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Qisposition of Rainfall in Two Mountain

Areas of California’

By P. B. ROWE and E. A, COLMAN,
Foresters,

California Forest and Range

Expeviment Station,” Forest Service

INTRODUCTION

Knowledge concerning the disposition of rainfall is basic to any
plan of land management which has to do with water supply,
stream-flow regulation, and erosion control. By disposition of rain-
fall is neant the processes undergone by rain (and snow) from the
time it reaches the earth until it returns to the atmosphere or is
delivered into channels, lakes, or underground storage. The pro-
cesses of rainfall disposition are well known : interception by vege-’
tation, smrface runoff, infiltration, evapo-transpivation, percola-
tion through the so0il, spring and stream fow, storage in reservoirs,
lakes, and seas, and evaporation from water surfaces. But al-
though the processes are recognized, all too little information
is available regarding the quantities and rates involved in each
of them.

The present study was undertaken to provide quantitative meas-
wrements of rainfall disposition in parts of California where con-
trolled water ield is the most impertant objective of wild-land
management.

The measurements had to do with the enfry of water into, and
losses of water from, the soil mantle of mountain watersheds. Al-
though the quantitative results of this study will be useful primar-
ily in those parts of California in which the study was made, the
principles underlying them and the methods presented have much
wider application.

SUMMARY

This bulletin reports a study seeking fo evaluafe and explain
some of the hydrologic processes invelved in the disposition of
rainfall in two mountain areas: One in the Sierra Nevada of cen-

! Submitied for publication May 18, 1961.
*Maintained by the Fovest Service, U, 8. Department of Agriculture, in
cooperation with the University of California, Bevkeley, Calif.
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tra] California, the other in the San Gabriel Mountains of southern
California, Study of rainfall disposition is basie to an understand-
ing of the role of soil and vegetation in watershed management.

The study had two parts: First, determination of water losses
and water yield under natural (undisturbed) vegetation and study
of how annual burning and denudation affect losses and yield; see-
ond, caleulation of the water losses and yield of a watershed,

The first part was conducted on hillside plots. Interception loss
and surface runoff were measured, and periodic measurements of
s0il moigture used fo calculate evapo-transpiration losses. Percola-
tion {the water yielded by percolation through the soil mass) was
calculated as the difference between yainfall and the sum of surface
runoff and the evaporaiive water losses. Some of the plots were
left covered with natural vegetation, some were burned annually,
and some were trenched to exclude roots and maintained bare of
vegetaiion.

In the second part, 14 moisture-sampling plots within an 875-
acre watershed were studied under natural vegetation. The water
vield of the watershed was calculated from the plot results and
stream-flow measurements,

Three groups of plots were studied in connection with the first
part. At North Fork, in the south-central Sierra Nevada, a group
of three was established in 18-year-oid woodland chaparral. One of
these plots was kept in natural cover, one was burned annually, and
one was trenched and maintained bare. Rainfall here ranged from
25 fo 60 inches per year. At Bass Lake, some 10 miles from North
Fork, three plots were established in 70- to 80-year-old ponderosa
pine. Here one plot was kept in natural cover, on one the ground
cover (low vegetation and litter) beneath the free canopy was
burned annually, and one was trenched and mainfained bare. An-
nual rainfall rarged froin 38 to 59 inches.

On the San Dimas Experimental Forest in southern California
Tour plots were esfablished in 21-year-old hrush cover. One of these
plots was in mixed chaparral, one in nearly pure hoaryleaf ceano-
thus, one in nearly pure chamise, and one was trenched and main-
tained bare. Annual rainfall here vanged from 17 to 48 inches, At
all three locations the rainy season normally extends from Qctober
into April; the rest of the year is dry.

On the plots with natural vegetation the average annual loss of
rainfall due to inferception ranged from 5 percent in the woodland
chaparral fo 12 percent in the ponderose pine. Interception loss va-
ried from storm to storm, depending upon the quantity of sterm
rainfall, yet each year it amounted to almost a constant percentage
of the rainfali. Rainfall not lost by interception reached the ground,
and all but negligible amounts lost by surface runoff or as evapora-
tion from the iitter entered the soii.

The quantity of water entering the soil varied directly with an-
nual rainfall. Monetheless evapo-transpiration losses frorm each plot
were singularly unitorm from year te year, Average annual losses
ranged from 14 inches in the woodland chaparral to 19 inches in
the San Dimas chamise.
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A large pari of the annual evapo-transpiration loss took place
during the spring and summer dry season. The loss during this dry-
ing period ranged from 56 percent of the fotal annual loss in the
woodland chapartal to 76 percent of the annual logs in the ponde-
rosa pine. The water thus lost included all water stored in the soil
from field capacity to slightly belew wilting point and in addition
all water added to the soil by the infrequent late spring and sum-
mer rains. Under the conditions of winter rain and summer drought;
tvpical of these aveas the annual evapo-transpiration loss was more
strongly influenced by lhe available water storage capacity of the
so0il than by any other factor.

As would be expected the quantities of percolation varied from
plot to plot in response 1o soil differences, and from year to year in
response to differences in amounts and distribution of rainfall.

On the natural plots rainfall averaging from 10 inches in the
woodland chaparial £2 19 inches in the San Dimas chamise was re-
quired in the early part of each rainy season {o raise soil-water
storage to field capacity. A large part of this rainfall repiaced soil
water lost during the preceding dry season; the rest, except for
negligible amounts of surface runoff, was lost as interception and
as evapo-transpiration hetween storms.

Percolation began each vear when soil-water storage was re-
stored to field capacity and took place during all sulisequent storms
which added water to the zoil in excess of that required to com-
pensate for interstorm losses, T..2 bulk of percolation occurrved he-
tween December and Apiil, coinciding generally with the period of
heaviest rainfall.

Percoiation ended each year when rains became too infrequent
or too small to replace current evapo-transpiration losses. This
marked the beginning of the spring-summer drying period.

Annual burning of the woodland chaparral reduced interception
loss, thereby increasing the amount of rain reaching the soil. 1t also
reduced the infiltration capacity of the soil, and thereby greatly
increased surface runoff. The net result was that more rain was
required each vear te start percolation, and the quantity of this
flow was greally reduced. Annual evapo-transpivation, on the other
hand, was not appreciably changed by hurning. Thus, owing to the
reduced interception loss, total water yvield of the burned plot {sur-
face runoff plus percolation) was slightly greater than that of the
natural plot. However, this increase was achieved at the expense
of greatly increased storm flows of surface runoff, often heavily
charged with sediment, and correspondingly reduced percolation.

Very much the same results were oblained by annual hurning of
the ground cover on the ponderosa pine plot, Surface runoft and
rainfall requived lo start percolation were greatly increased and
percolation was correspendingly reduced. Annual evapo-transpira-
tion was not significantly changed. A= only litler and the sparse
low vegetation were destroved by the burning, it was concluded
that interception loss was not appreciably reduced. Hence burning
had no significant effeet upon the quantity of water yield, hut did
divert much of this yield into gurface runoft.
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Removing the vegetation, trenching, and maintaining a bare sur-
face on plots in the woodland chaparral, ponderosa pine, and San
Dimas chaparrai eliminated all interception and transpiration loss.
Surface runoff and soil erosion were greatly increased but evapo-
rative loss of water from the soil was reduced. As a result of the
reduced evaporative losses there was a greater carryover of soil
water on these plots from one year to the next than was found on
the annually burned or natural plots, During each summer the bare
soils lost appreciabie quantities of water from all depths, but dry-
ing was much slower and less complete in the deeper soil layers.
Thus the piots with deep soil entered each rainy season with a pro-
portionately greater carryover of water than did those with shal-
low soil. Total water yield was greatest from the bare plots, but
percolation yield was much less than that of the natural plots.

The Monree Canvon watershed of the San Dimas Experimental
Forest, in which the second part of this study was carried on, sup-
ports a vegetation composed prineipally of chamise, ceanothus, and
serub-oak chaparral. The climate, topography, geology, and type of
vegetation of this watershed ave generally typical of a large part
of the brush-covered mourtain watersheds of southern California.
At the start of soil-moisture sampling, the vegetation had been
unburned for 24 years,

The Monroe Canyen soil-moisture plots showed the same charac-
teristics of rainfall dispositon us did the natural plots elsewhere,
Of about 31 inches of average annual rainfall some 2.5 inches was
calculaied as interception loss (on the basis of measurements st
the nearby mixed chaparral plots}. Combined evapo-transpication
and riparian water loss accounted for 10.8 inches per year, Evapo-
transpiration was less in this watershed than in other San Dimas
plots because of the lower available water-storage capacity of the
watershed soil. Surface runoff was negligible. Percolation through
the soil was calculated as 17.8 inches. Of this percolation only 4
inches, or less than one-fourth of the total, left the watershed as
measured stream flow, The disposition of the remaining 13.8
inches could not he determined in this study, but it was assumed
that most if not alt of this water passed into the highly fractured
underlying rock and eventually drained from the watershed as
underground flow.

In this study the vavious processes involved in rainfall disposi-
tion have been evaluated. The processes are shown 10 be identical
in situations differing as widely as those in the ponderosa pine of
the Sierra Nevada and in the chaparvral of southern California.
However, the quantities involved in each process differ in response
to local climate, vegetation, and soil. The study suggests that water
accounting of this kind will prove useful in investigations else-
where in which vegetation and soil treatment are studied in rela-
tion to water losses and water yields. This approach should prove
especially valuable for determinations of water losses and water
vield in watersheds that produce only part of their yield as stream
flow and the remainder as underground flow through previous geo-
logie formations.
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PREVIOUS WORK

Within the past 20 vears research in the hydrologic effects of
land-use practices has 1°eceive(1 tremendous impetus. This has been
the result of an increasing consciousness among land managers and
research workers of the intimate relation between land use and hy-
drolegy. The literature has become so voluminous thai no attempt
can be made here o review if all, Instead, only certain represen-
tative studies will be mentioned, studies which provide a particu-
larly pertinent background to the concepts and conduct of the
present study.

Several methods have been proposed for determining watershed
vield by keeping a runuing account of water added to and lost
from a watershed. Huvsh, Hoover, and Fletcher {72)? described a
monthly accounting procedure used on the Coweeta Experimental
Forest in North Carolina. Measgured rainfall and stveam flow are
cumuiated by monthly intervals, the difference between them rep-
resenting the water which remains in storage within the water-
shed. By means of independent sludies, then, the stored water is
accountted for in terms of waber in the soil, water available for fu-
ture stream flow, and water lost by evaporative processes. Drie-
elbis and Post (5) made use of a similar accounting procedure on
four small watersheds near Coshocton, Ohio. Thelr rainfall and
stream-flow records ave supplemenied by evapo-transpiration data
obtained Trom periodic soil-moisture sampling, and by percolation
data obtained from Ivsimetevs Howe (79) also used an accounting
method for determining the effects of land-use praclices upon
stream flow and flood peaks in California, Because his primary con-
cern was with the influence of land use upon surface yunoff, he in-
troduced infiltration rates into the accounting scheme, and found
it advantageous to divide the watersheds inle zones having uni-
form hydrologic characteristies, Although this introduction com-
plicates the accounting process, it is necessary because a single
land-use practice has different effects upon water disposition when
applied on different kinds of seoil, or under different environmental
or topographic situations.

¥Many studies have demonsirated the effectiveness of vegetation
in protecting the soil against surface runoff (23). Also, several
studies have shown evaperation losses (interceplion, evaperation
from the soifl, and transpirvation) to be influenced by the kind, stat-
ure, and density of vegetation. Most of these have been well sum-
marized by Kittvedge (74}, who drew several significant conclu-
sions from widespt ead sources of data, Thus he concluded that in
generval inferception and Lmnspuau{)n mcrea‘;e, and evaporation
from the soil decreases, as vegetation increases in stature and den-
sity. But, as he pointed out, this is not a hard and fast rule because
in remiarid regions transpirvation and evaporation may be limited
by the availabilify of soil meisture. In his review Kiltredge also
commented upon methods used for the measurement of transpira-

? Itatic numbers in parentheses refer to Literature Cited, p. BE2.
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tion, He found that methods based upon lysimeter measurements
or determinations made upon individual leaves or branches re-
quived the application of such large correction factors as to make
their usefulness questionable when application was made to whole
watershed areas. He suggested that accounting procedures may be
more satisfactory as a means of caleulating combined interception
and evapo-transpiration; and that such procedures can be made
more sensitive by judicious periedic soil-moisture sampling.

Hendrickson (?) made some excellent suggestions for the con-
duct of studies designed to measure evapo-transpiration losses
from watersheds. He stated that “study of soil-moisture conditions
in the fieid seems to he a method of divect appreach to the probiem
of determining losses from a watershed that will give regulis that
may be used with confidence.” He discussed the importance of
rating soils for such a study on the basis of their wilting points and
moisture equivalents or field capacities, and showed the necessity
for expressing soil-waler storage in inches depth rather than in
percent moisture.

Croft (4) included in his study of watershed vield consideration
of the amount of water requirved each year to replenish soil-water
storage, which had been depleted by evapo-transpiration during
the year previous. By following the penetration of water into the
soil he found that the entire soil mantle must be raised to field-
capacity stovage Dhefore increases in base stream How can take
place, For this veason the water lost from the soil by evapo-transpi-
-ation prior to the rainy season exerts a powerful influence upon
current-season stream flow.

Hoover (8) used another a pproach to the determination of tran-
spivation, After determining by an accounting method the evapo-
rative water losses on a pair of watersheds in the Cowoeeta BExperi-
mental Forest, he cut all the vegetation on one watershed, leaving
the cut material spread on the ground to minimize runoff, Transpi-
ration was thus virtually eliminated on this watershed, and annual
water yield was increased 17 inches by the cutling. This amount,
then, was considered {0 be a mensure of transpivation from the
ancut vegelation.

No watershed studies comparable {o Hendrickson's, Croft's, or
Honover’s have been made in California. Several studies have been
made, however, to delermine the amount of wateyr lost from chap-
arral aveas and the influences upon this loss of changes made in the
vegetation. Veihmeyer and Johnston (26) studied NMuctuations in
soil-water storage under chaparral and woodla nd-grass vegetation
in the northern part of the Sacramento Valley. Plots weve estab-
lished in pairs, one plot of each pair being burned in the fail. ‘Their
study showed that when the burned plot had supported primarily
nonsprouting vegetation, its water loss during the summer and fail
after burning was less than that of its unburned mate. On those
pairs of plots which supported mainiy sprouting types of vegeta-
tion no significant differences in fall storage minima were noted.

Sampson (27}, working in the same avea, obtained similar ve-
sults and concluded that where differences in water loss were Tound,
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the top foot of the burned soil dried more guickly and more thor-
oughly during the summer, so that the extra water remaining in
the burned soil was found only at greater depths.

In Southern California a study of evapo-transpiration was made
by Taylor (24). Part of his study was conducted on chaparral-
covered alluvial fan areas near Upland. From periodic soil-moisture

sampling he found that approximately 19 inches of rain must oc-
cur to satisfy the field capacity deficit caused by evapo-transpira-
tion of the previous year, The soils he studied were much deeper
than those typical of mountain areas, and he found that plant roots
removed water from them to a depth of 16 feet. He concluded that
on the areas he studied no contributions would be made to the
water table if annual rainfall was less than 19 inches. When he
carried his studies into mountain watersheds he was concerned
primarvily with evapo-transpiration in the riparian zone {2, pp.
88-121}). From a study of stream inflow and outflow aleng a reach
of channel in Coldwater Canyon, he found an ew: iporative water
loss of 54 inches between May and October, the main part of the
dry season., This depth of water applied, of course, only to the
riparian area, which oecupied but a small portion of the watershed.

Bauer (7) followed soil-moisture vavialions in the upland chap-
arral type of the Santa Aonica Mountains, and found, as Veih-
meyer and Sampson had ‘ound elsewhere, that during the dvy sum-
mer and fall, so0il melsture was reduced by evapo-transpiration to
or slightly below the wilting point; that is, all water availahle to
plants was removed from the soil. He also noted that in a fresh
hurn in this area somewhat more waler was found in the soil at
the end of summer than was found under unburned chaparral,

Shapiro and deForest (2.2) made use of the cobalt ehioride paper
method Lo determine the relative rates of transpiration of a num-
ber of common chaparral plants in the Santa Moeniea Mountains.
The measmrements they made between September 1930 and dMarch
1931 showed white sapge lo have the highest rate, and lemonade
berry to have the lowesl. The other chaparral plants, including im-
portunt species of ceanoihus, vak, and chamizge, appeared not to
vary greatly in relative transpiration rates.

Some of Lthe research reported in this bhullefin formed part of a
study conducted by Rowe (78, 20) to determine the influence of
woodland chaparral upon soil and water in the Sierra Nevada Toot-
hills of central California. Rowe's study, earrvied on over a period
of 9 vears, shewed thal on 1/40-acre p]ot-« surface runott and ero-
sion were greally increased by burning of the vegetation, and that
Lhis increase was the resull of a decrease in infillration capacity of
the soil. In his study of the disposition of vainfali on ihese plots
the same goil-moeigture sampling approach was used as in the pres-
ent study, The results indicated that although evapo-transpiration
losses were not greatly affected by burning the vegelation, perco-
lation of waley tlnmwh the scil was materially reduced. This re-
duction was attributable div eclly to the increased surface flow
caused by the Lreatment. A reduction in mtelceptlnn loss brought
about i}\' ])u] ning, on the other hand, vesulted in a slight increase

ar 2
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in total water yield. But this increase was obtained at the expense
of flash flows of surface runoff, accelerated erosion, and decreased
percolation flow.

THE STUDY AREAS

The present studv had two complementary parts. The first was
planned to investigate in detail (1) the several processes involved
in the disposition of rainfall abeve, on, and within the goil mantle
and (2) the effects exerted upon these processes by annual Ixarning
and denudation. This part of the study was made on hillside plots,
on which interception loss and surface runoff could be measured
and periodic soii-moisture sampling used {o calculate quantities of
evapo-transpiration and percolation.

The second part was planned {o extend the investigation so that
the evaporative losses and water vield of an entire watershed could
be determined. Periodic soil-moisiure sampling in a watershed of
875 acres was supplemented by stream-flow measurements to pro-
vide a more complete picture of rainfall disposition than could be
obtained from’ the study of hillside plots alene.

The study was carried on in locations representative of impor-
tant watershed regions of California: The upper part of the wood-
land-chaparral zone of the south-centrai Sierrs Nevada Mountains,
the lower part of the commercial timber zone of the south-central
Sierra Nevada, and the chaparral zone of the mountains of .south-
era California (fig. 1).

The woodland chaparyal was vepresented by plot studies at North
Fork, Madera County, 35 miles northeast of Fresno, wheve Rowe's
earlier studies (18, 20} were made. The timber zone was repre-
sented by plot studies in second-growth ponderosa pine at Bass
Lake, Madera County, some 10 miles north of North Fork. The
southern California chaparral was represented by plot and water-
shed studies on the San Dimas Experimental Forest (16), Los
Angeles County, sitnated in the San Cabriel Mountaing absut 30
miles east of Los Angeles.

The climate at all study locations is similar in certain respects,
The year is divided into a rainy winter and spring, and dry summer ,
and fall; extremely hot weather is vare, the average summer max-
imum being about 927 F, at North Fork and Bass Lalke and about
85° on the San Dimas area. Winter temperatures rarely drop much
below freezing. Amounis and occurrence of annual precipitation
vary greatly from year to yvear, but in each location major storms
may be expected at any time between November and March, Pre-
cipitation is principally in the form of rain, averaging 33 inches a
year at North Forlk, 43 inches at Bass Lake, and 30 inches at San
Dimas. Snowfall is a rare occurrence at San Dimas except along
the highest ridges. In the Norlh Fork area infrequent snow storms
may leave as much as a foot of snow on the ground for periods of
a week or two. At Bass Lake temperatures arve somewhat lower and
snowfall is appreciably heavier than in the woodland chaparral
area at North Fork, At Bass Lake snowfall comprises about 30 per-
cent of total precipitation. The San Dimas avea, being only about
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FUNDERDSA PINE
CHAPARRAL
O] WOUDLAHD-CHZPARRAL GRASS

HORTY FORK-

Son Francisco BASS LAKE

Frovre 1—Study areas and vepetation types of California,
{Vepetation after Jensen (12}.)

40 miles from the ocean, is often blanketed with fog for days af &
time during May and June. North Fork and Bass Lake are largely
free of fog during this time.

NorRTH FORK WOODLAND - CHAPARRAL PLOTS

At North Fork three seil-moisture plots in the woodiand chap-
arral were studied during the period 1936-40 ({able 1). The three
plots were all located at the same elevation on 2 single hiliside, and
lay in a line at roughly 40-foot intervals. Originally all had the
same vegetative cover, a mixture of woodiand chaparral species,
incinding California buckeyve, deerbrush ceanothus, inferior live
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TABLE }.~—Characteristics of soil-moisture sample plots by vegetation fypes

Qriginnl vegelulion fype, toculion, Number of plots Vegetation | Elevotion Aspect Slopo
and period of study! nnd trentmend hmaght

Feel Feet Pereent

Wacdinad ehagnrmad, Norih Fork, 1838 | { vach nofursl, burned, 16-28 2,750 ] Wealo..... 32
10, . and dennded.
Seeond-growth ponderoa pine, Baws | oo . do. ... .. 40-70 3,350 | Notlk
Lalee, ide-43.
iized clnperrad, Sun Dimus Bxperd- | Fnslueal, oo ioous 1018 2,800 | Morthoust
ettt Forest, 104043, .
Pere houryleal connothon, Sun Dimws | .o L TN, i 2,800
Experimuntyl Forest, 1048-43,
Pure chiunive, San Dimus Expecimental |1 sadars) sed | desimded. . 57 2,860 .
Forcal, 184043,
Mixl}l J?nmrmi. Moaroe Canyon® | 4 epburad . oo . B=20 | 1,700-3,500 | AN.____ .
1842-45.

! Brates buged on hydrologie yeurs, starting el 1 and ending Sopt. 30,
% [n Susi Dimny BExperinentad Forest,

oak, buckbrush ceanothus, birchieaf mountain-mahogany, Pacific
poisen-oalt, and Mariposa manzanita, This brush cover was spotted
with oceasional large trees of Digger pine and California black oak,
and interspersed with openings covered with such herbaceous
plants as mules-ears, Menzies sanicle, two species of tarweed, and
grasses such as the annual bromes and fescues. The vegetation had
been burned in 1918 but grew undisturbed until the start of the
experiment.

One plot, 20 feet square, was established within this vegetation
and designated the “natural” plot (fig. 2, A). A second plot of equal
size was established in an avea that had been burned each fall after
1981. This was the “burned” piot. The burned plot was isolated
from the surrounding unburned area by a similarly burned border
strip 15 feet wide. In 1935 a trench was dug to bedrock along the
outer edge of this border strip to cut intruding roots. The trench
was reopened twice thereafter. As a resulf of the repeated burning
before 1936, the buckbrush, manzanita, and part of the dearbrush
had been killed. However, annual grasses and herbs germinated
after each burn, and these plants together with the regrowth of
sprouting shrubs provided some cover in late spring and summer
(fig. 2, B). In 1936 the burned plot supported a very seattered cover
of sprouting brush and a sparse stand of grasses and herbs includ-
ing annual bromes and fescues, mules-ears, and tarweed (20, p.18).
This piot was Inst burned in the fall of 1937,

Records of rainfall disposition obtained on the burned plot pro-
vided measures of the effect of several years of repeated burning
followed by 2 years of recovery of the vegetation. By the end of
the third growing season after the last burn, the vegetation den-
sity was about two-fifths the density before burning.

The third plot, designated as “bare,” was located within a 20-
foot square that was kept completely clear of ail vegelation and
litter between the summer of 1936 and the fall of 1940, In 1935 a
trench was dug to bedr ¢k (3 to 4 feet deep) around this piot, so
as to cut ail intruding reots. The trench was refilled but was re-
opened periodically to prevent roots from growing across it.
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The soil of the North Fork area was developed in place by the
weathering of granediorite voek. 1L s a =andy elyy toam belonging
to the 1eland series and shows little profile development olher
than an inerease in apparent density and a deercase in organic

Py 20 Nogdl Fork peols inoweesdlanad clapaeaal: Ay the aainral plaly

Iothe buarped plot in tee date spring of Bl The soaple ol which thie
pistograph of tne satoal plob wis baken masgueeates e depsity of the

vegetainn
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matter with increasing depth. It averages 40 inches deep to the
partly decomposed rock which underlies jt. Beneath this layer of
compact and relatively impervious weathered material tha parent
bedrock is massive. The rock mass is intruded occasionally by
tightly sealed dikes of pegmatite and aplite, Roots of the shrubs
and herbaceous vegetation are concentrated in the upper 30-inch
soil depth, but have been observed to penetrate to the weathered
bedrock. Under the naturai brash the litter cover is fairly com-
plete and averages about 14-inch thick.

For this study the most important soil characteristics ave those
related to water storage. These ave closely similar for the three
plots {table 2). Apparent densities were determined as dry weight

TaBLe 2.—Basie soils informution for woodland-chaparral, ponderosa pine,
and chaparral plots

WOODLAND-CHAPARRAL PLOTS (NORTH FORK)
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TasLe 2.—Basic soils information for woodland-chaparral, ponderosa pine
. and chaparral plots—Continued

CHAPARRAL PLOTS (SAN DIMAS)

Plot treatment and Apparont Wilting Field Avnilubly
deplh of soil laver ({oet) onsHy point capueity 7 waler b

om fee Tnches Inches Inches

! Caicolated from 15-al here mofstore percentage determiued for rop ative goil army
1 Averag teulaled from Up-nt shere moislure percentages of rey Lative des, or from
cont,ugl‘n of sampies from freahly drained solls,

1 Vicld capacity loss willing point,

per unit volume of seil cut from the wail of a pit with a constant-
volume sampler. Wilting points were assumed equal to the 15-at-
mosphere moisture percentage of these soils, determined according
to the method described by Richards and Weaver (17). Field
capacities were determined from the 34-atmosphere moisture per-
centage, following the procedure described by Colman (8). Con-
version from percent moisture to inches depth was cffected by
the use of the equation:

Inches depth of water pereent moisture
per foot of soil = 106

X apparent density X 12

Bass LAxe PONDEROSA PINE PLOTS

Three study plots were established in 1940 at Bass Lake (table
1), The plots lie within the commercial timber zone, in a fully
stocked second-growth ponderosa pine forest, 70 to 80 years old.
The principal species are ponderosa pine and incense-cedar; trees
on the plots ranged up to 20 inches in diameter and 110 feef {all.

1 Previous studies conducted on the San Dimas Experimental Forest had

showed that the 15-atmosphere moisture content was very close to the wilting
point as determined by the classical sunflower method.
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Scattered throughout the forest are sugar pine and California
black oak. Beneath the forest canopy is a very sparse ground cover
consisting of clumps of bear-clover and scatiered individuals of
small suppressed Mariposa manzanita and Nevada peavine. The
forest litter, which provides a virtually complete ground cover,
averages 214 inches thick.

Here, as at North Fork, the three plots (fig. 3) lay at the same
elevation on a hillside. They were spaced along 2 line at intervals
of about 50 feet. The natuval plot was located within the second-
growth timber and received no treatment duving the course of the
study. The burned plot was in a similar pateh of timber through
which a ground fire was run in the fall of each year starting in
1938. Thus, each fall the soil was burned clean of the year's accum-
ulated litter, and the ground vegetation was consumed. Between
burnings there was a very scattered regrowth of herbaceous plants
and an annnal fail of pine needles sufficient £o cover about 25 per-
cent of the soil surface. No trees larger than 2 inches in diameter
were killed by the fires. The bare plot was located in a small open-
ing in the forest, midway between the other two, Here a plot 25 by
40 feet was trenched to bedrock in 1940. A galvanized sheet-iron
wall was ervected within the tremch, reaching from bedrock to
within 6 inches of the soil surface, its individual sections locked
together so as to present a barrier to root penetration. After the
wall was built the trench was refilled with soil. For the whole pe-
riod of the study this plot was kept bare of vegetation and litter.
During early morning and late afternoon the plot was shaded by
nearby trees,

The soil of the Bass Lake plots belongs to the Sierra series and
is a mixture of vesidual and colluvial material, It appears to have
been developed from the weathering of mixed granodiorite and
quartzite rock. The surface foot or so of soil is a fine sandy loam.
This overlies a clay loam that grades into fairly tight bedrock at a
depth of about 6 feet. The natural plot has a lower field-capacity
storage than the others (table 2). Wilting-point storage of the barve
plot soil is higher than that of the other two., These differences
arise from differences between the three plots in the depth at which
the clay loam laver is encountered, In trenching the bare plot few
roots were found helow the d-foot soil depth, and none below the
6-footl depth. Apparent densities of the Bass Lake soil were deter-
mined as dvy weight per unit volume of soil taken from the wallg
of a sampling pit extending {o bedrock.

SAN Divas CHAPARRAL PLOTS

One group of 4 plots on the San Dimas Experimental Forest was
established in 1940 near the Tanbark Flat headquarters of the
Forest. The other group of 14 plots was established in 1948 in Mon-
roe Canyon, an 875-acve watershed about 4 miles southwest of
Tanbark Filat.

One plot near Tanbark Flat was located within a dense stand of
mixed chaparral in which hoaryleaf ceanothus, hairy ceanothus,
California scrub oak, and birchleaf mountain-mahogany shared
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F.IABAF0, 434244

Frves e=The Bass Lake natural plat 047 and burned plot () in
the Tall of 1942,

@  dominanee. This plot, about 1,100 aere in area, is designated as the
“mixed chaparral” plol {fig. ). The “ceanothus,” “chamise,” and
“hare” plots, cach aboyl 1. 100 acre in aren, were located swithin a
20-fool radius, aboutl 19 mile south of the mixed ehaparial plot.
This area was seleeled beeause of the existence there of natural

JUCHHANR) B
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St

F.359046¢, 456607, 456008
IFigure 4. —Vegetation of the San Dimas soil-moisture plots: A, Mixed
chaparrnl; B, ceanothus; ¢, chamise,
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stands of Lwo distinet types of chaparral vegetation. The ceanothus
plot lay within a dense stand of hoaryleaf ceanothus which con-
tained only a few scattered chamise individuals. The chamise plot
‘was within a dense stand of chamise which was interspersed with
a few individuals of hlack sage and hoaryleaf ceanothus. The bare
plot oceupied the center of an adjacent clearing and was main-
tained clear of vegetation and litter. The periphery of this 20- by
20-foot square plot was trenched to bedrock, all roots cut, and the
trench refilled at the start of the study. The trench was reopened
oncfta during the course of the study to insure against re-entry of
roots.

The area in which these plots were established was last burned
overin 1919. Yet the present vegetation has developed into a taller
and more luxuriant stand than is usual for chaparral in this lo-
cality. This growth may possibly be due to the location of the
area, for the topography here is gentler than usual, and the soil is
of finer texture and deeper than is typical of most areas in these
mountains.

The scil in the Tanbark Flat avea is vesidual, weathered from
diorite which is deeply fractured. Shrub roots were concentrated
largely in the upper 4 feet of soil but were observed to reach the
greatest depths of sampling, and oceasionally to penetratle cracks
in the hedrock. In the plots the soil mantle averages 5 feet deep;
the only evidence of profile development is an increase in apparent
density and a decrease in organic matter with depth. The soil is
probably closely related to the Holland and Sierra soil series, and
has been classified texturally as a sandy elay loam,

The mixed chaparral and ceanothns plols are nearly alike in
wilting-point and field-capacity storage, and they are exceeded in
Loth storage values by the chamise and bare plots (table 2). Ap-
parent densities of the San Dimas soils were determined by the
constant-volume sample method described in connection with the
North Fork plots.

MoNROE CHAPARRAL WATERSHED

The watershed study which forms part of the present investiga-
tion was carried on in Monvoe Canyon, one of the subwatersheds of
the San Dimas Experimental Forest. This canyon is parvticularly
well sunited for an initial study of this kind. It is small enough (875
acres) and has a sufliciently small elevational range (1,700 to 3,500
feet) so that it can be studied as a unit; yet il is lavge enough to
have a type of stream llow more chavactevistic of a large watershed
than of a headwater drainage.

The vegetation of Monroc Canyon is representative of that found
over much of southern California’s mountain lands within the same
elevational range (fig. 5). Southerly hillsides ave clothed with open
to dense stands of the more xerophytic chaparral and sage species,
including chamise, hoaryleaf ceanothus, white sage, and black sage.
Northerly hillsides are more typically covered with members of the
oak-chaparral or oak-woodland associations, which include Cali-
fornia serub oak, hairy ceanothus, and bivehleaf mountain-mahog-
any. Riparian vegetation, including white alder, California syca-
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mote, bigleaf maple, and several species of willows, grows in a nar-
row strip aiong the man skream course, hut occupies less than 1
percent of the watersned area. .

ok
-
F ASGHIN, 456603
Fioune 5.—Vegetation of Monroe Canvan: A, Typical cast side slopes;
8, typical west slde slopes. The denser oak-chnparral associalions of the
nurtherly exposures stand out in contrast to the less dense chamise and
sage associations of the southerly exposures.
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Geologically this watershed is typical of a large portion of the
Sierra Madre Range. Gneisses, schists, and intruded igneous bodies
of the San Gabriel formation predominate, these being crisscrossed
hy numerous large and small faults. The geologic processes under
which these mountains were formed have shattered the rocks to
great depths and left them very permeable to water, but of very
low water-retentive capacity.

The soils of Monroe Canyon (fig. 6) are of two kinds. A narrow
band of alluvium fanks the main stream channel, while the water-
shed slopes are occupied by a residual soil that is relatively homo-
genons in physieal characteristics. The roel-filled sandy loams that
predominate on the slopes show no profile development heyond in-
creases in apparent density and decreases in organic matter with
depth. Depths to the shattered bedrock range from 0 to more than
§ feet. Shallower soils and numerous rock outerops are typical of
slopes exceeding about 70-percent gradient. Such slopes show evi-
dence of active downhill creep and dvy-sliding. The deeper soils
usualty occupy slopes of lower gradient, which typically have fewer
rock outerops and exhibit less creep.

The soil-water study was stavted in the fall of 1943 with the es-
tallishment of 14 moisture-sampling plots (fig. 6); they are di-
vided info 2 groups—ihose on southerly hillsides and those on
northerly hillsides—Dhecause of recognized differences in vegeta-
tion. The plots were situated along 2 contour trails which pass
throngh the watershed, one at 2,100 feet elevation, and the other
at 3,100 feet. Over the 2-vear period of the study, soil samples
were obtained within a radius of 3 feel of the center of cach plot.
Plots were not established in other paris of the watershed because
of 1ack of trails and diffieulty of access.

loth field-eapacity and wilting-point storage tend to inerease as
soil depth inereases (table 3} ; however, neither is proportional to
so0il depth, noy is this velutionship at ali well defined. The laclk of
definition is the result of variations in the solid-rock content of the
soils in this avea, whielt is independent of soil depth. As rock con-
tent increases, the space availahle for water storage, both at field
capacity and willing point, decreases. In view ol these Taets field-
apacity and willing-point storage ave congidered to he more valid
eriteria of soil charactevistics important in this study than are soil
depth or texture,

1t is pertinent to inquire whether the 1.4 moisture-sampling plots
represent a valid sampling of soil conditions over the watershed as
4 whole. The sampling can he appraised by comparing soil informa-
tion Trom Lthe plots (table 3) with that ebtained from a soil survey
of this walershed made in 1911,

The 1041 survey provided a delailed deseriplion of site and soil
for 110 plots lucated at regular intervais aiong the two contour
trails, the 2,600-fool conlour level, and fwo cleared section lines
that eross the walersied in an east-west divection. Tits were dug
to hedrock in all hui Lhe deepest coils, and measurements of the
important profile characteristics were made. Samples taken from
the pits were subjected to laboratory analyses for the determina-
tion of texture, apparent densily, Reld-capacity and wilting-point
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storage, and water permeability. Statistical analyses of the survey
dita failed to indicate any significant reiation between these soil
characteristics and the measurements used to define the charae-
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TaBrr 3.—Soil and enviremmenlal characteristics of maisture
ots in Monroe Cunjun
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teristics of geology, vegeiation, and topography. It was decided
that if the narvow band of allavium were excluded, variations in
soil characteristivs were essentially random. Hence il was con-
cluded that the entive walershed was occupied by a single kind of
soil, and that the characteristies of this soil could be determined
from the analyses of the 110 pit soils of the survey.

In the following tabulation the soil characteristics pertinent to
the soil-water study ave compared, using average values oblained
from the 110 survey pits and the average of the 14 moisture-
sampling plots.

Arerage for

Areruge for 4
st aurvey

xail~moisture plota

81

i5

Soil cheracterisiic:

Ciay e
Tield-eapacity sterage
Wilting-point storage .
Soit depth. .

porcent . 81
do 16
CdooL 3
inches 7.0
do b9
feet . 3

This tabulation shows that 1he averages are nearly the same. From
these resulis it is judged that the soil-moisture plots give a fair
representation of condilions on the whole watershed.
METHOD OF STUDY
SOIL-MOISTURE DETERMINATION

To provide the soil-waler data vequired for thix study, each plot
was sampled for moisturc at frequent intervals, using either a
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Pozo-type soil tube or a 2-inch post-hole auger. Moisture content
was determined by the standard oven-drying and welghing method.
The sampling schedule required obtaining soil samples within 72
hours after storm periods, at weekly intervals during fthe rainy
season and early summer, and at 2-week infervals during the late
summer and fall when soil-moisture changes had hecome small. A
single hole was dug for each sampling, moisture samples being ob-
tained from it by 6-inch depth increments between the soil surface
and bedrock. Through the whole course of the study, sampling was
confined to a small portion of the arvea of each sampling plot, so as
to minimixe variations in soil texture, density, and organie content,
and in exposure of the surface.

The oven-drying method of moisture determination provides a
relative rather than an absoclute measure of soil-water storage, In
this study the absoi:te measure {inches of water in each foot depth
of soil) was required, so thal it was necessary to convert moisture
percent to inches depth by use of the equation given on page 13.

For the North Fork, Bass Lnke, and four San Dimas plots ap-
parent densities were taken from tuble 2. It was possible to make
use of this simple conversion bhecause nearly ail of the solid rocks
found in these soils (that is, roclks with negligible water content)
were small enough to be included Loth in the moisture and the
apparent density samples,

For the Monroe Canyon study a slightly diffevent procedure was
used. In several places the soil contained solid rock fragments more
than 1 inch thick, too large o be picked up in the sampling auger.
It was necessary {o correet the water storage caleulated from mois-
ture sampling in these places for the amount of space sceupied by
rocks. This was done by fivst mapping the edges of the rocks where
they intersected the vertical face of a pit dug at the sampling nlot,
and then calculating the aren they oceupied on the pit face. The
avea of roclk face expressed as a percent of the fotal area of the pit
face (in each layer measured) was assumed equal to the percent of
the volume within each soil layer occupied by solid rock not picked
up by the aager. In this case:

Inches storage ercent moistur sercent soil content qront
per 12-inch-thick == ¢ fure . pevcent soil content, apparent
soil layer 100 108 ensily

> 12,

Percent soil content is caleulated as 100 minus the vock content.
OTHER MEASUREMENTS

Measurements of soil-water storage cannot alone provide a com-
plete accounling of the disposition of rainfall, The investigator
must alse know how much water is supplied to the soil, and when
and i what amounts these additions are made, This requires meas-
urement of precipitation, interception loss from the vegetation,
waler held on the soil surface as snow, and surlface runoff,

Precipitation.—VPrecipitation was measured in standard 8-ineh
gages within a few yards of the North Fork, Bass Lake, and San
Dimas mixed chaparral plots. The ceanothus, chamise, and bare
plots in the San Dimas area were situated so close to Tanbark Flat
that rainfall measured at the mixed chaparral plot was considered
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o apply there also. Monroe Canyon presents a different picture,
because the plots there were scattered over a relatively large area.
Qince 1936 the rainfall in this watershed has been measured by a
group of 12 standard gages located along its two contour frails. A
study of the rain records showed that the mean cateh of these
gages provided a close measure of the rainfal] at each of the mois-
ture-sampling plots. Annual rainfall from one part of the water-
shed to another did not vary move than 3 percent about this mean.
This represents an accuracy well within the limit ol that sel by the
sampling errors inherent in the determination of soil-water stor-
age. For the lonroe Canyon study, therefore, rainfall was talken
as the average of the 12 contour-trail gages.

Interception loss.—Installations were designed specifically for
the measurement of interception and stem tlow under the vegeta-
tion conditions on the North Fork natural plot, the San Dimas
mixed chaparral plot, and the Bass Lake natural and burned plots.
Descriptions of the Novth Fork and San Dimas installations, and
the results obtained from them, have appeared elsewhere (6}, At
Bass Lake an installation of similar design was adapted to meas-
arements within the forest siand, and provided storm-by-storm in-
terception measurements thronghout the study.

At North Fork interception was measured from 1937 to 1940,
and at San Dimas in the vears 1942 and 1943, Tor other years of
the study interception loss was calculated from the average rela-
tion between storm rainfall and interception established by the
measurements (fig. 7). Decause the vegetation of the North Fork
plots was partly deciduous, two interception-loss relations were
used, one for fall-winter storms when the deciduous species were
leafless and one for spring-summer storms when the vegetation
was in Tull folinge.

No direct measurements of interception loss were available for
the ceanothus and chamise plois and the plots in Monroe Canyon.
But because the vegetation in these places is generally similar to
that at the mixed chaparral plot, it was concluded that no signifi-
cant error would be introduced if the relation between rainfall and
interception loss determined for mixed chaparral were used. Con-
sequently, storm-by-storm interception losses in Monroe Canyon
were caleulated Trom: mean watershed rainfall, nging the relation
Tor the mixed ehaparral plot (fig. 7).

No record of intercepiion is available for the burned plot at
North Fork. All vegetation on this plol was burned to the ground
in the fall of 1936 and 1937. The sparse herbaceous and grass cover
which developed after the fire each year did not reach a height of
more than a few inches or a density of more than 10 percent until
near the end of the vainy season, During the fall and winter, intex-
ception by this vegetation was probably negligible, This plot was
st burned in 1938 or 1939 so there was seme vegetation on the
ground through these two rainy seasons. However, as hoth height
and density of this vegeiation were low during these rainy seasons,
interception losses were probahly relatively small. They have been
disvegarded in the analysis made of this plot.

056527 " —h3-—4
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Fieure T——Relation of interception loss to storm precipitation for the woody
vegetation of the North Fork and mixed chaparral natural plots, from
Hamilton and Rowe ¢6). Equations ave:

Mixed chaparral.... ... 1L = .062P -} 083
North Fork, spring and summer..... .. IL = .070P - 050
North Fork, fali and winter......... w1 == 027P 4 031
(IL = interception loss in inches; P == precipitation in inches.}

Surface runoff.—Surface runoff was measured on specially de-
signed plots, adjacent to and treated in the same way as the soil-
meisture plots, as follows:

Dipt: Years measured
North Fork:
Natural . 1936-39
Burned 1936-39
Bass Lake:
Natural 194044
Burned 1940-44
Bare 1943-45
San Dimas, mixed chaparral, natural 194042

The natural and burned runoff plots at North Fork were 10 feet
wide and 110 feet long ; they have been described by Rowe (18, 20}.
Identieal installations were used for the San Dimas mixed chap-
arral plot and the natural and burned plots in ponderosa pine at
Bags Lake. Runoff from bare soil at Bass Lake was measured by
a plot 2 feef wide and 5 feet long, situated in the middle of the bare
meisture plot,

{

i
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In 1986 and 1937 runoff from the barve plot at North Fork was
eonsidered equal to that of the adjacent burned plot. This was
based upon the fact that the burned plot remained virtually bare
of vegetation throughout the greater part of the rainy season. But
runoff of the two plots could not be considered equal in 1938 and
1939 because in these years the vegetation on the burned plot was
allowed to regrow without disturbance. To determine runoff on the
bare plot during these 2 vears a curve was developed, as reported
by Rowe (20, p. 36). showing the average infiltration capacities of
the burned plot for the last 3 yvears during which it had been
burned. During 1938 and 1939 runoff from the hare plot was cal-
culated using this average infiltration-capacity curve and the rain-
fall rates measured during each storm in a nearby recording rain
gage,

In the San Dimas area density of vegetation and soil conditions
were closely similar on the mixed chaparval, ceanothus, and cha-
mise plots. No measurable amounts of ranofl were obtained from
the mixed chaparral plot throughout the period of this study, and
observations made during the heavy storms indicated that this was
very probably true of the other soil-moisture plots as well.

No measurements of surface runoff were made on the bare San
Dimas plot during the course of the study, nor on the hare Bass
Lale plot until affer the first 3 years of sampling. However, obser-
vations made duving storms, development of rills and erosion pave-
ment on both plots, and measurements of surface runoff made dur-
ing the last 2 years of sampling on the Bass Lake plet, all indicated
the occurence of surface runoff in appreciable amounts. Because of
the lack of runoff records, analysis of these two plots, except for
the years when runoff was measuved at Bass Lake, is necessarily
somewhat less complete than that of the others.

Surface runoff from the Monroe Canyon plots was not measuved,
but was concluded to have been negligible in amount. There were
no runoff plots with whieh this conclusion could have been tested
but eertain indivect evidence supports it. First, the soil in Monroe
Canyon is coarser in texture than that near Tanbarik Flat, where
runoff plots under natural vegetation vielded no surface flow. Be-
cause both vegetation and storm characteristies ave much the same
in both places it can be concluded that the plots in Monroe Canyon
likewise yielded no surface flow, Second, a study of the storm hy-
drographs of stream flow in Monroe Canyon revealed evidence that
during the years of study the volumes of all storm discharges
could be accounted for by the amounts of rain intercepted by the
stream channel and adjacent bare rock surfaces. However, if sur-
face runoff did occur from any of the plois, it would normally oe-
cur during periods of percolation, and would be included in the
total water yields as such.

Snon wuater storage.—Only at Bass Lale was there a sufficiently
prolonged period of snow pack to veguire an accounting of water
added to the soil from snow melt, From frequent measuroments of
precipitation and water stored in the snow pack, the times and
amounts of water delivered to the soil were ealculated.
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Stream flow.—Stream-flow measurements were made only in
Monroe Canyon, so only there can results of this study be inter-
preted directly in terms of stream-flow yields. Float-operated re-
corders provided a continuous record of water leaving the water-
shed as channel flow. The stream-gaging station included a V-notch
weir for low flows and two flumes for high flows. Diversion of all
channel flow into the gaging station was insured by a cut-off wall
anchored in the bedrock beneath the channel gravels.

ANALYSIS PROCEDURE

The data used in the analysis of rainfall disposition were made
up of the following elements:

1. A running record of water stored in the soil, expressed both
in inches depth for each foot-thick layer, and in inches denth for
the whole depth of seil;

2, Btorm by-storm records of precipitation, interception loss,
snow-pack water (at Bass Lake only), surface runoff, and water
entering the soil surface.

These elements must be related in time and quantity for a satis-
factory and useful analysis. This was acomplished as follows:

1. Each year was separated into periods representing the ob-
served soil-water storage cycle: One period of wetting, one of sus-
tained high storage, and one of drying. This was done so that at-
tention could be concentrated on the soil-water conditions of
greatest hydrologic significance in each period. During the wetting
period, which starvts with the beginning of the rainy season, the
most important hydrologic features exhibited by the soil are its
progressive downward weiking (increasing sto ‘age) resulting
from successive storms, the evaporative water losses between
storms, and the time when the soil mantle is wet to Reld-capacity
storage to its base. During the high storage period (hereafter
called the percolation period), percolation, evaporative losses, and
the replacement of these losses by rainfall, are the move signifi-
can{ features. During the dvying period, the rates and amounts of
evaporative water loss ave of primary concern, all current rainfall
entering the soil heing evaporated.

2. Priov to each storm in all periods the trend of water storage
shown by sampling since the previous storm was earried forward
te the start of the ecurrent storm; increases in storage were thus
associated with the storm wiich produced them. These increuses
usunally agreed satisfactorily with the rainfall measured as having
entered the soil. However, when the discrepancy was great and
could not he explained a correction was made in the v rater-storage
figure so as o bring water entry and sforage increase into apree-
ment. Small storms that occurred during the drvying period or dur-
ing prolonged intervals of drought in other perviods caused no
measurabie increases in soil-water storage. These storms wet the
soll only a few inches deep, and as a consequence of water losses
taking place from greater depths, produced no apparent increase
in water storage for the soil as a whole, Water added to the soil by




DISPOSITION OF RAINFALL 27

these small storms was quickiy returned to the atmosphere.
Therefore, such water was included in the quantity assigned to
evapo-transpiration.

8. Soil water was considered to be available for evapo-trans-
usiration during all intervals between storms but no allowance was
made for evapo-transpiration during periods of rainfall, It has al-
ready been stated that the water-storage trend measured affer a
storm was extended forward to the stavt of the next storm, When
necessary, the trend was carried baek to the end of the previous
storm. This extension generally covered only a day or two so that
the ervors in estimating evapo-transpivation by this simple extrap-
olation were very small. Annual evapo-transpiration was calen-
iated as the cumulated losses of soil water shown by sampling be-
tween storms plus the losses measured during the drying periods.

4, Percolation was caleulated each year as the difference be-
tween the rainfall and the sum of surface runoff plus evaporative
water losses plus any decrease, or minus any increase, in soil-
water storage at the end of the year. The calculation of anunal
percolation is illustrated by the eguation:

Percolation = Rainfall— (interceptiont+runof! +evapo-transpiva-
tion)— (minimum storage at end of year—mini-
mum storage at statt of yeav).

For plots from which surface-runoff rvecords were unavailable,
there was no way of separating water that entered the soil during
the pereolation peried from that which van off the surface. There-
fore, percolation and runoff were combined for these plots.

It is apparent that evapo-transpiration is undermeasured and
percolation is correspondingly toc great Ly an amount equal to
the quantity of wafter drawn upon by evapo-ransptiration from
the rock Leneath the soil. Soil-moisture sampling was carried to
bedrock, but in deep pits dug at some of the sampling locations
pecasional roots were ohserved to penetrate into crevices in the
hard vock helow the sampling depths.

Determinations made in the course of the Monroe Canyon study
showed that the fractured rock immediately underlying the soil
could hold no more than 0.05 inch of water available to plants per
foot of rock depth. This water was held in rock crevices filled with
weathered material and in the crushed-zones of faults. The amount
of water was small because of the small proportion of the total
space occupied by these openings in the rock and the coarse tex-
ture of the included weathered material. The rock underlying the
soil at North Fork and Bass Lake was much less heavily fractured
than that in the San Dimas area; hence even less water was
available to plant roofs that may have penetrated below the soil
at these two locations.

No information is available vegarding the maximum depth of
penetration of chaparral roots. But even if those in Monroe Can-
yon penetrated, and absorbed moisture through 20 feet of rock
depth, they would not have move than 1 inch of water availabie to
them from this source,
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RESULTS OF THE STUDY

The results of this study of rainfall disposition are taken up in
two parts. In the first part the plot studies at North Fork, Bass
Lake, and San Dimas will be discussed. The second part will be
devoted to analysis of the 14 plots in Monroe Ganvon and fo the
interpretation of results obtained from them in terms of rainfall
disposition over this watershed as a whole.

RAINPALL DiSPOSITION ON PLOTS

The objective of the plot studies was twofold ; To follow the dis-
position of rain from the time it veaches the ground until it leaves
the soil as pereolation or evapo-transpiration; and fo learn what
changes in this disposition result from differences in location of
the plots, in natural vegetation, and in treatment of vegetation.
Thus water itself becon.es the material of primary interest; and
it is in terms of water that the resulls of the study will be dis-
cussed. In these terms the behavior of all the plots was strikingly
similar in a number of ways. Hence detailed study of the soil-water
storage cycle of but one of the plots through a single year gives
an understanding of rainfall disposition that applies in a general
way to all the other plots and years considered in this investiga-
tion.

NORTH FORK WOODLAND CHAPARRAIL
The North Fork natural plot and the year 1939-40 have been

selected for detailed discussion. For this analysis the hydrologic
vear was considered flexible in length, starting with the first fall
rain of one year and ending with that of the next. In this way all
rainfall can be properly assigned o the year in which i{ veaches
and is lost from the soil,

The soil-water cycle—Prior to the first rain of the year water
storage was at a minimum at all depths in the soil {figs. 8 and 9).
- The first rain and those following during the next few weeks were
sufficient to cause important increases in storage within the upper
2 feet of soil, but the third foot received only enough water to wet
it part way through. Before the next rain fell, in early December,
a considerable loss of stored water had taken place by evapo-trans-
piration. No percolation through the soil mantie could have taken
place between Sepfember and December because the third foot
layer had not yet been brought to field-capacity storage. This situ-
ation prevailed until the storm of January 1 to 4, which brought
Just enough rain to the soil (3.9 inches less 0.2 inch of intercep-
tion luss) to raise all layers to field-capacity storage. The time
covered from the start of the rainy season up to and including this
storm is considered the wetting period of the water-storage cycle.

Duriry the 3-month perviod which followed (January 4 to April
4), storms were sufficiently frequent and brought enough rain o
maintain soil-water storage close to field capacity and to replace
water lost by evapo-transpivation befween storms. Pereolation
during this period was the amount of precipitation entering the
soil that was not offset by evapo-transpiration. Ounly during the
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FigusE 8.—Seasonal variations in storage of weter in the soil of
the North Fork natural piot, 1939-40.

percolation period and the last storm of the wetting period can
percolation take place. During the remainder of the year some
part of the soil mantle is always below field-capacity storage, so
that rains cceurring then do not produce percolation. Evapo-trans-
piration tock place from all depths of the soii (fig. 9). This indi-
cates that plants were drawing upon water stored throughout the
seil mantle.

The end of the percoiation peried was indicated, not by the
real end of vainfall for the year, but by the time when rains be-
came so infrequent and storms se small that they failed to replace
losses caused by evapo-transpiration, The drying peried, which
started with the end of the last percolation-producing rain, was
characterized by progressive drying of the soil at all depths and
loss by evapo-transpiration of such late spring, summer, and fall
raing as occurred. During the early part of the drying period
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Ficure 9.—Seasonal variations in storage of water in foot-by-foot soil depths
of the North Fork natural plot, 19539-40. (Variations in soil-water con-
stants—wilting point and feld eapacity—throughout the year arve due
principally to varviations in the physical characteristics of the soil from
sampling spot to sampling spot.)

evapo-transpiration losses were rapid; rates tended to be some-
what greater in the upper than in the lower part of the soil. These
rate differences with respect to depth were more marked in the
1989-40 year than in some other years because rain, in late April
1340, increased storage in the upper 2 feet of the soil. In years
when rains of this kind did not cecur there were smailer differ-
ences in loss rates between the several soil layers.

Water-loss rates decreased markedly at about the time when
each soil Iayer reached wilting-point storage. This was true of ali
the vegetated plots studied. It seems probable, from this informa-
tion, that the woody vegetation on these plots can draw little if an ¥
mo:e water from the soil than can herbaceous plants, which are
known to suffer from luck of water when soil moisture has been
depleted to the wilting point. Yet the woody plants involved in this
study do not die, even when exposed to soil having less than wilt-
mg-point storage for months at a time (nearly 34 months for
1940) . During such periods the planis cannot obtain any signifi-
cant quantity of water from the snil, nor is any appreciable
amount available to them from the underlying rock. Therefore it
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must be assumed for the present that these plants survive the
summer drought by entering some type of dormant state. This as-
sumption is supported by the observation that chaparral shrubs
grown in soil confined in lysimeters at San Dumas have survived
even though the moisture content of the confined soil remained be-
low the wilting point for as long as 5 months at a time.

By the end of the drying period soil-water storage once more
reached the minimum of the previous vear, about 0.8 inch less
than the wilting-point storage of the soil. This wilting-point defi-
cit was about equally distributed through the soil: 0.8 inch in the
top foot, 0.2 inch in the second foot, and 0.3 inch in the third.

Despite a wide range in annual rainfall, the seil-water storage
chavacteristics in other years were very nearly the same as in
1939-40 (table ££4). Minimum storage was close to 2.0 inches, 0.8
inch helow wilting-point storage. Field capacity ranged from 8.5
inches to 9.8 inches, and the mean difference between minimum
and field-capacity storage indicates that more than 6.8 inches of
rain would have to enter the soil in a single storm in order to pro-
duce percolation through the soil at the start of the rainy season,
Actually, 7.5 inches to 11.7 inches of rain were required to bring
the =z0il to field-capacity. This difference is due, of course, to the
fact that several storms cceurred in each wetting period and that
hetween these storms storage was reduced by evapo-transpiration.

TABLE 4.—Soil-water characteristics und vainfull disposition for
the North Forle natural plol)! [836-40

SOIL-WATER CHARACTERIZTICS

[tem 1936-37 | 19379 ! 1!33‘5-3.'11 193340 | Average

1

;s o

Aimhimin sterage Gslartof yeard. .
Wilting print lezs miniotum stornge ¥ ..
Field-capucity stomge 4

Fiell eapacity loss minimun stornge
Rain b0 starl perealatimi. . L

Mann evapelranspirdion rales

=12 o

Welling periil Lo itches per day ..
Percalating perid , . din
Entire soil below walting-moint storage ... days...

o
=11
S50 -

RAINFALL DISPORITION (INCUES

Rainfall.... ... .
lutercemion loss. ... ... .. .
Burface mnol. ... -
Itainfall enterfog sail. ... ..
Evapo-transpimtion.. .. ... . e e .
Percolitiom... . . e . H

~1 T =1

1 Culeninions Tinsed va 3-funt suil depuh. . . o

1 Averige inclides ininimum storge measurement of 2.4 inches at start of 140-45 hydrologie year at which time
sampling was dixcontinned. i

*Alting-puint atoruge = 2% inches, X . . .

¢t Varmtions between years in febl-capacity storuge are due in part to varistiens in physical eharacteristics of sue.
reive ol sumnples wid T part Lo sxperinentsd error,
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Evapo-transpiration rates can be grouped conveniently accord-
ing to whether the water losses take place during the wetting or
percolation periods. A considerable range of rates was found be-
tween different storm-to-storm intervals, However, no consistent
or pronounced trend in these rates was detected, so that the aver-
age rafe of each period was considered the most applicable one,
This rate was caleulated as total evapo-transpiration divided by
total days between storms during the period. Lower rates for the
wetting periods in 1936-87 and 1937-38 were undoubtedly due to
more concentrated rainfall and the shorter duration of the wetting
period in these years. For the 4 yvears studied the average evapo-
transpiration rate during the wetting pericd was 0,02 inch per
day, and during the percolation period 0.074 inch per day.

It was mentioned earlicr that the soil mantle of this plot was
entirely without water available to plants (that is, helow wilting-
point storage) for nearly 315 months in the summer and fall of
1940. In other years the soil mass was entirely below the wilting
point for from 215 to nearly 5 months (table 4}. The similarity
of the summer drying portion of each year's water-storage cycle
is immediately apparent when the drying curves are moved in
point of time so that in all years the drying period is entered on
the same day (fig. 10). Closer coincidence is prevented chiefly by
wetting due to occasional summet rains. In all years loss rates de-
crease gradually as wilting-point storage is approached and then
decline sharply, becoming virtually zere soon after storage drops
to the wilting point. In general wilting-point storage is attained
within 2 or 3 months after the start of the drying period, and
nearly constant minimum storage is reached within 2 months
thereafter.

Rainfall disposition.—Now, with reference to table 4, it is pos-
sible to study the disposition of precipitation for this plot. Rough-
ly 5 percent of cach year's precipitation was returned to the at-
mosphere as evaporation of rain intercepled by the vegetation
canopy. Surface runoff was never more than a trace. Therefore,
the precipitation measured as entering the soil was approximately
95 percent of the total precipitation, varying {rom 23 to 57 inches
for the years studied. Despite this great range in water entry, the
measured evapo-lranspiration losses were singularly uniform and,
furthermore, appeared to bear no relation to quantity of annual
rainfall, This is the divect vesult of the seasonal nature of the
rainfall. There is a relatively small range in the quantity of rain
required o raisc soil-water storage to ficld capacity {table 4). This
range is primarily a function ol the quantity of vainfall per storm
and the time elapsing between storms. Sumimer and fall storms do
not account for move than 2 inches of the yveal’s precipitation, vet
during this dry season a large part of the year's evapo-transpira-
tion takes place. The bk of the rain usunally Talls during the per-
colation period when much of it flows through the soil, This is why
evapo-transpiration varied little while percolation varied greatly
in response to differences in annual rainfail.
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Effect of Burning

The burned plot at North Ferk, it will be recalled, was burned
in the falis of 1936 and 1937. In the vears 1938-39 and 193940
vegetation on this plot was allowed to grow without disturbance.
Henee, the burned plot must be considered in ftwo stages: The 2
years during which it was burned in the fall, and the 2 years
during which if recovered.

The minimum water storage of soil on the burned plot was
only slightly higher, during the two burning years, than that of
the natural plot. It dropped each year 0.5 inch below wilting-point
storage, as compared with 0.8 inch on the natuval plot {fables 4
and 3). This difference was due aimost entirely te a slightly
smaller decrease below wilting point in the third foot of the
burned plot than in the corresponding layer of the natural plot
soil. With the return of vegetation during the next 2 years, how-
ever, minimam storage dropped cven farther below the wilting
point on thig plot than it did on the natural plot. This was the
result of greater losses from the top Toob of this plot (because of
more complete drying of this sparsely covered soil} combined with
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TABLE 5.~—Svil-water characteristics and rainfall disposition for
the North Fork burned plot,' 1986-50

SOIE-WATER CHARACTENRI®TICS

Rurped Uaburned sinee 1937 Average

1938-37 1 1927-38 | 1938-39 | 102940 | 1936-38

Minimum slorage (start of year)
Wilting peint Jeas mij t
Field-capacity slorage .. ____.
Field capueity less misimur do .
Rain to start pereclation, o .o..___ . denaaan .
Mean evapo-tratspiration rato
Wetting period -

FPereolation periad. _..__________.._ do......

Entirp soil below wilting-point storuge.. days. ...

INCHES

=
'

Rainfall.._____ ... ... . 8.1
Interoeptiontoss..__. .0 0 . .. : Al
Burfacerunefl.... . 0 D7 . 2.4
Rainlull entering sl ... _.. . ._ .00 A 345.3
Bvapo-lranspirtion... . . . . . _ .. 2 13.%
Percelation 7. . | S . 23.1

relams.Sm

—t
[l B

! Caleulations based an 3-foul seil depth. i

? Average ncludes minuoum siorage measurement of 1.5 inches st start of 1040-4] hydrolugic yesr ui which Lims
sampling was discontinued.

 Wilting point storuge = 2.7 inches, ; A

! Differences between two periods not significant owing te varkstions I ruin occutrenpe,

4 Third font above wilting point.

' Not mieasured.

7 Includes uny Ltarceprion loss of the perevlation period.

equal losses from the two plots at greater depths. At the end of
the second year of recovery, the soil of the burned plot held only
1.6 inches of water, a deficit of 1.1 inches below the wilting point.
Field-capacity storage was about the same on this plot as on the
natural plot. The small differences in minimum storage between
the two made for only minor differences in field-capacity deficit
(field capacity less minimum storage) at the start of each year.
However, more rain was required in every year but the last to
raise the soil of the burned plot to field capacity. This was because
surface runoff, during the wetting period on the burned plot,
amounted to 2.5 inches in 1936-37, 6.4 inches in 1937-38, and 1.0
inch in 1938-39. These quantities are more than enough to offset
the rainfall losses caused by interception on the natural plot,
which yielded no surface flow, In 1989-40 the 0.8 inch of runoff
occurring during the wetting of the burned plot corresponded to a
loss from the natural plot of 0.3 inch by interception.
Evapo-transpiration rates were not significantly different be-
tween the two plots, when compared year by year (tables 4 and
5}. Wetting period rates appear to have been lower during the
first 2 years on the burned plot than during the other two, yet a
similar sequence is shown by the natural ‘plot, Therefore the
change cannot be considered a result of annual burning or subse-
quent recovery. During the percolation periods there were again
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only small differences in this rate. In view of the 1imits of error to
which this study is subject, these differences in evapo-transpira-
tion rates cannot be considered significant.

The somewhat slower drying of the lower half of the burned
plot, compared with the natural plet, is reflected in the shorter
time each year during which this plot was entirely below wilting-
point storage. Iu 1989-40 the difference in time had become very
small, a definite response to regrowth of the vegetation.

The summer drying curves of the burned plot (fig. 11) are
strikingly similar to those of the natural plot. In fact, this simi-
larity is so close that if the two sets of curves are superimposed
they are almost indistinguishable, The prineipal difference seems
to be that in the burned plot wilting-point storage for the soil as
a whole is reached within about 3 months after the end of the
percolation period, while in the natural plot it is reached in about
214 months.

The hydrologic effects of burning become apparent when the
disposition of rainfall is studied (table 5). Interception loss, as
has already been mentioned, was not measured, but it is assumed
to have been.small. If this loss is disrvegarded, about 5 percent
more rainfall may be considered to reach the soil of the burned
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than the natural plot each year. (During the two years of burning
annual interception losses of the natural plot totaled 2.2 and 3.1
inches.) Burning, on the other hand, greatly increased surface
runoff. Thus while the natural plot showed no surface flow
throughout the study the burned plot lost 6.8 inches in this way
in 1936-37 and 23.8 inches in 1937-38. Evapo-transpiration was
affected little by annual burning, averaging 13.0 inches per year
on the natural plot and 12.2 inches on the burned. Percolation, eal-
culated as the residuum, therefore varied roughly in inverse rela-
tion to surface runoff, being about 4 inches lower on the burned
than the natural plot in 1936-37 and nearly 20 inches lower the
next year,

Total water yield (combined surface runoff and percolation)
was inereased by burning. In 1986-37, this increase amounted to
2.7 inehes and the next year, 1.4 inches. This does not mean, how-
ever, that the yield of usable water was greater from the burned
than from the natural plot. Percolation constituted the entire yield
of the natural plot. This type of yield provides water for pro-
longed ground-water flow which in turn contributes to more uni-
form and sustained stream flow. Tn contrast, surface runoft on
the burned plot was one-fourth of its total yield the first yeur, and
half its yield the next. This surface runofl caused soil erosion. As
previously reported (.20, . 27%) the burned plot lost more than 5
tons of soil per acre in 1936-37 and more than 85 tons per acre
in 1937-38. Furthermore such surface flow is delivered quicikly
mto stream channels whoro it contributes to inereased peaks of
Hood flows, wastod water, and silfation of reservoirs. When the in-
creased surface runofl and ils attendant damages are considered
the conclusion is veached that no improvement in water yield
resulted from hurning of the native hrush on the North Fork plots.

Two years' recovery of the hurned plot resulted in large de-
creases in surface runoff. Thus in the second yvear of recovery J0.8
inches of rain yvielded 0.6 inch ol surface runofl while 8 vears car-
lier nearly the same quantity of rain yiclded 6.8 inches ol runoff.
Recovery had little cllect upon the quantity of evapo-trauspira-
tion. Increased evapo-transpiration was shown hy this plot during
the years 1938-19 and 1339--10, but since an increase was also
shown by the naturai plot it cannot bo ascribed to the cessation of
annual bwrning. Interception losses in the recovering vegetation
were disvegarded; thus water lost in this way was included in
quantities assignod to evapo-transpiration and percolation. It can
be assumed that interception losses were small, because of the low
stature and sparse development of the vegetation during these 2
years. ITence total water yield {(surface runofl’ and percolation) of
the recovering and natural plots can be compared. During the Arst
recovery year the burned plot vielded 0.5 inch less water than did
the natural plot. The next vear the total vield of the hurned plot
exceeded that of the natural plot by 2.1 inches, an amount ¢qual
to the measured interception loss on the natural plot,
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Effect of Denudation

Although the bare plot at Nork Fork was first trenched in 1935
it was not maintained completely clear of vegetation and surface
debris until the summer of 1936, a short time before the start of
moisture sampling. Thus the quantity of water storved in the soil
at the start of the study was affected by transpiration use of the
vegetation prior to denudation. From this time on the soil surface
~ was kept clean by frequent weeding and picking-off of leaves and
other litter faliing on the plot.

During the first 2 years (1936-37 and 1937-38) the soil-water
storage characteristics of this plot (table 6) were closely similavy
to those of the burned plot. Each year this plot was wet through
during the same storm as the burned plot, indicating that the rain
reguired to wet the soil of hoth plots was not greatly different. In
the same way, evapo-transpiration rates werve not significantly dif-
ferent between the two plots during the welting and percolation
periods.

However, there were differences, some of which appear only in
the last 2 years of the study. The summer drying curves for the 4
years of study (fig. 12} differed in important respects from those
of the other 2 plots. First, they were gentler in slope, indieating
lower average rates of water loss. Second, only in the drymg per-
iod of one year (1936-37) did the storage of the entire soil drop
helow the wilting point, and then for only a short period compared
with the other plots. In the other years (table 6) minimum stor-
age remained at or above the wilting point. It was 1.1 inches, or an
inch in excess of wilting-point stovage at the end of the fourth
year, 1939—40. The reason for the gradual rise in minimum stor-
age through the years is not known, so the significance of this rise
cannot be judged.

Study of the soil-water sforage in the bave plet during the dry-
ing periods showed that evaporation rates decreased with depth
as well as with time. This was alse true on the natural and burned
plots, But evaporation continued in the bare plot after the natural
and burned plots had ceased te dvy. Therefore, by the end of the
drying period each year, water stovage in the soit of the bare plot
was reduced to amounts not greatly in excess of the minimum stor-
age of the ether two.

The disposition of precipitation on the bare plot follows, with
minor varialions, the patiern set by the burned plot during its 2
vears of annual denudation. Interceplion loss was eliminated by
complete vemoval of the vegetation cover. Surface runoff was
considered to have heen cqual to that ol the burned plot. Evidence
of surface runoftf was found in the crosion it caused; small gullies
and erosion pavement developed on the plot. Evaporation from
the bare soil averaged 11.6 inches per year, not much less than the
average evapo-transpiration of 12.2 inches shown by the annually
burned plot, or 13.0 inches shown by the natu ral plot, during these
2 years. Percolation for these 2 years averaged 11.5 inches less
than that of the natural plot, and abeut .2 inch more than that of
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Figurr 12.—Water storage in the soil of the North Fork bayve IHlot
during the drying periods, 1986-40.

the burned plot. Disposition of precipitation on the bare plot dur-
ing the last 2 years followed the same general pattern except for
variations caused by differences in annual rainfall.

In the foregoing analysis the quantities of evapo-transpiration
and percolation are different from those which appear in Rowe’s
eariier study of these plots (18, 20). These differences do not rep-
resent a contradiction, for gualitatively the results of the two an-
alyses are identical. The differences result from an attempt to
keep this analysis consistent and within the limits of the data
available for ail plots included in the study. The present analysis
of the North Fork plots includes the years 1938-39 and 198940,
which were not included in the earlier one, but does not include
the previcusly reported years, 1934-35 and 1935-36. When these
years were excluded it was found that in those remaining the
depth of moisture sampling (soil depth to bedrock) was generally
less than 4 feet. In the earlier analysis water-storage caleulations
had been based upon the 4-foot soil depth ; but in the present analy-
sis it was based upon the 3-foot depth reached in nearly all sam-
plings. This change resulted, of course, in a reduction in evapo-
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TABLE 6.-—Soil-water characteristics and roinfall dispesition for
the North Fork bare plot, 1836-40

SOL-WATER CHARACTERISTICS

Hem 1036-37 | 1937-35 1930-40 | Aversgo

Minimum storage {start of year).o. ...
Wilting print less minimum storuge 1
Ficld-rapucity storsge....
Field capacity lesa ninin
Jiuin o slart pereslation
Mean svaporutivh mie:

Wetting peoed

Porcolution petiod .o oooameninoais
Enliry soil bolow wilting-point slorage

(X}
=

Enbn o @&

olerceplion Juad..
Surfuce ronoff b...
Rainlnll entering o
Fyuporation
Percolation. coe o ov.

—

[P

1 Caleulafinns bused on 3-Tyot soil dupth, . .

1 Average ineludes minimum storage measurement of 4.1 Inches ol start of 104041 hydrolagio year st which time
sampling wis discontinued. }

W ng-peint storage = 3,1 inches.,

1 Sgane transpiration use before vomplete denudation was effected ju sumater of 1930,

& Nut Lelow willing Puim. ,

§ Assimcd satnie 5y bureed plot in 1030-37 and 1047-38. Theceufer caleufated fur each storm an busly ol infil-
tration rate (U, 12 ineh per hour) of burned plot prior to 1045,

7 In nddition, an aversge increment of U.4 inch of puinfull per yeur was udded la miniinumn stomge.

transpiration and a corresponding increase in percolation, On the
natural and burned plots the average difference in annual evapo-
transpira*ion losses from the 3- and 4-foot deep soils was about
2.4 inches. On the bare plot the difference was only about half as
great, owing to the lower loss from the 4-foot depth of this soil.

The second circumstance responsible for differences between
the two analyses springs from the inclusion in the earlier analysis
of quantities of water lost by evapo-transpiration during and be-
tween storms, when moisture sampling could not be used to detect
such losses directly. The method used involved (1) determination
of the relation between the evapo-transpivation rates during those
interstorm periods when sampling could be relied upon and the
corresponding rates of evaporation from a standard evaporation
pan and (2) application of this relation to those periods during
which sampling could provide no measurement. Lack of adequate
storm and evaporation pan data made it impossible to calculate
these quantities for some of the plots. In the interests of consis-
tency, therefore, these quantities were not calculated for any of
the plots in the present analysis. As a result the average annual
evapo-transpiration quantities determined in the present analysis
are from 0.5 inch lower (for the natural plot) to 0.9 to 1.5 inches
lower (for the bare and annually burned piots) than those re-
ported earlier. Calculated percolation, of course, is correspond-
ingly higher.
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BASE LAKE PONDEROSA PINE

The soil of the Bass Lake plots averages 6 feet deep, about dou-
ble that of the plots at North Fork: and it contains considerably
more clay, which increases its wilting-point and field-capacity stor-
age out of proportion to its increased depth. Increased soil-water
storage, increased elevation, and a change from brush {o conifer-
ous cover all contribute to differences in the cycle of soil-water
storage, in vainfall disposition, and in the effects upon rainfall
disposition of burning and denudation.

The soil-water storage cyele of the natural piot at Bass Lake for
a typical year (figs. 13 and 14) corresponds to that at North Fork
{figs. 8 and 9). Such differences as appear are the result pri-
marily of the larger guantities of water stovage involved in the
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FicURE 13.—Seasonal variations in storage of water in the soil of
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DISPOSITION OF RAINFALL 41

Bass Lake cycles. Minimum storage (table 7) averaged 12.2 inches
through the 5 years of record, and showed some increase during
this time. The cause of this increase is not known, although it may
possibly be associated with small changes in seil conditions en-
countered as different parts of the plot were sampled. The wilting-
point storage of 12.7 inches is considered to represent the average
wilting point of the whole plot. Therefore 0.5 inch represents the
average amount by which this soil was depleted below the wilting
point each year. Thus, although the Bass Lake soil generally dried
below the wilting point, it did not dry as completely as the Noxth
Fork soil, The lower evaporation loss is probably contributed to by
three conditions: The finer texture of the Bass Lake soil, which
suggests lower permeability to water vapor; its greater depth,
which requives a longer average path of travel before water vapor
can leave the soil surface; and it deeper litter cover, which in-
creases insulation.
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TABLE 7.—Soil-water characteristics and rainfall disposition for
the Bass Lake natural ploi? 1950-45 .

HOIL-WATER CHARAGTERISTICS

Tlem 104041 | 104142 | 194243 | 104244 | 104445 Averaga

Minimum storage (start of year)_______ inches . 12,2 150
Wiltiog point less mind storage 5., o . 5 .8
Field-enpacity storage, 0 . . . 93,0
Field eapacity icss mini 8, . . 1.1
Rain to start percolation [ S R . 15.8
Mean evano-transpirntion ratn:

Wetting period ---.intches J:er day... . R 094

8 .

_Percolation perjod 5}
Entite soll blow wilting-p 1t stornge . doys..______ 33 &

RAINFALL DISPOSITION (INCOE

Evapo-transpication.

5.
7.
Rainfuil entering o I.
4,
Fereolution 5.

! Celeulations bused on 8-Foot 50l depth, X i

T Aversged cludes mink storage L of 115 inches at start of 1545-40 hydralagie yeat.

1 Wilting-print storage = 12.7 inches.

§ Preeipitation required to start pergalntion in 1041-42 und 1943-44 fucleded abaul 0.6 inch held 18 unmolted suaw,
¥ Losses mny have oecurred but were tob smnll lo be detocted by sampling method used,

& Bixth foot ubove wilting point.

The mean field-capacity storage of 23.4 inches shows that at
least 10.7 inches of water must be added to this s0il before perco-
lation can start, Actually, Letween 12.2 inches and 18.4 inches of
rain were required to wet this soil to field capacity, the quantities
depending upon the size and distribution of rains and the amount
of evapo-transpivation between storms of the wetting period.

Evapo-transpirvation rates were greater during the wetting
period than during the subsequent percolation period. In fact,
evapo-transpirvation shown by moisture sampling during the per-
colation period was negligible on all the Bass Lake plots during the
years studied. This is quite different from the situation at North
Fork, for there evapo-transpiration rates were invariably greater
during the pereolation than during the wetting period. This dif-
ference was probably targely an effect of deeper litter, lower tem-
peratures, and the greater amount of precipitation ccenrring ag
snow at Bass Lalke.

Finally, another difference was in the drying of the natural
plot (fig. 15). In two of the years studied, wilting-point storage
was reached about 314 months after the start of the drying per-
iod, a month longer than at North Fork, In the other years wilt-
ing-point storage was not reached before the next rainy season
started. It is apparent (table 7) that soil-water storage at Bass
Lake did not vemain below the wilting point for lengths of time
nearly as great as undev natural vegetation at North Fork.

Rainfall disposition varied only in degree from that of the nat-
aral plot at North Fork. Interception loss accounted for roughly
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FiGURE 15.—Water storage in the soil of the Bass Lake natural plot during
the drying periods of 1941 throngh 1945, Record of soil drying during the
latter part of 1944-45 season is incomplete. Soil-water storage in the -6
foot depth at end of the season wus approximately 1.2 inches below wilting
paint.

12 percent of the annual precipitation as compared with 5 percent
at North Fork, A very small, yet measurable, part of the rain was
sometimes lost as surface runoff, even under the undisturbed for-
est cover. Yearly evapo-transpiration varied from 14.8 inches to
19.6 inches, most of it taking place during the summer drying
peried. At North Fork yvearly evapo-transpiration was befween
11.7 and 15.7 inches from soil half as deep as that at Bass Lake,
and a much greater portion of this annual loss took place during
each year's wetiing and percolation periods. Percolation at Bass
Lake ranged from 14.0 inches with annual rainfall of 38.5 inches
to 35.9 inches with rainfall of 58.6 inches. At North Fork, by
comparison, 40.7 inches of rain produced 26.8 inches of pereola-
tion, while 60.1 inches produced 425 inches of percolation. The
difference between the natural plots in the two localities is largely
the resuli of greater interception loss on the Bass Lake plot, and
the higher available water-storage capacity of the soil, which re-
sulted in the greater evapo-transpiration loss each year.
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Effect of Burning

The soil-water cyele of the burned plot differed from that of the
natural plot principally in relation to soil differences. Minimum
storage (table 8) averaged 11.5 inches, 0.9 inch less than wilting-
peint storage. Thus, the wilting-point deficit of this plot was some-
witat greater, on the average, than that of the natural plot, The
field-capacity deficit was greater and, as was anticipated, so was
the rain required each year to initiate percolation (21 to 32 inches).

Evapo-transpiration rates were not significantly different he-
tween the two plots during the rainy season, and in the burned
Plot as in the natural plot the amount of evapo-transpiration
measured during the pereolation period was small.

Summer drying on the burned plot (fig. 16) was more rapid
than on the natural plot. Thus, the burned plot lost nearly 4 inches
more water than the natural plot in drying from field capacity to
wilting peoint, and it reached wilting-point storage at an earlier
date. A combination of 3 circumstances was responsible for this.
First, the burned plot held a greater quantity of water available
for transpiration than did the natural plot. Second, burning con-
sumed the litter but not the tree cover so that transpiration was
unaffected. Third, loss of the insulating litter cover provided op-
portunity for greater evaporation from the soil. That such an in-
crease in evaporation did result is suggested by differences in
evapo-transpiration losses during early summer at two depths in
the burned and natural plots. Within the top foot of soil on the

TaBre 8.—Soil-water charpcteristics and ruinfall disposition for
the Buss Lake durned plot) 1840-45

SOIL-WATER CHARACTERISTICS

Ttem 104041 | 104942 ) 154243 | 104344 | 194445 | Avernge

Minimum slonige fstart of year) inched ... R 11.0 12.3 . . "t
Wilting point loss minimurn storage 2. oo L . .5 .
Field-eapneity stornge ..o ., _dea .. . 27.0 26.5
Tield eapacity less minimum storage N . 151 14,2
Rain tostart peeeokuion. .o __._ . o.do . . 121,3 9.2
Mean evapt-iransgiration rte:
Wetting period inches per duy. .. (03 L0349 {25
I'ereulation pericd [ [ ] *
Entire soil helow wilting-point storage. __duys.__ . 71 63
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Ficuse 16— Water storage in the soil of the Bass Lake burned plot
duving the drying perieds of 1941 through 1945.

burned plot, evapo-transpiration losses at this time were between
114 and 2 times as great as those in the natural plot. Within the
sixth foot, where evaporation would be little affected by the litter
cover, there was no significant difference in loss rates between
the plots,

Rainfall disposition followe! in general the pattern set by the
burned plot at North Fork. Such differences as oceurrad were due
to differences in burning method and in soil characteristics at the
two locations.

Evapo-transpiration on the burned plot in ponderosa pine
ranged from 17.6 inches to 23.9 inches per year. The average
vearly loss was 3.3 inches more than that of the ponderosa pine
natural plot, but the difference in available water storage could
account for this.

Because only very small trees and material on the ground- were
consumed in the fires, interception was considered not to have been
changed by burning, Surface runoff, however, was increased by
burning. Thus, for years during which runoft on the natural plot
did not exceed 0.4 inch, runoff on the burned plot ranged between
b.3 and 15.5 inches. Surface runoff on the natural plot caused no
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measurable amounts-of soil erosion, but that on the burned plot
washed away the fopsoil at an average rate of more than 4 tons
per acre per year. Water entry into the seil was reduced by the
amount of runoff and so, correspondingly, was percolation through
the soil. Annual percolation ranged from 14.0 to 35.9 inches on the
natural plot, and from 4.0 to 27.9 inches on the burned plot.

Part of the diffevence in percolation between plots can be at-
tributed to the greater feld-capacity deficit which must be satis-
fied each year on the burned plot before percolation can take place.
But the difference is greater than can be aceounted for in this way.
Percolation is, without question, more strongly influenced by in-
creased surface runcff than by any other hydrologic change re-
sulting from annual burnings of the litter cover.

Effect of Denudation

The soil-water-storage characteristies of the bare plot at Bass
Lalke are midway between those of the burned and natural plots.
Field-capacity storage is close fo that of the burned plot, while
wilting-point storage is greater than in either of the other two
{table 9). As 2 result the available water storage of this plot
{field capacity less wilting point) lies between that of the other
two. Although this plot was kept completely free of surface vege-

TABLE 9. —Svcil-wnter characteristics and rainfall disposition for
the Bass Lale bure plot 1040-45

SOIL-WATER CUARACTERISTIOS?

Rem 154041 | 194242 b IHE-S3 | 104344 ) M4-45 Y Avernge

Minimum storage (starl of yearj 4. . inches. 13.2

Wilting point loss misitmui storage ®

Teld-cipacity storage

Fichl enparity less mininum sio

Raln to start percolidion. ..o,

Mean evane-truneRicilion rate: .
Welling pericd inehes
Toreohslion porlod o o ee e ce e

RAINFALL D

Roinfald

Tuterception loss
Butfice runol]
Tinfull gatering soil
Evupurstion ¥____
Pereplution 4 runol
Pereolution

oy

[ — T
P =1 T -
1D Gl LS B e

! Calcutations bazed on 8-food sail depth, - .
Tin 14844 the frst foot, snd in 1{44- 45 tie Frst 3 feel of s0dl dropped Lelow wilting point.
¥ ooty active, .
§ Minimum stotuge for 1040-41 measured at time of rencling.  Mudinum storage at stard of yeur 1945-46 was
12,9 inehes.
* Avenige based only on Uhose seasons 1941-42, 1942-13, wmd 14344, i which wader relations were unalfected
Ly vegelstion acvivity within the plot.
& Wiltiug-ponil storuge = 14,0 Inches.
? Hunodl nat weasured,
¥ Progipitation requiesd o start percolstion in 194042 fncluded sbous 8.7 inch uninelied snow; in 1043 -44 about
0.27nch, uzd in 19§4—45 alout 0.1 inch.
® Lozsses roay have veeurred bt were Loo small 10 be delected by suepling mathiod used.
™ Avernge Lusod only on seasgas 1930-11, 112, and 1HH2-E, |
M The 194344 and 164445 includa thun use by invuding routs,
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tation, its soil-water relations, and more pavticularly its evapo-
ration rates, are probably affected by the shading of trees which
surround the plot area,

The plot was trenched and walled up in the fall of 19448, at
which time its minimum water storage was 13.2 inches, 0.8 inch
less than wilting-point storage (table 9). The soit mass had sup-
ported plant gowth until the date of trenching. Because of this
the minimum storage in the fall of 1940 was in close agreement
with that of the other plots, when wilting-point differences arve
considered. For the next 3 years minimum storage remained rea-
sonably constant at values between 5.0 and .4 inches in excess of
the wilting point. The trend of the summer drying ecurves for
these years (fig. 17) shows that evaporation rates were much
lower on this plot than were the combined evapo-transpiration
rates on the others. Study ef water storage in individual seil
layers showed that duving the summer the upper 3 feet of the soil
dried more rapidly and more completely than did the scil heneath.

During the last 2 years of the study there were sighificant drops
in minimum storage, increases in rates of summer water loss, and
accompanying inereases in annual evaporative water losses. Tn
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FigUvre 17.—Waler storage in the soil of Lhe Bass Lake bare plot
during the drying periods of 1941 throngh 1945,
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1945 the soil dried to a minimum storage of 12.9 inches, about the
same as in 1940 before trenching. This was 5.5 inches lower than
the minimum reached in 1941 and 1942.

The decrease in minimum storage suggested that sometime after
the fall of 1943 plant reots had invaded the bave Plot. Betore then
all roots entering the plot had been cut back frequently. An exam-
ination in 1948 proved that roots had entered the plot; a trench
dug to the top of the sheet-metal wall around half the plot un-
earthed 16 voots, which varied in diameter from 1% inch to 1t4
inches at the point where they crossed the wall (fig. 18). Some of
these roots came from trees 10 or more feet away. All of them
grew upward along the wall and then over its fop to invade the
soil inside,

F-Ad36805

Fi1GURE 18.—Some of the roots entering the bare plot at Bass Lake. The
sheet-metal wall bounding the plot runs diagonally acrpss the photograph.
The large invading root grew dirvectly to the =ide of the wall, turned up,
grew along the top of the wall for a short distance, and then entered the
plot. {Photographed in April 1948}

Because of the root invasion, the bare plot could not be con-
sidered vegetalion-free during the last 2 years of the study. Fov
this reason average values of water storage and quantities of
evaporation can only be calculated for the fivst 3 years (table 9).
Minimum storage has abready been discussed from this point of
view, Field-capaeity storage eannot be considered to have been in-
fluenced by root invasion. Annual evaporation averaged 11.t
inches on the bare plot, which is 6.9 inches less than the 3-year
mean evape-transpiration of the burned plot and 4.4 inches less
than that of the natural plot.
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Rainfall disposition was rather strikingly affected by denuda-
tion. If alt yainfall reaching the soil were to enter the bare plot
each year, then the lower field-capacity defieit of this plot (due to
lesser evaporation loss) wounld vesult in earlier percolation, and
more percolation, than would be found on either the burned ov
natural pict. Furthermore, because interception loss was elimin-
ated, some 12 percent meore rain would be delivered to this seil
each year. Actually when tables 7, 8, and 9 are studied for 19434
and 1944—45, during which time runoff was measured on the bare
plot, it is found that the plot yielded more pereolation than the
burned plot, but much less than the natural plet. During these
years surface runoff accounted for 13.2 and 24.9 inches of the an-
nual rainfall on the bare plot, 6.1 and 15.5 inches on the burned
plot, and 0.4 and 0.8 inch on the natural plot. Measurements of
s0il erosion made on a small segment of the bare plot during these
2 vears indicated that erosion rates were also much greater than
an the bumed plot. If the storm-by-storm 1runoff relations hetween
the bare plot and the other two were the same during the fivst 3
yvears as during the last two, then the quantity of percolation
would still fall befween the quantities shown by the other plots.

SAN DIMAS CHAPARRAL

The soil of the San Dimas plots is 5 Feet deep, thus placing it
between the soils at North Fork and Bass Lake. In field-capacity
and wilting-point storage it likewise fell hetween the other two,
when considered either foot-hy-foot or by total soil depth (table
2}. Some differences in rainfall disposition would be anticipated
haetween the 3an Dimas plots and the others because of differences
in soil, vegetation, and location.

The Tour San Dimas plots differ among themselves primarily in
the available waler storage of their soils. The mixed chaparral
and ceanothus plots have a field-capacity storage about 2 inches less
than the chamise and bare plots, while the wilting-point storage of
all four shows very Hitle vaviation. I is thevefore possible to dis-
cuss in some detail the soil-water eyvele and rainfall disposition of
but one of these plots in order that comparisens can he made
between the natueal plots here, at Dass Lake, and at North Fork.
Likewise, discussion of one plot can sevve as a basis of comparison
Tor the other San Dimuas plots. The mixed chaparral plot has been
selected for this purpose.

Mixed Chaparral

The soil-water eyele of this plot (figs. 19 and 28} followed, with
mincr variations, the trends shown by the natural plots clsewhere.
Minimum storage ranged {rom 3.6 inches to .17 inches, averaging
1.3 inches below willing-point storage (table 18). The rain re-
quired to wet the soil to feld-capacity stovage was eonsiderably
greater than the difference hetween minimum and feld-capacity
storvage and varied from yveav fo vear, This variation was due to
differences in frequency and size of storms. Evapo-tvanspiration
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the S8an Dimas mixed chaparral plot, 1942-43,
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Ficure 20.—Seasonal variations in the storage of water in foot-by-foot
soil depths of the S8an Dimas mixed chaparval plot, 1942-44.

rates averaged close to 0.06 inch per day during the wetting per-
iod and nearly 0.03 inch per day through the percolation period,
indicating fair agreement with rates found at Bass Lake and
North Fork. Summer drying (fig. 21) followed the same trend as
it did on the North Fork and Bass Lake natural plots, i.e., a grad-
ual decrease in rate until wilting-point storage was reached (in
about 4 months), and a much smaller and slower loss thereafter.
Here, as at North Fork, the soil may be below wilting-point stor-
age at all depths for long periods during the summer and fall.
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TasLe 10.—Soil-water characteristics and rainfall disposition for
the Son Dimas mixed chaparval plot} 1550-43

SQIL-WATER CHARACTERISTICS

lem 194142 1942-13

Minj i . 4.7
Wikt . mear e ar . 8
Fial

Field capneity foas mini lo. s:}

Rain to slart percolation.. ... . . 0w ... . 4
Mean evapo-transpiration rales
Welting period. oo ol inches per duy..-
Peroolation poriod.. ..o L vl ieseaee..tl0 . ]
Enlite soil bolow wilting-noint storage dayS e aas.n .. 18

RAINFALL DEBPOSITION (INCUES)

Rainfall o oo ieoeeauas -
Inicrenption Joss

Sutface runoff, ... ...,

Rajniall entering soil. .
Evano-franspirution...

Percolatian

! Calculations based on 3-foet ach deopth,
! Averego includes nrinimum storage measnrement of 4,6 inches ot start of 194314 hydrolagle year,
¥ Wilting-point siorage = 5.5 tnches,
¥ InsufBeient rain to rajee sefl to fiekd capacity,
may have oceurred but werq too small e be deteeled by snmpling method weed,
& Two-year svernge; 1941-42 not included boennse rin was not sufficient to wet through soil.

The dispesition of rainfall is particularly interesting in the
years during which this plot was studied. In the first and third
year, precipitation was very nearly the same: 47.8 inches and 45.1
inches, respectively (table 10). In 1940-41, the first year, rains of
the wetting period occurred in such a way that the soil was alter-
nately wetted and dried several times before percolation was pro-
duced. In 1942-43 the few small storms at the start of the rainy
seasen caused little net increase in soil-water storage, but on Jan-
uary 21-23, 1943, a single storm brought more than 20 inches of
rain, wet the entire soil, and produced percolation, Beeause of this
quick recharge of field-capacity storage, a smaller amount of rain
was required to start percolation in the third yvear. In the second
year, 1841-42, rain was not sufficient at any time to produce perco-
jation or o increase water storage appreciably below the 2-foot
s0il depth. As would be expected, all rain falling on the plot that
year was lost to the atmosphere as interception and evapo-trans-
piration.

Interception averaged about 9 percent of the annual precipi-
tation. Interception losses thus fall between those at Nervth Fork
and Bass Lake. Runoft was negligible, a finding in agreement with
resuits of both the other natural plots. Annual evapo-transpira-
tion averaged 18 inches in the years during which rainfall was
sufficient fo wet the entire soil mantie. This loss is somewhasi
greater than that shown generally by the North Fork and Dass
Lake natural plots. The difference can probably be attributed to
the shailower soil at North Fork (that is, there was less stored
water to be lost), and to the generally lower evapo-transpivation
rates at Bass Lake.
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Ficure 21.-——~Water storage in the soil of the San Dimas mixed
chaparral plot during the drying periods of 1941 and 1943.

Percolation, being a function primarily of the amount of an-
nual rainfall, and secondarily of the spacing of storms and quan-
tity of rainfall per storm, was about the same in 1940-41 and
1942-48. For similar amounts of precipitation, however, percola-
tion was less in the mixed chaparral than in either the North Fork
or Bass Lake natural plots.

Pare Stands of Chaparral

The ceanothus and chamise plots, situated near Tanbark Flat in
nearly pure stands of 2 of the species found on the mixed chapar-
ral plot, exhibit closely similav characteristics of soii-water stor-
age (tables 11 and 12). Furthermove, these characteristics are
virtually identical to those of the mixed chaparral plet. Thus in
the ceanothus plot minimum storage averaged 1.4 inches less than
wilting-point storage (%able 11}, in the chamise plot 1.3 inches
less (table 12}, and in the mixed chaparral plot 1.3 inches less.
Elvapo-transpiration rates are virtually the same in the ceanothus
and chamise plots; these rates are not significantly diffevent from
those of the mixed chaparral. Some minor differences between
plots are found in the amount of rain required to start percolation,
and the time during which storage was below the wilting point.

L




54 TECHNICAL BULLETIN 1048, U. §. DEPT. OF AGRICULTURE

TABLE 11.~—Soil-waier characteristies and vainfall disposition for
the San Dimas ceanothus plot, 1940-48

SOIL-WATER (HARACTERISTICS

Ttom 1040-41 1041-42

Minimum storage fstart ol year)

Wilting peint less mindmunn stornge Yo e veeeo.

Fiold ity storngo.

Field enpucity loss

Rain to sinrt percolation

Mean pvapo-transpiration rales .
}:-’etulng_pmod‘.ﬁ ml"lln'l per day...

RAINTALL DISPOSITION {INCHES)

Rainlall. ...
Inlereeption |nsa ?
Surfure runsfl 7,___
Teeinfoll endering soil
Evapo iration
Percolalion

I Caleulations based on 5-foot soi] depth. .
T Avetaga indludes minimum storuyge imensw nt ol 3.0 inches at start of 1943~44 hydegloghn year.
* Willing-point storge = 5.3 inches. )
f Insuffivient rain to roiss sail io fold capacity. .
Losses may have occurred but were too sinall to be detected by sampling melhod used,
® Tyo-year average; L4142 not indlided beeanss rain was not aufficient to web through soil,
T Not measured,  Assumied equal to thak on the mixed ehaparral plot,

TaBLE 12 —Seil-water characterisiics end ruinfoll disposition for
the San Dimas chumise plot,) 1940-43

SOIL-WATER CHATRACTERISTICS

Tiem 104041 142 104243 Average *

Alinimum storage {slacl of year)
Wilting poinl less minisuin slotags *
Field-capueily storage
Tiald capacily less min
Tain to start percolalion.
Mean evapo-transpiratio
Welling period o
Pereolation period . .oove v aveen . cun. tD,
Entire soit below willing-polnt storage. ... .. ditys

RAINFALL DISPOSITION (INCITES)

CETETS 1)) DR een 7.8
Tnterceptinn loss & .a 3.
Sutfaee runedf Y.
Tadndull entering so
Byapa-transpiraiion
Terealation

¥ Calguintions based on 5-Fonl sofl deplh.

¥ Pwo-yeur nverugo vxeepl for first Lwe jtems which inelude o minimum storage measurement of 5.0 inclies ak sturt
of 194344 hydrolopic year.

IWiltiug-print storage = 5.3 Inches,

# Losses imuy hove grevrred Lul were Loo small Lo be detoeted by sampling mrethod tieed.

f Notmipasured.  Assuned equal Lo thot of ihe mixed cimmrr:l? il.

They can be ascribed to smali differences in soil characteristics be-
tween the plots. Summer drying in both pure stands (figs. 22 and
23) 1is like the drying trend of the mixed chaparral plot.
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Ficure 22.—Water storage in the soil of the San Dimas ceanothus
plot during the summer drying periods of 1941 and 1943,

Because the water storage chavacteristics of these plots were so
much the same, and because interception losses and runoff arve
considered to be identical, the characteristics of rainfall disposi-
tion (tables 11 and 12) were very similay in the ceanothus and
chaniise plots, and closely resembled those of the mixed chaparral
plot. The only point which requives mention in this connection is
the evapo-transpiration loss in the 2 years when sufficient rain fel!
to raise all the plots to field capacity: The mixed chaparval plot
lost an average of 18.0 inches of water, the ceanothus plet 18.4
inches, and the chamise plot, holding somewhai more water avail-
able to evapo-transpiration than either of the other fwo, lost 19.0
inches. Thus all these plots are found te be very similar hydro-
logically, despite their differences in plant cover.

Effect of Denudation

No record of surface runoff is available for the San Dimas bare

. plot. Hence runoff and percolation ave combined in the present

analysis. In terms of soil characteristics, this plot closely resem-

bles the adjacent chamise plot, and it can best be considered in re-
lation fo that plot.

3
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Frcure 28.—Water storage in the soil of the San Dimas chamise
plot during the summer drying perieds of 1941 and 1943,

In the fall of 1940 when the bare plot was first trenched, soil-
water storage had been depleted 1.9 inches below the wilting poeint
(table 13). This agrees well with the 1.4-inch wilting-point defieit
of the chamise plot, as well as the othexrs of the San Dimas group.
The bare plot also dropped below wilting-point storage in the low
rainfall year 1941-42, But in the other years (194041 and 1942
43) its minimum storage was higher than the wilting point by
from 0.3 inch to 1.2 inches. Summer evaporation losses (fig, 24)
occurred at a relatively uniform rate until near the end of the dry-
ing period when soil-water storage approached the wilting point.
The soil dried slightly more rapidly and more completely in the
upper than in the lower Jayers. During the wetting period rates of
soil-water loss were somewhat lower on the bare plot than on the
chamise plof, bu’ during the percolation period, there was no sig-
nificant difference.

Rainfall disposition (table 18) was definitely affected by denud-
ation. Interception loss disappeared and the combined runoff and
percolation exceeded percolation from the adjacent chamise plot
by 5.6 inches in 1940-41 and 3.0 inches in 194243, Although ob-
servations of surface washing and soil erosion on the bare plot
showed that some water left it as snrface runoff, no estimate of
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TaBLE 13.—Seil-water characteristics and rainfall dispesition for
the San Dimas bare plot) 1940-43

S0IL-WATER CHARACTERISTICE

Tiem 10406-41 - 2 Averagn

Minimum stornge {start of ycar) i K . . 8.1
Wilting point less i a . -. . .
Fieid-capacity storage..
Field capacily lesa
Rain to start pereolalion
#ean evaporation tote:

Wetting pericd

Porcolation periad
Entira soil below wilting-point storage

Rainfsll

interecplion loss.
Sutfire runoff ?
BRainfall reaching soil. .
Evaporation
Pareolation and runoll

‘ C.licuinlmns Lazed an 3- -faot soil depth.
d ot thne of £

* Excluding 1940-41; includes min torng t of 7.1 inches ob start of 194344 hydralogie year.

& Wltmg—pomL&torage = 5.9 inehes.

* Insufficient ratn {o roise soil Lo field enpacity,

¢ Losses iy have accurred but were toa siozll Lo be delecled by smupling method nsed,

T1n 1940-41 frst foot reached wilting noint; in 194243 second fool reached willing point.  Mean not significant.
& Trg-year average; 1841-42 nol included because raln was not 2ufcient to web through seil.

@ Mot measured.

¥ Bailnot wet through: hence this is runoll only.

the amounts of erosion or runoff can be made for these 2 years.
In 194142, however, the residuum of 9.3 inches represents sur-
face runoff because at no time during that year was the soil wet
deep enough to start percolation. It can be concluded, therefore,
that runoff represenis a relatively iarge part of the percolation-
plus-runoff quantity in the other 2 years as well, Evaporation from
the bare plot was 16.2 inches in 1940-41 and 16.7 inches in 1942-
43, 8.5 inches and 1.6 inches less than evapo-transpirvation from
the chamise plot in these 2 years, When the saving in inferception
loss is included the total reduction in evaporvative losses caused by
denudation in these vears stands at 7.4 inches and 4.9 inches re-
spectively. This sugpests, as did the Bass Lake results, that for
deep soils substantial increases in total water yeld can be obtained
by eomplete denudation, but that a considerable part of the yield
under these conditions comes in the form of flash storm flows of
surfaee runcff, which may be heavily laden with sediment.

RAINFALL DISPOSITION oN THE MoNROE CHAPARRAL WATERSHED

The foregoing plot studies have shown the disposition of preci-
pitation that falls upon land surfaces in several parts of Califor-
nia. They have shown that differences in climate, environment,
soil, and vegetation are reflected in differences in intercepiion loss,
surface runoff, evape-franspiration, and percolation. Also they
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FieURE 24.—Water storage in the soll of the San Dimas bare plot
<« during the spmmer dvying periods of 1941 and 1943,

have indicated that changes can be excepted in the course of water
disposition as the result of partial or complete removal of the
vegetation cover.

There is a further opportunity in studies of this kind : that of in-
terpreting plof resulis in terms of water yield from entive water-
sheds. The North Fork, Bass Lake, and San Dimas plots have not
provided the information needed to do this because they sampled
only single spots on hillside slopes of the watersheds in which they
were located. From their records could be obtained neither the as-
surance that they represented average watershed conditions, nor
any certainfy that they sampled the range in conditions found on
the watershed.

The Monroe Canyon study was planned specifically to deter-
mine the water yield of a watershed. Analysis of the soil-moisture
data and their interpretation in ferms of the disposition of precipi-
tation upon this watershed fall into three stages:

1. Determination of characteristics of the soil-water eyele and
the disposition of rainfall which are representative of all 14 mois-
ture-sampling plots, supplemented by study of how the eycles and
digpositions vary in relation to the soil and environmental condi-
tions of the individual plois. .
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2. Conversion from plot-determined values of rainfall dispo-
sition to values applicable to the watershed as a whole.

3. Interpretation of watershed-wide rainfall disposition in
terms of losses and yield of water from the watershed.

RESULTS FRCM PLOTS OGN THE WATERSHED

There was little difference in total annual rainfall hetween the
2 years of study; 81l.4 inches fell in 1943-44 and 3(.7 inches in
19044-45, both close to the 10-vear watershed average of 32.0
inches. However, there were differences in storm size and occur-
rence. Also, each of the 14 plois differed somewhat in soil and
environmental characteristics (table 3). As a result soil-water
storage at any particular time varvied from plot to plot (table 14).
It was apparent, though, that seasonal variations in seil water
were closely similar for all plots. Therefore it was possible to de-
fine for each year an annual evele « £ soil water that applied quali-
tatively to all the plets (fig. 23).

In terms of rainfall disposition, the plots showed differences
that could be attributed principally to differences in soil charac-
teristics. Between October 18 and December 5, 1943, the 1.6 inches
of rain received by all plots was lost by interception (table 15) and
evape-transpiration (table 1.1). The next two storms (that of De-
cember 5 and that of December 8 to 12) brought a total of 4.1
inehes of rain, of which (.3 inch was estimated to have heen lost
by intereception. The remaining 3.8 inches, which enterved the soil,
was sufficient to hring 7 of the 1. plots to field-capacity storage
and to start percolation from two of them (plots 7 and 17). The
plots wet through in these storms were those with available water
storage less than 4. inches and included most plots with soils 3
and  feet deep. Five of the remaining plots veached field-capacity
storage during the 3.6-inch storm of December 17 to 22, During
this storm 10 plots vielded percolation. With 1.3 inches of rain
hetween December 28 to 31, the remaining two plots (11 and 21)
reached field capacity. Judging from this wetting sequence, it can
be said that differences in wetting time were attributable pri-
marily to differences in quantities of water vequired to bring the
several plots to field-capacity storage.

In this reeard it is important to remember that only a very gen-
eral relation exists hetween the guantity of availahle water storage
and soil depth. This is so beeause the proportion of solid rock con-
tained in this seil is unrelated to soil depth (see page 19). The vol-
ume occupied by this roek was deducted from the volume of soil
in each plot in order to arrive at the volume of soil material that
could hold appreciable quantities of water. It is this volume of seil
material rather than gross soil volume that determines available
water storage.

The guantities of water lost by evapo-transpiration during the
percolation period of 194314 (table 14) were measured during
the three major interstorm intexvals: January 6 to 23, Tanuary
27 to February 3, and February 8 to 19, As was mentioned earlier,
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TABLE 14.—Soil-water storage and rainfall disposition in the Monroe Canyon
soil-moisture plots, 1948-44 and 1944-45—Continued - -
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Ficure 25.—Seasonal variations in water stored in the soil of the Monroe
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TaBLe 15.—Inches depth of rainfall, intevception loss, and water
entgring soil in Monree Canyon, by stormms, 1943-44 and 1944-45
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determinations could not be made during the remainder of the per-
colation period because of the very short intervals between storms.
For this season evapo-transpiration quantities may be slightly
low. The quantities range from 1.6 inches to 5.1 inches. In their
range they show no positive relation to aspect, soil depth, or avail-
able water. The mean of 2.8 inches may therefore be taken as
representative of the 14 pleis as a group,

Mean evapo-transpivation rates (table 14). caleulated for the
total number of rain-free days during the percolation peried,
ranged from 0.027 inch per day to 0.085 inch per day. Like total
evapo-transpiration during this period, they bear no significant
relation to aspect or soil. The average value for all plots 0.047 inch
per day, may therefore be taken as the rate best representing the
plots as a whole.
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The bulk of the percolation yielded by the plots came from the
storms of December 17 to 22, December 28 to 31, January 2 to G,
and the three which occurred between February 19 and March 13,
A Tew plots yvielded percolation from the 1.1-inch storm of Febru-
ary 3 to 4, and the 0.9-inch one on February 8. But these plots
yvielded little pereolation becanse a considerable part of each
storm’s contribution was utilized in veplacing evapo-transpiration
losses suffered previnusly. Total pereclation for this vear averaged
17.0 inches; surface runoff was considered negligible. Percolation
from individual plots ranged from 13.7 inches to 19.6 inches.

Sumnier evapo-transpiration accounted for the greatest portion
of the year's evaporative losses of soil water, Duving the drying
period, from AMarch 13 to November d, all available water in all
plots was lost to the atmosphere; and in addition the soil dried 0.5
inch below wilting point to reach minimum storage. Besides these
losses 2.1 inches of summer rain were returned to the atmosphere
by interception and evapo-transpiration.

As the summer drying period advanced and wilting-point stor-
age was approached, evapo-transpiration rates decreased: a pro-
gression that was also noted in the other plots of the present
study. There was little evidence, however, that summer drying
rates were closely related to the total quantity of water lost duving
this period, All hut two plots reached wilting-peint storage he-
tween late May and mid-August. These two plots held the largest
guantities of available water, and they did not reach wilting-point
storage until after mid-September. This suggested a relation be-
tween drying time and available water storage, hut such a relation
iz by no means clearly defined whoen the other plots are considered.

The same interplot relations were shown in 19411—45. Although
total rainfall was much the same this year as the previous, its dis-
tribution through the rainy season was different. All plots were
wetted to field capacity and yiclded pereclation in the second storm
of the vear, which, together with the one shortly hefore it, brought
11.6 inches of rain to the watershed. Evapo-transpiration during
the ensuing interval of 214 months ranged from 3.0 to 5.7 inches.
This dry interval was terminated by a storm (January 31 to Feb-
ruary 3} which brought 6.2 inches of rain, enough to replace all
previous evapo-transpirvation losses and to yield percolation from
all plots. From February 3 fo March 26 storms were so frequent
that no significant evapo-transpiration losses were detected on any
of the plots, and all vain reaching the ground was considered to
contribute to pereolation.

Mean evapo-transpiration rates doring this year’'s pervecolation
pericd ranged [rom 0.028 inch per day to (.052 inch per day and,
as in the year helore, bove no relation to soil or aspect chavacter-
istics. The average rate, 0.041 inch per day, is only slightly less
than that caleulated for 1943—I4. Total percolation, with a mean
of 16.2 inches, ranged from 10.8 to 19.1 inches and again showed
evidence of being associated with quantity of available water.

Drying period water losses this yvear accounted for all avail-
able water in all plots and an additional 0.6 inch, on the average
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from below the wilting point. Besides this, 1.8 inches of summer
rain was lost by combined interception and evapo-transpiration.
This year the drying period was entered 2 weeks later than the
year before. There was no noticealle change in evapo-transpiva-
tion rates as a result of this shift, so that about the same time was
requived this year as the previous to bring the plots to wilting-
point storage. One plot {number 17) reached wilting-point stor-
age in late May, but most plots did not veach this level until some-
time befween mid-June and early September. Again there was
some suggestion that wilting-point storage was reached later by
plots with greater available water storage.

WATER LOSSES AND YIELD CALCULATEDR FOR THE WATERSHED

Determination of rainfall disposition in Monroe Canyon re-
quires the conversion of annual evape-transpiration and percola-
tion from a plot to a watershed-wide basis. IT this conversion can
be effected with some assurance of reliability, it is possible to cal-
culate rainfali losses and water yvield ol the watershed,

Analysis of the 14 moisture-sampling plots showed that evapo-
transpiration is not clearly related to aspect or soil depth, but that
it does bear some velation to the ameunt of available water storage
in the soil. Fence each year’s data were plotted, and a regtression
line was fitted by the method of least squares (fig. 26). These
relations for the 2 years arve presented in the following equations
and apply to the range of available water storage between 2 and
10 inches:

1043-44 E=71 + A
PHEEEE E=G62 + 1.1A

In these equations A represents available soil-water storage
(inches depth of water in the soil between wilting-point and feld-
capacity storage), and I represents annual evapo-transpiration
less, alse measured in inches depth. From the nature of the pro-
cesses involved, it seems probable that the equations would vemain
linear in type year after yvear, but that the numerical eonstants
wonld vary, depending upon the amount of annual rainfall and its
distribution throughout the year.

The two equations provide part of the information needed to
convert plot data so that they apply to the entire watershed. The
remaining information is provided by data obtained in the soil
survey of Monroe Canyon (p. 19). As a part of this survey 110
pits were dug throughout the watershed, and the available water
storage of the soil from each pit was caleulated from laboratory
measurements of wilting-peint and field-capacity moisture. Meas-
urements of secil depth, appavent soil density, and rock content
provided means for expressing these moistute contents in inches
depth. One hundred and ten pits, distributed as widely as these,
may he considered to represent a air sampling of this 875-acre
watershed (p. 21). It is possible, then to group the pits into avail-
able water classes, assign to the mean of each class the evapo-
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transpirvation quantities caleulated from the equations, and calcu-

late mean watershed evapo-transpiration weighted in accordance
with the number of pits in each class.

The distribution of pits by available water-storage classes was:

Mean storage Pltyg
fincles) {number)

0.3 50
19
¢ 16
§ 12
8
2
i 2
1 1
The 14 moisture-sampling plots do not cover the range shown by
the pits. They cover only the range of classes from 2 to 9.9 inches,
which include 55 of the 110 pits; and it is within this range that
the two equations define the relations of evapo-transpiration to
available water. Extrapolation is therefore required in order to
determine evapo-transpiration in both lower and highev classes.
The linear relation shown by the two regression equations is as-
sumed to held in the extrapolation. Although specific data to sup-
port this assumption ave lacking, certain considerations lend jus-
titication to it. In the first place, extrapolation on the low water-
storage side is small while on the high side only 5 pits go beyond
the range of the sampled plots. Errvors due to extrapolation are
therefore minimized.

In the second place, ovevestimation of evapo-transpirvation in
the class of smallest available water storage may not be as great
as it appears to be at first glance, The equation for 1943-44 shows
that 8.1 inches of water ave lost frem soil having an available
water storage of 1 inch. This simply means that the available
water in the shallow soils which make up this class is lost and
replenished a number of times each year. Such intermittent re-
plenishment has been noted within the top foot of all plots in this
study, and is due to the rapid drying of the surface soil layer be-
tween periods of rain, It is likely that evapo-transpiration losses
from soils with no available water storage (represented by 9 pit
locations occupied by rock outcrop) is overestimated. The 1943-44
equation shows a loss of 7.1 inches of water from these bare rock
surfaces. But water can be stored in surface depressions and
cracks in the rock, which means, as explained above, that these lo-
cations, too, can lose considerable water.

In the third place, the evapo-transpiralion calculated from the
equation probably underestimates the losses from some of the
deeper soils. At 12 locations the soil contained so much rock that
pits could not be dug deeper than 6 feet, yet it was evident that
soil and roots were present beyond this depth. At these locations
available water storage was calculated for 6 feet of soil. Because
the true water storage was greater than calculated, it is likely
that evapo-transpiration losses, too, were greater.

Class (inches):

2
4.
6
8
10-11.9 0
12-13.9 3
14-15.9 14

9
9
o
)
9

-1
-3
-5
-7
-9
1
-1
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There is no assurance that pessible underestimations of evapo-
transpiration from the deeper soils counteract possible overesti-
mations from the most shallow ones. But the foregoing considera-
tions suggest that linear extrapolation of the evapo-transpirvation
equation offers the best method available in this study for minimiz-
ing bias in the calenlation of watershed evapo-transpiration,

When caleulations were made, using the equations and the re-
quired extrapolations, mean evapo-transpiration losses for the
watershed were found fo total 10.6 inches in 1543-44 and 14.0
inches in 1944-45, The corresponding average quantities deter-
mined for the l4-moisture-sampling plots were 12.0 and 12.2
inches,

Up to this point no separate consideration has been given to
evapo-transpiration losses frem the ripavian zone which occupies
7 of the 875 acres of Monvroe Canyon. These losses kave been as-
sumed tacitly to be the same as those elsewhere in the watershed.
This is quite possibly tiue during that part of each year when
water is egually available for evapo-transpiration in the upland
aveas and within and adjacent to stream channels. But during the
late summer and fail the upland soils lose all theip available water
and evapo-transpiration rates become extremely small. At this
same time, however, water may still be flowing in or on the sands
of the stream channels, and riparian losses may be appreciable,

No measurements of riparian water losses were made in Mon-
roe Canyon, but an estimate can be made from the water losses of
this kind determined in nearby Coldwater Canyon (2, pp. 88-121).
Coldwater Canyon is similar to Monroe Canyon in vegetation, top-
ography, and climate, and Hes about 30 miles to the east in the
same mountain range. These similaritics suggest the validity of
transferring data from one watershed to the other. Furthermore,
preliminary hydrograph analysis in Monroe Canyon indicates that
the losses from equal areas of ripavian vegefation here and in
Coldwater Canyon ave very neavly the same.

The ripavian zone of Coldwater Canyvon lost 54 inches of water
In the 6-month period from May 1 to October 31. This guantity
represents the loss for only part of the summar drying period,
and therefore does not account for the entire summer viparian
loss in Monroe Canyon. In 1943-44 the drying peried in Monroe
Canyon lasted from Mareh 18 to November 4, in 1944-45 from
March 26 to November 1. Assuming that the mean rate of 9
inches a month applies to Mavch as well as later, the total sunimer
riparian loss in Monvroe Canyon becomes 69.6 inches in 1943—1d
and 64.5 inches the next year. Part of the riparian loss has al-
ready been accounted for, by considering it equal to losses else-
where in the watershed during the drying period. In 1943—44 the
riparian loss aceounted for in this way amounted to 6.1 inches; in
194445 it amounted to 5.8 inches. The remaining riparvian loss
amounted to 63.5 inches in 194344 and 58.7 inches in 1944435,

These losses correspond to 0.51 inch and 0.47 inch, respectively,
when calculated in ineches depth over the entire watershed, as
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shown in the following sample caleulation ;
63.5 acre-inches per acre == 444 acre-inches over the 7 acres of the riparian
zZone;
444 acre-inches =0.51 inch depth over the 875 acres of the eontive
watershed,

Hence it can be concluded that 0.5 inch must be added to the
average evapo-transpivation loss of the watershed each year, as
representing dry-season riparian losses in excess of those previ-
ously calculated for the watershed as a whole.

In summary, an accounting of rainfall disposition can be pre-
sented which considers the following factors: (1) Rainfall ealcu-
lated as a watershed mean from the records of 12 rain gages; (2)
intereeption loss caleulated from measurements made in the mixed
chaparral plot; (3) evapo-transpirvation caleulated from records
of soil-water stovage; (4) additional ripavian evapo-transpivation
losses, taken as equivalent to those in Coldwater Canyon; and (5)
percolation through the soil, which is the quantity of rainfall not
accounted for by losses (2), (3), and (4)." The final disposition is
shown in the following tabulation: _

1043-44  194¢-45
finoles) (inches)

Rainfalloe e et e e e e o B10d 30.7
Intevception loss.. ... . .. ... .. . e e 20 2.2
Evapo-transpiration loss.. .. .. .. .. . . .. .11 10.5
Percolation through soil .. .. ... . L e 116 18,0

The quantities of percolation shown in the tabulation represent
what may be called the water vield of the watershed, tha{ is, per-
colation through the soil plus any surface runoff that may have
oceurred. The tabulation provides no clue as to how this water is
vielded from the watershed. All it shows is that in these years
evaporative water losses accounted for a good deal less than half
the rainfall, The remainder, it was concluded, left the watershed
as stream flow and as underground flow through fractures am
other water passageways in the underlying rock.

RELATION OF STREAM FLOW TO WATER YIELD

Stream-flow rates (figs. 27 and 28), vecorded continuously at
the mouth of Mource Canyon, provided data with which to com-
pare channel Aow with underground fow. This comparison is of
particular interest hecause it offers an opportunity to appraise
stream flow as a measure of watershed yield. Hydrologists have
frequently suggested that in many watersheds some water each
year is yielded to downstream areas as flow which does not ap-
pear in streams within the watershed. In the Monree Canyon
study only that portion of the water vield appearing as stream

*No attempt has been made to corrveet evapo-transpiration or perecolation
for the quantity of rainfall intereepted by the stroam channel and adjacent
impervigus area, and diverted directly into channel flow. This contribution ta
water yield represents 100 percent runoff from a varyving avea averaging less
than 1 percent of the total watershed area. The quantities involved ave esti-
mated at less than 0.25 inch for cach of the 2 years of the study. “«
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flow at the gaging station eould be measured. Estimates of under-
ground flow quantities could be made, however, Caleulations made
in the study provided a measure of all water available for flow
from the watershed. Hence the difference between stream flow
and total water available for flow was considered to have left the
watershed as underground flow, . :
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Frounan 27.—Hydrograph of daily stream flow in Monroe Canyon, 1943-44.

In order to establish the validity of underground-flow estimates
it is necessary to study briefly some stream-flow characteristies
and relate them to indications of water yield shown by the sam-
pling plots. Answers to the following questions will reveal the
stream-flow characteristics of this watershed and the nature of its
water yield:

1. How is the initial recharge of stream flow related to the first
occurrence of percolation threupgh the watershed soil?

2.?How are surges in stream flow related to times of percola-
tion?

3. How much of the precipitation reaching the watershed each
year does not appear as stream flow until the year following?

4. If there is no carryover of water from year to year, how
much of the calculated percolation leaves the watershed as stream
flow each year? How much pereolation is not aceounted for and
whgt is the fate of this excess water?
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F1cuRe 28.—Hydrograph of daily stream flow in Monvoe Canyon, 1944-45.

In answer to question 1, it will be noted that in each year a sig-
nificant increase in stream flow did not take place until the date
of the storm that was shown in the seoil-water storage analysis to
have produced percolation through the soil (figs. 29 and 30). Thus
in 1943-44 the first occurrence of percolation in the sampling
plots as well as the initial rise in stream flow came during the
storm of DPecember 9 to 12. In this storm a amall quantity of per-
colation was yielded by two of the plots. In 194445 the corre-
sponding storm was that of November 9 to 14, which yielded more
than 5 inches of percolation from 10.3 inches -of rain. Rains pre-
vious to these served only to raise the soil water toward feld-
capacity storage. In this watershed, therefore, it appears that the
initial rise in stream flow corresponds closely in time with the gen-
eral replenishment of field-capacity storage in the soil of the sam-
pling plots.

The answer to question 2 is found in further study of the Mon-
roe Canyon hydrograph. Surges in stream flow occurrved on the
dates of most storms during both years (figs. 27 and 28), How-
ever, these surges were not all of the same relative magnitude. In
fact they can he separated into two distinct types. Omne type,
which might be called minor surges, raised stream flow above the
general level of the hydrograph for only a few days, These surges
always coincided with the occurrence of rains that were insuffi-
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cient to replenish field-capacity storage. From both hydrograph
and soil-water storage evidence the minor surges appear to repre-
sent lavgely the flow of rain water intercepted by the stream
channel rather than the How stimulated by increases in ground-
water storage. )

The other type, major surges in stream flow, brought about sus-
tained rises in the hydrograph. These surges invaviably coineided
with storms that yielded percolation through the seil. They were
therefore associated with significant increases in ground-water
flow. Althoungh the peak flows of the major surges included rain
caught as channel interveeption, the long-sustained increased flow
which followed must have been made up of water supplied to the
stream by water percolating through the soil.

These two types of stream-flow surge can be clearly distin-
gurished in figures 29 and 3. The minor surges {primarily channel
interception) make no peveceptible impression uwpon the cumula-
tive hydrograph. The major surges, occurring during periods of
percolation through the soil, are shown as abrupt increases in the
slope of the stream-flow curve,

Question 3 concerns the carryover of stream low from one year
to the next. In October 1943 the stream-flow rate was negligible,
and it did not increase perceptibly until December 9, when perce-
iation was initiated (figs. 27 and 28). In 1944 negligible rates
were reached by the end of August, and again no appreciable rise
was noted until percclation started durving the storm of November
9 to 14. In 1945 negligible vates were reached once more in early
August,

These periods of negligible stiream flow are shown betier if
stream flow is cumulated through each year {figs. 29 and 30). No
perceptible gquantity of water was yielded hy the ehannel between
October 1 and December 17, 1943, August 1 and November 9, 1944,
and after August 1, 1945, It appears, therefore, that during these
2 vears substantialiy all rain water available for stream flow was
yvielded from the watershed each year as channel How before the
advent of the next rainy season. Certainly this would not bhe the
case every year; perennial stream flow has been observed in this
watershed during several vearvs of high vainfall. Bot it can be
assunied that in 1943-14 and 194.0-45 ali stream flow ecach year
was the vesult of that year’s rainfall.

Knowing that each yvear's stream flow was the result of that
yvear's rain and, further, that there was no appreciable carryover
of stream flow from one vear to the next, it is possible fo answer
qguestion 4 by comparing the percolation calculated each year {ov
the soil of the entirve watershed with the stream flow resulting
from it. The ~mount of annual rainfall accounted for as pervecoia-
tion and stream [low was:

1843-44 244-45
finches) {inches)

Percclation through the soil ... SUTPURU & N i i8.0
Stream flow.. e v o e e e+ e+ e e e 4.6 3.3

Percolation less stream fow 13.0 14.9
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These percolation quantities are corrected for riparian water
losses ; because they ave calculated for the watershed as a whole,
the guantities vary somewhat from the 14-plot average shown in
figures 29 and 30.

It is immediately apparent that during these 2 years stream
fluw accounts for only about one-guarvter of the water which per-
colated through the seil mantle into the vock mass beneath. Be-
cause evaporative water losses have been accounted for, percola-
fion not leaving the watershed as stream flow cannot be considered
lost as evaporation or transpirvation. Instead it must be considered
to have left the watershed as flow through the underilying rock
mass. Just where, at what elevations, and when this water left
the watershed cannot be ascertained at present. ANl that can be
established now is the time of delivery of this water into the un-
derlying 1ocks as percolation, a calculation of the amount so de-
livered, and the assurance that this water left the watershed as
underground flow rather than stream flow,

In view of the extensively Taulted roek underlying the Monvoe

Canyon watershed, it is not surprising that all percolating water
does not reappear as stream flow within the watershed. However,
the magnitude of the underground yield of water becomes appa-
rent only when all other losses—interception, evapo-transpiration,
and stream flow—have been accounted for, as has been possible
in this study. When this is done it becomes evident that stream
flow provides an inadeguate measure of water yvield uander geologic
conditions such as prevail in this watershed.

DISCUSSION AND CONCLUSIONS

Quantitative application of researeh {indings such as these must
be limited to the region within which the study was made. The
results are so strongly influenced by local conditions of elimate,
soils, and vegetation that they cannot salely be extended very far
from the study aveas. The processes involved in rainfall disposi-
tion, however, are the same in all semiarid regions, and therefore
the procedures used in this study have wide vsefuiness. The fol-
lowing discussion shows ways in which the findings of the present
study can aid in the selution of impovtant watershed problems in
many places.

DETERMINING QUANTITY 0F WATER YIELDED BY A WATERIUED

Tofal annual rainfall provides an extremely vough index of
watershed yield of semiarid regions. This is so because no simple
relation exisis between annuat rainfall and the evaporative water
losses which constitute the difference Between rainfall and vield.
There are several kinds of evaporative water losses, and each kind
is related to rainfuall in a different way. When each loss is evalu-
ated separately it is possible to calenlate water vield with consid-
erably greater accuvacy than is pessible when annual rainfall
alone I3 used as the index.
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The first evaporative loss which must be calculated is that of
precipitation intercepted by vegetation. It has been shown that in
forest and brush areas studied'in the mountains of California in-
terception loss is directly related to storm rainfall. It is possible,
therefore, to calculate the amount of water thus withheld from a
watershed if the relation between interception loss and rainfall is
known, and if adequate storm-by-storm records of rainfall are
available. For the larger storms interception loss is a Hinear fune-
tion of storm rainfall but not a constant percentage of the quan-
tity of rain. Within relatively narvow limits, however, the annual
interception loss does vepresent a constant percentage of annual
precipitation. Under natural vegetation conditions at North Fork,
Bass quxe, and San Dimas, the annoal interception losses were
about 5 percent, 12 percent, and 8 percent, vespectively, of the
annual 1'mnfall {table 16}. If is probable that the nearly constant
annual percentage loss by interception is due to the occurrence,
year after year, of much the same pattern of storms.

TABLE 16 —Mean wultcr losses of the study plots.
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The rain remaining after subtracting interception loss is that
which reaches the soil. Of this a part, not determined in the pres-
ent study, ean be retained by and evaporated from the litter cov-
ering the soil surface. Kittredge (15) has estimated that field-
capacity storage of the average mass of forest litter is between
0.1 and 0.2 inch of water. During the rainy season, thervefore, it
is unlikely that forest litier, being moist at that time, can retain
as much as 0.1 inch of rain from each storm. Rain refained by
litter may constitute a measurable source of water loss in dense
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forest stands, but it can be considered negligible in chaparral or
other plant associations which produce only thin litter layers with
extremely low field-capacity storage. In the North Fork natural
plot, which has as deep a litter cover as any of the brush plots
studied, the field capacity of the litter cover is 0.02 inch (20, p.
18). Thus, even if it were possible for the litter to dry completely
after each storm, the yearly interception loss would be less than
0.5 inch.

The next loss to be determined is evapo-transpiration from the
soil during the rainy season. In order to simplify this discussion
it is assumed that surface runoff is negligible in amount,® and that
all water reaching the soil goes into storage within it. In the ve-
gion to which this discussion has immediate application the first
rain of the rainy season enters soil which contains no water avail-
able to plants. During the early part of the rainy season evapo-
transpiration between storms removes water from the soil at a
fairly constant rate. It this rate is known it is possible to caleulate
soil-water storage at any time during the wetting period, and to
determine the evapo-transpiration losses up to the time when the
soil has been raised to field-capacity storage.

Evapo-transpiration rates during this period range, in the Pres-
ent study, from 0.02 to 0.06 inch per day under natural plant
covev, and vary with soil depth and field-capacity storage (table
16). Somewhat different evapo-transpiration rates prevail during
the percolation period, when the entive soil mass remaing more or
less at field-capacity storage. During the percolation period the
natural plots showed loss rates between 0.01 and 0.07 inch per
day. Generally in each plot the relation hetween the periods was
stch that a low loss rate during the wetting perviod was FTollowed
by a high less rate during the percolation peried, and conversely.
As a first approximation the assumption of the same rate during
both periods will lead to no great error. It is suggested that 0.04
mnch per day for the Bass Lake area and 0.06 inch per day for the
other areas represent useful! approximations of evapo-transpira-
tion rates between storms during the rainy season.

During the wetting and percolation periods, then, water can be
considered lost from the soil between storms at a relatively con-
stant rate. But this rate applies only as long as water from any
storm remains in the soil. During the early part of the rainy sea-
son the water contribution of an entire storm may be lost bhefore
the next one oceurs. At San Dimas as much as 4 inches of rain per
year was lost in this way from early-season storms. The applica-
tion of the evapo-transpiratien rates in table 16 permits calcula-
tion of the amount of rain which, because of these early season
losses, makes no contribution te water yield, as well as losses of
stored soil water during the main part of the rainy season.

*If runeff is appreciable some means must be employed for its determina-
tion, storm by storm. A methoed of utilizing plot infiltration measurements
has heen outlined by Rowe (19), and several other investigators have
described methods of dirvect evaluation that make use of hydrograph analysis
(9, 10, 11). Much maore study will be needed, however, before entirely satis-
factory technigues are available for this important determination,
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The third type of water loss is a constant amount representing
the summer drying of the soil mass. The present study has shown
that during the summer and fall dry season all water between
wilting-point and field-capacity storage is lost from the soil. The
quantity of water lost in this way varies with soil {exture, dens-
ity, and depth. In the present study it ranged from 3.8 to 11.1
inches under natural vegetation. But the summer water loss does
not stop here; additional water is lost primarily by evaporation
from the upper soil layers. This evaporation reduced total soil-
water storage to a fall minimum 0.2 inch to 1.4 inches below
wilting-point storage. Besides this, all rain entering the soil dur-
ing the drying period is lost by evapo-transpivation. Summer
water loss therefore comprises approximately half an inch in
addition to storage between wilting point and field capacity, plus
any rain which falls and enters the soil duving this period. Total
water losses from the natural plots during the dryving period
ranged from 6.6 to 13.3 inches out of annual evapo-transpiration
losses which ranged from 11.1 to 19.0 inches.

With these losses evaluated it becomes possible to caleulate an-
nual water yield. First, a constant percentage of the year’s rain-
fall is deducted as interception loss. Sevond, the soil-water loss for
intervals hetween storms is caleulated, based upon the average
evapo-transpiration rate and the amount of water stored in the
soil at the end of each storm. From this the total amount of evapo-
transpiration during the rainy season is determined. Thivd, during

~the dry seasoen it can be assumed that all soil water available to
pPlants will be lost, plus an additional half inch to bring the seil to
minimum storage, plus all rain which enters the soil during this
season. The difference between the sum of these losses and annual
rainfall represents watershed yield, or in watersheds having ap-
preciable areas of riparian vegetation, watershed vield plus ripa-
rian water losses. The aetermination of riparian water losses re-
quires a special type of stream-flow analysis which, so far, has
received insuficient reseavch attention.

This method of water-yvield determination will be found most
useful for watersheds that yield part of their water as under-
ground flow. Underground fiow moves in subsuiyface channels,
which in the southern California mountains are provided by deeply
weathered or highly fractured fawlt zones, and deep alluviam
(2.1}, In watersheds. so constituted offluent stream flow often falls
far short of carrying the entire water vield of the watershed, so
that stream iflow alone cannet e relied upon to provide a measure
of total yield.

DETERMINING THE TIME OF PERCOLATION THROUCH THE S0IL
AANTLE

1t has been shown that in the areas covered by the present study
rainfall contributes percolation water only during that portien of
each vear when the soil is held at or near field-capacity storage.
Fuithermove, percolation through the soil mantle is not continu-
ous during this period. 1t takes place only duving times of rain ov
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snow melt and very shortly thereafter. Within no more than 2 or
3 days after a storm or after snow has disappeared from the
ground surface, the soil mantle has drained to field-capacity stor-
age and evapo-transpiration has started further depletion of stored
soil water. The next storm must replenish field-capacity storage
before percolation can once more begin.

The present study has demonstrated how the timing of perco-
lation through the soil mantle can be determined by accounting
for soil-water additions and losses. When the method is applied
te an entire wateirshed it may be found that some parts of the
watershed soil yield percolation earlier than other parts. Such
differences in timing are most pronounced in watersheds contain-
ing bodies of different kinds of soil, vegetation, or land use. In
ovder to detect differences of these kinds and to give them proper
consideration, it is necessary to provide adequate sampling of all
watershed conditions and situations.

By means of the analyses discussed in this paper, pevcolating
water was followed only inte the rock which lies beneath the
watershed soil. Its subsequent flow through the rock and time of
emergence from the watershed could not be traced hecause only
a small part of the percolating water reappeared as stream flow,
It is apparent that the underground path followed by remaining
water, and the time of its outflow from the watershed, would de-
pend upon topography, geologic structure, and watershed size and
shape, However, consideration of the timing of watershed yield
is beyond the scope of this paper.

DETERMINING THE EFFECTS OF VEGETATION TREATMENT UPON
TAINFALL DISPORIMON

Where water vield can be measured direetly it will be desiv-
able to make the final test of vegetation treatment by treating an
entire watershed. Watersheds that can be successfully studied in
this way are those whose entire vield can he measured as stream
flow and water accumulated in nnderground basins downstream.
Here plot studies can perform an important function. 3. wide
ariety of promising treatments can be studied on plots, without
requiving the large ocutlays of money, material, and manpower
needed for treating entire watersheds. Plot resuits will thus point
eut not only those treatments that merit further study on whole
watersheds, hut also the types of effects that may be expected.

In watersheads whase yield is made up of stream flow combined
with a considerahble amount ol underground flow that cannot he
measured (which may be the situation in much of southern Cali-
fornia}, it is not possible to measure directly the effect of treat-
ment upon yvield. Although treatment may change total yield, it
will be possible to measure only changes in stream fow, and stream
flow may not be related directiy to total vield. Here plot studies
perform an even more impoertant function. Besides making it pos-
sible to test a variety of treatments on a small scale, they provide
the only means of determining the total water yvield of a water-
shed. Under these circumstances the stedy plots must be distrib-
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uted throughout the watershed, and in such a way as to provide
a reliable sample of the conditions found within it.

The two kinds of treatment used in the present study were an-
nual burning and complete denudation. A summary discussion of
the effects of these treatments upon rainfali disposition will ex-
emplify the type of analysis possible for other kinds of treatment.

The elements of rainfall disposition influenced by treatment of
vegetation in the present study were interception, surface runoft,
evapo-transpiration, minimum storvage during the dry season, and
percolation. All these could be studied effectively on the plots.
Quantitative determinations of soil-water storage, percolation,
and evaporative losses were made, and they are applicable divectly
to much larger areas of the same soil and vegetation. Quantitative
measures of surface runoff were obtained on small plots, but it
may not be safe to apply surface-runoff volumes determined for
plots to much larger areas because of the cumulative effects of
length of slope upon runoff volume. For the present, at least, sur-
face-runoff measurements must be considered more in a qualita-
tive than a gquantitative sense.

Annual burning removed all vegetation each year from the
North Fork plot, hut did not affect the tree cover of the Bass Lalke
plot. As a result there was a significant difference in the effect of
burning upon interception loss in these tivo areas. At Novth Fork
it was assumed that interception loss was made negligible, because
during near]y the entire rainy season of each vear the invading
grasses and herhs were too small to withhold appreciable amounts
of vain from the soil, At Bass Lake, on the other hand, intorcep-
tion by the trees was unimpaived by burning and, because under-
growth was extremely sparse, it was conecluded that total intet-
ception loss also had been vivtually unimpairved.

Neither evapo-transpiration nor minimum storage was signifi-
cantly affected by burning (table 16). This is readily apparvent in
data ohtained from the North Fork plots, but at Bass Lake the
differences in field-capacity storage between natural and burned
blots must be taken info account.

As burning had no significant effect upon cvapo-transpiration,
it must be concluded that such treatment would increase water
vield, including here both surface 1runoft’ and percolation, only to
the degree that it would decrcase interception loss. Thus under
the conditions of hurning practiced at Bass Lake no change in
water yield would be exveeted; at North Fork a nef increase of as
much-as 5 percent of the year's rainfall might be anticipated. In
terms of tolal water yield this may be true, hut in terms of usable
water it is not necessarily true. Annual burning at both North
Fork and Bass Lake greatly increased surface runofl (as a result
of decreased infiltration rates) and correspondingly reduced the
amount of percolation delivered to ground-water flow, Surface
runoff carrvies with it the threat of flood and evosion. It is difficult
and costly to control, and in all ways is 2 much less desivable type
of flew than a yield that has its inception as percolation through
the soil. In terms of water guality and vield of usable water, theve-
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fore, annual burning cannot be recommended as a practice of
watershed management in the areas covered in the present study.
Whether it is to be recommended elsewhere would have to be de-
termined by similar kinds of analyses made under conditions typi-
cal of each of the other areas.

A denuded soil surface was maintained on one each of the North
Fork, Bass Lake, and San Dimas plots, and living roots were ex-
cluded from the plot. This plot treatment therefore provided a
soil from which water was lost only by surface runoff, percolation,
or evaporation. The three plots responded to denudation in differ-
ent ways because of differences in soil and exposure.

At North Fork the bare soil was shallow, relatively coarse-
textuved, and completely exposed to the atmosphere. Here evapo-
ration rates were not significantly different from those on the
natural and burned plots, and evaporation loss, likewise, was much
the same, At San Dimas, with a Jdeeper soil of finer texture, but
still with complete exposure, evaporation rates during the wetting
period were decreased by denudation. Annual evaporation losses
here were some 2.5 inches less than evapo-transpiration losses
from very similar soil occupied Ly chamise nearby. The greatest
differences in evaporation loss werve found between the bare plot
at Bass Lake and the buyned plot, which it resembled most closely.
The soil here was deeper and of finer texture than that at either
North Fork or San Dimas. Furthermore it was situated in 2 small
forest opening where it was shaded and protected from wind by
sutrounding trees. In combination these cireumstances reduced
evaporation losses of soil water significantly. Owing to differences
in available water storage in the three Bass Lake plots, direct
compatison of evaporative losses cannot be made, but comparison
of minimum and wilting-point storage indicates the effect of de-
nudation. The minimum storage of both burned and natural plots
was somewhat below the wilting point, yvet the bare plot soit held
at minimum storage nearly 4 inches of water in excess of the
wilting point, Thus it appears that denudation is more effective
in reducing evapovation losses from deep than from shallow soils,
and from soils protected from full inseolation ihan frem those
exposed to sun and wind.

The differences in exaporative losses of soil waler are reflected
in water yield. The combined surface runoff and percolation of
the bare plot at North Fork was neavly equal to that of the burned
plot. At Bass Lake, on the other hand, the elimination of jnter-
cepiion loss combined with the veduced evaporation of soil water
caused the percolation yield from the bave plot to exceed signifi-
cantly that of the commpanion burned plot. These resulis lead to
the conclusion that inereases in usable water yield can pessibly
e achieved in this area if soils are deep, by reducing interception
and evapo-transpivation losses, but only if surface runoff and soil
erosion ean be controlled.

The foregoing analyses demonstrate the kinds of interpretations
that can be made of vegetation treatments studied in connection
with watershed-management research. They show the qualitative
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as well as quantitative conclusions that such studies ean reach.
They can go far toward solving many watershed-management
probiems,
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COMMON AND BOTANICAL NAMES OF SPECIES
' MENTIONED

Alder, white Alnus rhombifolia
Bearmat (Bear-clover}...., Chamiaebatin  foliolosa
Bromes " Bromas spp.

Buckeve, California o Aesenlus californica
Ceanothus, deerbrush Ceanothus integerrimus
Ceanothus, buckbrush -C. cuneatuy

Ceanothus, hairy C. oligontbus
Ceanothus, hoaryleaf C. crassifolius

Chamise Adenostoma fusetenlatum
Fescues Festuce spp.
Incense-cedar. Libocedrus decurrens
Manzanita, Mariposa _ Arctostaphylos mariposa
Maple, bigleaf ; Acer maeroplylhvm
Mountain-mahogany, birchleaf Cercocurpus betuloides
Mules-ears, Maviposa Wyethie elota

Qalk, California black Guerens lellogyil

Qak, California scrab Q. dumose

Qak, interior live Q. wislizeni

Peavine, Nevada Lathyrus nevadensis
Pine, Digger. ~Pinus sabintana

Pine, pondercsa P. ponderosa

Pine, sugar. P. lumberiions

Poison oak, Pacific......Toxicodendron diversilobum(Rhus diversiloba}
Sage, black Salvin mellifara

Sage, white S. apianc

Sanicle, Menzies Sunteuln menziesii
Shmac, lemonade (Lemonade-DEriy) .o Rhints tnbegrifolin
S¥eamore, California Platwnns racemosa
Tarweed, showy Madie elegans

‘Tarweeds . Meadie spp
Willows . : Saliz spp.
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