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Soil Moisture Depletion in the 
Annual Grass Type 

LEONIDAS G. LIACOS 

Range and Watershed Management Studies, Service of 
Forest Technical Works (Y.D.E.M.) Forest Service, 
Thessaloniki, Greese 

The rate of soil moisture de- 
pletion from field capacity to 
permanent w i 1 tin g percentage 
(PWP) is an important phe- 
nomenon of the soil-water-plant 
system. Its importance is not 
confined to the interest of the 
soil scientist and plant physiolo- 
gists; it also attracts the atten- 
tion of plant growers and man- 
agers, preoccupied with increas- 
ing plant yields. 

Thus, range managers, inter- 
ested in producing the highest 
amount and best quality of for- 

1 The present study was carried out 
in Berkeley under the sponsorship 
of the National Academy of Sci- 
ences, Washington, D.C., to which I 

age from their land, are very 
much concerned with the deple- 
tion of available soil moisture. 
That problem is of greatest prac- 
tical importance in areas of typi- 
cally Mediterranean climate, 
where the winter rainy season is 
followed by a long dry period. 
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Literature Review 

The issue of soil moisture de- 
pletion through evapotranspira- 
tion has been a controversial one 
for many years. A detailed an- 
alysis of it would be outside the 
scope of this paper. 

In general, there are four 
models of depletion curves sup- 
ported by different specialists: 

Soil moisture depletion rate 
is constant from field ca- 
pacity down to PWP (Vieh- 
meyer and Hendrickson, 1955, 
1961). 
Depletion rate of soil mois- 
ture is almost constant for 
about the first eighty percent 
of available moisture, a n d 

then decreases rapidly (Gard- 
ner 1960). 

3. Soil moisture depletion is ex- 
p o n e n t i a 1 (Thornthwaite 
1954, 1955, 1957). 

4. Depletion rate of soil mois- 
ture is constant for about the 
first 20 percent of the avail- 
able moisture, then decreases 
rapidly, and starts again to 
increase until it reaches the 
PWP (Penman 1941). 

Long t e r m , extensive field 
studies in the prediction of soil 
moisture to a depth of 12 inches, 
by the U. S. Army Engineer 
Waterways Experiment Station 
in Vicksburg, Mississippi, have 
shown an exponential depletion 
of soil moisture (1959). P. Zinke 
(1959) experimenting for 10 con- 
secutive years with the San Di- 
mas Experimental Forest lysi- 
meters, came out with similar 
results; the soil moisture deple- 
tion under Coul t er pine and 
b a r r e n soil was exponential 
when plotted against number of 
days. Similar conclusions were 
reached by Metz and Douglas 
(1959). K. Knoerr (1960) also 
stated that the depletion of avail- 
able soil moisture was exponen- 
tial when plotted against vapor 
pressure deficit times the rela- 
tive length of day. M. Penka 
(1956) experimenting with arti- 
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ficially prepared a n d natural 
soils concluded that the deple- 
tion curves “are distinguished by 
three characteristic phases: an 
initial p h a s e, approximately 
linear; a second phase, forming a 
flexure; and a third, almost hori- 
zontal. These phases have been 
designated as the linear phase, 
the flexure phase, and the second 
linear phase.” As Penka de- 
scribes them, his depletion 
curves are exponential, although 
he does not say so. However, he 
makes the statement that the 
transitions from one phase of the 
curve to another appear to be 
influenced by the quantity of or- 
ganic matter and, generally, by 
colloidal substances present in 
the soil. In the case of sandy 
soils, the readily mobile capil- 
lary water, represented by the 
first linear phase, passes by way 
of a sharp curvature into rela- 
tively immobile absorptive (cap- 
illary) film water; this later is 
represented by this bend in the 
curve. Finally it passes into 
hygroscopic water which is in- 
dicated by the second linear 
phase of the soil drying curves. 
This sharp curvature that Penka 
is talking about with regard to 
sandy soil is what Weihmeyer 
a n d Hendrickson describe as 
range of the PWP. The first part 
of an exponential curve may be 
linear, and statistically R can be 
found to be highly significant 
especially when the number of 
soil samplings for that phase is 
large. 

Research under way by, the 
soil physics research section of 
the Southwest Water Conserva- 
tion Laboratory, U.S.D.A., A.R.- 
S., at Tempe, Arizona, shows that 
the soil water diffusivity obeys 
the exponential equation. That 
may explain why in the Veih- 
meyer’s experiments with plants 
grown in tanks filled with Yolo 
sandy loam the moisture deple- 
tion is linear, provided the root 
system of the plant is very well 
developed and the soil is 
throughly permeated by roots. 

Penka furthermore found that 
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the plant growth was not 
affected during the first linear 
phase of soil moisture depletion. 
It was greatly retarded a little 
after following the flexure phase 
and completely stopped s o m e 
half way between growth retar- 
dation and permanent wilting 
points. Proportional to t 0 t a 1 
plant growth the growth during 
the retardation period was very 
small. This again may explain 
Veihmeyer’s findings (1961) ex- 
perimenting with Guayula 
plants, in which growth was not 
affected by the soil moisture con- 
tent between field capacity and 
PWP. It seems that plant growth 
is quantitatively affected only 
when the soil moisture falls be- 
low the permanent wilting point. 
Such are the conclusions of R. 
Campbell and R. Rich (1961)) 
who found a linear regression be- 
tween grass (herbage) produc- 
tion when plotted against num- 
ber of days the soil moisture con- 
tent was below the permanent 
wilting point. 

Methods 

In the annual grassland type 
of the California coastal range 
a cluster of three plots, 6 x 6 in. 

each, was established in 1959 in 
pastures representing three in- 
tensities of grazing: (1) None; 
(2) Light; and (3) Heavy. The 
three plots were about 15 meters 
apart, and the soil was the same 
for all three. 

Each plot was divided into 225 
little squares (40 x 40 cm), five 
of which were selected at ran- 
dom and used for soil moisture 
sampling. The procedure was re- 
peated seven times throughout 
the year. From each little square 
a profile sample was taken; this 
was divided into four depth seg- 
ments: (a) O-10 cm; (b) lo-24 
cm; (c) 24-40 cm; and (d) 40-90 
cm. The soil moisture content 
by weight was determined by 
oven drying the soil samples at 
105-110°C. 

The mean values of the five 
squares per plot in each of the 
four depths were used for the 
following analysis. (Some times 
the number of samples of the 
deeper soil layer were less than 
five; small rocks prevented the 
sampling in that depth from a 
number of squares.) The dis- 
tribution of the squares into the 
seven samplings, made through- 
out the year from October 1959 
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FIGURE 2. Lightly grazed plot. Soil moisture drying curves by depth during the deple- 
tion phase. 

to September 1960, was random- 
ly made from the beginning of 
the experiment; provision was 
made to avoid contiguous sam- 
pling squares in each of the three 
plots. 

Physical Conditions 

The climate of the studied area 
is typically Mediterranean. The 
long term annual pecipitation is 
595 mm (23.35 inch). During 
1959, and 1960 when the present 
study was carried out, total rain- 
fall was 663.13 mm (26.3 inches) 
distributed about normally. Or- 
dinarily, temperatures do not 
vary much during the year; the 
coldest month (January) aver- 
ages 9.5”C, (49.1”F.) and the 
warmest one (September) 
17.3”C (63.1”F). Temperatures 
during the period of main plant 
growth are very even (from 
12.9”C (55.2”F) to 15.6”C 
(60.1 OF) based on long term 
averages). 

The vegetation of the three 
plots was composed primarily of 
annual grasses and broad leaved 
species. Some perennial forbs 
also occurred. In the ungrazed 
plot only perennial grasses were 
found in considerable number. 

The soil was a Los Osos clay 
loam of 80-95 cm in depth, de- 
veloped on sandstone. It was 
classified as a non-calcic brown 
grassland soil with some rend- 
zina-like characteristics. 

Findings-Discussion 

Soil drying, following the win- 
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ter rainy period, which coincided 
with the main plant growth sea- 
son, proceeded differently in the 
three plots subjected to different 
intensities of grazing. However, 
drying of the upper 25 cm layer 
was similar in all three cases 
(Figures 1, 2, and 3). This seems 
very reasonable since the root 
systems of the plants in all plots 
were equally well developed to 
that depth. The differences in 
rate of depletion and in total 
amount of water lost were due to 
different depletion rates in the 
lower soil layers (Figures 1, 2, 
3). In the case of the ungrazed 
plot, the moisture depletion rate 
was almost equal throughout the 
whole profile (Figure 3). Soil 
moisture on July 18, 1960, was 
unexpectedly high. Only two 
samples were taken from the 
lowest layer of 50 cm due to the 
occurrence of rock in the other 
three squares, and these were ex- 
tremely high in moisture. Figure 
3 shows this very clearly. Being 
unable to explain such a phe- 
nomenon a series of similar sam- 
ples was taken during the soil 
drying period of 1961 (April 14, 
May 31, and June 20). The data 
this time, based on five samples, 
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FIGURE 3. Ungrazed plot. Soil moisture drying curves by depth during the depletion 
phase. 



70 LIACOS 

,K = .oo~ee 

u heovlly grazed 

_ lightly grazed 

- ungrozed 

a 1 1 I I I I I 

36 72 IO8 144 I80 

TIME - IN DAYS 

FIGURE 4. Soil moisture depletion rates under different intensity of grazing. 

gave a constant depletion rate in 
all four soil layers. Therefore, 
considering the s o i 1 moisture 
sampling of the fourth layer 
made on July 18, 1960 ‘as biased, 
a correction was made by extra- 
polation of the depletion curve 
(Figure 3, 67.5 cm corrected). 

Soil drying in the lower layers 
of the lightly grazed plot was 
between the two extremes, but 
closer to the ungrazed plot. This 
seems reasonable also, given that 
the plant roots were well de- 
veloped under light grazing and 
yet the shoots had a fair amount 
of transpiring surface; so they 
withdrew the soil moisture from 
deeper layers rather effectively. 

Moisture depletion throughout 
the entire profile (90 cm) , as a 
function of time in days, was 
found to be of the exponential 
form in all three cases. This was 
true for the four depths of the 
soil profiles (Figure 1,2,3), with 
the exception ‘of the 67.5 cm 
depth of the heavily grazed plot, 
in which there was practically 
no moisture loss. 

Analysis of the data demon- 
strated that soil moisture during 
the depletion phase could be pre- 
dicted at any time following the 
field maximum by the equation 

Qt = Q. . e-” 
where: Qt = soil moisture depth 

in mm at time t in 
days 

Q0 = soil moisture depth 
in mm at time 0 , 
field maximum. 

The rate of depletion varied 
with grazing intensity. The con- 
stant k was found to be .00421, 
00925, and .00683 for the heavily, 
lightly, and ungrazed plots, re- 
spectively (Figure 4) . 

In the heavily grazed plot 
evapotranspiration losses by the 
dominant annual plants (mainly 

bear clover and Red-Stem 
filaree) were intense but, be- 
cause of the continuous mutila- 
tion of area1 parts and the con- 
sequent reduced root mass and 
length, those losses were con- 
siderably reduced considering 
the whole soil profile. In con- 
t r a s t , the evapotranspiration 
losses from the lightly grazed 
plot were the greatest with the 
fast growing a n d intensively 
transpiring annual plants. On the 
other hand, evapotranspiration 
losses were smaller on the un- 
grazed plot because the growth 
and activity of perennial grasses 
in the composition were delayed 
in the spring as compared with 
annuals. The drying period was 
consequently longer due mainly 
to the activity of the deeply 
rooted grasses. Soil moisture de- 
pletion was eventually complete 
even in the lowest layer (Figure 
3) * 

Following the period of in- 
tense plant growth, which coin- 
cides with the time the soil mois- 
ture is close to the PWP (begin- 
ning of June for lightly grazed 
plots and July for the protected 
ones, the rate of soil drying was 
very low. It increased gradually 
from the heavily to the lightly 
and ungrazed plots In the case of 
heavy grazing the depletion was 
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FIGURE 5. Evapotranspiration loss curves under different intensity of grazing with rainfall 
during period included. 
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Table 1 Rates of soil moisture depletion. 
~~ -_.__ 

Soil 
Mois- Rain During 
ture Depletion Period Depletion Constant Rates k 

Degree at Field Percent of Without After Expected in 
of Maxi- Field Adding Adding Percent Proportion to 

Grazing mum Total Maximum 112 mm 112 mm Increase Soil Moisture 
Increase 

__ (mm) - - 
Heavy 401 112 27.9 .00421 .00556 32.1 .00538 
Light 578 112 19.3 .00925 .01034 11.9 .01104 
None 570 112 19.6 .00683 .00814 19.2 .00817 

due only to evaporation losses. 
(The same rate constant was 
found for the summer evapora- 
tion losses from barren soil in 
the depth of 3” by P. Zinke, 
1959). The presence of still living 
and deeply rooted perennials in 
the lightly grazed and ungrazed 
plots, on the other hand, caused 
some transpiration losses. These 
losses were slightly greater un- 
der no use, whereas the constant 
r a t e s k were comparatively 
higher (Figure 4) . 

During the soil moisture deple- 
tion period in 1959-60, scattered 
showers amounting to 112 mm. 
were received on the experi- 
mental plots from March 15 to 
May 31. Those showers did not 
affect or disturb the constant 
rates of the exponential deple- 
t i o n. Apparently, when the 
showers were 3: e c e iv e d, the 
actual rates of soil moisture de- 
pletion w e r e temporarily in- 
creased to a level corresponding 
to a higher soil moisture content, 
but very soon afterward the 
rates returned to the long period 
constant rate. The same explana- 
tion has been given by others 
(U.S. A.E. Exp. Station 1959). 

Figure 5 shows the constant 
rates k of soil moisture deple- 
tion when rain for the period is 
added to the soil moisture stor- 
age losses between samplings. It 
is important to notice that even 
in this case the depletion curves 
keep the exponential form. The 
calculated increases of the rate 
constants are proportional to the 
percent of soil moisture loss in- 
crease, as affected by the addi- 
tion of the rain received during 
the depletion period. Table I 

shows t h e respective figures. 
With the exception of the lightly 
grazed plot, the percent increase 
of the rate constants is very close 
to the percent increase of evapo- 
transpiration losses as affected 
bY 

1. 

2. 

3. 

the rain. 

Conclusions 

Soil moisture depletion in this 
study followed an exponen- 
tial form! it was proportional 
to the soil moisture available 
to plants. (Qt = Q0 . e-kt, 
where Qt is amount of water 
at time t, and Q0 is initial 
water content.) 
In Mediterranean climates 
soil moisture can be accurate- 
ly predicted at any time fol- 
lowing the field maximum 
soil moisture, which coincides 
with the end of the winter 
rainy season. Special studies 
can be conducted for the pur- 
pose of determining local con- 
stant rates k. 
Given that plant growth stops 
when soil moisture is close to 
the permanent wilting point, 
the prediction of that point 
several months in advance is 
of great value to range opera- 
tors. They can so determine, 
with good approximation, the 
green forage season on their 
r a n g e, a n d consequently 
make necessary provisions for 
k e e p i n g t h e i r livestock 
healthy. Marketing provisions 
and supplement feeding 
arrangements m a d e ahead 
would tend to avoid economic 
losses. 
It might also be possible, by 
conducting new studies for 
the purpose of correlating 

4. 
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available soil moisture con- 
tent with the water content 
of the green plant material to 
develop formulas for proper 
range supplemental feeding. 
Knowledge of the water con- 
tent of range herbage in rela- 
tion to its bulk and finally to 
actual nutrient content may 
help greatly in developing a 
better balanced daily ration 
for high producing livestock. 

Summary 

A study was conducted in 
annual type grassland in the 
Berkeley H i 11 s, California, to 
check s o i 1 moisture depletion 
rates. 

Soil moisture depletion was 
found to follow the exponential 
form (Qt = Q0 . e -kt, where Qt 
is the amount of water at time t, 
and Q. is the initial water con- 
tent). This says that the rate of 
depletion is proportional to the 
soil moisture available to plants. 

The rate of soil moisture deple- 
tion varies with the intensity of 
grazing. The constant rate k was 
found to be .00421, .00925, and 
.00683 for heavily, lightly, and 
ungrazed plots, respectively. 
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An Appraisal of the Loop Transect Method 
For Estimating Root Crown Area Changes 

JUSTIN G. SMITH 

Range Conservationist, Pacific Northwest Forest and 
Range Experiment Station, Forest Service, U.S. Depart- 
ment of Agriculture, Portland, Oregon’ 

One of the most serious prob- 
lems confronting the range tech- 
nician, administrator, and user 
alike has been the lack of a suita- 
able quantitative method for 
evaluating range condition and 
trend. Because of the hetero- 
geneity of the flora on most 
ranges, the amount of sampling 
required to obtain a good esti- 
mate of the population with 
available techniques has been 
large. 

Range technicians are con- 
stantly striving to improve their 
sampling techniques, and one of 
the most noteworthy efforts in 
this direction has been made by 
the Forest Service (Parker, 
1951). As described by Parker 
this technique incorporates many 

1 The author was at the Intermoun- 
tain Forest and Range Experiment 
Station, Forest Service, U.S. De- 
partment o j Agriculture, Ogden, 
Utah, when this study was made. 

ZParker, Kenneth W. Final report 
on development of a method for 
measuring trend in range condition 
of national forest ranges. (Unpub- 
lished report on file U. S. Forest 
Service, Washington, D. C.) 1951. 

sPechanec, Joseph F. Progress re- 
port on Flagtail condition and trend 
methods study. (Unpublished re- 
port. Pac.. NW Forest and Range 
Expt. Sta., Portland, Oreg.) 1951. 

ideas from other measurement 
methods and has been designated 
the “3-step Method.” Step 1 of 
the 3-Step Method involves the 
use of a loop three-fourths of an 
inch in diameter to record hits 
on vegetation, litter, rocks, and 
other items. It is with this loop 
procedure that the present study 
is concerned. 

The data obtained from the 
loop readings are intended to 
serve as benchmarks for future 
readings. Presumably, the 
changes recorded in the loop 
readings for a specific item over 
a period of time, coupled with 
other extensive wide-scale esti- 
mates, are indicative of trends. 
The reliance which the observer 
can place on his conclusions re- 
garding trends depends largely 
on the magnitude of differences 
recorded by the loop and on his 
knowledge of and experience 
with the vegetal type under con- 
sideration. 

Because the loop readings con- 
stitute an important part of the 
S-Step Method, it is essential to 
have some knowledge of the sen- 
sitivity of the loop in detecting 
changes. Several observers have 
reported on investigations de- 
signed to test this matter of sen- 
sitivity. Parker2 used belt tran- 

sects on which he counted plants 
of the rhizomatous sweet sage- 
brush (Artemisia discolor). 
Then, by means of a series of 
loop readings before and after 
removals of portions of the sweet 
sagebrush population he was 
able to correlate changes in loop 
hits with changes in population. 
He found close agreement be- 
tween actual percentage remov- 
als and percentage removals as 
determined from the mean loop 
readings of 12 transects. 
Pechanec3 made a detailed study 
of the loop procedure and con- 
cluded that the number of lOO- 
foot loop transects required for 
a lo-percent sampling error 
(P=O.33) in measurement of 
range condition was 40 for open 
forest, 40 for sagebrush-bitter- 
brush, and 40+ for meadow 
types. 

A comparison of the line in- 
terception, vertical point quad- 
rat, and loop techniques as used 
in measuring basal area of grass- 
land vegetation was reported by 
Johnston (1957). On one of the 
four sites studied, Johnston 
found that 50-foot loop transects 
were more efficient than lOO-foot 
ones and that 68 of these 50-foot 
lines were required to sample the 
dominant species to within 10 
percent of their true means 
(P=O.O5). To sample the domi- 
nant species on the other three 
sites accordingly required 2, 11, 
and 25 loop transects 100 feet 
long. Much greater sampling in- 
tensity was required to achieve 
the lo-percent accuracy with 
secondary species. Although 
these data confirm the findings 


