6 million acre-feet of the 
water that flows out of the state’s borders is compacted.25

While the primary doctrine of water rights in the 
state is prior appropriation, surface water rights may be 
transferred using the appropriate procedures, but only to 
the four “preferred uses.”  The four preferred uses that 
are recognized in Wyoming water law are: “(1) water 
for drinking purposes for both humans and livestock, 
(2) water for municipal purposes, (3) water for steam 
engines and general railway use; culinary laundry, 
bathing, refrigerating uses; steam and hot water heating 
plants, steam power plants, and (4) water for industrial 
use.”26 

Water Use in Wyoming: Primary Stakeholders
The State of Wyoming cites three primary areas 

of water use: agriculture, domestic, and industrial.27

As of 1995, the largest user of water in Wyoming was 
agriculture, according to J.J. Jacobs and D.J. Brosz, 
with the Wyoming Water Resources Center (WWRC) 
at the University of Wyoming. They cite 2.3 million 
acre-feet of surface water use and 300,000 acre-feet of 
groundwater use each year to irrigate Wyoming’s crops. 
28 Most recently, the Wyoming Water Development 
Office (WWDO) confirmed agriculture as the largest 
user of water in their Wyoming Water Facts page.29  The 
numbers for water usage that are provided in the facts 

15 Ashley, Jeffery S. and Zachary Smith. Groundwater Management in the West.
16 Ashley, Jeffery S. and Zachary Smith. Groundwater Management in the West. 
17  Wyoming.  Wyoming State Constitution. Article 8, Section 4. Water Divisions. and Jacobs, J.J. and D.J. Bronsz. 1993. 
18 Jacobs, J.J. and D.J. Brosz. 1993.
19 Jacobs, J.J. and D.J. Brosz. 1993.
20 Jacobs, J.J. and D.J. Brosz. 1993.
21 Jacobs, J.J. and D.J. Brosz. 1993.
22  Wyoming.  Wyoming State Constitution. Article 8, Section 2. Board of Control. and D.J. Bronsz. 1993.
23 Jacobs, J.J. and D.J. Brosz. 1993.
24 Jacobs, J.J. and D.J. Brosz. 1993.
25 Wyoming State Engineer’s Office.  Interstate Streams Division. “Wyoming’s Compacts, Treaties and Court Decrees.” 2006. see 

also, Jacobs, J.J. and D.J. Brosz. 1993.
26 Jacobs, J.J. and D.J. Brosz. 1993.
27 Wyoming Water Development Office.  Wyoming Water Facts. http://waterplan.state.wy.us/waterfacts.html
28 Jacobs, J.J. and D.J. Brosz. 1993.
29 Wyoming Water Development Office. Wyoming Water Facts.
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page include the “typical quantities of agricultural, 
domestic, and industrial water use.” 

Next after agriculture, another major user is industry. 
In Wyoming, this consists primarily of oil and gas 
development, coal mining and processing, and electricity 
generation through coal fired power plants. Interestingly 
enough, while the WWDO and the Wyoming State 
Engineer’s office do not readily disclose numbers 
pertaining to water use within oil and gas development, 
the industry has boomed in a very large way since 1995 
and is a growing user of water today. 

Aside from coal and electricity generation uses, the 
industrial section of the WWDO’s Wyoming Water Facts 
Page only includes “petroleum refining.”30 According 
to Gary Watts’ paper written in 2000 and published on 
the WWDO website, while oil and gas is an important 
user of groundwater in the Green River Basin (southwest 
Wyoming), the amounts the industry uses are “small.”31  The 
same document also notes, however, that “future needs 
have not been projected [for groundwater uses by natural 
gas operations].”32  From this statement and the fact that 
the industry has expanded greatly statewide since this 
information was published in 2000, suggest the data in 
the Watts document and published by the WWDO are 
outdated and more recent information is needed. Another 
testament to the importance and need for more up-to-date 
data is found in a statement by the State Engineer’s office. 
The statement reads, “…there will be a large demand 
for water supplies for oil and gas-related activities and/
or other temporary activities in southeast Wyoming – 
many of which will occur within Ground Water Control 
Areas.”33 Particularly because these water extractions 
will be occurring in groundwater-scarce areas of the 
state, the publishing of more updated numbers on the 
exact amounts expected for these activities is important 
for state water planning purposes. Also important to note 
are concerns just south of these Groundwater Control 
Areas around Greeley, CO. Here, the concern about the 
increasing use of hydraulic fracturing and it the effects 
this will have” in a region that has battled drought on and 
off for decades, and where state officials predict there 

won’t be enough water to sustain expected population 
and agriculture levels in the not-too-distant future…”34 

Domestic water use is the final major stakeholder 
named by the Wyoming Water Development Office. 
According to Jacobs and Brosz, 30 percent of domestic 
water uses in the state come from surface water, 25 percent 
from groundwater and 45 percent use a combination of 
both groundwater and surface water.35 According to the 
Wyoming State Water Plan, current domestic (including 
municipal and stock) uses from surface water amount to 
63,200 ac-ft/yr, domestic uses in Wyoming are projected 
to increase in the next thirty years to range anywhere 
from 101,000 to 138,800 ac-ft/yr by 2040.36 

Water Quality Regulations in Wyoming
Given the high use and release of water by agriculture 

and the oil and gas industry, water quality can become an 
issue; either from chemical pesticide use in agriculture 
or chemical use in oil and gas recovery. In the face of 
challenges posed by drought and higher demand for 
water in the West, the pollution of viable sources of 
water cannot be tolerated, which is why I include this 
section on current water quality regulations in the state 
of Wyoming. 

Let us begin with the federal environmental and 
water quality legislation that applies to the waters within 
Wyoming. You may notice that some policies explained 
in the following paragraphs seem to be unrelated to water 
quality. Due to the potential of some activities that can 
affect water quality, to in turn affect something else, 
such as wildlife, some federal policies can come into 
play in the regulation of water quality that may not seem 
applicable at first.

The Clean Water Act (CWA) is a federal environmental 
policy that was passed in 1972. Among other things, 
the Act requires the State of Wyoming to prepare a 
305(b) report that details water quality across the state. 
It also requires the state to compile a 303(d) list of 
impaired streams that also include specifications of Total 
Maximum Daily Loads (TMDL) for certain pollutants.37

The Clean Water Act Amendment, otherwise known as 

30  Wyoming Water Development Office.  Wyoming Water Facts.
31 Watts, Gary. “Industrial Water Needs Projections,” Technical Memorandum. 2000. Watts and Associates, Inc. Green River Basin 

Water Plan. 
32  Watts, Gary. “Industrial Water Needs Projections,” Technical Memorandum. 2000. 
33 Wyoming State Engineer’s Office. Web. 8 Dec. 2011. http://seo.state.wy.us/
34 Eichenseher, Tasha.  “In Drilling Country, Water Rights Stir Fracking Questions.” E&E Publishing. 9 Feb. 2012. 
35 Jacobs, J.J. and D.J. Brosz. 1993.
36 Wyoming Water Development Office. State Framework Plan Updated Data Tables. Web. 6 Dec. 2011. http://waterplan.state.wy.us/

plan/statewide/tables/tables.html
37 Clean Water Act of 1972, 33 U.S. C §1251 et seq. (1972) Retrieved from http://epw.senate.gov/water.pdf. and Gibbens, Gerald A. 

“Wind/Bighorn Basin Water Plan Final Report.” May 2010. Wyoming Water Development Commission. 
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the Federal Water Pollution Act Amendment of 1972 
authorizes the state of Wyoming to plan and manage its 
own water quality.38 Despite that allowance however, 
Wyoming has not assumed primacy in the enforcement 
of the drinking water quality program of the Clean Water 
Act so the U.S. EPA takes charge in the regulation of 
Wyoming’s drinking water quality.39 

The Safe Drinking Water Act (SDWA) was passed in 
1974 to protect tap water in the U.S. It authorizes the EPA 
to develop water quality standards using “detailed risk 
and cost assessment, and best available peer-reviewed 
science.”40  Under SDWA, operators and owners of 
public water systems are required to adhere to these 
standards established by the EPA. SDWA provides the 
option for states to apply to enforce SDWA (as opposed 
to federal enforcement) and the ability to establish their 
own set of standards secondary to those of the EPA.

In 2005, under the George W. Bush Administration 
and the influence of oil and gas corporations, Congress 
passed the Energy Policy Act Amendment to SDWA, also 
popularly known as the Halliburton Loophole. Under this 
amendment, oil and gas companies’ process of hydraulic 
fracturing is exempt from adhering to the drinking water 
standards under SDWA.41 Hydraulic fracturing is the 
process of pumping large volumes of chemical infused 
water into geologic formations to fracture rock that 
encases natural gas, which allows the gas to seep out to 
the surface. This policy has major significance in states 
like Wyoming, where oil and gas development and the 
use of hydraulic fracturing are prevalent and growing. 

The CWA, SDWA and the Energy Policy act are 
three of the primary pieces of federal legislation that 
have jurisdiction over water quality in Wyoming, but 
there are other federal laws that also have jurisdiction 
over the state’s water quality, although indirectly. Laws 
like the Endangered Species Act (ESA), the Resource 
Conservation and Recovery Act (RCRA), and the 
National Environmental Policy Act (NEPA) can indirectly 

dictate water quality in the pursuit of another goal. For 
instance, streams that contain an endangered species of 
fish must be kept at a certain level of water quality so as 
not to endanger the survival of the endangered species 
under the ESA. Hazardous waste must be disposed of 
properly under RCRA and failing to do so might result 
in water contamination, which would be a violation of 
RCRA. During a NEPA review process for putting in 
a pipeline, one of the discoveries might be that water 
quality of a stream or aquifer would be in danger of oil 
contamination, hence the chosen alternative might need 
to reflect the protection of that water source.42 

Wyoming also has several water quality policies on 
the state level. The Wyoming Environmental Quality 
Act, passed in 1973, has water quality provisions that 
are enforced by the Water Quality Division (WQD) of 
the Wyoming Department of Environmental Quality 
(WDEQ).43 This law was created to address public 
concern that pollution “will imperil public health 
and welfare, create public and private nuisances, be 
harmful to wildlife, fish, and aquatic life, and impair 
domestic, agricultural, industrial, recreational, and other 
beneficial uses.”44 Wyoming’s Environmental Quality 
Act addresses these concerns by authorizing the state “to 
prevent, reduce and eliminate pollution, to preserve and 
enhance the water…of Wyoming, to plan development, 
use, reclamation, preservation and enhancement of the…
water resources of the state.”45 

Just as the WQD within the WDEQ is charged with 
enforcing the Environmental Quality Act, it also deals 
with any operations performed by or under the supervision 
of the BLM, Forest Service, EPA, or the Wyoming 
Oil and Gas Conservation Commission (WOGC) that 
could potentially contaminate groundwater.46 The 
WDEQ has also developed two individual sets of water 
quality standards for both surface and groundwater. 
These requirements can be found in Chapters 1 and 
8 respectively of the WDEQ’s “Water Quality Rules 

38  Clean Water Act of 1972, 33 U.S. C §1251 et seq. (1972) and Taucher, Paul and Scott Quillinan.  “2011 Wind/Bighorn River Basin 
Groundwater Memorandum DRAFT.” Web. 7 Dec. 2011. 

39 Gibbens, Gerald A. “Wind/Bighorn Basin Water Plan Final Report.” May 2010. Wyoming Water Development Commission.   
40  Safe Drinking Water Act of 1974, 42 U.S.C. §300f et seq. (1974) Retrieved from http://epw.senate.gov/sdwa.pdf.  
41 Energy Policy Act of 2005, 42 USC §13201 et seq. (2005) Retrieved from http://frwebgate.access.gpo.gov/cgi-bin/getdoc.

cgi?dbname=109_cong_bills&docid=f:h6enr.txt.pdf.
42 Endangered Species Act of 1973, 16 U.S.C. §1531 et seq. (1973) Retrieved from http://epw.senate.gov/esa73.pdf. and National 

Environmental Policy Act of 1969, 42 U.S.C. §4321 et seq. (1969) Retrieved from http://epw.senate.gov/nepa69.pdf. and Resource 
Conservation and Recovery Act of 1976, 42 U.S.C. §6901 et seq. (1976) Retrieved from http://epw.senate.gov/rcra.pdf.  

43 Jacobs, J.J. and D.J. Brosz. 1993. and WY. Wyoming State Statutes. Title 35, Chapter 11, Article 1. “Environmental Quality Act.” 
44 Gibbens, Gerald A. “Wind/Bighorn Basin Water Plan Final Report.” May 2010. Wyoming Water Development Commission.  Web. 

8 Dec. 2011. http://waterplan.state.wy.us/plan/bighorn/2010/finalrept/finalrept.html. and WY. Wyoming State Statutes. Title 35, 
Chapter 11, Article 1. “Environmental Quality Act.” 

45 WY. Wyoming State Statutes. Title 35, Chapter 11, Article 1. “Environmental Quality Act.”
46 Taucher, Paul and Scott Quillinan.  “2011 Wind/Bighorn River Basin Groundwater Memorandum DRAFT.”   
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and Regulations.”47 The baseline for these standards 
consists of surface and ground water being classified 
in one of a variety of classifications, which determine 
the standards of quality they must be held to. There 
are four classifications pertaining to surface water: 1. 
Outstanding waters, 2. Fisheries and Drinking Water, 3. 
Aquatic Life other than Fish, and 4. Agriculture, Industry, 
Recreation and Wildlife.48 Groundwater has a total of six 
classifications that determine the quality standards any 
given source is held to, these classifications are found on 
page 30 of Chapter 8 in the “Water Quality Rules and 
Regulations” document.49 

Now that we have an understanding of the quantities 
and availability of ground and surface water within 
the state of Wyoming, the stakeholders who rely on 
that water, and policies that govern its use and quality, 
we can begin to ask the next question. This question 
concerns the future of water supplies in Wyoming as 
rising temperatures and drought brought by climate 
change begin to take their toll on the already limited 
water supplies in the West. The next section of this paper 
is dedicated to providing a brief presentation of research 
concerning climate and hydraulic fracturing in relation 
to water resources in Wyoming. These are the issues that 
policy-makers in Wyoming and the West in general must 
seriously and honestly consider if regulatory policies 
have any chance of adapting Wyoming and the West to a 
future with less water.

WYOMING WATER CHALLENGES 

Climate Change and Water Shortage
No matter how we look at it, temperature changes 

and drought from climate change are going to have a 
significant impact upon Wyoming’s water resources.50 In 
the context of population growth, both in Wyoming and in 
downstream states to which Wyoming has certain water 
delivery obligations, the increases in water demands from 
municipalities, industry, and agriculture significantly 
diminish the resilience of Wyoming’s water resources 
to climate change. As a headwater state, Wyoming has 

the pressure of its own growth, of course, but also the 
growth of the states that demand water downstream and 
are legally entitled to it. When drought is added into 
the mix as a result of increased temperature, altered 
precipitation and river flow patterns, and depletion of 
glacial and snowmelt, this increase in demand threatens 
to become Velcro against an already stretched balloon 
for Wyoming’s water resources.51 Another factor that 
makes Wyoming’s surface and groundwater at particular 
risk in the face of climate change lies in its very status as 
a headwater state. Steve Gray and Chamois Andersen, 
water experts at the University of Wyoming elaborate on 
this point:

…[W]ater users farther downstream are 
somewhat buffered from the types of drought 
we see in the historical record; dryness in one 
upstream area will often be offset by average 
to wet conditions in another part of the basin. 
Downstream states may also benefit from a 
relatively large amount of storage on the river 
above them. But in Wyoming the water that 
falls as snow in nearby mountains is often 
the only local source of surface water for the 
entire year… (Gray and Andersen, 2009)

It is because of these vulnerabilities52 that policy 
and decision makers in the West, and especially in 
Wyoming need to be aware of climate change and 
actively consider its effects in their work. We must 
examine our current water policies in an attempt to 
adapt them to our changing environment. Without such 
consideration, water management policies will not be 
able to adequately address all of the factors necessary 
to produce an effective and useful decision for Western 
society. Gray and Andersen explain well what is at 
risk even for non-environmentalists when they write, 
“given rapidly increasing demand and often conflicting 
interests, any reduction in water supplies could have 
major consequences for natural resources, industry, 
energy production, and people throughout the region.”53

47  Wyoming Department of Environmental Quality. “Water Quality Rules and Regulations.” Feb. 2007. Web. 8 Dec. 2011. http://deq.
state.wy.us/wqd/wqdrules/.  

48 Gibbens, Gerald A. “Wind/Bighorn Basin Water Plan Final Report.” May 2010. Wyoming Water Development Commission.   
49  Gibbens, Gerald A. “Wind/Bighorn Basin Water Plan Final Report.” May 2010. Wyoming Water Development Commission. and 

Ashley, Jeffery S. and Zachary Smith. Groundwater Management in the West.   
50 Gray, S. C. Andersen.  2009. Assessing the Future of Wyoming’s Water Resources: Adding Climate Change to the Equation. Wil-

liam D. Ruckelshaus Institute of Environment and Natural Resources.  University of Wyoming, Laramie, WY. 28 pp. Web. 2 Dec. 
2011. http://www.uwyo.edu/enr/_files/docs/uofw-water_climate_final_comp.pdf

51 Gray, S. C. Andersen.  2009. Assessing the Future of Wyoming’s Water Resources: Adding Climate Change to the Equation.   
52 Gray and Andersen, 2009. Assessing the Future of Wyoming’s Water Resources: Adding Climate Change to the Equation 
53 Gray and Andersen, 2009. Assessing the Future of Wyoming’s Water Resources: Adding Climate Change to the Equation. p 5 
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Hydraulic Fracturing: Compounding the 

Problem of Water Shortage
The practice of hydraulic fracturing, also known as 

“fracking,” involves pumping large volumes of chemical 
laced water at high pressure into a geologic formation 
to fracture or “frack” the rock, allowing oil or gas that 
is trapped within the geologic formation to seep to the 
surface for collection by the energy production company. 
Each fracturing treatment requires around 5 million 
gallons of water per well that is drilled.54 Production 
companies also prefer to use fresh, clean water so that 
they can use one standard “recipe” of chemical cocktail, 
rather than fidget with chemical adjustments to account 
for salinity or other factors that may come with using 
varying degrees of non-potable water.55 This creates a 
cause for concern and an obvious compounding factor in 
the realm of water shortages in the near future. 

With the oil and gas industry expanding throughout 
Wyoming, both water quality and quantity protections are 
garnering increased relevancy for the future. Hydraulic 
fracturing has long been suspected of creating water 
contamination in drinking water wells of many who live 
near these operations. Vital questions about this possibility 
were answered in a December 8th, 2011 draft report from 
the U.S. EPA concerning groundwater contamination 
issues in Pavillion, Wyoming. In its report, the EPA 
implicates oil and gas operations for the contamination 
of groundwater sources in central Wyoming. The agency 
concludes, following an explanation of their methodology 
and results that, “…inorganic and organic constituents 
associated with hydraulic fracturing have contaminated 
ground water at and below the depth used for domestic 
water supply.”56   

Despite growing public concerns and the results from 
the EPA’s study, industry in Wyoming continues to deny 
responsibility in the creation of water quality problems. 
Hence, this is another growing area of water policy 
concern. Given the policy background compiled within 
this essay, particularly with the existence of the 2005 
Energy Policy Act and the limited regulations, except 
within GCAs, on water use by industry, it is hard to say 
how strong of a legal defense of water quality or quantity 
could be made in Wyoming when it is pitted against the 
interests of industry. 

Conclusions: Wyoming’s Water Future in the 
Current Policy Environment

In this essay, I have provided a baseline understanding 
for the quantities, availability, use and allocation of 
ground and surface water in Wyoming; I have given 
an overview of Wyoming’s primary water stakeholders 
and outlined water quality laws in the state. The purpose 
for presenting this baseline was to provide a foundation 
for examining our current policy environment in order 
to evaluate its current ability to address climate change. 
The final section of the paper was a brief introduction to 
the reality of environmental problems that face Wyoming 
and its water supply in the near future. 

Climate change is undeniable and its effects will most 
certainly be felt in Wyoming and the West, but how badly 
the challenges affect us will depend on our willingness 
to examine the baseline now and move forward in our 
decisions in an educated and holistic manner. In the 
case of water contamination from hydraulic fracturing 
practices, as climate change increases the scarcity 
and value of water, carelessness about water quality 
protection cannot be taken lightly.

The sheer volume of water used by hydraulic 
fracturing operations (5 million + gallons per well) is also 
an important factor when preparing for water scarcity 
and calculating risk.57 By forming an understanding of 
the problem and the current policies that do [or in many 
instances, do not] address the problem, we can begin to 
work in an effective way toward protecting the quality 
of Wyoming’s increasingly valuable water supplies for 
the future.
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EXPERIMENTAL FOREST WATERSHED STUDIES CONTRIBUTION TO THE EFFECT OF 
DISTURBANCES ON WATER QUALITY

Daniel G. Neary1

The most sustainable and best quality fresh water 
sources in the world originate in forested watersheds 
(Dissmeyer 2000, Brooks et al. 2003, Barten and 
Ernst 2004). The biological, chemical, and physical 
characteristics of forest soils are particularly well suited to 
delivering high quality water to streams, and moderating 
the climatic extremes which affect stream hydrology and 
water quality (Neary et al. 2009). Forest soils are usually 
characterized by high porosities, low bulk density, and 
high saturated hydraulic conductivities and infiltration 
rates (Neary 2011). Consequently, surface runoff is 
rare in forest environments, and most rainfall moves 
to streams by subsurface flow pathways where nutrient 
uptake, cycling, and contaminant sorption processes 
are rapid. Because of the dominance of subsurface flow 
processes, peak flows are moderated and baseflows with 
high water quality are prolonged (Vertessey 1999, Ice 
and Stednick 2004). 

In much of the world, municipalities ultimately rely 
on forested watersheds to provide adequate quantities of 
high quality water for continually growing demand (Lee 
1980). This is particularly true in semi-arid regions where 
water supplies are limited, water quality is affected by 
high mineral content, and human populations are large or 
growing rapidly. Forest soils provide the ideal conditions 
for creating high quality water supplies (Neary et al. 
2009). Paired catchment research has provided the 
scientific basis for understanding disturbance effects 
on water quality and led to the development of Best 
Management Practices (BMPs) for sustaining water 
quality (Ice 2004).

Socio-Economic Importance Of Water Quality
The U.S. Geological Survey’s NAWQA studies 

comparing water quality across land uses have 
demonstrated that forest lands provide the highest quality 
supplies (Rosen and Lapham 2008). Much of urbanized 
America depends on forested catchments to provide stable 
supplies of high quality water. The Colorado River, that 
supplies water to major metropolitan areas in Arizona, 
California, and Nevada, derives the bulk of its flow 
from forested mountain headwater streams. The quality 
of water is so high from some forested catchments that 

cities like Portland, Oregon, utilize unfiltered river water 
from forested watersheds to supply their residents and 
businesses (Harr and Fredriksen 1988). New York City 
has long relied upon forests in the Catskill Mountains to 
provide one of the highest quality metropolitan drinking 
water supplies in the world (Pires 2004).

In the USA, over 3400 towns and cities depend 
on National Forest catchments for their public water 
supplies (Ryan and Glasser 2000). An additional 3000 
administrative sites such as campgrounds, picnic areas, 
and historical sites rely on the same or similar sources. 
It has been estimated that 25% of the people in the USA, 
predominantly in western regions where the bulk of the 
National Forest lands are located, rely on streams and 
groundwater emanating from National Forests for their 
public water supplies. Since 70% of the forest area in the 
USA is outside the National Forest System, particularly in 
the eastern USA, a conservative estimate is that 50–75% 
of the USA’s population relies on forest lands to produce 
adequate supplies of good quality water. 

In Canada, the percentage of cities utilizing water 
from forested catchments is higher due to that country’s 
vast forest area (Bakker 2007). Germany has established 
Water Conservation Districts (Wasserschutzgebieten) 
for the protection of municipal water supplies (Napier 
2000). Australia is one of the driest continents on Earth 
with less than 1% of the world’s freshwater resources. 
Thus, water supply has always been a major issue for the 
socio-economic fabric of the country (Pigram 2006). The 
major cities of Brisbane, Sydney, Canberra, Melbourne, 
Adelaide, Hobart, and Perth rely on water flow from 
mostly forested catchments (Foran and Poldy 2002). 

Paired Catchment Science
The early 20th Century was unique in that it had the 

beginnings of paired catchment research in several parts 
of the world.  The Sperbelgraben and Rappengraben 
experimental catchments were established in 1903 
near Emmental, Switzerland (Penman 1963). This was 
followed by establishment of the Ota watershed study 
in Japan in 1908 and the Wagon Wheel Gap study in 
Colorado, USA, in 1910 (Steen1976, Neary 2000). 
Paired catchment experiments have been reviewed by a 

1. U.S. Forest Service, Rocky Mountain Research Station, 2500 South Pine Knoll Drive, Flagstaff, AZ 86001; dneary@fs.fed.us
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number of authors (Bosch and Hewlett 1982, Binkley 
and Brown 1993, Sahin and Hall 1996, Stednick 1996, 
Neary 2002, Andréassian 2004, Brown et al. 2005). Most 
of these reviews have dealt with the topic of water yield. 
However, many of the paired catchment experiments 
initially designed for water yield research were expanded 
to include water quality. 

This paper is based on a publication produced for a 
conference on at a meeting of the International Association 
of Hydrological Sciences in Melbourne, Australia, in 
2011 (Neary 2012). It provides a historical perspective 
of some of the many accomplishments of water quality 
research over the past century made possible by using the 
paired catchment methodology. It also examines current 
research efforts, and makes recommendations about 
future research directions for water quality science.

PAST CATCHMENT WATER QUALITY 
RESEARCH    

Water quality is a relative concept that is based 
on measurable physical, chemical, and biological 
characteristics in relation to specific uses such as human 
consumption, crop irrigation, livestock watering, 
fisheries maintenance, and recreational usage (Scatena 
2000). As water moves through a catchment, it interacts 
with ecosystem components and transports dissolved 
gases, cations and anions, organic compounds, trace 
metals, sediment particles, and microscopic organisms. 
The principle parameters of concern in water quality are 
bacteria and other microorganism contents, suspended 
sediment, organic matter, dissolved oxygen, nitrogen (N) 
compounds, anions and cations, trace metals, salts, and 
pesticides. Temperature, color, and turbidity are physical 
parameters that round out the concept of water quality. 
These contaminants and physical conditions then define 
water quality based on the uses of water mentioned 
above (Gleick 1993). Understanding of the movement of 
water through forest catchments provided the scientific 
foundation for evaluating water quality in both natural 
and disturbed forests (Swanson et al. 2000). In the USA, 
there was early interest in water quality research at 
locations like the Coweeta Hydrologic Laboratory in the 
1930s and 1940s, but it did not become well established 
until the middle of the 20th century when water pollution 
legislation such as the Federal Water Pollution Act of 
1948 was enacted (Douglass and Swank 1975, Swank et 
al. 2001). By the time the Clean Water Act was enacted in 
the USA (1972) there was considerable interest in water 
quality. This aspect of catchment science became fully 
integrated into hydrologic research. 

Natural Processes
Although the initial focus of early catchment research 

was water yield, the adoption of the paired catchment 
approach set the stage for examining physical, chemical, 
and biological processes that controlled nutrient cycling 
and other water quality related functions of forest 
catchments (Bormann and Likens 1967). The untreated 
half of catchment study pairs provided the opportunity 
to study natural processes that controlled water quality. 
However, the disturbances to these processes produced 
by practices such as harvesting, site preparation, road 
construction, fire, fertilization, herbicide use and insect 
outbreaks provided the real insight into natural catchment 
processes that affect water quality.

Disturbance Effects
Most of the forest catchment water quality studies 

reported in the literature deal with tree harvesting and 
post-harvest site preparation since much of the early 
interest in paired catchment science related to vegetation 
management to increase water yield. In addition, these 
practices were considered to produce the most disruptions 
to ecological processes and therefore the most influence 
on water quality. Since forest fertilization has been a 
basic feature of intensive forest management throughout 
the world, the impact of fertilizers on water quality has 
been an issue easily addressed by paired catchment 
research (Binkley et al. 1999). Paired catchments 
provided a sound basis for acid deposition research in 
the 1980s and 1990s (Likens et al. 1996), and continue 
to support scientific endeavors on climate change in the 
21st Century (Bouraouii et al. 2004).  

A number of water quality parameters are affected 
by disturbances, but only nutrients, sediments, and 
temperature will be discussed in the limited space 
available for this paper. Other papers present a much 
more detailed discussion of these topics (Binkley and 
Brown 1993, Swanson et al. 2000, Neary 2002, Ice and 
Stednick 2004).

Harvesting and Site Preparation – Nutrients:
Neary (2002) summarized a number of paired catchment 
studies looking at N losses in streamflow after harvesting 
and site preparation (Tables 1 and 2). Nitrate nitrogen 
(NO3-N) dynamics are considered to be very susceptible 
to disturbance and NO3-N concentration is a commonly 
accepted indicator of catchment health and water quality 
throughout the world since low levels (10 mg L-1) can 
affect infant health (Neary 2002). For the most part, 
large increases in NO3-N levels in streams draining 
harvested catchments have not been observed (Tables 
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1 and 2). Certainly there is no general indication that 
the World Health Organization (2006) water quality 
standard (10 mg L-1 NO3-N) is commonly breached by 
post-harvesting NO3-N concentration increases. The 
largest increase reported (Table 1, Pierce et al. 1970) 
was measured in an experiment where herbicides were 
used to suppress vegetation regrowth. Other causes 
of increased NO3-N losses in forested catchments 

have been documented where severe fire occurred 
(DeBano et al. 1998), nitrogenous fertilizers were used 
during regeneration (Neary and Hornbeck 1994), or 
N saturation of ecosystems has reached a critical level 
due to atmospheric deposition (Aber et al. 1989). Paired 
catchments have been instrumental in demonstrating that, 
except in rare instances of delayed vegetation regrowth 
(e.g. Pierce et al. 1970) or forest ecosystems impacted by 

Forest Type Location NO3-N  Reference 
  Uncut Cut  

  mg L-1 mg L-1  
Lodgepole Pine Alberta, Canada 0.2 0.7 Singh & Kalra 1975 
Spruce, Fir British Columbia, Canada 0.1 0.2 Hetherington 1976 
Spruce, Fir British Columbia, Canada <0.1 0.5 Feller & Kimmons 1984 
Spruce, Fir Colorado, USA <0.1 <0.1 Stottlemyer 1992 
Slash pine Florida, USA <0.1 0.3 Riekerk et al. 1980 
Loblolly Pine Georgia, USA 0.1 0.1 Hewlett & Doss 1984 
Mixed Conifer Idaho, USA  0.2 0.2 Snyder et al. 1975 
Aspen, Birch, Spruce Minnesota, USA 0.1 0.2 Verry 1972 
Mixed Conifer Montana, USA 0.1 0.2 Bateridge 1974 
Northern Hardwoods New Brunswick, Canada 0.1 0.6 Krause 1982 
Northern Hardwoods New Hampshire, USA 0.3 11.9 Pierce et al. 1970 
Mixed Hardwoods North Carolina, USA  <0.1 0.1 Swank et al. 2001 
Spruce, Fir, Pine Nova Scotia, Canada <0.1 0.3 Vaidya et al. 2008 
Douglas-fir Oregon, USA <0.1 0.2 Fredrickson et al. 1975 
Mixed Conifers Oregon, USA  <0.1 0.2 Fredrickson et al. 1975 
Oak-Maple Pennsylvania, USA 0.1 5.0 Corbett et al. 1975 
Spruce, Fir, Pine, Birch Quebec. Canada <0.1 <0.1 Carignan et al. 2000 
Loblolly Pine South Carolina, USA <0.1 <0.1 Van Lear et al. 1985 
Mixed Hardwoods West Virginia, USA 0.1 0.5 Aubertin & Patric 1974 
     

 

Forest Type Location NO3-N Reference 
  Uncut Cut  
  mg L-1 mg L-1  
Native Beech-Podocarp Chile <0.1 <0.1 Oyarzun et al. 2007 
Spruce, Fir, Peat Finland <0.1 0.1 Ahtiainen & Huttunen 1999 
Spruce, Fir, Beech Germany 0.7 1.0 Bäumler & Zech 1999 
Native Hardwoods# Japan 0.7 1.6  Ohrui & Mitchell (1998) 
Radiata Pine New Zealand <0.1 0.5 Graynoth 1979 
Beech-Podocarp New Zealand <0.1 <0.1 O’Loughlin et al. 1980 
Radiata Pine New Zealand <0.1 0.2 O’Loughlin  1994 
Evergreen Forest/Scrub South Africa <0.1 0.1 Scott & Lesch 1996 
Pine, Spruce, Hardwood Sweden 0.1 0.2 Rosen 1996 
Spruce, Moor United Kingdom 0.2 0.3 Neal et al. 1992 
Eucalyptus spp. Victoria, Australia <0.1 <0.1 Hopmans & Bren 2007 
     
# 4 years after cutting     
 

Table 1. Paired catchment comparison of the e�ects of forest harvesting on mean NO3-N concentrations in stream�ow in North America 
the year after cutting (Adapted from Neary 2002).

Table 2. Paired catchment comparison of the e�ects of forest harvesting on mean NO3-N concentrations in stream�ow in Europe, Africa, 
Asia, and the South Paci�c the year after cutting (Adapted from Neary 2002).
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atmospheric deposition (Bäumler and Zech 1999), forest 
harvesting does not significantly raise stream NO3-N or 
other nutrient concentrations for long periods of time. 

Harvesting and Site Preparation – Sediment: 
After forest harvesting, forest catchments produce 
sediments yields that are highly variable depending on 
factors such as soils, climate, topography, ground cover, 
road networks, and catchment condition (Rosen 1984). 
Although sediment yields increase after harvesting due to 
the physical disturbance of soil, they are usually transient 
due to vegetation re-growth (Neary 2002). There is a large 
body of literature that reported using paired catchments 
to assess the effects of harvesting and site preparation 
on the sediment component of water quality (Binkley 
and Brown 1993, Neary 2002). The largest increases 
documented in the literature have been associated with 
post-harvest mechanical site preparation (Beasley 1979), 
slope instability (O’Loughlin and Pearce 1976), road 
construction and maintenance (e.g. O’Loughlin et al. 
1980, Swanson et al. 1986, Heede 1987), highly erosive 
soils (Beasley and Granillo 1988), and steep terrain 
(Beschta 1978) (Table 3). 

Sediment movement to and within stream systems 
is a constant environmental concern in managed 
forest catchments, but it also occurs naturally without 
management. Herein rests the importance of paired 
catchment analyses. Catchments can vary greatly in their 
natural suspended and bedload sediment characteristics 
(Trimble and Crosson 2000). Both natural and 

anthropomorphic erosion material can be re-entrained 
after initial deposition in ephemeral or perennial stream 
channels, and move downstream with streamflow for 
long time periods and distances. The cumulative effects 
of erosion and sedimentation that occurred centuries ago 
from agriculture or forestry can present forest managers 
with many challenges (Terrene Institute 1993). Sediment 
is an important water quality parameter since it can 
harm aquatic organisms and habitats, and render water 
unacceptable for drinking water supply or recreation 
purposes (Table 3). However, adequate BMPs can 
significantly limit increases in sediment delivery to 
streams (Grayson et al. 1993, Neary et al. 2011). 

Harvesting and Site Preparation – Temperature: 
Forest vegetation shades stream channels from solar 
radiation, thereby producing stream temperatures that are 
cooler and less variable than for unshaded sites. Increases 
in temperature that result from forest harvesting affect 
physical, chemical, and biological processes. Thus, 
temperature is a critical water quality characteristic of 
many streams and aquatic habitats. Temperature controls 
the survival of certain flora and fauna in the water that 
are sensitive to water temperature. The removal of 
streambank vegetation by burning can cause water 
temperature to rise, causing thermal pollution to occur, 
which in turn can increase biological activity in a stream 
(DeBano et al. 1998, Brooks et al. 2003). Increases 
in biological activity place a greater demand on the 
dissolved oxygen content of the water, one of the more 

Forest Type Location Treatment Sediment  
Increase  

Reference 

   Mg ha-1 yr-1  
Mixed Conifers Arizona, USA Clearcut 0.003 Heede 1987 
Mixed Conifers Arizona, USA Cut, Road 0.081 Heede 1987 
Loblolly Pine Arkansas, USA Clearcut 0.225 Beasley & Granillo 1988 
Slash Pine Florida, USA Clearcut, Bed 0.033 Riekerk et al. 1980 
Tropical Forest Malaysia Clearcut, Skid 1.200 Malmer 1990 
Northern Hardwoods New Hampshire, USA  Clearcut 0.323 Hornbeck et al. 1987 
Beech, Podocarps New Zealand Clearcut 0.182 O’Loughlin et al. 1980 
Beech, Podocarps New Zealand Clearcut, Skid 3.003 O’Loughlin et al. 1980 
Douglas-fir Oregon, USA Clearcut 0.510 Beschta 1978 
Loblolly Pine South Carolina, USA Clearcut 0.131 Van Lear et al. 1985 
Native Forest Peru Clearcut 0.421 Plamondon et al. 1991 
Spruce, Douglas-fir United Kingdom Clearcut 0.327 Leeks & Roberts 1987 
Eucalyptus spp. Victoria, Australia Clearcut 0.026 Grayson et al. 1993 
     
 

Table 3. E�ects of harvesting and related disturbances on sediment outputs from paired catchments (Adapted from Neary 2002, Diaz-
Chavez 2011).
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important water quality characteristics from a biological 
perspective. 

 In the USA there are no established national standards 
for the temperature of drinking water (Dissmeyer 2000). 
However, under the Clean Water Act, States are required 
to develop water quality standards to protect beneficial 
uses such as fish habitat and water quality restoration. 
The U.S. Environmental Protection Agency provides 
oversight and approval of these State standards. One of 
the problems with these standards is identifying natural 
temperature patterns caused by vegetation, geology, 

geomorphology, climate, season, and natural disturbance 
history. Also, increases in stream water temperatures can 
have important and often detrimental effects on stream 
eutrophication. Acceleration of stream eutrophication 
can adversely affect water quality by adversely affecting 
the color, taste, and smell of drinking water. Severe 
wildfires can function like streamside timber clearcuts in 
raising the temperature of streams due to direct heating 
of the water surface (Neary et al. 2005, Table 4). 

Forest Fertilizers: Forest fertilization is another 
management disturbance that has the potential to 

Location Temperature Time Reference 
 Control Cut Change   
 °C °C °C   
Clear Cut, No Buffer    
Brit. Columbia, 
Canada 

17.9 21.8 3.9 Mean Annual Feller 1981b 

New Hampshire, 
USA 

16.0 20.0 4.0 Mean Daily 30 Days 
AUG 

Likens et al. 1970 

New Zealand 12.4 15.0 2.6 Mean Annual Quinn & Stroud 
2002 

North Carolina, 
USA 

18.3 21.7 3.4 Mean Daily 30 Days 
AUG 

Swift & Messer 
1971 

Oregon, USA 13.3 15.6 2.3 1 Day - JUL Brown et al. 1971 
Oregon, USA 20.6 28.3 7.7 1 Day - JUL Brown et al. 1971 
Oregon, USA 14.4 22.8 8.4 Mean Daily 30 Days 

AUG 
Levno & Rothacher 
1969 

Oregon, USA 12.2 22.2 10.0 Mean Daily 30 Days 
AUG 

Brown & Krygier 
1970 

Pennsylvania, USA 17.8 25.0 7.2 Mean Daily 30 Days 
AUG 

Rishel et al. 1982 

      
Clear Cut, With Buffer     
Georgia, USA 21.1 25.0 3.9 Mean Daily 30 Days 

AUG 
Hewlett & Fortson 
1982 

New Zealand 16.8 20.0 3.2 Mean 10 Minute OCT-
JAN 

Boothroyd et al. 
2004 

Oregon, USA 14.4 15.0 0.6 1 Day - July Brown et al. 1971 
Oregon, USA 16.7 18.3 1.6 1 Day - July Brown et al. 1971 
West Virginia, USA 14.4 16.1 1.7 Mean Weekly – Growing 

Season 
Aubertin & Patric 
1974 

      
Partial Cut With Buffer     
Pennsylvania, USA 19.4 20.6 1.2 Mean Daily 30 Days 

AUG 
Rishel et al. 1982 

Oregon, USA 12.0 15.0 3.0 Mean Daily 21 Days 
AUG 

Harr & Fredriksen 
1988 

Oregon, USA 12.5 14.4 2.0 Mean Monthly Maximum Harris 1977 
Tasmania, Australia 8.2 9.0 0.8 3 Year Mean Ringrose et al. 2001 
      

 

Table 4 Paired catchment studies of the e�ects of forest harvesting on stream temperature (Adapted from Binkley and Brown 1993, 
Binkley et al. 1999, Moore et al. 2005). 
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affect stream water quality because of the additions of 
N, phosphorus (P), cations, etc. to forest catchments 
(Binkley et al. 1999, Neary 2002). Streams originating in 
agricultural areas have about 9 times the load of N and P 
than forested catchments so the water quality of forested 
areas is highly valued. The growth of tree plantations in 
high production silviculture regions of the world is often 
limited by soil nutrient availability (Fox et al. 2007). 
Hence, fertilization is a common silvicultural practice 
in these high-intensity production forests. Fertilizer 
applications are rarely incorporated in stand management 

in slower growing forests due to economic limitations. 
Nitrogen and P fertilizers are the most frequently used 
but, in some locations, cations and micronutrients are 
applied to deal with local deficiencies. Here again, paired 
catchments have been invaluable in understanding the 
water quality implications of this management practice 
(Table 5). Higher stream concentrations are usually 
associated with higher fertilizer application rates (e.g. 
>200 kg–N ha-1) (Smith et al. 1994) or aerial applications 
that fly over or near monitored streams (Grip 1982, 
Hetherington 1985, Helvey et al. 1989, Göethe et al. 

Location Temperature Time Reference 
 Control Cut Change   
 °C °C °C   
Clear Cut, No Buffer    
Brit. Columbia, 
Canada 

17.9 21.8 3.9 Mean Annual Feller 1981b 

New Hampshire, 
USA 

16.0 20.0 4.0 Mean Daily 30 Days 
AUG 

Likens et al. 1970 

New Zealand 12.4 15.0 2.6 Mean Annual Quinn & Stroud 
2002 

North Carolina, 
USA 

18.3 21.7 3.4 Mean Daily 30 Days 
AUG 

Swift & Messer 
1971 

Oregon, USA 13.3 15.6 2.3 1 Day - JUL Brown et al. 1971 
Oregon, USA 20.6 28.3 7.7 1 Day - JUL Brown et al. 1971 
Oregon, USA 14.4 22.8 8.4 Mean Daily 30 Days 

AUG 
Levno & Rothacher 
1969 

Oregon, USA 12.2 22.2 10.0 Mean Daily 30 Days 
AUG 

Brown & Krygier 
1970 

Pennsylvania, USA 17.8 25.0 7.2 Mean Daily 30 Days 
AUG 

Rishel et al. 1982 

      
Clear Cut, With Buffer     
Georgia, USA 21.1 25.0 3.9 Mean Daily 30 Days 

AUG 
Hewlett & Fortson 
1982 

New Zealand 16.8 20.0 3.2 Mean 10 Minute OCT-
JAN 

Boothroyd et al. 
2004 

Oregon, USA 14.4 15.0 0.6 1 Day - July Brown et al. 1971 
Oregon, USA 16.7 18.3 1.6 1 Day - July Brown et al. 1971 
West Virginia, USA 14.4 16.1 1.7 Mean Weekly – Growing 

Season 
Aubertin & Patric 
1974 

      
Partial Cut With Buffer     
Pennsylvania, USA 19.4 20.6 1.2 Mean Daily 30 Days 

AUG 
Rishel et al. 1982 

Oregon, USA 12.0 15.0 3.0 Mean Daily 21 Days 
AUG 

Harr & Fredriksen 
1988 

Oregon, USA 12.5 14.4 2.0 Mean Monthly Maximum Harris 1977 
Tasmania, Australia 8.2 9.0 0.8 3 Year Mean Ringrose et al. 2001 
      

 

Table 5. Paired catchment comparison of the e�ects of forest fertilization on maximum NO3-N concentrations in stream�ow (Adapted 
from Binkley and Brown 1993, Binkley et al. 1999). 
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1993). Nitrogen saturation of soils from atmospheric 
deposition (Aber et al. 1989) can predispose forest 
stands to leak highly mobile NO3-N if it is not utilized 
by vegetation (Pierce et al. 1970). Paired catchments 
provide investigators the ability to sort out fertilizer water 
quality effects from those produced by other processes 
(e.g. herbicide suppression of vegetation regrowth, N 
saturation of soils, naturally high N soils, inputs from 
agricultural areas, etc.).

Roads: Best Management Practices for roads are 
most effective on minimizing sediment impacts to water 
quality when properly planned and implemented prior 
to, during, and after harvesting (Neary et al. 2011). Most 
of these guidelines relate to designing, constructing, and 
maintaining major access roads, logging roads, skid trails, 
and landings. Permanent roads and associated temporary 

roads are the primary sources for 90% of the sediment 
generated by harvesting (Swift 1988). The underlying 
principles of road BMP guidelines are to minimize 
disturbances in streamside zones, reduce the erosive 
power of runoff on bare road surfaces, and to maintain the 
normally high infiltration capacity of forest soils (Neary 
et al. 2011). Lane and Sheridan (2002) clearly pointed 
out the role of stream crossings in routing sediment into 
streams that Swift (1988) alluded to. They employed an 
above and below approach rather than a paired catchment 
method. In Lane and Sheridan’s (2002) study of unsealed 
road stream crossings in Victoria, Australia, suspended 
sediments increased 3.5 times below crossings. 

Fire: A major disturbance to catchment hydrology, 
geomorphology, and water quality in fire-prone regions 
like the western USA, the Mediterranean Basin, and 

 Location Fire Type Sediment Yield Reference 
Vegetation   Control  Post-Fire  
   Mg ha-1 yr-

1 
Mg ha-1 yr-

1 
 

Ponderosa Pine Arizona, USA WF Low1 0.003C 0.080 Campbell et al. 1977 
Ponderosa Pine Arizona, USA WF Mod1 0.003C 0.300 Campbell et al. 1977 
Ponderosa Pine Arizona, USA WF High1 0.003C 1.254 Campbell et al. 1977 
Chaparral Arizona, USA Wildfire 0.175C 204.000 Glendening et al. 1961 
Chaparral Arizona, USA Wildfire 0.096C 28.694 Pase & Ingebo 1965 
Shortleaf Pine Arkansas, USA Prescribed 0.036C 0.237 Miller et al. 1988 
Mixed Conifer B.C. Canada Wildfire 0.005S 0.008S Petticrew et al. 2006 
Chaparral California, USA Wildfire 0.880C 146.000 Krammes 1960 
Ponderosa Pine California, USA Prescribed <0.00C <0.001 Biswell & Schultz 1965 
Chaparral California, USA Wildfire 0.043C 28.605 Wells et al.1981 
Ponderosa Pine Colorado, USA Wildfire 0.280P 68.000 Moody & Martin 2001 
Oak spp. Mississippi, USA Prescribed 0.470C 1.142 Ursic 1970 
Hardwoods Oklahoma, USA Prescribed 0.022C 0.246 Daniel et al. 1943 
Fynbos Scrub South Africa Prescribed 0.013C 0.420 Scott 1993 
Fynbos South Africa Wildfire 0.013C 7.800 Scott 1993 
Loblolly Pine South Carolina, 

USA 
Prescribed 0.027C 0.042 Van Lear et al. 1985 

Loblolly Pine Texas, USA Prescribed 0.112C 0.806 Pope et al. 1946 
Juniper 0% 
Slope 

Texas, USA Prescribed 0.025C 0.029 Wright et al. 1976 

Juniper 15-20%  Texas, USA Prescribed 0.076C 1.874 Wright et al. 1976 
Juniper 43-54% Texas,USA Prescribed 0.013C 8.443 Wright et al. 1976 
Eucalyptus spp. Victoria, Australia Wildfire 0.230P 2.960 Lane et al. 2006 
Radiata Pine Victoria, Australia Wildfire 0.744P 12.300 Smith et al. 2012 
Eucalyptus spp. Victoria, Australia Wildfire 0.057P 0.110 Smith et al. 2012 
Mixed Conifer Washington, USA Wildfire 0.008P 0.120 Helvey 1980 
      
P Pre-fire data; C Control catchment data; 1 Fire Severity: Low Moderate, High; S Seasonal Suspended 
Sediment 
 

Table 6. Paired catchment comparisons of sediment yield the �rst year after prescribed �res and wild�re (Adapted from Neary et al. 2005, 
Shakesby and Doerr 2006, and Smith et al. 2011)  
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Australia is wildfire (Shakesby and Doerr 2006). The 
random nature of wildfires and their characteristic 
severities rarely gives researchers the opportunity to 
used paired catchment techniques to assess impacts on 
water quality. Prescribed fires are much more amenable 
to paired catchment comparisons because they are easier 
to manage. However, even the best managed paired 
catchment study of prescribed fire can produce surprises 
(Gotttfried et al. 2012). Wildfire impacts on water quality 
evaluations reported in the literature have been a mixture 
of paired catchment methods and before-fire and after-
fire approaches using the same catchment (DeBano et al. 
1998, Neary et al. 2005, Smith et al. 2011). 

Post-fire sediment yields can vary widely from 
<0.001 to over 204 Mg ha-1 yr-1 depending on the type 
of fire (prescribed or wildfire), fire severity, topography, 
fuel type, and climate (Table 6). The highest soil erosion 
values usually involve intense rainfall on steep terrain 
(Glendening et al. 1961, Moody & Martin 2001, Neary et 
al. 2012). Wright et al. (1976) demonstrated the effect of 
slope with his study in juniper stands in Texas. As slope 
increased from zero to the 43-54 % range, the annual 
prescribed fire sediment losses rose from about 0.029 to 
8.443 Mg ha-1 yr-1 compared to a range of 0.013 to 0.025 
Mg ha-1 yr-1 in unburned paired catchments. 

Usually post-fire maximum NO3-N levels are in the 
0.1 to 0.6 mg L-1 range since wildfires volatilize most of 
the N in the fuels they consume and prescribed fires are 
usually low-level disturbances (Neary et al. 2005). One 
of the few and the most striking response of water quality 
streamflow to fire was observed in southern California, 
where N loadings from atmospheric deposition are 
relatively high, and the frequent wildfires in the chaparral 
shrublands are characterized by high fire severity 
(Riggan et al. 1994). Severe burning of a catchment in 
the Mediterranean-type chaparral resulted in a maximum 
NO3-N level of 15.3 mg L-1 in streamflow compared to 
2.5 mg L-1  peak in streamflow from an unburned control 
watershed. The maximum concentration for a moderately 
burned catchment was 9.5 mg L-1. These results represent 
an “unusual response” because the catchments studied 
were subject to a chronic atmospheric deposition of air 
pollutants from the Los Angeles basin that are among the 
highest recorded in the USA. 

Pesticides: Another water quality parameter of 
considerable concern that has been amenable to study 
with the paired catchment approach is herbicide and 
insecticide residue environmental fate. Michael and 
Neary (1993) discussed this topic in considerable 
detail. A study by Neary et al. (1983) that utilized four 

1.0 ha chemically-treated catchments plus an untreated 
control was adopted as a template for required herbicide 
registration studies in the USA by the U.S. Environmental 
Protection Agency. Since that study, paired watersheds 
have been an integral part of forestry pesticide 
environmental fate studies the past three decades (Neary 
et al. 1993). Virtually all monitoring protocols now 
require use of untreated control watersheds. Any future 
research on newly developed forestry pesticides must 
incorporate paired-watershed methodology. Despite the 
frequent criticisms of pesticides like herbicides, they 
should be kept as tools that can achieve vegetation or 
other pest management goals and maintenance of water 
quality (Neary and Michael 1996). 

Additional research conducted by Michael and Neary 
(1993) and Neary et al. (1993) expanded on the work of 
Norris (1970). However, it incorporated newer, rapidly 
degrading pesticides. They enhanced earlier findings 
regarding the importance of forest soils in protecting 
water quality. Neary et al. (1993) and Neary and Michael 
(1996) concluded that the risks to water quality posed 
by modern silvicultural chemicals is very low due to 
the low toxicity of the chemicals, infrequent use over 
the rotations of conventional forest stands, the lack of 
bioaccumulation by these pesticides, and the function 
of forest soil organic matter and microorganisms in 
adsorbing and decomposing pesticide residues. If forest 
pesticides are not applied directly to water, their tendency 
to migrate into streams is limited by forest soil biological 
and chemical processes. Although herbicides, especially 
water soluble ones like picloram and hexazinone, have 
been measured to move through forest soils, they do so 
in small non-toxic amounts because of the biological and 
chemical actions of organic matter in forest soils (Neary 
et al., 1985).

PRESENT CATCHMENT WATER QUALITY 
RESEARCH

The present level of paired catchment water quality 
research is quite varied world-wide depending on funding 
levels and personal commitments and dedication of 
individual scientists. As an example, Neary et al. (2012) 
mentioned 180 gauged catchments that are currently 
active in the U.S. Forest Service’s Experimental Forests 
and Ranges network. However not all of these catchments 
are engaged in providing data for water quality research. 
Some topics researched in the past have been suspended 
because the forestry practices are not being used or 
decisions were made that sufficient information exists on 
the topic. These include clearcutting, fertilizer use, road 
construction, and pesticide application. 
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Present water quality science is more aligned with 

the objectives of long-term programs like the Long 
Term Ecological Research (LTER) program that has 
international sites, and the Europe-based International 
Cooperative Program on Assessment and Monitoring of 
Air Pollution (ICP2). A series of new ICP2 sites added to 
the network in the USA are based on U.S. Forest Service 
Experimental Forest and Range sites that have actively-
gauged paired catchments. Paired catchments also can be 
used for climate change research. Although they do not 
provide the control vs treated comparisons in a classical 
sense, they can be used for replications within an 
ecosystem and comparisons between sites/ecosystems.

Fire impacts on water quality are currently another 
major area of concern because of adverse effects on 
municipal water supplies (Neary et al. 2005, Smith et al. 
2011). Prescribed fire effects on water quality are being 
studied at sites that have paired catchments (Gottfried 
et al. 2012). Wildfires rarely present the opportunity to 
use a paired catchment approach to study water quality 
effects because of the random nature of these events and 
their unpredictability.

FUTURE WATER QUALITY RESEARCH 
USING PAIRED CATCHMENTS

The direction of future water quality research using 
paired catchments will depend greatly on governmental 
support for the science. This type of water quality 
research is expensive and it requires the commitment to 
the long-term that only government entities can afford. 
Water quantity and quality are going to be increasingly 
important topics as nations come to grips with water 
security problems (Vose et al. 2011). Human populations 
are increasing most in regions where the abundance of 
good quality water is being affected by climate change. 
The importance of long-term studies will loom large 
since these studies are good indicators of climate change 
and its effects (Archer and Predick 2008). Specific topics 
that require further water quality investigation include 
wildfire, fire retardant use, atmospheric deposition, trace 
organic chemicals, oil development, large-scale mining, 
inter-basin water diversions, and bioenergy.

Water is now an area of keen interest in bioenergy 
development because of its potential footprint on water 
supplies and its effects on water quality. Some recent 
publications have addressed the latter issue (Diaz-
Chavez et al. 2011a, 2011b). Currently, BMPs offer the 
best solution to achieving the goal of energy production 
with biofuels that minimizes the impact on water quality. 
In some instances, sound research using the paired 

catchment approach will be needed to convince regulatory 
authorities that bioenergy feedstock production can co-
exist with water quality goals and standards. 

Over the span of the 20th Century, the perception of 
what constitutes watershed management and hydrologic 
science has grown considerably. At the beginning of the 
century, it was mostly concerned with the development 
and maintenance of water supplies. Water quality was a 
big issue then and it still is. At the beginning of the 21st 

Century, it is probably best defined as a comprehensive 
understanding of the components of watersheds and 
their physical, chemical, and ecological interactions to 
produce high quality water in sufficient supply to meet 
human demands (Reimold 1998). This definition also 
reflects thinking on the discipline at the end of the 20th

Century that watershed management and hydrologic 
science incorporates the holistic approach to a watershed 
as an ecosystem, and not just manipulation of physical 
processes. The goal of watershed management is to 
assess the effects of current and future land uses on soil 
and water resources, determine the potential social and 
ecological impacts, and provide solutions to watershed 
problems.

As Rango (1995) pointed out, the increase in the 
world’s human population (now at 7 billion) will cause 
the demand, scarcity, price, and need for high quality 
water to expand on a global scale into the foreseeable 
future. He forecast that, in this era of “Global Hydrology” 
for hydrologic science and watershed management, 
worldwide emphasis will be placed on large area 
assessments using modeling, remote sensing, watershed 
management expertise, and the best hydrologic 
science. The technological tools and paired catchment 
infrastructure are in place. The key to the future success 
of these endeavors lies in watershed management 
professionals using their expertise and understanding of 
paired catchment science to develop positive outcomes 
for human populations of all countries.

SUMMARY AND CONCLUSIONS
This paper provides an overview of the role of paired 

catchment science in the understanding of water quality 
in forest ecosystems. Many cities throughout the world 
rely on forested catchments for the source of their water 
supplies. This resource is constantly being stressed 
due to burgeoning demand for high quality water. The 
current level of knowledge of how forest management 
has affected water quality has been dependent on 
science conducted on a large array of catchment studies 
in mainly Europe, North America, Asia and the South 
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Pacific. These studies have been expensive to establish 
in the past, but their value to future water resources 
science is invaluable. They need to be supported to 
address important science topics and water management 
concerns of the 21st century.
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