
these surface characteristics sta- 
bilize after one summer’s rain- 
fall. 

Soit Movement on the PZots.- 
Generally, the lower half of the 
12-ft-long plots underwent more 
erosion than the upper half, pos- 
sibly owing to increased velocity 
and quantity of surface flow on 
the lower half. The cleared, pit- 
ted, and seeded plots were the 
only ones showing distinctly 
greater erosion from the upper 
half than from the lower half. 
The cleared and pitted plots, the 
cleared and seeded plots, and the 
pitted and seeded plots, showed 
equal amounts of erosion in the 
upper and lower halves. 

Effects of Treatments on Sur- 
face Runoff. - There was little 
correlation between treatments 
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Effects of Crown Cover.- 
Crown cover appeared to have a 
greater effect in reducing rain- 
site runoff than did soil treat- 
ments. As the crown cover in- 
creased, the surface runoff de- 
creased significantly. Also, 
crown cover slightly reduced the 
microrelief change. 
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Highlight 

Water intake rates on differential- 
ly grazed rangeland watersheds were 
nearly linear wiih ihe heavily grazed 
watershed having the lowest and the 
lightly grazed watershed the highest 
rate. Annual runoff was greatest 
from the heavily grazed watersheds 
and least from ihe lightly grazed. 
Storm characferisfiq were a factor 
in fhe production of runoff. 

1Published with approval of the Di- 
rector, Wyoming Agricultural Ex- 
periment Station, as Journal Article 
No. 287. Contribution from the 
Northern Plains Branch, Soil and 
Water Conservation Research Di- 
vision, AgricuZturaZ Research Ser- 
vice, USDA, in cooperation with the 
Wyoming and South Dakota Agri- 
cultural Experiment Stations. 

Grazing-intensity studies on 
native rangeland at many loca- 
tions have been conducted pri- 
marily to obtain basic informa- 
tion from vegetative and live- 
stock responses. Other informa- 
tion of value has also been ob- 
tained. 

Sharp et al. (1964) obtained 
basic hydrologic data at Cotton- 
wood, South Dakota, from small 
rangeland watersheds grazed 
lightly, moderately, and heavily. 
Johnston (1962)) Rauzi (1963)) 
and Rhoades et al. (1964) made 
water-intake studies on native 
pastures differentially grazed for 
20V years or more. Basic soils 
information was obtained 
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(Rhoades et al. 1964) from pas- 
tures differentially grazed. Thus 
the grazing-intensity studies 
have and are yielding additional 
information beyond what was 
originally planned. 

Production of kind and amount 
of native herbage for a given soil 
type is influenced largely by the 
amount and distribution of pre- 
cipitation. In turn, the water-in- 
take rates may be influenced by 
management, surface, and sub- 
surface soil conditions, the kind 
and amount of vegetal cover 
present, and intensity of rainfall 
(Rauzi and Kuhlman, 1961). 

The study reported herein was 
conducted at the Cottonwood 
Range Field Experiment Station, 
Cottonwood, South Dakota. Pur- 
pose was to evaluate effects of 
grazing intensities and vegetal 
cover on water-intake rates. 
Some additional soil properties, 
thought to be of importance, 
were also measured. 
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Study Area and Procedure 

The small rangeland watersheds 
used in this study were situated on 
pastures grazed lightly, moderately, 
and heavily since 1942. Research 
results have been reported on by 
Johnson et al. (1951) and Lewis et al. 
(1956). Cattle stocking rates have 
averaged 3.25, 2.42, and 1.35 acres/ 
AUM (animal unit month) for the 
light, moderate, and heavy grazing, 
respectively. 

Vegetation is considered mixed 
prairie. Principal shortgrass species 
are blue grama (Bouteloua gracilis), 
buffalograss (Buchloe dactyloides), 
Sandberg bluegrass (Poa secunda), 
and needleleaf sedge (Carez eleo- 
charis). Midgrasses include western 
wheatgrass (Agropyron smithii), 
green needlegrass (Stipa viriduZa), 
needle and thread (Stipa comata), 
and little bluestem (Andropogon 
scoparius). 

Soils on the study area have been 
classified as Pierre-Promise associa- 
tion. These soils are modertely deep 
and underlain by Pierre shale. Sur- 
face soils are friable silty clay on 
silty clay loam. Subsurface cracking 
may be more pronounced than sur- 
face cracking as these soils dry. 

Wavy gilgai microrelief, a succes- 
sion of microvalleys and microridges 
that run with the slope, are present 
throughout the watersheds and have 
been described by White and Bone- 
stall (1960). Our preliminary studies 
indicate that the rate of water intake 
may be affected by the microrelief, 
but in this study we made no at- 
tempt to evaluate such an effect. 

We are indebted to the South Da- 
kota Agricultural Experiment Sta- 
tion and the Cottonwood Range Field 
Experiment Station for use of the 
pasture areas, which are a part of 
long-time grazing studies conducted 
by the South Dakota Agricultural 
Experiment Station at Brookings. 

Watershed-study areas on each of 
the three differentially grazed pas- 
tures were established in 1962. With- 
in each 8-acre watershed site in each 
pasture, four contiguous watersheds 
approximately 2 acres in size were 
constructed (Sharp et al. 1964). The 
soil and aspect of the three sites were 
very nearly the same. The slope was 
nearly the same and averaged 7.8, 
7.6, and 7.9%, respectively, in the 
lightly, moderately, and heavily 
grazed pastures. 
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FIG. 1. H-type flume with stage recorder 
to measure runoff from small rangeland 
watersheds. 

To measure runoff water from nat- 
urally occurring rain storms, each 
watershed is equipped with a 2-foot 
H-type flume with approach box and 
FW-1 stage recorder (Fig. 1). 

Simulated rainfall was applied 
with a mobile infiltrometer (Rauzi, 
1963) to a circular area of approxi- 
mately 13 fts. The test plot was 2 ft 
square and located in the center of 
the area receiving rainfall. Simulated 
rainfall was applied to the test plots 
for l-hour periods at intensities vary- 
ing from 2.90 to 4.12 inches/hr. A 
higher intensity of simulated rainfall 
was required on the lightly grazed 
watersheds than on the heavily or 
moderately grazed watershed to ob- 
tain runoff early in the test period. 
Water intake was measured as the 
difference between the amount ap- 
plied and measured runoff. The 
equipment was left in place after the 
last test of the day. On the following 
morning a wet run of l-hour dura- 
tion was made on the previously 
wetted plot. Average elapsed time 
between the dry and wet run was 16 
hrs and 40 min. A wet run was made 
on each replication of each water- 
shed, making a total of four wet runs 
per watershed. 

Three tests were made on each 
replication for a total of 12 tests on 
each of the three watersheds. The 
raindrop applicator was moved to a 
different replication or watershed 
daily. 

Moisture content of the soil at the 
time water-intake measurements 
were made was determined gravi- 
metrically from soil samples taken 

near each test plot at the 0- to 6- and 
6- to 12-inch depths. 

All standing vegetation on the test 
plots, including the previous year’s 
growth, was clipped at ground level 
after the water-intake measurement 
was made. The vegetation was sepa- 
rated into the following categories: 
midgrasses, shortgrasses, annual 
grasses, sedges, and forbs. All mulch 
material on the test plot was col- 
lected. These materials were air- 
dried and weighed; yields were then 
computed. Species composition of 
each test plot was determined by the 
vertical point-quadrat method. 

Three cores of soil 3.5 inches in di- 
ameter and 4 inches long were taken 
from each grazing treatment in each 
watershed. Bulk density and pore 
space (drained between 0 and 70 cm 
Hz0 tension) were determined on 
each of these cores.2 

Results and Discussion 

Water Intake - Water-intake 
rates on the watersheds varied 
with intensity of grazing (Table 
1). During the second 30-minute 
period of the l-hour test, the 
water-intake rate on the moder- 
ately grazed watershed was near- 
ly twice that on the heavily 
grazed watershed. Water-intake 
rate during the second 30-minute 
period on the lightly grazed 

2Determjnation.s made by W. D. 
Kemper. Soil Scientist, Agricultural 
Research Service, USDA, and Colo- 
rado State University, Fort Collins. 



watershed was nearly four times 
that on the heavily grazed water- 
shed and over twice that on the 
moderately grazed watershed. 
Total water intake during the l- 
hr test on the heavily, moder- 
ately, and lightly grazed water- 
sheds followed a similar pattern. 

On basis of the water-intake 
data obtained during the second 
30-minute period of the l-hour 
test, no runoff would occur from 
a 30-minute storm having an in- 
tensity of 2.00 inches on the mod- 
erately and heavily grazed water- 
sheds. During the summer 
months, short-duration, high-in- 
tensity rainstorms occur fre- 
quently. A 5-minute storm with 
rainfall intensity of 6.00 inches/ 
hour would produce runoff from 
most rangelands. A storm of this 
magnitude can be expected once 
in 10 years in the study area. 

A storm of 1 inch of rainfall 
during a 30-minute period (2 
inches/hr) can be expected in 
the Cottonwood area once every 
two years. A storm with an in- 
ten&y of 4.00 inches/hr for a 30- 
minute period may be expected 
once in 25 years (Hershfield 
1961). 

Soil-moisture content mea- 
sured on July 12 on the heavily 
grazed watershed varied from 
14 to 26% for the 0- to 6-inch 
depth. One rain of consequence 
was recorded during the begin- 
ning of the study period. There- 
after, the soils became progres- 
sively drier, and after a few days 
soil moisture was near or below 
the wilting percentage in the top 
foot of soil. For this series of 
tests, no correlations were found 
between percent soil moisture 
and water-intake ‘rates. 

The comparison of water-in- 
take rates between the dry and 
wet runs is presented in Table 2. 
Water-intake rates were mark- 
edly reduced on the wet run. 
Total water intake was slightly 
less than half that measured for 
the dry runs. The soils on the 
wet run had not reached field 
capacity, but the swelling clays 
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Table 1. Air-dry herbage and mulch (lb/acre) and rate of wafer intake 
(inches/hr) on small native range watersheds grazed heavily, moder- 
ately, and lightly. Cottonwood, South Dakota, 1964. 

Rate of Water Intake 
Total First Second Ave. for 

Study Areai Herbage Mulch 30-min. 30-min. 1-hr. period 

Heavily grazed 910’ 456” 1.40” 0.71’ 1.05’ 
Moderately grazed 1,345b 39gb 2.16’ 1.21b 1.69” 
Lightly grazed 1,869” 1,100” 3.19” 2.72” 2.95” 

1 Twelve test plots on each study area. Means with the same letter super- 
script are not statistically different from each other at the 0.05 level of 
significance. 

Table 2. Water-intake rafes (inches/hr) during firsi and second 30-minute 
period and total for l-hour fesf for dry and wet runs on watersheds 
grazed heavily, moderately and lightly. Cottonwood, South Dakota, 1964. 

Dry Run Wet Run 
First Second Total First Second Total 

Study Area’ 30-min. 30-min. 1-hr. 30-min. 30-min. 1-hr. 

Heavily grazed 1.50 0.72 1.11 0.66 0.36 0.51 
Moderately grazed 2.26 1.20 1.73 0.84 0.54 0.69 
Lightly grazed 3.12 2.34 2.73 1.46 0.96 1.26 

IFour test plots on each study area. 

had sealed off the surface cracks. 
The wet runs showed the same 
water-intake trend that was 
shown by the dry runs on the 
three differentially grazed water- 
sheds. This indicates that the in- 
tensity of grazing may have 
altered the soil structure as well 
as the kinds and amounts of 
vegetative cover. 

Vegetal Cover. - Twice as 
much total herbage was present 
on the lightly grazed watershed 
as on the heavily grazed one 
(Table 1). Only a trace of mid- 

grasses was present on the heavi- 
ly grazed watershed, whereas 
nearly 50% of the total herbage 
on the lightly grazed watershed 
was midgrasses (Fig. 2). 

More dryland sedges were 
present on the heavily grazed 
watershed than on the moderate- 
ly or lightly grazed watersheds. 
Forb species were more abun- 
dant on the moderately grazed 
watershed than on either the 
moderate or heavily grazed 
watershed. Annual grasses, chief- 
ly Japanese brome (Bromus jap- 
onicus), were associated with the 
lightly grazed watershed. 

The amount of natural mulch 
material on the test plots varied 

with the grazing intensity (Table 
1). Natural mulch as defined by 
Dyksterhuis (1947) is the non- 
living plant materi.al on the soil 
surface. Test plots on the lightly 
grazed watershed had nearly 2.5 
times more mulch than did the 
heavily grazed watershed and 
2.75 times more than the moder- 
ately grazed watershed. There 
was an abundance of buffalo- 
grass seed present on the heavily 
grazed watershed, and this was 
included in the mulch material 
collected. The amount of mulch 
material varied with kind and 
amount of vegetative cover. 
Amount of mulch present in- 
creased with an increase of mid- 
grasses and Japanese brome. 

Species composition on the 
plots was determined by the ver- 
tical point quadrat and by weigh- 
‘ing. Blue grama and buffalograss 
accounted for 97, 80, and 49% of 
the composition as measured by 
the point quadrat, and 94, 78 and 
41% by weight, for the water- 
sheds grazed heavily, moderate- 
ly, and lightly, respectively. 

Water Intake and Vegetal 
Cover - Water-intake rate, 
amount of total herbage, and 
mulch from the three watersheds 
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FIG. 2. Comparison of vegetative cover on the heavily grazed (left) and lightly grazed (right) watersheds. 

were used in a multiple-regres- 
sion analysis. Water-intake rate 
during the second 30-minute pe- 
riod of the l-hr test was the de- 
pendent variable; total herbage 
and mulch (both in lb/acre) 
were the independent variables. 
The correlation coefficient for 
the multiple regression analysis 
was 0.845. The analysis showed 
that total herbage and mulch 
accounted for 71%> of the varia- 
tion in water intake on the three 
differentially grazed watersheds. 
The simple correlation coeffi- 
cient for water intake and total 
herbage was 0.734, and was 0.801 
for total herbage and mulch ma- 
terial. Both the total herbage 
and mulch material contributed 
significantly to the rate of water 
intake at the 0.01 level. The 
multiple-regression analysis re- 
sulted in the following equation: 

Y= .0007x1 + .0013x2--0.26 
Where Y = water intake (inches/ 

hr) 
-“l = Total vegetal cover 

(lb/acre) 
“2 = Total mulch (lb/acre) 

The regression equation was 
statistically significant at the 
0.01 level of probability. 

Bulk Density and Pore Space- 
Bulk density and pore space 
(drained from 0 to 70 cm H20 
tension) is shown in Table 3. Dif- 
ferences between soil bulk den- 

Table 3. Effect of grazing intensify 
on bulk densify (g/cc) and pore 
space ($% of fofal volume). 

Grazing Bulk 
Treatment density 

Pore 
space1 _ ~__ 

Heavy 1.29 7.7 
Moderate 1.24 8.4 
Light 1.17 10.6 

IPores drained from 0 to 70 cm Hz0 
tension. 

sities were all highly significant. 
Pore space of the lightly grazed 
treatment was significantly 
larger than in the moderate and 
heavily grazed treatments at the 
0.01 level. The probability that 
the moderately grazed areas have 
more pore spaces than the heavi- 
ly grazed area is about 70% (0.3 
level) . 

Runoff from Watersheds - 
Runoff data for 1963 and 1964 
are available for the watersheds. 

Four rainfall-runoff events dur- 
ing 1963 produced the runoff 
shown in Table 4. The first run- 
off-producing storm on May 30 
followed a period of approxi- 
mately normal precipitation 
(Sharp et al. 1964). This high in- 
tensity storm produced about 3 
inches of rain. The maximum 
lo-minute rainfall intensities 
varied from a high of 7.80 
inches/hr on the lightly grazed 
watershed to 4.80 inches/hr on 
the heavily grazed watershed. 
An intensity of 7.80 inches/hr 
for a lo-minute rainfall is ap- 
proximately equal to a loo-year 
storm (Hershfield, 1961). Run- 
off from the heavily grazed 
watershed was 1.4 times greater 
than from the moderately grazed 
watershed and about 9 times 
greater than the lightly grazed 
watershed. The second runoff- 

Table 4. Precipitation and runoff during 1963 and 1964 on watersheds 
grazed heavily, moderately, and lightly. Cotfonwood, South Dakota. -__- __~ ____ -_ 

Year and Inches Precip. Runoff -Prod. 
Grazing Runoff Precip. % of Inches Runoff %- of 
Treatment Annual Prod. Ann. Precip. Runoff Ann. Precip. 

___________ ___- ---___ __- _~ -- ____~ _ 
1963 

Heavy 15.19 7.40 48.7 1.77 11.7 
Moderate 14.97 7.15 47.8 1.53 10.2 
Light 15.86 7.47 47.1 1.39 8.8 

1964 
Heavy 13.74 5.82 42.4 .87 6.3 
Moderate 13.63 4.19 30.7 .32 2.3 
Light 13.02 2.94 22.6 .05 0.4 

_____ 



producing storm of 0.59 inch was 
on June 6. Runoff from this small 
storm was the greatest from the 
heavily grazed watershed and 
least from the lightly grazed 
watershed. On June 15 another 
3-inch storm occurred and the 
lightly grazed watershed pro- 
duced 1.23 inches of runoff which 
was 2.2 and 4.2 times more run- 
off than from the moderately and 
heavily grazed watersheds, re- 
spectively. The maximum lo- 
minute rainfall intensity was 1.4 
inches/hr for each of the water- 
sheds. The reason for the high 
runoff amount from the lightly 
grazed watershed was probably 
the previous abundant rainfall 
resulting in a high antecedent 
soil moisture (Sharp et al. 1964). 
The fourth storm, on July 29, 
was a high-intensity, short-dura- 
tion storm. The runoff from this 
storm was greatest from the 
heavily grazed watershed and 
least from the lightly grazed. 

The 1963 total annual runoff 
from the three watersheds grazed 
heavily, moderately, and lightly 
was 1.77, 1.53, and 1.39 inches, re- 
spectively (Table 4). The pro- 
portion of annual runoff to an- 
nual precipitation was greatest 
on the heavily grazed watershed 
and least on the lightly grazed. 

The number of runoff-produc- 
ing storms during 1964 was 8, 7, 
and 5, respectively, for the heavi- 
ly, moderately, and lightly grazed 
watersheds. A low-intensity 
storm on April 20 was the only 
storm during the year that had 
a rainfall over 1 inch, and run- 
off occurred only on the heavily 
grazed watershed. Some runoff 
occurred on both the heavily and 
moderately grazed watersheds 
from a small storm on May 2. 
The first storm to produce runoff 
on all the watersheds was on 
May 15, when approximately 
0.62 inch of rain produced 0.03 
inch, 0.01 inch, and a trace of 
runoff on the heavily, moderate- 
ly, and lightly grazed water- 
sheds, respectively. Four June 
storms all caused runoff from all 
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three watersheds, the greatest 
runoff coming from the heavily 
grazed watershed and the least 
from the lightly grazed. The last 
runoff-producing storm was on 
July 9, when the rainfall on the 
heavily and moderately grazed 
watersheds was about 0.63 inch, 
while the lightly grazed water- 
shed received only 0.18 inch. 
Probably because of this differ- 
ence in precipitation, runoff oc- 
curred from the heavily and 
moderately grazed watersheds, 
but no runoff occurred on the 
lightly grazed watershed. The 
1964 total annual runoff was 0.87, 
0.32, and 0.05 inch for the heavi- 
ly, moderately, and lightly 
grazed watershe&, respectively 
(Table 4). The proportion of run- 
off to annual precipitation was 
the greatest for the heavily 
grazed watershed and the least 
for the lightly grazed. 

A few high-rainfall and high- 
intensity storms during 1963 
caused more runoff than a great- 
er number of smaller storms dur- 
ing 1964. Runoff never occurred 
on any of the watersheds with 
less than a 0.43-inch rainfall, and 
runoff always occurred when the 
rainfall was greater than 0.75 
inch. All storms with a maxi- 
mum lo-minute intensity of 1.80 
inches/hr or more produced run- 
off on all watersheds. During 
1963 and 1964 there were seven 
storms with maximum lo-minute 
intensities of 1.80 inches/hr or 
more. These factors indicate that 
the characteristics of the storms 
are among the controlling factors 
in runoff production on any 
watershed, 

There has been no snowmelt 
runoff since the project was 
started, 

Summary 

During July 1964, water-intake 
studies were conducted on three 
small differentially grazed 
rangeland watersheds at the Cot- 
tonwood Range Field Experi- 
ment Station, Cottonwood, South 
Dakota. In 1962, the small water- 
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sheds were superimposed on pas- 
tures grazed lightly, moderately, 
and heavily since 1942. 

Water-intake rates were near- 
ly linear with grazing intensity. 
Total water intake on the lightly 
grazed watershed was 2.5 times 
greater than on the heavily 
grazed watershed and 1.8 times 
greater than on the moderately 
grazed watershed. 

Species composition on the test 
plots on the three differentially 
grazed watersheds showed 
marked differences. Blue grama 
and buffalograss were the domi- 
nant species on the heavily and 
moderately grazed watersheds, 
accounting for 97 and 80% of the 
total composition, respectively. 
Western wheatgrass was the 
dominant midgrass and Japanese 
brome the dominant annual grass 
found almost exclusively on the 
lightly grazed pasture. 

Water-i.ntake rates during wet 
runs were reduced to nearly half 
those during dry runs. Water-in- 
take rates from the wet runs 
showed the same nearly linear 
trends on the differentially 
grazed watersheds that were ob- 
tained from the dry test runs. 
The dry and wet runs indicated 
that not only has the species com- 
position been altered by 22 years 
of differential grazing but possi- 
bly the soil properties have been 
changed. 

Bulk density and pore-space 
measurements further showed a 
change in soil properties. Heavy 
grazing compacted the soil and 
significantly decreased the pore 
spaces in the top 4 inches of the 
soil when compared with light 
grazing. 

Two years’ runoff data indi- 
cate that, on an annual basis, the 
heavily grazed watershed pro- 
duces the most runoff and the 
lightly grazed watershed pro- 
duces the least. The data indicate 
that storm characteristics are a 
dominant factor in the produc- 
tion of runoff from areas differ- 
entially grazed. Thus, manage- 
ment of grazing can decrease 
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runoff and increase the amount 
of available precipitation enter- 
ing the soil for plant use. 

beef cows and calf production on 
mixed prairie vegetation on west- 
ern South Dakota ranges. South 
Dak. Agr. Exp. Sta. Bull. 412. 39 p. 
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HighLight 
This paper presents preliminary 

results of formulating quantitatively 
the influence of site factors on vari- 
ous nutrient production measures 
and using these relationships in 
linear programming models fo defer- 
mine the optimum protein produc- 
tion on a foothill range. Site char- 
acterisfics for optimum protein pro- 
duction were constrained to fall 
within the range of variables mea- 
sured, and were constrained to safis- 
fy certain inherent relationships 
known about these variables. This 
example shows a useful application 
of an operations research technique 
to resource evaluation problems. 
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Large, fast digital computers 
have become available in the last 
15 years and have allowed the 
development of special methods 
of analyzing and studying com- 
plex systems in industry and 
government. Range ecosystems 
are good examples of complex 
systems, and it is inevitable that 
mathematical analysis will be- 
come increasingly important in 
the future in range research and 
range management, as well as in 
many phases of renewable re- 
source management. To take ad- 
vantage of the methodological 
and conceptual advances from 
operations research and systems 
analysis means we will have to 
give increased attention to for- 
mulating and studying range 
problems in mathematical terms. 

This paper reports only an in- 
troductory approach in applying 
and integrating multiple linear 
regression and linear program- 
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ming methods in studying what 
I call the “optimum site prob- 
lem.” The work at present is 
neither exhaustive nor complete 
but will serve to show, with real- 
istic examples, the potential of 
these techniques for learning 
more about range ecosystems. 

The purpose of this paper is 
(i) to show the development of 
the quantitative formulation of 
site relationships to vegetation 
productivity, (ii) to use multiple 
linear regression equations as ob- 
jective functions in, and to de- 
velop constraints for linear pro- 
gramming models, and (iii) to 
show by example and discussion 
where these approaches have ap- 
plication in analysis of renew- 
able resource management prob- 
lems. 

The Range Site 

Foothill ranges are good ex- 
amples 0 f complex and diverse 
environments. A schematic sim- 
plification is given in Fig. 1. Dif- 
ferent geologic formations may 
outcrop at different levels pro- 
viding various parent materials 
for residual soils, and parent ma- 
terials for some soils may be 
transported onto the site. Varia- 
tions in degree of slope and ex- 
posure also are characteristic of 
foothill rangelands. Important 
variable climatic influences in- 


