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MODERATE TIMBER HARVESTING INCREASES WATER YIELDS
FROM AN ARIZONA MIXED CONIFER WATERSHED1

Gerald J. Gottfried2

ABSTRACT: A paired watershed design was used to evaluate the originates from the relatively small area occupied by
effects of a management prescription which included patch mixed conifer watersheds (Rich and Thompson, 1974).
clearcutting, group selection, and single-tree selection harvesting Water management in this zone can contribute toon water yield improvement. The harvest created 63 openings,
averaging 0.5 ha in size over 13 percent of the watershed area. regional and local water requirements.
Stand density was reduced by 34 percent to 30 m2/ha. Average Managers must consider alternative management
annual streamflow for the initial eight-year period since treatment strategies to arrive at a prescription which will pro-
increased significantly by about 45 percent, or 44 mm, mostly duce the most beneficial mix of products.
because of increased winter runoff. A greater proportion of the Prescriptions can be designed which will favor watersnowmelt-generated streamflow occurred earlier in the spring,
while annual peak flows were increased by an average of 65 per- yield improvement and still be beneficial for contin-
cent, or about 28.42 l/s/kin 2. Maximum snow water equivalents ued timber production and for maintaining or improv-
remained unchanged. The primary causes of the increases were ing wildlife habitats. For example, periodic harvesting
reduced evapotranspiration and increased snow accumulation in of trees in small groups and clearcuts is compatible
the openings; however, it appears that the partially cut stand con-

with recommended silvicultural methods for mixedtributed to the increases.
(KEY TERMS: water yield improvement; peak flows; patch conifers (Alexander, 1974; Jones, 1974) as well 
clearcutting; partial harvesting; mixed conifer forests; Arizona.) with water and wildlife objectives. However, such a

prescription has never been tested fully in the
Southwest. Previous water yield experiments in
southwestern mixed conifer forests (Rich, 1972; Rich

INTRODUCTION and Gottfried, 1976), as well as in ponderosa pine
forests (Baker, 1986), have utilized relatively large

The southwestern mixed conifer and associated clearcuts and stand density reductions to achieve
aspen and spruce-fir forests cover approximately 1.0 increased streamflow. These prescriptions generally
million ha of high elevation lands in Arizona and New have been beneficial for wildlife (Patton, 1976), but
Mexico. These forests are found on about 132,300 ha not for sustained conifer production (Gottfried, 1983;
in Arizona, about 0.4 percent of the state (Spencer, Jones, 1974; Rich and Gottfried, 1976).
1966), while approximately 3 percent of New Mexico In the mid-1970s, the two Thomas Creek water-
supports these moist-site forests (Choate, 1966). sheds of eastern Arizona were selected as the site of a

Although the mixed conifer and associate forest mixed conifer resource evaluation project. The project
types only cover a small area, they produce a wide was designed to demonstrate and evaluate the most
range of commercial and noncommercial products, current knowledge of mixed conifer management. One
These forests occupy watersheds which receive high of the primary objectives was to develop an opera-
amounts of precipitation, especially as snow, and have tional resource allocation and utilization procedure
relatively lower evapotranspiration demands than which could be used to develop sound management
most other vegetation types in the Southwest. Water, prescriptions for a 120-year rotation period. The
which is not used on site, runs off and becomes the results of the allocation, which were developed and
source for most of the region’s major rivers. In described by Brown (1976), indicated that a prescrip-
Arizona, 6 percent of the state’s surface water supply tion using patch clearcutting in conjunction with

1Paper No. 91003 of the Water Resources Bulletin. Discussions are open until February 1, 1992.
2Researeh Forester, USDA Forest Service, Rocky Mountain Forest and Range Experiment Station, 700 S. Knoles Dr., Flagstaff, Arizona

86001.
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other silvicultural methods should produce the high- bottom, where they developed from alluvial deposits
est level of return. The objective of the current study of basalt material.
is to evaluate the effects of the initial entry under the
proposed multiresource prescription on water yield
improvement and on the hydrology of an Arizona Climate
mixed conifer watershed.

The Southwest is characterized by two precipita-
tion seasons. Winter storms originating in the Pacific

STUDY AREA generally occur from October through May, with the
most intense storms occurring from mid-November
through mid-April. The late spring and early summer

The Thomas Creek watersheds (Table 1) are locat- are characterized by dry conditions. The second rainy
ed within the White Mountains of east-central or monsoon season generally begins at the end of
Arizona, about 24 km south of Alpine. They are in the June or beginning of July when moisture entersheadwater region of the Salt River, a main tributary Arizona from the Gulf of Mexico. Arizona also occa-of the Gila River, and are administered by the sionally will be affected in autumn by eastern North
Apache-Sitgreaves National Forests. Pacific tropical cyclones which push moisture into the

state.
Precipitation has been measured continuously on a

recording gage located near the South Fork weir. The
TABLE 1. Watershed and Pre-Treatment record contains almost 24 years. The October 1 to

Hydrological Characteristics. September 30 water year is used in all of the Thomas
Characteristic South Fork North l%rk Creek climatic and hydrologic evaluations. It allows

for the entire winter season and corresponding runoff
Size (hectares) to be evaluated as one period. Annual precipitation

Total 227.4 189.0 for the 23 complete years of record, from 1964 to 1986
South-Facing Slope 125.9 132.3
North-FacingSlope 101.5 56.7 (Figure 1), averaged 768 + 36 mm (with standard

Elevation (meters) 2,545-2.789 2,545-2.819 error). Approximately 56 percent of the annual precip-
Slope, Average (percent) 22 27 itation (Figure 1) occurs during the October through
BasalArea (m2/ha) in 1974 45.8 (sale area) 41.0 May winter period, generally as snow which can
Runoff(mm)+StandardError

// remain on the watersheds into May. PrecipitationAnnual 82+31 69_+29 amounts fluctuate throughout the year (Figure 2);Winter 75 _+ 30 66 + 28
Summer 7 +2 3+ 1 May receives the least precipitation while July and

Peak Flows (Ys/km2) _+ Standard August receive the most rainfall. The period from
Error 1979 through 1986 was wetter than the previous 15-

Annual 36.93 + 16.79 31.78_+ 15.40 year period (1964-1978), with an annual average pre-Winter 35.60_+ 16.81 28.55 + 15.55 cipitation of 878 + 61 mm compared to 709 + 38 mm.Summer 9.06 =t= 4.38 10.52+ 3.87 - -
Largest Peak (1973) 206.71 193.88 This difference is attributed to heavier winter precipi-

tation.
Maximum temperatures range from an average of

5.6°C in January to 23.9"C in June. Minimum temper-
Geology-Soils atures for the two months are -7.8"C and 5.6"C,

respectively.

The White Mountains are at the eastern edge of
the Central Highlands Province in Arizona. The sur- Hydrology
face geology is attributed to Tertiary and Quaternary
basaltic eruptions which produced extensive flows
(Wilson, 1962). Streamflow (Table 1) has been recorded continu-

Two-thirds of the soils on the watersheds have been ously on South Fork since the 1963 water year, and on
classified as Mollic Eutroboralfloamy-skeletal, mixed, North Fork since the 1966 water year. Each stream is
while most of the other soils have been classified as measured at a 120" V-notch weir, which is constructed
Mollic Cryoboralf loamy-skeletal mixed. Sandy loam into impervious clay or bedrock strata. The two
textures are common to all of the nonalluvial surface streams are ephemeral; dry periods can occur in both
soils. Soil depths vary from 51 to over 102 cm. The winter and summer, depending on the distribution of
deepest soils, over 152 cm, are found in the stream precipitation. South Fork and North Fork annual
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runoff volumes during the common pre-treatment 2o PRECIPITATION
period (1966-1977) were similar (Table 1) and 
correlated with a coefficient of determination (r 2) of 15
0.992 and a standard error of+ 10 mm (Figure 3).

10
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Two-thirds of the annual pre-treatment stream-
flows, from both areas, were less than 102 mm, and
many years were less than 25 mm. The greatest vol-
umes on record were measured in 1973 when South
Fork produced 362 mm of runoff and North Fork pro-
duced 339 mm. Average annual flow rates during the o
common pre-treatment period were 3.06 l/s/kin 2 for o ~ o ~ ~ M ~ ~ ~ ~ ~ s

South Fork and 2.58 Ys/km2 for North Fork. Month
Approximately 80 percent of the annual runoff

occurs during March, April, and May (Figure 2), with
Figure 2. Mean Monthly Precipitation and Runoff as aApril having the greatest flows. North Fork tends to Percent of Mean Annual Values During the 12-Year

start its winter runoff increases earlier, possibly Pre-Treatment Period (1966-1977).
because of the higher proportions of south-facing
slopes where snow melts earlier. During the pre-
treatment period, South Fork runoff volumes aver- Forest Stand Characteristics
aged 10 percent of the annual precipitation while
North Fork averaged 8 percent. Higher short-term
runoff coefficients have occurred during prolonged The Thomas Creek watersheds supported an undis-
storms or snowmelt seasons, turbed, multistoried old-growth southwestern mixed

Mean annual and seasonal peak flows during the conifer stand (Table 1). The stand consisted of a mosa-
common pre-treatment period, in 1/s/kin 2, were not ic of groups and patches of varying sizes. Patch struc-
significantly different between North Fork and South ture could be single-storied or multistoried, but the
Fork (Table 1). overall effect was of a multistoried stand (Jones,

1974). Composition also was variable with some areas
containing a single species, such as ponderosa pine
(Pinus ponderosa) or aspen (Populus tremuloides),
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while others contained all eight of the main tree total area in the 63 openings was 30.5 ha. This
species. The major tree species are Engelmann spruce accounted for 18 percent of the harvesting area and
(Picea engelmannii), blue spruce (P. pungens), 13 percent of the total watershed area.
Douglas-fir (Pseudotsuga menziesii var. glauca), white
fir (Abies concolor), corkbark fir (A. lasiocarpa var.
arizonica), ponderosa pine, southwestern white pine
(P. strobiformis), and quaking aspen. Gambel oak RESEARCH DESIGN
(Quercus gambelii) is an important understory
species. Most Thomas Creek stands have been classi-

The Thomas Creek experiment was designed as afied as belonging to the Picea engelmannii/Senecio paired watershed study with South Fork receiving thecardamine habitat type (PIEN/SECA), Abies concolor treatment and North Fork serving as the hydrologicphase by Fitzhugh et al. (1987). control. The 21 years of common record were divided
into a 12-year pre-treatment period (1966-1977) and
an eight-year post-treatment period (1979-1986). The

THE TREATMENT 1978 water year, when most of the logging was con-
ducted, was considered a transitional year and not
included in the analysis. However, 1979 is considered

South Fork was divided into land response units a post-treatment water year since little cutting(LRU’s) to facilitate the operational resource alloca- occurred between October and January.tion and utilization procedures of Brown (1976). The
Linear regressions were used in the statisticalland response units were divided on the basis of slope, analyses between treatment periods. Pre-treatment

aspect, or unique features such as the stream bottom, and post-treatment regressions were developed
The silvicultural prescription for Unit 5 (11.3 ha in between South Fork and North Fork for the particu-¯ the upper channel bottom) called for a 30 percent lar attribute being studied. The two regressions were

reduction in basal area of sawtimber trees using compared by covariance analysis to determine signifi-
single-tree selection. The removal was designed to cance of changes due to treatment. Covariance allowsharvest poor quality and overmature trees. The pre- for adjusting for the effects of an uncontrollable vari-
scription for Unit 3 (94.3 ha on the south-facing slope) able, such as precipitation. The method of analysis
was for a group selection resulting in a 30 percent did not require that the watershed regression c~oeffi-basal area reduction. The prescription for LRU 4 (64.4 cients be equal (Rogosa, 1980; Walker and Lev, 1953).
ha on the north-facing slope) called for patch cutting The assumption of normality was verified by analyz-
over one-third of the area. Single-tree selection was ing normal and detrended normal probability plots ofpracticed in the areas between groups or patches in residual values from the covariance analysis. Cook D
both large units. A 0.8 ha meadow within the sale and Lever tests were run to locate extreme values.area was left undisturbed. Approximately 56.6 ha in Residual values adjusted for the North Fork flowthe downstream part of the watershed were not

were compared in some of the monthly streamflow
included in the timber sale because of the locally evaluations where the assumptions of normality andsteep slopes. The timber sale area then was planned homogeneity were not strong. Since many watershed
for 170.8 ha, or 75 percent of South Fork, although studies have shown a decline of treatment effects withnot all of the area was harvested, time (Hibbert, 1967), the post-treatment relationshipThe main harvesting activities began in May 1978 for annual flows was checked for changes over timeand continued through January 1979, removing using a technique which evaluates the interaction of
13,924 m3 net volume. Most of the activity after time, in years, with annual flow on the control water-
October 1, 1978, was intermittent and involved nor- shed (Baker, 1986), but no significant influence wasreal skidding and hauling, and some salvage of

detected.windthrown trees. The harvest resulted in a 34 per-
Long-term mean annual runoff values from Northcent reduction the total basal area of the treated area Fork were used as the average regression indepen-from 45.8 to 30.2 m2/ha. The reduction was 30 per-

dent variable for calculating percent changes in water
cent, to 32.1 m2/ha on areas that remained stocked yields. Similar long-term means were used in other
following the harvest, analyses. This made the analysis less sensitive to

Analysis of aerial photographs from the post-har- extreme high or low streamflows. Long-term means
vest period indicated 63 openings 0.2 ha or larger on should give the land manager a better idea of average
Thomas Creek. These openings were in both LRU 3 changes that can be expected from treatment.
and LRU 4. The average opening was 0.5 ha and Student t-tests were used to compare individual
openings ranged from 0.2 to 1.7 ha. Approximately 84 watershed or climatic factors within and betweenpercent of the openings were smaller than 0.6 ha. The treatment periods. Means appear with their standard
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errors, except where noted, while average increases regression relationship between the number of days a
derived from covariance analyses appear with their year without flow on South Fork in relation to North
confidence limits. A Type I error of c~ = 0.05 was used Fork changed after treatment, with South Fork show-
in all analyses, except where noted, ing a significant average decrease relative to North

Snowmelt is the primary source for streamflow on Fork. South Fork had an average of 11 days without
Thomas Creek. Snow measurements began in 1974 flow while North Fork had a 33-day average.
and continued through 1986. Measurements of snow
depth and of snow water equivalent, the primary
parameter used in the current evaluation, were made PRE- VS POST-TREATMENT THOMAS CREEK ANNUAL RUNOFF (mm)
using a Federal snow tube throughout the winter. The
statistical analysis compared the annual maximum ~
accumulation measured on permanent snow course ~ ~o ~- o ~
lines within the treated area on South Fork and the ~"
adjacent areas of North Fork. Maximum values may -~ 3o~ -

o -not necessarily be the seasonal peak, but the highest. ~ 2~o

values measured for the year. ~ ~ - °
~ * Pre-treatment
, 150

~-- ~~

Y = 8.243 + 1.067X

~ 1o0 | ~ ~ ~ © Post-treatmentF::

~,~...~-
Y = 41.477 + 1.192X

RESULTS ~- ~

Water Yield Improvement Thomas North Fork Annual Runoff

The South Fork harvest resulted in a 34 percent Figure 3. The Relationship Between Watersheds
reduction in total stand basal area and in the clearing Changed After Treatment, Indicating
of 18 percent of the unit in small groups and patch Significant Annual Streamflow Increases.
clearcuts. The treatment produced statistically signif-
icant annual water yield increases, as indicated by
the differences between the pre-treatment and post-

WATER YIELDS- THOMAS CREEKtreatment regressions: Y2-Y1 = 33.234 + 0.125 X
(Figure 3). The regression elevations are highly signif- 375 -

~ Increase Due To Treatmenticantly different (1 percent level), while the slopes are
significantly different. The increases are both additive -~-
and multiplicative. The post-treatment regression had ~ 2,0 ~a r 2 of 0.988 and a standard error of_+ 14 mm.

~ ~Covariance analysis for average conditions indicated ~=
an increase of 44 + 11 mm (44.8 percent + 11.7 per- ~ 1~cent). The comparison of the estimated annual runoff ~ ~
for the two periods (Y2-Y1) indicated that runoff
increaseswere significant for each of the eight post-

~treatment years. The yearly differences between o
79 80 81 82 83 84 85 86

expected and observed annual runoff are presented in Years
Figure 4; relative increases ranged from 23 mm (146
percent) in 1981, a dry year, to 41 mm (16 percent) 

Figure 4. Differences Between Observed and Expected Annual1985, a wet year. The greatest difference occurred in RunoffFollowingthe Harvest are Shown With the
1979, when the increase was 70 mm or 25 percent. Positive ConfidenceLineofthe Observed Runoff.
Streamflow increases were greater for the four
wettest years of the post-treatment period relative to
the other years. The mean increase is equivalent to

The yearly streamflow increases which occurred99,362 m3 from the 227.4 ha watershed. The average
daily discharge rose by 1.64 + 0.44 lJs/km2. during the post-treatment period were generated by

The Thomas Creeks are ephemeral streams; prior winter snowmelt or rain storms. Winter streamflow
to treatment, South Fork averaged 58 no-flow days increases were similar to the annual responses, sig-
and North Fork averaged 35 no-flow days a year. nificantly increasing by 43 + 10 mm or 47.3 percent _~

These differences were not significantly different. The 11.0 percent. Summer runoff also increased (43.2 per-
cent + 51.3 percent), but the total added volume wa~
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only 3 + 3 mm and the covariance analysis did not by the record 1973 peak flow; similar record flows
show significant differences following harvesting, were recorded from throughout Arizona during that
Monthly runoff values changed on both watersheds, year (Baker, 1986; Rich and Gottfried, 1976). The
The regression and covariance analyses showed sig- wide confidence band for the second period is partially
nificant South Fork runoff (Figure 5) increases for the due to the rapid and large response of South Fork to
months of: October, February, March, April, and July. the September 1984 storm. Winter peaks on South
No increases were found for December, June, or Fork increased by 26.32 + 22.85 1/s/km2 or by 59.8
September while the evaluations for the remaining percent +_ 51.9 percent. Mean peak flows were appar-
months were less conclusive showing increases at ently higher on North Fork during the post-treatment
probability levels of between 0.06 and 0.08. Close to winter period while mean summer peaks were lower,
80 percent of the annual runoff still occurs in March, but these changes were not statistically significant.
April, and May (Figure 5); the mean adjusted increas- Covariance analysis of the summer peaks showed no
es for the three months are: significant changes on South Fork due to treatment.

Percent Increased Vohlme
Month Increase (ram) THOMAS CREEK SOUTH FOF{K

March 82 + 56 8 + 5 75 Pre-treatment
April 50 + 27 19 -- 10 ,~

(1966- 1977)
May 19 + 19 6 _+ 6 i:: --:--- eost-treatmem

(1979- ~986),,
The apparent increase in December flows, al-

though not significant, was due to the storms of
December 1979.

The relationship between mean annual runoff effi-
:ciencies also changed following treatment. The aver-

age runoff coefficient for South Fork was 0.096 :
between 1966 and 1977, but almost doubled to 0.183 :
during the post-treatment period. The North Fork :
runoff coefficient also increased by 0.033 to 0.113 dur-
ing the recent wet regime. The covar~’ance analysis
indicates that the relationship between the water- :
sheds for mean annual runoff coefficient has changed
significantly, with an average increase of 0.050 _+ ~s
0.013 (46.4 percent + 12.3 percent).

Peak Flows

All post-treatment annual peaks occurred in winter
and, except for 1984 when a large September-October "~ "~’ "’" ’
storm passed through Arizona, all were generated at
least in part, bysnowmelt. Seven of the annual peaks ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s

occurred on the same day on both watersheds. Mom,s
Harvesting and other vegetation manipulations

influence soil moisture and impact the magnitude of
peak flo~vs. Covariance analyses of both annual and Figure 5. Monthly Runoff Increased Significantly

for Five Months of the Year.
winter peak flows indicate that the South Fork har-
vest resulted in significant additive increases in peak
flow rates. The annual increases, which are repre-
sented by the equation: Y2-Y~ = 28.274 + 0.004 X Snow Water Equivalents
(Figure 6), were 28.42 + 22.63 1/s/km2, equivalent to
64.7 percent _+ 51.5 percent. The pre- and post-
treatment regressions had respective r2 values of 0.98 Snowmelt was the prime source of augmented

and 0.67, and standard errors of + 9.09 and + 34.68 streamflow for six of the eight post-treatment years,

]]s/km2. The pre-treatment regressions are influenced and rain-on-snow was a factor in another year.
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Increases in snow water equivalent accumulations on The Thomas Creek runoff increases can be corn-
the treated watershed would account for some of the pared to estimates derived from a simple model pro-
runoff increases. Prior to harvest, the maximum snow posed by Rich and Thompson (1974) for Arizona
water equivalent on South Fork was 100 + 16 mm, mixed conifer forests. The model estimated increased
while it was 78 + 16 mm on North Fork. Following runoff amounts from a knowledge of the percent of
treatment, the respective means were 195 + 39 mm watershed in openings and the expected pre-
and 156 + 34 mm. However, the covariance analysis treatment runoff. Using 82 mm of pre-treatment
did not show any significant changes in the relation- streamflow and 13 percent of the watershed in open-
ship due to treatment. Analyses of the effects of treat- ings, the current results (44 mm) would plot above the
ment on maximum snow water accumulations on predicted levels of approximately 13 mm.
north-facing and south-facing slopes also did not show The current results can also be compared to similar
any significant difference, experimental results from other mixed conifer or sub-

alpine forested watersheds in Arizona and Colorado
(Table 2). The table shows the total increases in annu-

ANNUAL PEAK FLOW RATES BEFORE AND AFTER al streamflow for the entire watersheds and the
THE THOMAS CREEK TREATMENT. increase if all changes were attributed to the cleared

~ 219 .-"" areas. The Colorado data for cleared areas range from

~ ,97 25 mm to 205 mm while the Arizona data range from

175 75 mm to 156 mm. Hibbert (1979) indicates that there
~ ,~ may be a 127 to 190 mm water increase on Colorado

~ ,3, clearcuts. None of these values is close to the 326 mm

~
,~ reported at Thomas Creek.

Watersheds respond differently to similar treat-
88

~
~~~......~ i ___ ~,~i!i~ei~i!:

ments because of physiographic, channel, or soil phys-
ical characteristics (Baker, 1986; Rich and Gottfried,

e 1976). Howe~er, another explanation for the larger
~ 2:’ Y = 30.946 + 1.082X~ L~,~..:... increases in mean streamflow volumes is that the

o = ~ ~ ~ ~o~ ~, i~ ,~5 ,~ partially cut areas are also contributing to the
Thomas North Fork Peaks (I/sec/km2) increased flows, especially during wet years. These

areas represent 82 percent of the timber sale area or

Figure 6. Treatment Resulted in an Increase in the 62 percent of the entire watershed area. Rich and
Annual Peak Flow Discharge Rates. Gottfried (1976) and the literature reviewed 

Troendle and King (1987) indicate that uniformly
reducing stand density by single-tree selection or by
thinning generally should not produce large runoff

DISCUSSION increases. The explanation was that the neighboring
residual trees would utilize any of the extra soil mois-

Water Yields ture that had previously been used by the harvested
trees. Researchers and managers felt that to increase

The harvest on the South Fork of Thomas Creek runoff, stand densities had to be reduced heavily to

resulted in highly significant increases in average basal areas of 6.9 m2/ha as was done on Watershed 17

annual runoff of 44 + 11 mm (44.8 percent + 11.7 per- of Beaver Creek (Baker, 1986) or to 9.2 m2/ha as was

cent). If all of the increases are assumed to come from proposed for the South Fork of Workman Creek (Rich

the 170.8 ha harvested area, the increase would be 58 and Gottfried, 1976).

mm. If, however, the increases were all attributed to The Workman Creek South Fork results for the

the 63 openings (30.5 ha or 13 percent of South Fork), single-tree selection did indicate small but significant

the increase would be 326 mm. Water yield increases average increases, especially following the wet 1966

from small openings generally have been attributed to water year, but this was considered unusual (Rich

lower evapotranspiration and greater snow accumula- and Gottfried, 1976). Baker (1986) reported signifi-

tions and melt rates than in the original forest (Rich cant water yield increases when density in a pon-

and Thompson, 1974; Troendle and King, 1987). The derosa pine stand was reduced 33 percent. Troendle

importance of winter increases at Thomas Creek and King (1987) recently indicated that a 40 percent

agrees with results reported for other experimental reduction in basal area apparently increased annual

forested watersheds in Arizona (Baker, 1986; Rich, runoff, although this was not validated statistically.

1972; Rich and Gottfried, 1976) and Colorado Increases from partially cut stands during average

(Troendle and King, 1985, 1987). and wet years can be attributed to the fact thai
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TABLE 2. Average Annual Water Yield Increases Reported for Other MAxed
Conifer and Subalpine Forests in Arizona and Colorado.

Average Annual
Percent Water Yield

Annual WS WS Increase
Ppt. Area in Watershed OpeningWatershed Treatment (m~) (h~) Openings (%) (ram) (ram) Forest Type Reference

WORKMAN CREEK, ARIZONA

North Fork moist site 833 100 32 42 32 101 mixed conifer ttibbert and
Gottfried (1987)

dry site 40 37 45 112 ponderosa pine,
mixed conifer

moist-dry site 73 72 67 93 mixed conifer,
ponderosa pine

South Fork clearing for 9.2 m2/ha 129 83 110 107 129 mixed conifer

CASTLE CREEK, ARIZONA

West Fork 116 patch cut 681 364 17 29 13 75 ponderosa pine, Rich (1972)
mixed conifer

WILLOW CREEK, ARIZONA

East Fork selection and diameter 749 198 62 54 96 156 mixed conifer Gottfried (1983)limit cut

DEADHORSE CREEK, COLORADO

North Fork 5H cir~]ar openings 762 41 36 29 60 166 subalpine Troendle and/
King (1987)

WAGON WHEEL GAP, COLORADO

clearcut 544 81 100 15 25 25 subalpine, Van I-Iaveren
mixed conifer (1981)

FOOL CREEK, COLORADO

alternating strip cut 635 289 40 40 82 205 subalpine Troendle and
King (1985)

residual trees are not utilizing all of the available soil
increased. Results from Thomas Creek also havewater. It takes less additional precipitation to
demonstrated increased evapotranspiration from rela-recharge the soil mantle, and any further increments tively undisturbed dense stands during wetter sum-of moisture then are available for movement into the
mers than during similar drier periods (Gottfried,stream system. Trees use most of the available water 1989). In wet years, a reduction in basal area would

during dry years and more precipitation is needed to result in a proportional reduction in soil moisture
recharge the soil. Troendle (1987) studied soil mois- depletion. These findings tend to support the earlierture depletion under several basal area densities of

explanation for increased flows. The lack of a signifi-lodgepole pine (P. contorta). He found that basal area
cant relationship during dry years possibly could indi-was not related to daily soil moisture depletion during
care that the trees have adjusted to the droughtdry years; however, during average and wet years,
conditions; however, at low densities, fewer trees aredaily soil moisture depletion increased as basal area
using about the same amount of water as more trees
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at the higher densities. This would be beneficial for effects of increased peaks and sedimentation on down-growth of the residual stand,
stream sites is unknown. However, Hibbert andIncreased snowpack accumulations would also con-
Gottfried (1987) indicate that peak discharges gener-tribute to increased streamflow (Ffolliott et al., 1989). ally have little impact outside of the immediate

Troendle and King (1987) and Troendle (1987) found 
watershed area. In addition, watershed treatmentssignificant 16 percent increase in peak snow water
appear to have little impact on peak flows duringequivalents after the partial harvest in Colorado, major storm events when the soil reaches a point ofwhich would have augmented the impacts of reduced
saturation.soil moisture depletions on water yields. Strip bar-

Significant increases in peak discharge have beenvesting at Fool Creek, Colorado, also resulted in a
noted in other watershed studies which have involved9 percent increase in peak snow water equivalents
clearing or heavy harvests. Troendle and King (1987),over the watershed (Troendle and King, 1985). for example, found a 50 percent increase in meanHowever, the patch clearcutting on the North Fork of
peak discharge on the North Fork of DeadhorseDeadhorse Creek did not result in a significant Creek. Mean peak flows rose from 26.6 to 39.6 l/s,increase in snow water equivalents on the watershed which is equivalent to a 31.7 1/s/km2 increase. The

(Troendle and King, 1987). The Thomas Creek snow neighboring Fool Creek Watershed had a 23 percentsurveys also did not indicate any significant changes increase in peak flow rate, about 55 l/s, after stripin watershed snow water equivalents following the
clearcutting (Troendle and King, 1985) and Wagonharvest, in spite of the fact that Plasencia (1988) Wheel Gap showed a 50 percent increase (Vanfound more snow in representative openings than in
Haveren, 1981). The 65 percent change at Thomasthe adjacent partially harvested forest on the water- Creek is similar in magnitude to the Colorado find-

shed. ings.More snow was deposited in the small forest open-
ings than in the adjacent stand (Plasencia, 1988).
Snow trapped in the open is subject to increased solar - Regional Implications
and thermal radiation from the surrounding trees. /
This results in more rapid and earlier snowmelt. Even

The hydrological data from Thomas Creek wereunder undisturbed conditions, streamflow will
used to simulate water yield increases from 25,367 haincrease within one to two days of the start of
of mixed conifer forest within the Upper Black Riversnowmelt on the slopes (Gottfried and Ffolliott, 1980).
Basin of the Salt River of Arizona (Gottfried, 1989). Troendle and King (1985) illustrated how harvesting
patch cutting system applied using a 120-year rota-at Fool Creek and at Deadhorse Creek advanced the
tion eventually could produce about 18.5 million m3 oftiming of spring runoff. Most of the increased flow
increased runoff annually. Some of the additionaloccurred in the rising side of the annual hydrograph,
water would be lost in transmission; and, sinceA similar evaluation was not conducted for Thomas
largest water yield increases from vegetation manipu-Creek, but a change in timing was observed. The
lation generally occur in wet years, some will be lostMarch through May period still accounts for approxi-
through evaporation and releases from downstreammately 80 percent of the runoff; however, 55 percent
reservoirs (Brown and Fogel, 1987). However, waterof the annual flow now occurs in March and April
will be held for downstream use, and even releasedcompared to 45 percent prior to the timber sale. The
water will contribute to ground water recharge. Thedifference is significant. May flow is now a smaller
Thomas Creek prescription could be beneficial onproportion, by approximately 11 percent, of the annu-
smaller municipal watersheds which contain south-al flow. These data tend to support the Colorado data

that cutting openings tends to result in an earlier rise western mixed conifer forests.
in snowmelt-generated runoff.

Annual peak flows, as well as winter peaks, in-
creased significantly following the South Fork treat-

CONCLUSIONSment. Annual peaks increased by about 65 percent
(28.42 l/s/km2) while winter peaks were 60 percent

The Thomas Creek treatment, after eight years ofhigher. Higher soil moisture levels will result in more
rapid movement of water into the stream, and in a evaluation, has resulted in significant water yield
sharper and greater rise in the hydrograph. Although increases. The study demonstrates that large clear-
the harvest had a minimal effect on overland flow and ings or removing large numbers of trees, as cited ear-
erosion, increased streamflow volumes and peak flows lier, is not necessary to increase runoff from forested
have accelerated natural channel erosion processes watersheds. Increases can be obtained ~vith less
within the study area (Heede and King, 1990). The severe treatments. Harvesting of more, or larger,
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openings could have produced more runoff but at the Choate, G. A., 1966. New Mexico’s Forest Resource. USDA Forest

expense of long-term forest productivity, wildlife habi-
Service Resource Bulletin INToh, Intermountain Forest and
Range Experiment Station, Ogden, Utah, 58 pp.

tat, and of other multiple benefits. In fact, other stud- Ffolliott, P. F. and G. J. Gottfried, 1989. Production and Utilization

ies (Ffolliott and Gottfried, 1989; Gottfried, 1989) of Herbaceous Plants in Small Clearcuts in an Arizona Mixed

have demonstrated that the small clearings and selec- Conifer Forest. USDA Forest Service Research Note RM-494,

tion harvesting at Thomas Creek benefitted the tim-
Rocky Mountain Forest and Range Experiment Station, Fort
Collins, Colorado, 5 pp.

ber and some wildlife-range resources. Prescriptions Ffolliott, P. F., G. J. Gottfried, and M. B. Baker, Jr., 1989. Water

which are similar to the one at Thomas Creek could Yield from Forest Snowpack Management: Research Findings in

provide compromise alternatives for the management Arizona and New Mexico. Water Resources Research 25:1999-

of the southwestern mixed conifer forests. The fact
2007.

Fitzhugh, E. L., W. H. Moir, J. A. Ludwig, and F. Ronco, Jr., 1987.
that the partially harvested areas appear to have con- Forest Habitat Types in the Apache, Gila, and Part of the Cibola

tributed to the water yield increases also provides National Forests, Arizona and New Mexico. USDA Forest

another possible benefit to be considered when evalu- Service General Technical Report RM-145, Rocky Mountain

ating the potential for uneven-aged management in
Forest and Range Experiment Station, Fort Collins, Colorado,
116 pp.

these forests. In addition, uneven-aged silvicultural Gottfried, G. J., 1983. Stand Changes on a Southwestern Mixed

methods can be used to maintain biodiversity and old- Conifer Watershed After Timber Harvesting. Journal of

growth attributes within a stand. However, additional Forestry 81:311-316.

research, on both watersheds and research plots, is
C~ttfried, G. J., 1989. Effects of Patch Clearcutting on Water Yield

Improvements and on Timber Production in an Arizona Mixed
necessary before more definite conclusions can be Conifer Watershed. Ph.D. Dissertation, University of Arizona,

drawn about the hydrological impacts of partial Tucson, Arizona, 184 pp.

harvesting. Gottfried, G. J. and P. F. Ffolliott, 1980. An Evaluation of Snowmelt

Although numerous factors must be considered
Lysimeters in an Arizona Mixed Conifer Stand. Hydrology and
Water Resources in Arizona and the Southwest 10:221-229.

when preparing a forest management prescription, Heede, B. H. and R. M. King, 1990. State-of-the-art Timber
the Thomas Creek prescription is an option which Harvesting in an Arizona Mixed Conifer Forest has Minimal

should be considered for application in similar south- Effect on Ovcrland Flow and Erosion. Journal des Sciences
Hydrologiques 35:623-635.

western mixed conifer stands. Hibbert, A. R., 1967. Forest Treatment Effects on Water Yield. In:
International Symposium on Forest Hydrology. Pergamon Press,
New York, New York, pp. 527-543.

Hibbert, A. R., 1979. Vegetation Management for Water Yield
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