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ABSTRACT OF THESIS
SOIL WATER PHENOMENA OF A SHORTGRASS PRAIRIE SITE

This thesis represents an investigation of soil water recharge
and depletion phenomena on a shortgrass prairie site in northeastern
Colorado. Soil type, grazing intensity, and various topographic
variables were all studied to determine their influence on the soil
water balance. The soil water balance was subdivided into three
periods: recharge due to snowmelt, recharge due to spring rainfall,
and growing season depletion. It was estimated that over 60% of the
winter precipitation was lost to a combination of evaposublimation and
wind transport of snow; it is highly likely that wind-transported snow
accounts for over half of this loss. Despite this loss, approximately
48% of the total soil water recharge received between growing seasons
1970 and 1971 was derived from snowmelt. On some optimum sites snow-
melt accounted for over 70% of the total recharge. Of the many topo-
graphic variables affecting snow retention on the prairie, slope
exposure to prevailing winds appears to be the most important, with
leeward slopes trapping considerably more snow than windward slopes.
In evaluating position-on-slope, it was found that sites which occupy
the middle and lower one-third slope positions are optimum sites for
snow accumulation. In addition, this study supports the conclusions
of earlier workers, who found that snow retention is directly related
to vegetation height. Under the precipitation regime of 1971, soil

water recharge by rainfall appeared to be independent of the various
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soil, grazing, and topographic variables investigated. Thus, it is
concluded that the spatial distribution of soil water recharge received
between growing seasons on the prairie is largely dependent upon pat-
terns of snow retention and redistribution.

Actual evapotranspiration fell below potential evapotranspira-
tion early in the growing season on all sites. Thus, patterns in soil
water recharge had an important influence on spatial distribution of
seasonal evapotranspiration. This influence apparently overshadowed
soil type and grazing intensity effects on soil water depletion.

Soil water potential data, obtained with thermocouple psychro-
meters, substantially supported the idea that the soil water regime
on the shortgrass prairie is indeed dry. Soil water potentials at
depths above 40 cm in most soils reached the -70 bar limit by the end
of July, 1971. These results indicate the potential usefulness of
thermocouple psychrometers in field studies of soil-water and soil-

plant-water relations.

Bruce Peter Van Haveren
Department of Earth Resources
Colorado State University
Fort Collins, Colorado 80521
June, 1974
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FOREWARD
I can foretell the way of celestial bodies,
but can say nothing of the movement of a
small drop of water.

Galileo Galileti

Galileo's apparent frustration over the behavior of water can be
interpreted and accepted as a tremendous challenge to students of
hydrology. To me it is a challenge to study and master the whole of
the hydrologic cycle from the macrolevel to the microlevel--a difficult
but exciting endeavor. Investigation of the hydrologic system shduld
be undertaken on a continuum basis, attacking each segment of the
system in its turm. The interdisciplinary nature of hydrology dictates
that the hydrologist delve into numerous subdisciplines of the physi-
cal, biological, and earth sciences, making the search for knowledge
an exceedingly enjoyable one.

The significance of my three years at Colorado State University
has quite simply and necessarily been the achievement of an under-
standing of the basic phenomenological relationships governing the
hydrologic cycle, that the flow of water through the hydrologic system
obeys certain common natural laws.

Traditionally, the graduate thesis has represented the culmina-
tion of a research problem--the collection, analysis, and synthesis
of knowledge in a particular subject area. I have attempted instead
to make this thesis an extension of and outlet for all the knowledge
acquired in countless hours of library study, seminar, informal dis-

cussion, and classroom participation, as well as in field and



laboratory research. In this respect, I hope this thesis represents a
departure from the traditional approach to a Master of Science thesis,
and yet still contributes a small amount to the existing knowledge of the
hydrologic system.

As with many graduate programs, mine was not an individual effort
by any means. My sincere thanks go to my major professor, Dr. W. D.
Striffler, and to the members of my graduate committee, Drs. D. A.
Jameson, A. Klute, and J. R. Meiman. I am also indebted to Drs. Alan
Galbraith and Freeman Smith, for they, as fellow graduate students
earlier in my program, contributed much to my_educationa] experience
here. The field work would never have been completed without the
occasional helping hands of Ray Souther and Eric Sundberg. David Swift
and his staff were always willing to lend assistance in computer pro-
gramming.

Stepp, a colleague and friend, taught me how to be both patient
and diligent.

Dr. George E. Hart and Eugene E. Farmer deserve a large measure
of credit for encouraging me to continue my education.

I owe my greatest debt of gratitude to my parents, whose faith
in me has been primarily responsible for bringing me this far in my
educational career.

Finally, through her Tove and understanding, Pearl shares equally

with me the responsibility for the successful completion of this work.

Vi



TABLE OF CONTENTS

Title Page. . . ¢ v v v v i e e e e e e e e e e e e e e e e e e s

Signature Page. . . . . ¢ i i it e e e e e e e e e e e e e e e

Abstract. . . . . . . o000 0oL
Foreword. . . . . . « o v ¢ o o000
Table of Contents . . . . . . .. .. ..
Listof Tables. . . . . . . . .. . ...
List of Figures . . . . . . . . . . ..
Chapter I. INTRODUCTION. . . . . . . ..

Objectives of the Soil Water Studies

oooooooooooo

oooooooooooo

oooooooooooo

oooooooooooo

oooooooooooo

oooooooooooo

The IBP Grasslands Biome Program and Pawnee Intensive Site .

The Central Basin Hydrologic Studies

oooooooooooo

Chapter II. REVIEW OF PERTINENT LITERATURE . . . . . . . . . ..

Grasslands Hydrology . . . . . . . .

oooooooooooo

Snow Accumulation and Redistribution on the Prairie. . . . .

The Soil Water Balance . . . . . . .

Soil water recharge . . . . . .

Soil water depletion. . . . . .

Energy Status of Soil Water. . . . .
Thermocouple Psychrometry. . . . . .
Chapter III. DESCRIPTION OF STUDY AREA .
The Pawnee Grasslands. . . . . . . .

The Lynn Lake Watershed. . . . . . .
Climate of the Pawnee Grasslands . .

Historical Geology and Geomorphology

vii

............

oooooooooooo

oooooooooooo

------------

oooooooooooo

oooooooooooo

oooooooooooo

aoNN

(o) BN & ]

10
12
16
20
22
22
23
26
28



TABLE OF CONTENTS (continued)

Page
Soils of the Lynn Lake Watershed . . . . . . . . .. . ... 29
Vegetafion of the Pawnee Site. . . . . . . . . ¢ . oo .. 39
Chapter IV. EXPERIMENTAL DESIGN, METHODS, AND INSTRUMENTATION. . 4]

Soil Sampling Methods and Laboratory Analysis Techniques . . 43

Soil Water Content Measurement . . . . . . . . . . ... .. 43

Soil Water Potential Measurement . . . . . . . . .. . . .. 51
Psychrometer calibration. . . . . . . . . . . . . .. 53

Field installation of soil psychrometers. . . . . . . . 57

Chapter V. STATISTICAL ANALYSIS OF SOIL WATER RECHARGE AND

DEPLETION . . . . ¢ ¢ v v v b it e e e e e e e s 60

The Water Balance Equation . . . . . . . . . . . ... ... 61

The winter water balance. . . . . . . .. .. ... .. 62

The growing season water balance. . . . . . . . . . .. 71

Results of Multiple-Variable Regression Analyses . . . . . . 80

Chapter VI. SOIL WATER BALANCE OF THE LYNN LAKE WATERSHED. . . . 100

The Winter Hydrologic Regime . . . . . . . . . . ¢ ... 100
Effects of topography and vegetation height on snow
retention . . . . . ..o L0 L0 d e s e e 103
The recharge ratio. . . . . . . . . ¢ . ¢ . oo .. 112

Soil Water Recharge by Rainfall. . . . . . . . . .. .. .. 116

Soil Water Depletion and Evapotranspiration. . . . . '. ... 118

Chapter VII. RESULTS OF THE SOIL WATER POTENTIAL STUDY . . . . . 121

Confidence Intervals for Field Soil Water Potentials . . . . 121

Soil Water Potentials on the Lynn Lake Watershed . . . . . . 123

Applications of Soil Water Potential Data. . . . . . . . .. 129

Chapter VIII. SUMMARY, RECOMMENDATIONS, AND CONCLUSIONS. . . . . 132

viii



TABLE OF CONTENTS (continued)

Page
Summary of Results . . . . . . . ¢ ¢ ¢ v v v v v v e e e . 132
Recommendations. . . . « . ¢ . ¢ v 0 o0 v et e e e 135
Conclusions and Significance of Study. . . . . . . . . . .. 136
Literature Cited. . . . . . . . . o v v v v v v v bt h e e e 137
Appendices. . . . . vt i i e e e e e e e e e e e e e e e e e e 144

Appendix A. Topographic Profiles of Sampling Transects. . . 144

Appendix B. Summaries of Soil Water Content and Soil Water
Potential Data. . . . . . . . . . . . ... 148

Appendix C. Summaries of Multiple Regression Analyses . . . 156

Appendix D. CONFIDE: A Fortran IV Computer Program for
Confidence Interval Calculation . . . . . . . . 164

ix



4.2a-d

LIST OF TABLES

Soil type-area relationship for the Lynn Lake watershed

Summary of physical properties of the major soils,
Pawnee Intensive Site . . . . . . . . . . . o .o o ..

Desorption characteristics of the major soils, Pawnee
Intensive Site (mean desorption data taken from
laboratory analysis as described in Chapter IV) . . . .

Characteristics of the sampling points on the soil
water transects . . . . . . . . 00 0o 00w e e e e

Sampling design of the soil water transects . . . . . .

Water potentials (in bars) of different NaCl solutions
for different temperature ranges. . . . . . . . . . ..

AQV table for results of the three-way model, slope
position X grazing intensity X exposure. The response
variable is (P +a8) or (AS +E) . . . . . . . . . . ..

AOV tables representing the models, (a) slope position
X exposure, (b) exposure X grazing intensity, and

(c) slope position X grazing intensity. The response
variable is (P + a6) or (AS+E). . . . . . . . . ...

AOV tables representing the models, (a) soil type

X grazing intensity, (b) aspect X grazing intensity,
and (c) slope position X grazing intensity. The
response variable is (P + Ae]) or early evapo-
transpiration . . . . . . . 0 0 00 0 0 e e e e e e e

AQV table representing the model, slope position X

grazing intensity. The response variable is (P + A62)
or late evapotranspiration. . . . . . . . . . . ...
AOV table representing the model, slope position X

grazing intensity. The response variable is (P + AeT)
or total evapotranspiration . . . . . . . . . . . . ..
The variables used in the six regression analyses . . .

Matrix of simple correlation coefficients for all
possible combinations of variables. . . . . . . . . ..

Regression summary for snowmelt recharge. . . . . . . .

Page
25

31

32

44
47

55

68

69

78

81

85
88

91
96



LIST OF TABLES (continued)

Table

5.
5.

5

9
10
.1

12
.13
.la-b

Regression summary for rainfall recharge. . . . . . . .
Regression summary for total recharge . . . . . . . ..

Regression summary for growing season evapotranspira-
L 10 £

Regression summary for early evapotranspiration . . . .
Regression summary for late evapotranspiration. . . . .

AOV tables representing the slope position X exposure
and slope position X grazing intensity models. The
recharge ratio, © s is the response variable. . . . . .

Regression summary for the analysis of the recharge
ratio. The regression AQV, regression coefficients,
and standard error of estimate are given in Appendix

C. The test was significant at the 0.99 level. . . . .

Predicted soil water potentia]s and associated 95% and

99% confidence intervals for the 20 cm depth in Shingle
loam for the 1971 growing season. . . . . . . . . . . .

xi

98
99
99

113



Figure

w
.

w w w W

w W W

[S2 NS 2 B S I \ V)

~

.10

.23

.2b

LIST OF FIGURES

Page
Soils map of Lynn Lake watershed. . . . . . . . . . . . Back
Pocket
Topographic map of Lynn Lake watershed. . . . . . . .. Back
Pocket
Topographic map of Lynn Lake. . . . . . . . . . . .. 24
Desorption curve for undifferentiated soil. . . . . . . 33
Desorption curve for Vona sandy loam. . . . . . . . . . 34
Desorption curve for Ascalon sandy loam . . . . . . . . 35
Desorption curve for Renohill sandy loam. . . . . . . . 36
Desorption curve for Shingle loam . . . . . . . . . . . 37
Desorption curve for Shingle-Renohill complex . . . . . 38
Vegetation map of Lynn Lake watershed . . . . . . . . . Back
Pocket
Soils map of the intensively-used pastures in the
Lynn Lake watershed, showing microwatersheds and
sampling transects. . . . . « ¢ ¢ . . o v 0 v e e e e 42
Diagram of thermocouple psychrometer probe used in the
Study & & . s L e e e e e e e e e e e e e e e e e e e 52
Design of psychrometer field installation . . . . . . . 58
The growing season trend in soil water storage at
depths below 150 cm. Values represent the mean of 5
samples. Tubes sampled include #9 and #13 of Tran-
sect No. 1 (heavily grazed); #7 of Transect No. 2
(1ightly grazed); and #6 and #16 of Transect No. 3
(moderately grazed) . . . .« & ¢ v ¢ v v 4 e v e e e 63
Soil water content as a function of both time and
depth for the 1970-71 recharge period, averaged over
all soil types and grazing treatments . . . . . . . . . 64
Soil water content as a function of both time and
depth for the 1971 depletion period, averaged over
all soil types and grazing treatments . . . . . . . . . 65
The interactive effects of slope position and grazing
intensity on (P +4a8) or (AS+E) . . . . . . . ... 72

xii



LIST OF FIGURES (continued)

Figure

5.4

6.1a-b

6.1c-d

6.2a-b

6.2c-d

Seasonal distribution of soil water storage by
grazing treatment . . . . . . . . 00000000

Seasonal distribution of soil water storage by
grazing treatment . . . . . . . . .. 0000 .o ..

Seasonal distribution of soil water depletion by soil
type for the heavily-grazed transect. . . . . . . . .

Seasonal distribution of soil water depletion by soil
type for the moderately-grazed transect . . . . . . .

- Seasonal distribution of soil water depletion by soil

type for the lightly-grazed transect. . . . . . . . .

The interactive effects of slope position and grazing
on (P + AeT) or total evapotranspiration for the

growing SeasoN. . .« « « v v 4 4 e 4 e e e 4 e e e e .

Photographs showing the effects of exposure and slope
position on snow accumulation on the shortgrass
Prairie . . v . . i e e e e e e e e e e e e e e e e

Photographs showing the effects of exposure and slope
position on snow accumulation on the shortgrass
Prairie « .« v v v vt e e e e e e e e e e e e e e e .

Photographs showing the effect of vegetation height
on snow accumulation on the shortgrass prairie. . . .

Photographs showing the effect of vegetation height
on snow accumulation on the shortgrass prairie. . . .

Soil water potential as a function of both depth and
time for the Ascalon sandy loam site, 1971 growing
SEASON. & v v v v vt e e e e e e e e e e e e e e e

Soil water potential as a function of both depth and
time for the undifferentiated bottomland soil site,
1971 growing SEason . « « v v ¢ ¢« v v ¢ o e e 4 e oo

Soil water potential as a function of both depth and
time for the Renohill sandy loam site, 1971 growing
SEASON. & v & & v 4 4 e e e e e e e e e e e e e e e

Soil water potential as a function of both depth and
time for the Shingle loam site, 1971 growing season .

xiii

74

76

82

83

84

86

106

107

110

111

124

125

126

127



LIST OF FIGURES (continued)

Figure
7.5

Al
A2

A3

Comparison of field vs laboratory soil water desorp-

tion curves for the 40 cm depth in Shingle loam soil.

Topographic profile of the lightly-grazed transect,
showing the 19 sampling points.

Topographic profile of the moderately-grazed
transect, showing the 18 sampling points.

Topographic profile of the heavily-grazed transect,
showing the 22 sampling points.

Xiv

Page
131
145
146

147



CHAPTER I
INTRODUCTION
In nature there is no effect without cause;
once the cause 1s understood there is no need

to test i1t by experience.

Leonardo da Vinetl

Objectives of the Soil Water Studies

This study, initiated in June, 1970, was designed to supplement
the original soil water balance investigation reported by Galbraith
(1971). Whereas the earlier study was confined to the Ascalon soil
series, this study dealt with all the major soil types within the cen-
tral basin watershed on the Pawnee Intensive Site, northeastern
Colorado. Both soil water investigations were part of the Hydrologic
Process Studies of the International Biological Program, Grasslands
Biome.

The specific objectives of this soil water study are summarized
as:

i. to determine certain physical properties of the
major soils found within the central basin on

the Pawnee Site,

ii. to evaluate the water retention characteristics
of the major soils,

iii. to investigate the effects of soil type and certain
topographic variables on the soil water balance, and

iv. to study, on a preliminary basis, the seasonal trends
in soil water potential as measured with thermocouple
psychrometers.

Two separate yet related minor investigations were carried out

concurrently with this study. One of these dealt with a procedure for



calibrating thermocouple psychrometers and is included in Chapter IV.
The other investigation, included in Chapter VII, is a comparison of
soil water desorption curves developed from laboratory data with curves

developed from field data.

The IBP Grasslands Biome Program and Pawnee Intensive Site

The International Biological Program (IBP) is involved in a large-
scale study of productivity and human welfare. The United States'
effort in the IBP includes the Analysis of Ecosystems project, of which
the Grassland Biome study is a major part. The Grassland Biome, then,
is dedicated to the analysis of the structure and function of grassland
ecosystems. One of these ecosystems, the shortgrass prairie, has been
subjected to intensive study at the Pawnee Site in northeastern Colorado.

The Pawnee Site study involves a total systems approach to eco-
system research. Several subsystems are recognized and can be classi-
fied as either biotic or abiotic in nature. The biotic studies are
further subdivided, using the trophic level classification scheme, into
the producer, consumer, and decomposer components. The abiotic factors,
namely solar radiation, wind, and precipitation, are treated as primary
driving variables which regulate the nutrient, heat, and water cycles

within the overall system.

The Central Basin Hydrologic Studies
On the semiarid prairie, water has been recognized as a very
influential and often critical factor in primary productivity (Tomanek

1959, Dahl 1963, Striffler 1969, Galbraith 1971). Accordingly, the



Hydrologic Process Studies were initiated in 1968 for the purpose of
investigating the grassland hydrologic cycle. In two separate reports,
Ssmith and Striffler (1969) and Galbraith (1969) discuss the experimental
deéign of the hydrology study on the Pawnee Intensive Site. A central
basin, the Lynn Lake watershed, was chosen for the site of the intensive
hydrologic process studies. Eight 0.5 hectare microwatersheds, two
replicates each of four grazing treatments, were located within the
central basin.

The central basin hydrologic study includes, as one of its primary
objectives, the development of a hydrologic simulation model. A
hierarchical simulation approach is envisioned (Smith 1971a), where con-
struction of models of individual processes is the first step. The end
product will be a spatial, event-oriented model which will be coupled
with a plant production model, utilizing the distribution of soil water
potential at a given depth for the process-response link. Process-
response links with other trophic levels are also planned.

To date, studies on the infiltration characteristics of the
principal soils (Smith 1971a, Rauzi and Smith 1973) and the intra-
seasonal soil water regime of the microwatersheds (Galbraith 1971) have
been completed. Smith (1971b) developed an infiltration model based
on data collected within the central basin watershed. In addition,
precipitation characteristics (Bertolin and Rasmussen 1969, Smith 1971c)
and soil characteristics (Franklin 1969, Van Haveren and Galbraith
1971) were investigated. Striffler (1971, 1972) summarized the hydro-
logic data collected during the 1970 and 1971 field seasons.

This soil water study was expected to add knowledge to the over-

all central basin study effort in the following ways:



i. by determining the importance of topography, soil
types, and grazing intensity level on the soil
water balance of specific sites;

ii. by determining the importance of snow redistribution
and snowmelt recharge to total soil water recharge
and depletion; and

iii. by developing a reliable field method of measuring
soil water potential.

Early in the study it was observed that the hydrologic properties
of the principal soils on the Pawnee Site were reasonably similar. Also,
it was evident that vegetation composition varied only slightly, largely
because of the subdued topography. For these reasons, it was hypothe-
sized that soil water recharge and depletion are highly complex phenomena
on the prairie, dependent upon numerous interdependent variables.

During the winter of 1970-71 the writer had many opportunities to
visually observe snow accumulation patterns on the study area. It was
evident that topography and vegetation were important factors in explain-
ing snow retention characteristics of any given site. It was hypothe-
sized, that, for favorable sites, snowmelt recharge contributes more

than rain recharge to the pre-growing season soil water balance.



CHAPTER II
REVIEW OF PERTINENT LITERATURE

Remember when discoursing about water to adduce
first experience and then reason.

Leonardo da Vinet

Since this thesis is concerned with a wide spectrum of topics,
the literature review is more an extensive than intensive study of
pertinent literature. I have attempted to cover in somewhat more
detail those topics in grassland hydrology which were given only super-
ficial attention in recent theses and reports associated with the IBP
Grasslands Biome hydrology project. These topics include edaphic and
topographic influences upon the soil water balance, prairie snow
hydrology, and the measurement of soil water potential in field situa-

tions.

Grasslands Hydrology

Striffler (1969) and Galbraith (1971) recently reviewed the
literature pertaining to prairie hydrology. As Galbraith (1971)
points out, one of the most significant characteristics of the grass-
land hydrologic environment is the extremely high potential evapotran-
spiration, which, on an annual basis, is two to three times greater
than precipitation. This factor results in a soil water regime that
provides for relatively large infiltration capacities and infrequent
runoff events. The generally dry soil water regime also suggests that
subsurface flow of water is at least negligible and probably non-

existent.
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As part of ﬁis doctoral thesis, Galbraith (1971) discusses three
significant findings extracted from the study of the seasonal water
balance of the Pawnee Site microwatersheds. The soil water balance at
the 150 cm and lower depths was essentially static for the period of
study. This finding is supported also later in this thesis. Moreover,
runoff was discovered to be a very minor component of the microwater-
sheds' hydrologic balance. Two hydrologic variables were found to be
influenced by the level of grazing intensity. As has been shown either
directly or indirectly by many workers (e.g., Sharp et al. 1964),
runoff from the microwatersheds increased as grazing intensity increased.
Finally, snow accumulation and retention was influenced by vegetation
height, or indirectly by grazing intensity. This snow retention effect
resulted in an ungrazed watershéd receiving 3.0 cm more recharge than
a heavily-grazed watershed. This difference in recharge resulted in an

equivalent increase in evapotranspiration for the ungrazed watershed.

Snow Accumulation and Redistribution on the Prairie

Although snowfall contributes only 10 to 15% to the annual pre-
cipitation on the Pawnee Grasslands, differential snow accumulation
caused by vegetative and topographic factors may result in significantly
large soil water recharge differences between sites. In fact, on some
topographic sites, recharge due to snowmelt may actually exceed the
water equivalent of gage catch. Differential retention of snow occurs
most dramatically during or after winter snowfalls, when lower tempera-
tures and moderate to high winds prevail and the snow is of low density.
Several potential snow storage compartments exist in the prairie envir-

onment and may be classified as either topographic or vegetative.



Topographic storage on the prairie occurs in depressions and on lee
slopes. In the Northern Desert Shrub region, where relief is somewhat
less subdued than on the shortgrass prairie, gullies are effective in
trapping large quantities of snow. May et al. (1971) suggest that
stands of aspen and serviceberry occur in draws and on lee slopes,
where snowdrifts accumulate every winter and significantly improve the
water relations of these sites. Even on the shortgrass prairie, the
lee sides of taller vegetation also trap snow; the woody species,
Gutierrizia sarothrae (Pursh) Britt. and Rusby and Atriplex canaescens
(Pursh) Nutt., are prime examples found on the Pawnee Site. In a
study of differential snow accumulation on the Red Desert in Wyoming,
Hutchison (1965) concluded that significantly more snow accumulates in
sagebrush-covered areas than in grass-covered areas, particularly
where topographically-induced accumulation is negligible. An even more
important vegetative storage compartment for snow is the subcanopy of
a uniform vegetation cover whose canopy top produces an aerodynami-
cally rough surface. The individual volumes of these snow storage
compartments vary fkom storm to storm, depending on wind velocity and
direction. Cardinal wind direction is nearly always northwest to north
during winter and, consequently, snowdrifts appear in the same locations
storm after storm and year after year. The physical process

of snow deposition in these storage compartments is initiated by the
presence of an unconformity in the ground or vegetation surface. This
unconformity sets up turbulent eddies, decreasing the horizontal com-
ponent of the wind velocity. If the moving air mass is carrying snow
particles in suspension, the decreased velocities will result in snow

deposition. Snow will continue to deposit until the storage volume is



filled. Snow will tend to accumulate to some height, which usually
conforms to the plane of zero wind velocity, or to a plane slightly
higher where the surface shear stress is not of sufficient magnitude to
further erode the snow.

Many workers have observed differential accumulation and re-
distribution of snow in prairie and other similar environments. Indeed,
the same phenomenon occurs in alpine and subalpine areas (Martinelli
1966). The effect is greatly enhanced for the alpine and subalpine,
however, because of greater winter precipitation received by these
areas. However, very few quantitative studies have been made on the
effects of vegetation and topography on snow accumulation in windy
environments. Referring to the Canadian prairie, Gray (1970) says that
"local variations in topography and vegetal cover may cause major
departures from the average uniform snow depth," with each field having
its own peculiar catch and retention characteristics. Furthermore,
McKay (1970) concludes that land use practices are important factors in
the accumulation process. This represents a significant statement and
is supported by the findings of Galbraith (1971), reported earlier.

Van Haveren and Galbraith (1971) discussed both the vegetative and
topographic effects upon snow retention and redistribution, and pre-
sented some preliminary data showing the effects of vegetation height
and slope position on snow accumulation on the Pawnee Site. For one
particular storm in early January, 1971, snow water equivalents on a
lee slope were three times greater than the mean value for the water-
shed.

The effects of vegetation on snow trapping efficiency have been

studied rather thoroughly for agronomic situations in the Great Plains



region. Willis and Haas (1971) and Greb and Black (1971) recently
reviewed studies dealing with the effects of tall wheatgrass barriers
and stubble height on snow retention. In one study, Smika and Whitfield
(1966) found that when wheat stubble was allowed to stand over winter,
an average of 99% and a maximum of 140% of snowfall precipitation ended
up in soil water storage. In comparing stubble and fallow fields over

a 20-year period, Stable et al. (1960) discovered that the mean pro-
portion of snowfall held as soil water was 37% and 9% for stubble and
fallow fields, respectively. In a recent and very conclusive study,
Willis et al. (1969) investigated the characteristics of snowmelt runoff
and soil water recharge with stubble height as an independent variable.
Both soil water content and snowmelt runoff were found to increase as
stubble height increased. Incréasing stubble height also hastened the
initiation and increased the average rate of snowmelt runoff for snow-
packs up to 12 inches (36.5 cm) mean depth. Quite obviously, then, the
height of a vegetation cover has an important effect on the snow trapping
ability of a site, and a consequent effect on snow redistribution and

soil water recharge.

The Soil Water Balance
Many factors influence the water balance of a natural soil pro-
file. Philip (1964) represents the soil water balance with the

following equation:

E=V-q-e"T, [2']]
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where %%-is the rate of change of total water in the soil profile,

v is the infiltration rate, q is the rate of drainage through the lower
boundary (or loss to groundwater), e is the evaporation rate, and T is
the transpiration rate. Integrating with respect to time and using the

notation of this thesis, equation [2.1] reduces to
ap=1-U-E , [2.2]

where E includes both evaporation and transpiration. The units are
defined now as centimeters depth of water for purposes of this study.
The downward drainage term, U, will be shown later to be negligible for
this study; a discussion of infiltration (I) phenomena follows. The
term A6, the change in soil water content, was a variable measured in
this study.

Soil water recharge. The amount of water infiltrating a soil
surface is dependent upon the magnitude and rate of either rainfall or
snowmelt, and also upon certain soil, vegetative, and topographic
variables. Theoretically, the infiltration process, as a soil water
flow phenomena, is dependent upon the hydraulic conductivity and the
gradient of hydraulic head. Both of these properties are in turn
dependent upon water content and soil structure and texture. Rauzi and
Zingg (1956) found that infiltration rates for rangeland soils decreased
as range condition deteriorated and increased as soil texture went from
a clay loam to a sand. As a result of further studies, Rauzi et al.
(1968) concluded that surface condition (reflecting land use practices)
was probably more important than soil texture. Rauzi and Smith (1973),

in an infiltration study recently conducted on the Pawnee Intensive
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Site, found the effects qf three sqils, three grazing intensities, and the
soil x grazing intensity interaction to be dependent upon the duration
of the infiltration run. The soils used were the Ascalon sandy loam,
Shingle loam, and Nunn loam (undifferentiated bottomland soil). After
10 minutes of elapsed time from start of run, only the soil type effect
was significant; after 20 minutes elapsed time, soil and grazing inten-
sity effects were both highly significant; after 30 minutes, the soil x
grazing intensity interaction became significant. The authors suggest
the interaction effect is due largely to the behavior of the Shingle
loam soil, which showed very little difference in infiltration rate
across thethree grazing intensities. The Shihg]e soil occupies the
upper slope positions on the Pawnee Site. Since this soil appeared to
have the lowest infiltration rate of the three soils studied for the
Tight- and medium-grazed pastures, one might expect a recharge dif-
ference due to position-on-slope on these pastures. For the heavily-
grazed pasture, the 60-min. infiltration rates were essentially the
same for the three soils.

Slope steepness and rill and microdepression patterns will also
influence infiltration amounts by controlling the velocity of overland
flow and depth of ponded water. Duley and Kelly (1939), working with
slopes from 2 to 10%, determined that degree of slope had only a slight
effect on infiltration. Wolff (1970), in a review of grassland infil-
tration literature, concluded that other factors such as cover type,
soil type, and seasonal variability generally overshadow slope effects
for slopes less than 20%.

Gray et al. (1969) discuss the conditions under which soil freez-

ing will affect infiltration rates. In general, it is recognized that
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the infi]tratiqn process under frozen soil conditions is highly depen-
dent upon the state and content of soil water and also upon its vertical
distribution within the surface profile. Accordingly, the snowmelt run-
off characteristics will also depend upon frozen soil conditions. Haupt
(1967) did a rather thorough study of infiltration and overland flow
characteristics of various ground cover types with and without a snow
cover. The transmission characteristics of various types of soil frost
were described. Granular- and stalactite-type frosts actually improved
infiltration over that of unfrozen soil in some instances. The presence
of a concrete-type frost, formed under saturated conditions, reduced
infiltration and increased overland flow.

Sotl water depletion. Basically, the depletion of soil water as
a physical process is dependent.upon (1) a source of energy to vaporize
water at the leaf and soil surfaces, (2) an adequate supply of water
in the soil profile, and (3) the dynamics of the movement of water in
the soil-plant-atmosphere system. Movement of water in this system is
in turn dependent upon the various conductivities and resistances char-
acteristic of the soil, vegetation, and atmospheric environment within
and immediately above the soil and vegetation surfaces. The energy
available for evapotranspiration is influenced by various meteorologi-
cal and topographic factors, namely solar radiation, wind, air tempera-
ture, aspect, and slope gradient.

The relation of transpiration to soil evaporation can be expected
to vary with site conditions. In arid situations it has been found
that transpiration is considerably greater than evaporation from the
soil surface, the explanation being that under high evaporative con-

ditions a mulch of dry soil forms at the surface, effectively reducing
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the movement of water vapor across the soil-air interface (Wiegand and
Taylor 1961).

Hillel (1971) discusses the influence of soil properties on
evapotranspiration and lists hydraulic conductivity, diffusivity, and
the matric potential-water content relationship as properties having an
effect on the uptake of water by vegetation. The same factors influence
direct evaporative losses from soils. Alizai and Hulbert (1970), in a
laboratory experiment, found that the difference in evaporation rates
for three different soils (gravelly sand, loam, and silty loam) was re-
lated to the water holding capacities of the three soils. Evaporation
amounts were higher for the loam soils than for the gravelly sand.

Plant factors affecting evapotranspiration have been discussed by
Gates and Hanks (1967), Slatyer (1967), and Kramer (1969). These factors
are usually discussed in terms of the individual plant and in terms of
the plant community. Single plant factors most commonly given are root
volume and density, resistance of the conducting tissue within the plant,
and leaf morphology and arrangement. Thus, evapotranspiration rates
vary with plant species and perhaps even with varieties and ecotypes
within species. Gates and Hanks (1967), again, discuss in some detail
those plant community factors which influence evapotranspiration. Gen-
erally speaking, evapotranspiration will again vary with species,
particularly where a community is dominated by one species. Species
diversity and composition, leaf albedo, stage of growth, rooting depth,
plant density and spacing, height, canopy structure, and leaf orienta-

tion are characteristics of the plant community which influence
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evapotranspiration indirectly by controlling the microclimate within
and immediately above the vegetation cover (Gates and Hanks 1967,
Horton et al. 1970).

Gardner and Ehlig (1963) studied the influence of soil water, leaf
water stress, and plant species on transpiration rates. The trans-
piration rate was found to be non-linearly dependent upon soil water
potential. At any particular soil water potential level, transpiration
rates were the highest for the heavier soils. Moreover, transpiration
rates were highly dependent upon leaf water potential and varied
significantly between species at a given leaf water potential. Even
more important was their discovery that the lower 1limit of water avail-
able for transpiration was on the order of -30 to -50 bars leaf water
potential. This finding is significant in that agricultural plants
(cotton and pepper) were used in the study. This suggests that vegeta-
tion native to a very dry site, such as the shortgrass prairie, may be
capable of carrying on the transpiration process at extremely low soil
water potentials.

In a more recent study conducted in the semidesert grass-shrub
type, Cable (1969) concluded that high summer evaporation rates masked
most of the differences in soil water depletion between species. How-
ever, he did discover a time variation in the amount of soil w:.ter
depleted by different species, according to peak growth period and
phenological characteristics.

Because microclimate influences evapotranspiration, soil freez-
ing, and snow accumulation and melt, microclimate differences within a
watershed can be expected to affect the hydrologic behavior of land

units within a watershed (Sartz 1972). Topographic variables which may
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affect microclimate (and, consequently, hydrologic behavior) are
elevation, steepness, aspect, and position on the slope (Sartz 1972).
Nash (1963) outlines a general method for evaluating the effect of
slope and aspect on soil water relationships. He concludes that the
greater soil water stresses experienced over longer time periods (re-
sulting from greater soil water depletion) can be expected to occur on
southeast through west aspects, because of greater available solar
radiation. However, in analyzing his data on solar radiation received
by different aspects and slope gradients (Nash 1963, Figure 3), it

is apparent that for slopes less than 10% (i.e. less than 6°), the
maximum differences in incoming solar radiation between aspects are on
the order of only 30 langleys day—], or less than 5% of the daily incom-
ing solar radiation.

Stoeckeler and Curtis (1960) investigated the effects of aspect
and position-on-slope on the growing season soil water regime of a site
in the Driftless Area, characterized by unglaciated loessal soils and
an average annual precipitation of 32 inches (91 cm). Relief was
between 300 and 350 feet (93 and 1070 meters), and the vegetation was
native hardwoods and pine plantations. Mean slope gradients were 35%
and 64% for the north and south aspects, respectively. Although their
data are presented in terms of soil water content, one is able to re-
construct their results in terms of recharge and depletion rates.

For both north and south aspects, the effect of slope position on
recharge was evident. Lower slope positions gained water from upper
slope positions by subsruface flow. Except for the lower position on

the north aspect, all south slope positions had greater depletion rates
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than the north slope positions. However, these differences are
probably not statistically significant when aspects within a given
slope position are compared.

Citing more recent data also collected from the Driftless Area,
Sartz (1972) concludes that soil water withdrawal by similar vegeta-

tion on similar soils is not strongly affected by aspect.

Energy Status of Soil Water

Recently, scientists working in the field of soil-plant-water
relations have advanced the concept of a "soil-plant-atmosphere con-
tinuum (SPAC)," where the "continuum" signifies a pathway for water and
energy alike in the dynamic soil-plant-atmosphere system (Slatyer
and Denmead 1964; Taylor 1964; Cowan 1965; Philip 1966, 1969). Hillel
(1971) mentions that, under the SPAC concept, the concept of water
potential is "equally valid and applicable in the soil, plant, and
atmosphere alike." The term "water potential" is thought to have been
first inroduced by R. K. Schofield in 1949 (Owen 1952). The water

potential can be defined mathematically as
0
‘p = __W_____!I___ , [2.3]

where (uw - u&) is the difference between the chemical potential of
water in the system under study and that of pure free water at the same
temperature, T (Slatyer 1967); V& is the molar volume of pure water at

temperature T; ¢ here is 1in units of energy per unit volume (erg cm'3),

or can be expressed in the dimensionally equivalent terms of bars,

atmospheres, or dyne cm'z. Furthermore,
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- 40 =
Wy = My RT In e/eq [2.4]
where R is the universal gas constant, T the temperature, and e/e; the
relative vapor pressure. The water potential as defined excludes any
effects due to gravitational, centrifugal, or electrical force fields
(Hi1lel 1971, p. 54). A total potential of soil water can be defined

as

y = ‘b""pg’*'lpEF s [2-5]

or
Yy = ¢r+ww+wp+wg+wEF s [2°6]

where VoSV sV and wg represent the component potentials due to matric

and capi]]arypforces, osmotic effects, pressure effects, and gravita-
tional force, respectively. VEF is an all-inclusive term made up of
other external forces which are theoretically possible. A word of
caution must be introduced at this point, since equations [2.5] and
[2.6] are not theoretically rigorous; the various components identified
may not be mutually independent.

The water potential concept is a particularly useful quantita-
tive concept to the hydrologist, who must view the soil-plant-atmosphere
continuum in terms of both its individual components and its dynamic
nature from a microhydrologic standpoint (Philip 1969). From a systems

ecology standpoint, the energy status of water is a most appropriate

expression of the amount of water contained in plants and soils, since,
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as Kramer (1969) points out, the water potential "appears to be most
closely related to the physiological and biochemical processes which
control growth."

In recent laboratory and field studies soil water potential has
been used frequently to describe the water status of a soil profile.
As early as 1952, seed germination was related to levels of water
potential (Owen 1952). More recently, Branson, Miller, and McQueen
(1965, 1970) used soil water potential (or "soil moisture stress") to
describe the status of soil water in studies of plant community - soil
water relationships. Papendick et al. (1971) studied soil water poten-
tial profiles under a wheat cover throughout an entire growing season.
In an experiment in west-central Colorado, Shown et al. (1972) studied
soil water potential profiles under both big sagebrush and beardless
bluebunch wheatgrass. The minimum water potential to which big sage-
brush could extract water was approximately -45 bars. That for blue-
bunch wheatgrass was slightly higher--about -25 bars. Since water
content data were collected simultaneously with water potential data
in this study, the authors were able to compare the relative usefulness
of these measures in soil-plant-water relations work. They concluded
that (1) since water potential has a large range of values compared to
the associated water content, it is a more sensitive measure of soil
water status; (2) water potential is not affected by textural changes
within and between soil profiles, whereas soil water content is; and
(3) the water potential data were not affected by variations in soil
sample volume.

Various methods have been employed to measure soil water poten-

tial. These methods were the subject of two recent reviews by Taylor
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(1965) and Wiebe et al. (1971). Basically, the available methods can
be broken down into a few distinct categories: gravimetric, pressure
membrane, freezing point, resistance units, tensiometric, and psy-
chrometric methods. A thorough review of all these methods is beyond
the scope of this thesis; consequently, only the more popular of the
field methods will be reviewed briefly. Colman units and other re-
sistance devices have been used to some success (Galbraith 1971).
Their chief disadvantages are that a good soil-instrument contact is
necessary for accuracy and the lower limit of use appears to be only
about -30‘bars. McQueen and Miller (1968) have reported much success
with the gravimetric filter paper technique. With this technique, a
water characteristic curve is developed for common filter paper, re-
lating water content by weight to water potential with the use of
controlled humidity atmospheres. Filter paper discs are then weighed
and placed at the specified depth in the soil. After a period of
equilibration the discs are removed and reweighed and the water poten-
tial determined. The primary disadvantage of this method is that

it involves destructive sampling of the soil profile.

Psychrometric methods, involving the use of both thermistors and
thermocouples, have enjoyed recent popularity. Several advantages are
identified with the use of miniature thermistor or thermocouple
psychrometers for measuring soil water potentials. The psychrometer
measures the thermodynamic water potential as expressed in equation
[2.3]. Most other methods are restricted to measurement of only the
matric component. Measurement of the entire soil water potential is

important since this is the energy status that the plant "sees".

Another advantage is that the psychrometer can tolerate relatively
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fast changes in soil water potential, which is of critical importance
in studies of diurnal trends of soil water energy status. Moreover,
if installed properly, the psychrometer represents a very minor dis-
turbance of the soil in which it is placed. Essentially, the psy-
chrometer measurement is an undisturbed sampling technique. Finally,
the technique lends itself well to collection of frequent samples

and assemblage of large quantities of data, when interfaced with an

electronic data acquisition system.

Thermocouple Psychrometry

An exhaustive review of the literature on this subject would,
with some certainty, tax the patience of the writer and unquestionably
bore the reader. The review which follows then will concentrate on
the historical development of thermoelectric psychrometry. Other aspects
of this subject have been covered extensively and in much detail in a
symposium proceedings volume entitled, "Psychrometry in Water Relations
Research" (Brown and Van Haveren 1972).

Hi11 (1930) appears to héve been the first person to use a
thermocouple method for measuring water potentials of biophysical
systems. However, Spanner (1951) is often credited with developing
the prototype of the modern-day thermocouple psychrometer. Spanner
employed the Peltier effect in a method of cooling electronically and
remotely the sensing junction of the thermocouple. Under high humidity
conditions, condensation will occdr at the sensing junction. Spanner
calibrated his instrument by exposing it to various combinations of
electrolyte concentration and temperature. Some years later Richards

and Ogata (1958) developed a thermocouple psychrometer which was
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somewhat larger in size than the Spanner instrument, and which re-
quired the manual placement of a drop of water on the sensing junction.
Disadvantages of this instrument were that it required a very sensitive
water bath and consequently was strictly a laboratory instrument. 1In
recent years further developments of the Spanner psychrometer have
increased its usefulness and popularity over that of the Richard's
psychrometer.

Rawlins (1966) and Peck (1968, 1969) have provided us with very
good treatments of the theory underlying the thermocouple psychrometer
method of measuring water potentials. Rawlins and Dalton (1967) led
the way for successful field use of these instruments by showing how
temperature fluctuation effects could be minimized. Brown (1970)
developed a psychrometer head assembly enclosed by a fine-mesh wire
screen and compared the performance of this design with that of the
traditional ceramic-cup head assembly. The wire-screen instrument
proved to have quicker response times than the ceramic-cup unit, but
was more easily exposed to possible contamination. Other recent
developments in psychrometry include a thermopile psychrometer (Dove
and Bottoms 1969), a thermally-compensated Peltier psychrometer
(Hsieh and Hungate 1970), and a Peltier-cooled dewpoint thermocouple
hygrometer (Neumann and Thurtell 1972). The dewpoint instrument appears
to be more stable than the wet-bulb psychrometer. Recent trends in this
field include such developments as a decrease in the size of the head
assembly and the possibility of substituting miniature diodes for the

thermocouple as the wet-bulb or dewpoint sensor.



CHAPTER III
DESCRIPTION OF STUDY AREA
Mountains are made by the currents of rivers.
Mountains are destroyed by rains and rivers.

Leonardo da Vinei

The soil water study was conducted within Sections 15, 22, and
23 of TION, R66W, 6th P.M. These three sections form a part of the
Pawnee Intensive Site on the Central Plains Experimental Range, admin-
istered by the USDA Agricultural Research Service. The CPER is
located at the far western end of the Pawnee National Grassland, north-
eastern Colorado. The area is east of U.S. Highway 85, 25 miles south

of Cheyenne, Wyoming, and 35 miles northeast of Fort Collins, Colorado.

The Pawnee Grasslands

The Pawnee Grasslands lie in the landform region known as the
Colorado Piedmont. The vegetation type is characteristically native
shortgrass prairie, interspersed with occasional cropland. Topography
is gently rolling with relief generally less than 100 m. Most of the
Pawnee National Grassland lies between 1500 and 1800 m (4900 and 5900
feet) elevation. The physiography, geology, natural historv, and
anthropology of the Pawnee Grasslands region was recently reviewed by
Badaracco (1971).

Inspection of topographic maps of the area reveal drainage
patterns with a northwest-southeast orientation. The majority of these
drainages are intermittent or ephemeral stream courses, and many end

in closed basins.
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The Lynn Lake Watershed

Lynn Lake is an ephemeral closed basin draining a large portion
of the Pawnee Intensive Site. The entire drainage is shown in Figures
3.1 and 3.2 (back pocket). Figure 3.3 is a topographic map of the lake
bottom itself. The watershed is 406 hectares (1003 acres) in area with
maximum and minimum elevations of 1694.1 and 1642.3 meters (5554.4 and
5384.5 feet), respectively. A soil type - area relationship was deter-
mined for the watershed based on the soils map depicted in Figure 3.1.
The results are shown in Table 3.1.

Topography of the watershed is typical of that of the Pawnee
Grasslands. Slopes greater than 15% make up less than 5% of the area.
Upper position slopes, measured at neutron probe sampling tube loca-
tions, average 3.3%, whereas mid- and lower-position slopes average
2.9 and 3.4%, respectively. Thus, slope profiles are characterized by
a uniform steepness with a slight concave-upward shape. Slope profiles
of leeward slopes are particularly important in grassland hydrology
studies, from the standpoint of potential snow retention.

Referring to Figure 3.1, the watershed is located within Sections
9, 10, 14, 15, 16, 22, 23, and 24 of T1ON, R66W, 6th P.M. All these
sections are in native prairie, with the exception of Section 9, which
is presently under agricultural use. Sections 15, 22, and 23 have
been the most intensively studied in the Grasslands Biome hydrology
project. Pastures 15E, 22E, 23W, and 23E have been under the contin-
uous management of the Agricultural Research Service since 1940, and

have been subjected to a more or less constant grazing intensity.

Pastures 23E, 23W, and 15E have been designated the heavy, 1ight, and

moderate use pastures, respectively. These relative grazing intensities
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Table 3.1. Soil type-area relationship for the
Lynn Lake watershed.
Soil Type Area (hectares) Area (acres) % of total
Undifferentiated 38 94 9.4
Vona sandy loam 15 38 3.8
Ascalon sandy loam 247 611 60.9
Platner loam 0.4 1 0.1
Renohill sandy loam 35 87 8.7
Gravel bars 3 7 0.7
Shingle loam 15 37 3.7
Shingle-Renohill complex 52 128 12.7
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are defined quantitatively on the basis of the amount of ungrazed
herbage remaining on the pasture at the end of.the grazing season
(approximately October 15). For 1971, pasture use values were 397,
345, and 164 kg ha™! (354, 308, and 146 1bs. acre']) remaining herbage

for the light, moderate, and heavy grazing, respectively.

Climate of the Pawnee Grasslands

In connection with the IBP Grasslands Biome project, Bertolin and
Rasmussen (1969) and Rasmussen et al. (1971) used existing climatolog-
ical data to describe the climatology of the Pawnee Grasslands. They
conclude that precipitation variability (in time and in space) is
probably the most outstanding characteristic of the grasslands climate.
Eastern Colorado, wherein lies the Pawnee Grasslands, is characterized
by a semiarid continental climate, generally having less than 380 mm
(15 inches) of annual precipitation. Using the traditional classifi-
cation scheme, this would be a cool steppe climate. The mean annual
precipitation at the CPZIR station is 309 mm (12.2 inches) for some
30 years of data. May, June, July, and August tend to be the wettest
months, in that order, all averaging at least 37.6 mm (1.5 inches) of
precipitation. These four months usually account for more than 50%
of the annual precipitation. In a regression analysis, Rasmussen
et al. (1971) found that summer precipitation explained 89% of the
variance in annual precipitation with winter precipitation accounting
for only 11%. This is explained by the frequent occurrence of con-
vective activity in the area in summer. Southwesterly flow of wetter
gulf air combines with intense solar heating and orographic influence

over the mountains to generate thunderstorms which move in an easterly
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direction over the grasslands beginning around noon each day. The
winter climate is dominated by the presence of continentally polar

air masses, with very few storms moving over the area. Storms which
pass over the Rocky Mountain region lose most of their moisture over
the mountains; consequently, dry, sunny days are common in winter. The
winter storms which do hit the area have little effect on the mean
water balance of the region. This is so because high insolation, mod-
erate to high winds, and warm daily air temperatures combine to sub-
Timate much of the snow. Major storms, defined as greater than 2.54 cm
(1.00 inéh) of precipitation, account for 74% of the variance in

summer precipitation and only 16% of the variance in winter precipi-
tation. Storms greater than 1.27 cm (0.50 inch) have very little effect
on yearly precipitation variability.

The large diurnal variation in air temperatures is another out-
standing characteristic of the grasslands climate. Average diurnal
variations are between 17 and 20°C (30 and 35°F), with variations up to
34°C (60°F) possible in late summer. Observed extreme temperatures
for the Pawnee Grasslands are 40°C (105°F) and -34°C (-29°F). The
Towest average monthly maximum temperature is 7°C (44°F) (January
and December) for approximately 30 years of data. The highest average
monthly maximum temperature is 31°C (88°F) (July). The lowest and
highest average monthly temperatures are -12°C (11°F) (January) and
12°C (54°F) (July), respectively. The median frost-free period is 128
days.

Another important characteristic of grasslands climate is the
presence of moderate to high winds throughout much of the year. The

period December to May experiences noticeably higher winds than the
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remaining months. This characteristic plays an important role in the
redistribution of snow following winter storms and the resulting winter

water balance of the region.

Historical Geology and Geomorphology

The Pawnee Grasslands are a part of the landfarm region known as
the Colorado Piedmont, which is an erosion surface originating from the
High Plains. The Chalk Bluffs to the north of the Pawnee Grasslands
and the Pawnee Buttes to the east are remnants of the High Plains
surface, which was once part of a peneplain originating in the Rockies
to the West. Badaracco (1971) has provided an excellent geological
history of the region. In an earlier publication, Dort (1959) dis-
cusses the geomorphological history of the southern Great Plains,
including the High Plains and Colorado Piedmont regions. Approximately
50 to 100 million years ago (Cretaceous period), a shallow sea covered
the region which is now the High Plains. Deposition of Tlimestone,
shale, sandstone, and conglomerate materials occurred.} Some 50 million
years later the ancestral Rocky Mountains were formed and the High
Pleins surface was raised above sea level. A cycle of erosion fol-
lowed, whereby streams originating in the ancestral Rockies flowed over
the plains surface, cutting stream channels and leaving a relief of
several hundreds of feet. A change to a more arid climate then
occurred; stream power diminished and deposition began, filling valley
floors with silt, sand, and gravel. Deposition continued until relief
was subdued considerably. Eastern Colorado today is a part of this
depositional surface, which has been modified only slightly since its
formation. We now are again in a period dominated by erosional pro-

cesses; however, this erosional cycle is probably less severe than
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previous erosional cycles. The Pawnee Site is said to lie over the

o1d Cretaceous beds (Badaracco 1971). The knolls and ridgetops covered
by shale- and siltstone-derived soils are probably remnants of the
Cretaceous sea beds (Pierre formation). The swale bottoms, now covered
with silt- and clay-sized material, have subsoils of very coarse
material, owing to the periods of alluvial deposition. The influence
of wind erosion and deposition cannot be overlooked. The entire area
appears to have been covered recently by 5 to 15 cm of loessal material.
In the past the region may have been worked overkconsiderably by wind
action. Indeed, many of the smaller depressions found on the present

landscape may well represent deflation basins.

Soils of the Lynn Lake Watershed

Six major soil types, including four soil series, were studied
intensively as part of this investigation. The differences in the soil
series appear to relate to differences between their respective geologic
parent materials. The Ascalon soil series, the most common soil found
on the area, is derived from fluvial outwash materials of granitic
sediment origin. This so0il series occupies the lower slope positions
adjacent to the swales. The predominant geologic formation of the
area, the Pierre sedimentary formation, is responsible for the remain-
ing three soil series. The Renohill and Shingle series are derived
from shale and siltstone outcrops of the Pierre formation. Since the
Renohill series is classified as a sandy loam soil, it is quite likely
that sandstone outcrops associated with the Pierre formation contri-
buted to the development of this series. These two soils series are
often mapped together as a complex and, in fact, the Shingle-Renohill

complex covers 12.7% of the Lynn Lake watershed area. The Shingle
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and Renohill series and the Shingle-Renohill complex tend to occupy
the middle and upper slope positions and the ridgetops. The exact
origin of the Vona soil series is uncertain. Franklin (1969) suggests
that it may have been formed either from coarse outwash material or
from a Pierre sandstone outcrop. As with the Ascalon series, the Vona
sandy loam occupies the lower slope positions. The sixth major soil
type is mapped as an undifferentiated soil. It occupies the bottoms
of the swales and essentially has an alluvial origin. Nearly all the
soils have been subjected to recent aeolian deposits. Franklin (1969)
found evidence of alluvial and/or colluvial removal of this Toessal
material on the steeper Shingle and Renohill soils, and consequent dep-
osition on or mixing with the Ascalon and undifferentiated soils below.

Data on the physical and hydrologic properties of the six major
soils are presented in reports by Franklin (1969) and Van Haveren and
Galbraith (1971). These properties are summarized in Tables 3.2 and
3.3. Figures 3.4 thrcugh 3.9 represent desorption curves developed from
the data of Table 3.3.

An analysis of variance test was run on the surface bulk density
data (Galbraith and Van Haveren, unpublished data). A significant dif-
ference in bulk density was found between the heavy and light grazed
soils. The interaction effect between soil type and grazing was highly
significant, with the heavier soils and higher grazing intensities com-
bining to give very high bulk density values. This finding has hydrologic
significance since one of the heavy soils, the Shingle loam, is commonly
found on the more steep upper slope positions. The greatest amount of
compaction by animal traffice probably occurs in late spring and early
summer or immediately after precipitation events, when the soil surface

is wet.



Table 3.2. Summary of physical properties of the major soils,
Pawnee Intensive Site.

Mean Surface Soil Texture Soil Texture
Mean Horizon Bulk Density A-horizon B-horizon
Type Depth (cm) -3 Mean Mean Mean Mean Mean Mean
Soil No. A B (gm cm ) % Sand % Silt % Clay % Sand % Silt % Clay
Undifferentiated 47 0-15 15-53 1.41 62 17 21 65 12 23
Vona sandy loam 51 0-10 10-36 1.40 75 9 16 69 10 21
Ascalon sandy Toam 55 0-15 15-46 1.42 69 14 17 60 15 25
Renohill sandy loam 66 0-15 15-41 1.39 64 14 22 51 17 32
Shingle loam 878 0-13 13-46 1.38 65 16 19 56 22 22

Shingle-Renohill 871 0-15 15-53 1.45 62 15 23 52 18 30
Complex :

LE




Table 3.3. Desorption characteristics of the major soils, Pawnee
Intensive Site (Mean desorption data taken from labora-
tory analysis as described in Chapter IV).

% H20 by
volume between
Applied Pressure, Bars 0.3 and 15.0
Soil Horizon 0.0 0.1 0.3 1.0 3.0 15.0 bars
(% H20 by volume)

A 66.0 48.0 28.8 25.2 15.5 13.9 14.9
Undifferentiated

B 61.3 38.6 22.1 18.7 11.7 9.9 12.2

A 60.2 33.3 17.3 14.0 8.7 7.4 9.9
Vona sandy loam

B 61.4 33.8 19.5 16.4 10.7 9.4 10.1

A 65.2 45.9 20.0 16.2 10.0 9.0 11.0
Ascalon sandy loam

B 65.3 43.2 24.4 20.4 12.9 1.7 12.7

A 57.2 34.2 17.1 15.0 10.3 9.9 7.2
Renohill sandy loam

B 67.6  46.4 27.6 24.5 15.3 13.4 14.2

A 59.8 35.9 22.2 20.0 11.9 11.1 11.1
Shingle loam

B 62.9 45.0 25.5 22.1 11.9 11.0 14.5

A 57.2 37.4 23.9 21.3 13.7 12.9 11.0
Shingle-Renohill Complex

B 63.7 41.9 26.2 23.8 15.0 13.7 12.5

A3
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Figure 3.4. Desorption curve for undifferentiated soil.
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Figure 3.6. Desorption curve for Ascalon sandy loam.
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Desorption curve for Renohill sandy Toam.
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The desorption data appear to reflect the differences in soil
texture between the six soils. The water-holding capacities differ
substantially between horizons for the undifferentiated, Ascalon, and
Renohill soils. Considering both the A and B horizons, the undif-
ferentiated soil and the Shingle loam have the highest water-holding
capacities of the six soils. The Renohill sandy loam is probably the
most interesting from a hydrologic standpoint of all the soils found
on the Pawnee Site. The amount of water held between 0.3 and 15.0
bars is only 7% by volume for the A horizon. The B horizon is consid-
erably higher--14% by volume. These conditions are probably respons-
ible for the fact that Renohill sandy loam is often associated with
the more mesic sites on the Pawnee Grassland, and often characterized

by the presence of midgrasses.

Vegetation of the Pawnee Site

Jameson (1969) 1ists common grasses, forbs, and browse species
found on the Pawnee Site. Shaver and Fisser (1972) developed the
vegetation map shown as Figure 3.10 (back pocket). An extensive field
plant Tist was developed by Dickinson and Baker (1972).

The area is typically native shortgrass prairie, characterized
by blue grama (Bouteloua gracilis (H.B.K.) Lag.), buffalo grass (Buchloe
dactyloides (Nutt.) Engelm.), and supplemented by threadleaf sedge
(Carex filifolia Nutt.) and needle leaf sedge (Carex eleocharis Bailey).
On the more mesic sites, particularly in the 1ightly and moderately
grazed pastures, certain midgrasses associate with the shortgrasses.
These are western wheatgrass (Agropyron smithii Rvdb.), needle-and-
thread (Stipa comata Trin. and Rupr.), green needlegrass (Stipa viridula

Trin.), 1ittle bluestem (Andropogon scoparius Michx.), side-oats grama
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(Bouteloua curtipendula (Michx.) Torr.), and red threeawn (4ristida
longiseta Stfud.). Opuntia polyacantha Haw., the plains pricklypear
cactus is found throughout the site, increasing with grazing pressure.
Purple mammillaria or pincushion cactus (Coryphanta vivipara (Nutt.)
Haw.) is occasionally seen. Sun sedge (Carex heliophila Mackenz.) is
common in the swale bottoms. Common shrubs include fringed sagewort
(Artemisia frifida Willd.), fourwing saltbush (Atriplex canescens
(Pursh.) Nutt.), winterfat (Eurotia lanata (Pursh.) Mog.), and broom
snakeweed (Gutierrizia sarothrae (Pursh) Britt. and Rusby).

Leaf area dynamics have been studied on the Pawnee Site by Knight
(1971, 1972). Knight (1971) also reported on vegetation height data
collected on the microwatersheds, and found differences in mean vegeta-
tion height which were related to grazing pressure. Heavily-grazed
conditions resulted in a vegetation height half that of ungrazed vegeta-
tion. Galbraith (1971} felt that the reduced vegetation height re-
sulted in less snow retention and reduced evapotranspiration for the
heavily-grazed pasture. For both field seasons 1970 and 1971, Knight
found that the total green leaf area index (LAI) was remarkably uniform

across grazing treatments.



CHAPTER IV
EXPERIMENTAL DESIGN, METHODS, AND INSTRUMENTATION
But first I shall test by experiment before I
proceed further, because my intention is to
consult experience first and then with reasoning
show why such experience ts bound to operate in
such a way.

Leonardo da Vineti

The soil water study was concentrated on three straightline
sampling transects. Each transect represents a different grazing
treatment: heavy summer, moderate summer, and 1ight summer. As
shown in Figure 4.1, the summer-grazed sampling transects are all
located in the centfa] basin watershed and are oriented perpendicular
to the main axis of the drainage.

Sampling points, spaced 25 m apart, were chosen for each of the
transects. Soils data were reviewed to determine representativeness
of each sampling point. Final sampling points, approximately 20 per
transect, were chosen so that all combinations of grazihg treatment,
soil type, and "position-on-slope" wers represented. Characteristics
of each sampling point are given in Table 4.1. The sampling design is
shown in Table 4.2a-d. During the summer of 1970 a neutron probe access
tube was installed at each sampling point and the A-, B-, and C-hori-
zons were sampled for bulk density, texture, and water retention pro-
perties. Topographic profiles of the sampling transects are included

as Appendix A.
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Figure 4.1. Soils map of the intensively used pastures in the Lynn Lake watershed,

showing the eight microwatersheds and three sampling transects.
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Soil Sampling Methods and Laboratory Analysis Techniques

The field sampling procedure for obtaining bulk density, tex-
tural, and water retention samples was identical to that described
by Galbraith (1971). The sample sizes for the three types of samples
were, respectively, 50, 100, and 50-cm3. Sand, silt, and clay fractions
were determined using the hydrometer method (Day 1965). The pressure
plate method (Richards 1965) was used to determine desorption char-
acteristics. Samples were subjected to applied pressures of 0.0, 0.1,

0.3, 1.0, 3.0, and 15.0 bars.

Soil Water Content Measurement

Volumetric soil water content was obtained with Nuclear Chicago
neutron probes, having Americium24]-Bery1]ium sources. Battery-powered
portable scalers were used to measure e neutron flux detected by the
probe. Both the neutron probes used in this study were calibrated by
Galbraith (1971) in the Ascalon sandy loam soil on the Pawnee Site
during the 1970 field season. Since the other soils investigated in
this study were sandy loams or loams, it was thought that the initial
calibration would be valid for use in these soils. Douglass (1966),
investigating the effect of soil texture on count rates, found no
significant difference among four closely related soil types.

The access tubes on the soil water transects were installed to a
depth of 1.5 m. Five tubes were installed to depths ranging from 2.1
to 3.0 m. Sampling depths included the 15, 30, 45, 60, 75, 90, 120,
and 150 cm depths, and, where appropriate, the 180, 210, 240, 270, and
300 cm depths.
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Table 4.1. Characteristics of the sampling points
on the soil water transects.
Position
Sample Grazing Soil % Aspect on
Transect Point Intensity Type Slope (azimuth) Slope
1 1 Heavy 55 2.0 210 Top
1 2 Heavy 55 4.5 210 Mid 1/3
1 3 Heavy 47 0.0 290 Bottom
1 4 Heavy 47 1.5 20 Bottom
1 5 Heavy 87z 3.0 30 Mid 1/3
1 6 Heavy 87z 6.5 320 Mid 1/3
1 7 Heavy 87z 4.0 300 Upper 1/3
1 8 Heavy 87z 3.0 280 Upper 1/3
1 9 Heavy 55 3.0 320 Mid 1/3
1 10 Heavy 87z 2.5 340 Mid 1/3
1 11 Heavy 87z 0.5 340 Top
1 12 Heavy 87z 7.0 190 Upper 1/3
1 13 Heavy 87z 7.0 200 Lower 1/3
1 14 Heavy 55 0.0 310 Bottom
1 15 Heavy 55 0.0 300 Bottom
1 16 Heavy 55 0.0 320 Bottom
1 17 Heavy 55 0.5 10 Bottom
1 18 Heavy 87z 2.0 20 Mid 1/3
1 19 Heavy 87z 1.0 50 Upper 1/3
1 20 Heavy 51 0.5 150 Mid 1/3
1 21 Heavy 51 1.0 310 Mid 1/3
1 22 Heavy 51 0.5 340 Mid 1/3
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Position
Sample  Grazing Soil % Aspect on
Transect Point Intensity Type  Slope (azimuth) Slope
2 1 Light 66 4.0 115 Top
2 2 Light 66 5.0 205 Upper 1/3
2 3 Light 66 7.0 200 Upper 1/3
2 4 Light 66 8.5 205 Mid 1/3
2 5 Light 66 9.0 210 Mid 1/3
2 6 Light 55 6.0 185 Lower 1/3
2 7 Light 55 5.0 180 Lower 1/3
2 8 Light 47 1.0 125 Bottom
2 9 Light 47 1.0 120 Bottom
2 10 Light 47 0.0 120 Bottom
2 11 Light 47 0.0 115 Bottom
2 12 Light 47 0.0 155 Bottom
2 13 Light 47 0.0 40 Bottom
2 14 Light 55 4.0 20 Lower 1/3
2 15 Light 55 5.0 30 Lower 1/3
2 16 Light 55 7.0 30 Mid 1/3
2 17 Light 55 9.0 30 Upper 1/3
2 18 Light 87z 9.0 45 Upper 1/3
2 19 Light 87z 0.0 15 Top
3 1 Medium 55 0.0 240 Top
3 2 Medium 55 2.0 60 Upper 1/3
3 3 Medium 55 2.0 65 Upper 1/3
3 4 Medium 55 5.0 55 Mid 1/3
3 5 Medium 55 6.0 55 Lower 1/3
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Position
Sample Grazing Soil % Aspect on
Transect Point Intensity Type Slope (azimuth) Slope
3 6 Medium 55 4.0 55 Lower 1/3
3 7 Medium 47 1.0 150 Bottom
3 8 Medium 47 2.0 245 Bottom
3 9 Medium 55 1.0 315 Lower 1/3
3 10 Medium 66 6.0 220 Lower 1/3
3 11 Medium 66 8.0 220 Lower 1/3
3 12 Medium 66 9.0 215 Mid 1/3
3 13 Medium 87b 11.0 210 Mid 1/3
3 14 Medium 87b 10.0 215 Upper 1/3
3 15 Medium 87b 7.0 205 Upper 1/3
3 16 Medium 87b 4.5 190 Top
3 17 Medium 66 4.0 65 Top
3 18 Medium 66 1.0 35 Top
3 19 Medium 47 1.5 180 Bottom
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Table 4.2a.

Sampling design of the soil water transects

(grazing treatment X slope position).

Slope Position

Light

Grazing Treatment

Medium

Heavy

(number of sampling points)

Top

Upper 1/3
Mid 1/3
Lower 1/3
Bottom

2 4 2 8
4 4 4 12
3 3 9 15
4 5 1 10
6 3 6 15
19 19 22 60
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Table 4.2b. Sampling design of the soil water transects
(grazing treatment X soil type).
Grazing Treatment

Soil Type Light Medium Heavy

(number of sampling points)
47 6 3 2 11
51 0 3 3
55 6 7 7 20
66 5 5 0 10
87b 0 4 0 4
87z 2 0 10 12
19 19 22 60
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Table 4.2c.

(grazing treatment X aspect).

Sampling design of the soil water transects

Grazing Treatment

Aspect Azimuth Numerical Light Medium Heavy
Rank (number of sampling points)
NW-N 315 to 360° 1 7 1 10 18
N-NE 0 to 45°
NE->S55E 45 to 125° 2 4 6 1 1
S60W-NW 240 to 315° 3 0 3 6 9
S55E~S60W 125 to 240° 4 8 9 5 22
19 19 22 60
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Table 4.2d. Sampling design of the soil water transects
(grazing treatment X exposure).

Grazing Treatment

Exposure Azimuth Numerical Light Medium Heavy
Rank
(number of sampling points)
SW-NE 225 to 45°
(windward) 1 6 4 16 26
NE->SW 45 to 225°
(Teeward) 2 13 15 6 34
19 19 22 60
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Soil water content sampling was bequn during August, 1970, and
continued on a monthly basis through May, 1971. Beginning with the
1971 growing season, weekly sampling intervals were attempted. Weekly
samples were obtained throughout the growing season, except for a few

weeks in May and early June when equipment failures occurred.

Soil Water Potential Measurement

Forty ceramic cup thermocouple psychrometers, purchased from Wescor,
Incorporated, Logan, Utah, were slightly modified for use in the soil-
water relations study. The principles of operation were covered
adequately by Brown (1970); a brief review of these principles will
suffice here.

Basically, the thermocouple psychrometer is a thermoelectric wet-
bulb scnsor. Referring to Figure 4.2, the copper-constantan and
copper—chromé] junctions act as twin reference junctions, remaining
always at ambient temperature within the Teflon plug. The minute
chromel-constantan sensing junction is housed within a protective
ceramic cup. A 26 A.W.G. copper-constantan thermocouple is cemented
to the outside of the psychrometer below the ceramic cup.

A Keithley Model 155 Null Point Microvoltmeter was used to read
the output from both the thermocouple psychrometer and the copper-
constantan thermocouple. A switchbox, consisting of a 1.35 V battery,
a "cooling" circuit, and a "bucking voltage" circuit was connected to
the input terminals on the microvoltmeter. The psychrometer leads in
turn were connected to input terminals on the switchbox. The "cooling"
circuitry allows the investigator to reverse polarity of the thermo-

couple psychrometer circuit and apply a current of approximately 5 ma.



—— INSULATED LEAD WIRE

EPOXY RESIN
!-——-——— COPPER LEAD WIRE

COPPER-CONSTANTAN
THERMOCOUPLE
RTV SILICONE SEALANT

CHROMEL - CONSTANTAN
THERMOCOUPLE

. L NERRRRRNY
\ . -¥~
| W T
BRI VYTINN A
TEFLON PLUG o
ACRYLIC TUBING
CERAMIC CUP =t

’—‘ l.6cm -—l
}-4 15.0em

-

Figure 4.2. Diagram of thermocouple psychrometer probe used in the study.
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Because of the Peltier effect, this current results in a cooling of
the chromel-constantan sensing junction. With chromel-constantan
thermocouple junctions, a maximum temperature depression of only 0.6°C
is possible. Thus, the thermocouple psychrometer described here is
limited to use in atmospheres having a relative humidity greater than
90%. Under high humidity conditions, then, water may be condensed on
the chromel-constantan junction, if sufficient cooling results in the
junction reaching the dewpoint. The length of the cooling period re-
quired to produce condensation is a function of the humidity of the
atmosphere. At the end of this cooling period, the circuitry is re-
turned to the reading position. A "reading" is taken where the micro-
volt signal (between O and 30uV) reaches a steady state, corresponding
to the wet-bulb temperature. Cdo]ing times and measuring procedures
used in the laboratory calibration were duplicated in the field so as
to achieve consistency between calibration and actual use. The copper-
constantan thermocouple, used to measure soil temperature at the psy-
chrometer chamber, was read with the same equipment described above.
The switchbox included a 0°C referencing circuit so that the output
signal (0 to 2 mV) could be converted directly to temperature using
conventional copper-constantan thermocouple tables.

Psychrometer calibration. The 40 commercial units were calibrated
following a rigorous procedure suggested by Meyn and White (1972).
In their study, a predictive model of thermocouple psychrometer be-
havior was developed using a multiple regression approach. Using their
technique, each psychrometer is subjected to numerous water potential-
temperature combinations. Water potential is controlled with the use

of NaCl solutions (KCL may also be used) of varying concentrations.
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Usually three measurements (replicates) are taken at each water po-
tential-temperature combination. The resulting data are pooled and

run through a multiple regression analysis. In the present study, all
forty soil psychrometers were calibrated at nine combinations of water
potential and temperature. Table 4.3 gives the calibration solution
molarity, calibration temperature, and resulting water potential of the
NaCl solutions used.

In the multiple regression analysis, STAT38R, a stepwise-accretion
multiple regression program developed by the CSU Statistical Laboratory,
was used. Water potential of the solution was made the dependent vari-
able and microvoit output, temperature, (microvo]ts)z, (temperature)z,

and (microvolts x temperature) were used as independent variables.

The following regression summary was obtained:

5 Std. Error
Step Variable Entered R of Estimate
(bars)
1 Microvolts 0.91305 4.47
2 (Microvolts x
Temperature) 0.97691 2.31
3 (Microvolts)? 0.97738 2.29
4 (Temperature)? 0.97747 2.28
5 Temperature 0.97756 , 2.28
The model resulting from this regression analysis 1is
Y = -1.42985 - 3.90660 X, + 0.10162 X3
-0.01092 X4 - 0.00442 X5 [4.1]

+0.08689 Xe s
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Table 4.3. Water potentials (in bars) of different
‘ NaCl solutions for different temperature

ranges.
NaCl Temperature Range °C
Molarity 5-8 15-17 23-27
0.1 4.3-4.4 4.5 4.6
0.5 21.1-21.4 22.0-22.2 22.7-23.0
1.0

42.7-43.3 44.6-44.9 46.0-46.8
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where Y = water potential, bars;

X2 = microvolt output, uV;

X, = temperature, °C;

Xg = (microvolt output)z, (uV)Z;

Xg = (temperature)z, (°C)2;

Xe = (microvolts x temperature), (uV x °C).
A reliable easy-to-use model may be obtained from the regression analysis
above by eliminating variables X3, X4, and XS' The following model,
having an R2 of 0.977 and standard error of estimate of 2.3 bars, was
used to convert raw field psychrometer data to soil water potential
values:

Y = -0.77216 - 3.93914 X,

+0.07790 X6 s [4.2]

where the variables are the same as defined above.

With the use of the stepwise multipie regression computer program
(STAT38R), the inverse of the corrected sums of squares and cross-
products matrix was computed. This matrix was used in computing confi-
dence irtervals for Y at specified values of microvolt output and
temperature. The confidence interval approach was thought to be a
logical extension of the procedure developed by Meyn and White (1972).
Confidence regions are deemed desirable for any hydrologic variable
which has statistical sampling properties (Yevjevich 1972). The equa-
tion used to compute confidence intervals for the predicted soil water

potential, ?, was obtained from Mr. Tom Copenhaver of the CSU Statisti-

cal Laboratory, and is given as:

Y+ 73 Fa o) 52 (1+ /T C X2 , [4.3]
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where a represent$ the degrees of freedom due to regression and b is
the df due to the residual mean square, o2; X, is the vector of re-

gression coefficients, and C is the (X~ X)'1 or uncorrected sums of

squares and cross-products matrix. A computer program which calcu-

lated confidence intervals from equation [4.3] was obtained from the
CSU Statistical Laboratory and revised for uce in this study. This

program, entitled CONFIDE, is presented in Appendix D along with a

sample page of output.

Field installation of soil psychrometers. Following calibration,
each unit was cemented into an acrylic tube, 13 cm long and 1.3 cm
outside diameter (Figure 4.2). The purpose of the tubing was mainly
to adapt the psychrometers so as to be compatible with access pipes
used for field installation of the psychrometers. Figure 4.3 shows
the design of this installation. The access pipes were made of plastic
(PVC) sewer pipe, 75 cm long by 15 cm I.D. with walls of 3 mm thickness.
Five 0.5-inch holes were drilled in each pipe at points corresponding
to the predetermined measuring depths of 2, 10, 20, 40, and 60 cm.
Eight locations along the medium-grazed transect were selected as
sampling points; these locations corresponded with the sites of neutron
probe access tube numbers 3, 5, 7, 8, 11, 14, 16, and 18. Vertical
holes, 15 cm in diameter and 75 cm deep were augered approximately 45
cn from the respective neutron probe access tubes. The access pipes
were then placed in the ground so that the psychrdmeter probe holes in
the pipe faced the neutron probe access tube. Working from the half-
inch holes pre-drilled in the access pipes, horizontal holes, designed
to accommodate the psychrometer probes, were augered in the soil with

a modified half-inch diameter drill bit (wood bit). The psychrometer
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probes were then inserted in these holes and sealed with si]icqne
rubber sealant. After all five psychrometer probes were installed, the
access pipe was filled with plastic bags of soil and then capped with

a two-inch plug of styrofoam followed by a plastic cover.

The experimental design of this study was such that soil water
potential was monitored at five depths on all four of the soil types
found on the medium-grazed transect, with each soil type replicated
once. The psychrometers were read on a weekly basis during May, June,
and July. By the last week of July nearly all the psychrometers indi-
cated soil water potential values too low (< -70 bars) to be accurately

monitored.



CHAPTER V

STATISTICAL ANALYSIS OF SOIL
WATER RECHARGE AND DEPLETION

There is no certainty in sciences where one of the
mathematical sciences cannot be applied, or which
are not in relation with these mathematics.

Leonardo da Vinetl

A series of two-and three-way analysis of variance (AOV) tests
were designed to test the effects of grazing intensity, soil type, and
three topographic variables on soil water recharge and soil water deple-
tion. Soil water content data used in these analyses were collected
during the period August, 1970, to August, 1971. By analyzing precipita-
tion data for this same period, it was possible to conveniently define
recharge and depletion pericds. The recharge period, September 1, 1970,
to May 8, 1971, was further subdivided into two periods, September 1
to March 25, where recharge was mostly due to snowmelt, and March 25
to May 1, where recharge was due to rain only. The depletion period
was defined as that period between May 8 and August 20, 1971. Summaries
of the soil water content data appear in Appendix B.

The precipitation data used for this study were collected with
Belfort recording precipitation gages Tocated at microwatersheds 2, 5,
and 7 (See Figure 4.1), to correspond with the heavy-, medium-, and
light-grazed sampling transects. In some cases, sampling points in the
soil water transects were as far as 500 m from a precipitation gage.
This poses a potential problem if one is attempting to compute an
accurate water balance for the transects. Large variations in the areal

precipitation distribution on the Pawnee Site have been observed for
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convective rain events. However, it is doubtful that extreme spatial
variability occurs during the winter and spring, when frontal storms
predominate. As a check on the spatial distribution of rainfall along
each of the sampling transects, standard "forester-type" gages were
located on the transects at intervals not exceeding 300 m. These gages
were read after each event of 0.1 cm size or larger during the period
when convective events were common. These data were later compared with

the recording gage data and appropriate adjustments made.

The Water Balance Equation

Slatyer (1967) expresses the water balance equation as

P-0-U-E+aH = 0 , [5.1]

where P 1is precipitation, O is outflow or runoff, U is downward drainage
through the lower soil boundary, E is the sum of evaporation, transpir-

ation, and snow sublimation, and AW is the change in soil water storage

(initial minus final). Following the advice of McKay (1970), a term

for snow redistribution is added, and, with appropriate modifications

in notation, equation [5.1] becomes

P-2S=0+U+E-a2a8 , [5.2]

where AS is the change in snow storage (initial minus final, and a6 is
the change in soil water storage (initial minus final) in a 150 cm
profile. In this equation P refers to gage catch and is assumed to be

a reasonably good estimate of rainfall or snowfall incident upon the
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ground or vegetation surface. A positive AS signifies snow lost from
the site due to redistribution by wind, whereas a negative AS represents
a net amount of snow blown onto the site from upwind sources.

Two terms in equation [5.2] are considared negligible for the period
of this study. Only two runoff events occurred between September 2,
1970, and August, 1971. These events resulted from the storms of
September, 1970, and May 22, 1971, and each amounted to less than 1 mm
of runoff. Although soi! water depletion occurred below the 150 cm
level this year, as shown in Figure 5.1, it is highly unlikely that
percolation of water occurs beyond this depth. Careful analysis of
Figures 5.2a and 5.2b suggests that spring ra’ -z recharged the soil to
a depth of approximately 75 cm; subsequent redistribution of soil water
increased the soil water content at depths below 90 cm. A slight
increase was noted at the 150 cm depth on June 4, nearly a month fol-
lowing the last significant precipitation event. Striffler (1972) feels
that it is probably very rare to find the 150 cm depth with an average
water content approaching field capacity. The average volumetric water
content for the 150 cm depth deviated very little from a value of 0.177
over the recharge period. For most soils on the study area this
corresponds to a matric potential of less than -1.0 bar. Thus, it is
unlikely that any saturated flow or any significant unsaturated flow
occurs at this depth.

The winter water balance. If the runoff and subsurface drainage
terms are deleted and the resulting equation rearranged, we arrive at

the expression,

P+a6=4aS+E , [5.3]
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Figure 5.1. The growing season trend in soil water storage at depths
below 150 cm. Values represent the mean of 5 samples.
Tubes sampled include #9 and #13 of Transect No. 1
(heavily grazed); #7 of Transect No. 2 (1ightly grazed);
and #6 and #16 of Transect #3 (moderately grazed).
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where the terms on the lefthand side were measured in this study and
those on the right were not measured. Equation [5.3] represents the
winter water balance for the study area, covering the period where
recharge was due mostly to snow. For this period, average total
precipitation amounted to 10.5 cm and the average A6 was -4.1 cm. By
using equation [5.3], the term (AS + E) is computed to be 6.4 cm. This
means that approximately 60% of the total available precipitation is
lost to a combination of evaporation and wind redistribution of snow.
It is difficult to effectively assess the relative contributions of

AS and E to the total loss of 6.4 cm. Since most of the vegetation

on the site is dormant under winter conditions, transpiration is
negligible. Given the low air temperatures and reduced solar radiation
during this period, evaporation from soil and snow surfaces probably
does not exceed an average of (.15 mm per day or approximately 3.0 cm
for the entivrce winter season. Thus, over 50% of the 6.4 cm loss is
likely due to wind transporting snow off the site.

Visual observations of snow accumulation patterns on the shortgrass
prairie suggest that vegetation height, position-on-slope, and slope
exposure to prevailing winds all play an important role in snow reten-
tion. These variables were all tested using analysis-of-variance
techniques. To account for spat§a1 variability in snowfall, the
response variable was (P + ae), which could be calculated for each of
the 60 sampling tube sites in the study. From the identity represented
in equation [5.3], it follows that the term (aS + E) is also the re-

sponse variable, mathematically equivalent to (P + as).
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Since subclass cell frequencies would be uneven, and in some cases
zero, throughout the analysis-of-variance testing, a very flexible AQV
test capable of handling these data was needed. STAT31V, available
from the CSU Statistical Laboratory, was used for all the two-way and
three-way AQV tests made in the study.

Initially, a three-way analysis was made of the response variable
(AS + E), testing three levelsyof grazing intensity, five levels of
slope position, and two levels of exposure. The levels of grazing
intensity were heavy, moderate, and 1ight. The five levels of slope
position were defined as ridgetop, upper 1/3, middle 1/3, Tower 1/3 and
bottom. Exposure was divided into leeward and windwar: sites, assuming
a prevailing wind of north to northwsst. Quantitatively, the windward
sites were defined as those having an azimuth between 225° (SW) and 45°
(NE), whereas the leeward sites had azimuths between -.»” (NE) and 225°
(SW). The results of this test are presented in Table 5.1. The effect
of exposure was significant at the 0.95 level, with windward sites and
leeward sites losing averages of 7.2 and 5.8 cm of water, respectively,
to evaporation and wind transport of znow. The effects of slope posi-
tion and grazing intensity were not statistically significant in this
analysis. Because the three-way test meant that many subclass cells
were empty, three two-way tests, representing the three possible combi-
nations of two factors each, were attempted. The results of these
tests are shown in Table 5.2a-c. For the analysis of slope position X
exposure, the exposure effect was again significant at the 0.95 level.
The same was true for the exposure X grazing test. Exposure was
obviously the dominating effect in the above tests; in its absence,

slope position and grazing intensity fared much better. In the slope
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Table 5.1. AOV table for results of the three-way model,
slope position x grazing intensity x exposure.
The response variable is (P + a8) or (aS + E).

Analysis of Varianc: Table

Source df SS MS F-ratio

Mean 1 2437.16

Slope Position 4 25.56 6.39 1.44
Grazing 2 15.74 7.87 1.77
Exposure 1 24.12 24.12 *5.43
Interactions 18 105.84 5.88 1.33
Within 34 150.87 4.44

Total 60 2763.08

*Significant at 0.95 level
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Table 5.2a-c.

AOV tables representing the models, (a)

slope position X exposure, (b) exposure

X grazing intensity, and (c) slope posi-
tion X grazing intensity. The response

variable is (P + ae) or (aS + E).

ANALYSIS OF VARIANCE TABLES

Table 5.2a

Source df SS MS F-ratio
Mean 1 2437.16
Slope Position 4 25.79 6.45 1.27
Exposure 1 29.64 29.64 *5.86
Interaction 4 19.36 4.84 0.96
Within 50 253.09 5.06
Total 60 2763.08

*Significant at 0.95 level
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Table 5.2b

Source df SS MS F-ratio
Mean 1 2437.16
Exposure 4 49.10 16.37 *3.43
Grazing 1 27.83 13.91 2.92
Interaction 4 24.41 4.88 1.62
Within 50 233.84 4.77
Total 60 2763.08

*Significant at 0.95 Tevel
Table 5.2c

Source df SS MS F-ratio
Mean 1 2437.16
Slope Position 4 49.56 12.39 *2.87
Grazing 2 9.37 4.68 1.09
Interaction 8 86.72 10.84 *2.51
Within 45 194.11
Total 60 2763.08

*Significant at 0.95 level
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position X grazing test, both the slope position and slope position X
grazing interaction effects were significant at the 0.95 level. Figure
5.3 shows these two effects quite clearly. If it is assumed that topo-
graphy and grazing intensity have very little influence on winter
evaporation, the effects evident in Figure 5.3 are due largely to the
influence of slope position and grazing intensity on snow retention.
Although the mean values of (P + ae) for the three levels of grazing
intensity are not statistically significant, nevertheless, there is a
trend of increasing (P + Ae) with increasing grazing pressure. The
interpretation of these results is given in Chapter VI.

The growing season water balance. Unfortunately, the period of
soil water recharge due to rainfall coincides partly with the beginning
of the growing season. This means that some vegciation was growing and
actively transpiring during the rain recharge period. The following
water balance equation may be written for the spring and summer hydro-

logic regimes:
P = 0+E- As [5.4]

The runoff term, 0, is included here since in some years runoff-pro-
ducing storm events may be frequent enough to give a significantly large
cumulative runoff component. Moreover, it is possible that, for high
intensity storms, rainfall rates might exceed infiltration rates on

some sites. A combination of upper slope positions and heavily-grazed
conditions might interact to produce a local runoff event not exper-
ienced by the microwatersheds. Consequently, an AOV test was designed

to check for this effect. For the rain recharge period, average values
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of P and A6 were 7.8 and -4.2 cm of water, respectively, resulting in a
mean value of 3.6 for (P + A6) and (0 + E). Accurate partitioning of
the (0 + E) term into the separate components, runoff and evapotranspira-
tion, is very difficult. Using the (P + aAe) again as the response
variable, a test for the main and interaction efiaects was performed for
the combination, slope position X grazing intensity. The analysis showed
no significant effects, and no clear pattern in the subclass means was
evident. However, the mean value for the upper slope position sites on
the heavily-grazed transect was 5.0 as opposed to 3.4, the mean for that
grazing treatment, and 4.1, the mean for that <'ope position. This
result is worthy of discussion, since the slope position X grazing
intensity interaction effect would be expected to have the strongest
influence on runoff at the heavily-grazed upper slope positions. How-
ever, as before, we again have to make the assumption that grazing
intensity and slope position had no effect on evapotranspiration during
this particular period of study. This same test was made for total
recharge (snow plus rain). Again, (P + A8) was the response variable,
with the term (AS + O + E) as the identity. The results were similar

to those obtained from the slope position X grazing intensity test for
the snowmelt recharge case. Slope position was a significant effect

at the 0.95 level. However, the interaction effect in this case was
significant at the 0.99 Tevel. The pattern in the subclass means was
nearly identical to that for the snowmelt recharge analysis, suggest-
ing that recharge due to snowmelt plays an important role in the dis-
tribution of total soil water recharge. The seasonal distribution of
total soil water recharge for the three grazing intensities is shown

in Figure 5.4.
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For the period August, 1970, to August, 1971, an analysis of soil
water contents of the 150 cm profile showed the mean total soil water
depletion exceeded mean total soil water recharge by 1.1 cm of water.
This difference is due almost exclusively to the influence of the
heavily-grazed transect, where depletion exceeded recharge by 2.8 cm of
water. Differences between depletion and recharge were neglig¢ible
(0.1 and 0.0 cm) for the moderate-and light-grazed transects. The
seasonal distribution of soil water depletion for the three grazing
treatments appears in Figure 5.5. Analysis-of-variance models were
designed to test the grazing treatment effect on soil water depletion, as
well as the effects due to soil type, slope aspect, and position-on-
slope. A1l six major soil types reported on earlier were used in this
analysis. Aspect was subdivided into four levels, with Level 1 repre-
senting the azimuth segments 0° to 45° and 315° to 360°, Level 2 repre-
senting the azimuths between 45° and 125°, Level 3 representing 240° to
315°, and Level 4 representing 125° to 240°. Theoretically, the solar
radiation available for ev.potranspiration should increase from aspect
Level T to Level 4. Visual analysis of Figure 5.5 suggests that the
depletion period can be separated into two depletion periods on the
basis of mean daily depletion. These periods were selected as May 8 to
June 24, 1971 (early depletion, Ae]), and June 24 to August 20, 1971
(late depletion, Aez). The same three AQV tests were made on both these
depletion periods, as well as on the total seasonal depletion (AeT).
The first AOV tested soil type X grazin:. using (P + Ae}) as the
response variable. From equation [5.4] it can be shown that (P + Ael)
is equivalent to evapotranspiration, E, for the same period. Only the

grazing treatment effect was statistically significant (0.99 level) in
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this analysis. The medium-grazed treatment level appeared to have the
highest evapotranspiration amount for the period (9.6 cm of water),
followed by the heavy (9.1 cm) and light (7.6 cm) grazing levels. These
AOV results are presented in Table 5.3, and interpretations discussed

in Chapter VI. The second analysis tested the main and interaction
effects of the aspect X grazing model. Again, grazing was highly
significant at the 0.99 Tevel (Table 5.3). An analysis of the slope
position X grazing also showed grazing intensity to have a highly
significant effect on early depletion (Table 5.3). In addition, slope
position was significant at the 0.95 level, with the following slope

positions ranked according to mean (P + AG]):

Ridgetop (9.3) > Bottom (9.2) > Lower 1/3 (9.1) > Middle 1/3 (8.9)
> Upper 1/3 (7.8)



78

Table 5.3a-c.

AOV tables representing the models, (a)
soil type X grazing intensity, (b) aspect
X grazing intensity, and (c) slope position

X grazing intensity.

The response variable

is (P + Ae]) or early evapotranspiration

ANALYSIS OF VARIANCE TABLES

Table 5.3a

Source df SS MS F-ratio
Mean | 1 4678.13
Soil type 5 13.13 2.63 0.87
Grazing 2 31.18 15.59 **5.22
Interactions 4 6.26 1.56 0.52
Within 48 143.42 2.99
Total 60 4882.3

**Significant at 0.99 level
Table 5.3b

Source df SS MS F-ratio
Mean 1 4678.13
Aspect 3 18.12 6.04 2.22
Grazing 2 53.74 26.87 *%9.89
Interactions 5 11.57 2.31 0.85
Within 49 133.12 2.72
Total 60 4882.30

**Significant at 0.99 level
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Table 5.3c

Source df SS MS F-ratio
Mean 1 4678.13
Slope position 4 26.52 6.63 *2.78
Grazing 2 42.72 21.36 *%8.96
Interactions 8 36.24 4.53 1.90
Within 45 107.29 2.38
Total 60 4882.30

*Significant at 0.95 Tevel
**Significant at 0.99 level
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Somewhat different results were obtained using the same three AOV
models, with (P + Aez) as the response variable. Only the slope posi-
tion X grazing model had statistically significant effects. Slope
position was highly significant at the 0.99 level and grazing intensity
was significant at the 0.95 level (Table 5.4). In terms of mean

(P + Asz), grazing intensity was ranked as
Heavy (6.7) > Light (6.6) > Moderate (5.7) ,
and slope position was ranked as

Lower 1/3 (7.1) > Middle 1/3 (6.7) > Upper 1/3 (6.7) >
Bottom (5.7) > Ridgetop (5.3)

When (P + AeT), the total seasonal evapotranspiration, was made the
response variable, the aspect X grazing analysis resulted in grazing
pressure having a significant (0.95 level) effect. No effects were
evident in the soils X grazing model; the lack of a soil type effect is
shown graphically in Figures 5.6, 5.7, and 5.8. The results of the
slope position X grazing intensity AOV were somewhat more conclusive.
Both main effects and the inter::tion effect were highly significant
at the 0.99 level. The results of this test are presented in Table

5.5 and Figure 5.9, and discussed in Chapter VI.

Results of Multiple-Variable Regression Analyses
Regression models of the three recharge variables and three deple-

tion variables were proposed so that the relative contribution of soil,
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Table 5.4. AOV table representing the model, slope
position X grazing intensity. The response vari-
able is (P + Aez) or late evapotranspiration.

ANALYSIS OF VARIANCE TABLE

Source df SS MS F-ratio
Mean 1 2413.00
Slope position 4 27.17 6.79 **4.,19
Grazing | 2 12.07 6.04 *3.72
Interactions 8 7.73 0.97 0.50
Within 45 72.99 1.62
Total 60 2531.11

*Significant at 0.95 level
**Significant at 0.99 Tevel
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Table 5.5. AOV table representing the model, slope position
X grazing intensity. The response variable is
(P + AeT) or total evapotranspiration,

ANALYSIS OF VARIANCE TABLE

Source daf SS MS F-ratio
Mean 1 13686.64
Slope position 4 52.00 13.00 *%7.16
Grazing 2 30.66 15.33 *%8.44
Interactions 8 53.30 6.66 **3.67
Within 45 12871.08 1.82

**Significant at the 0.99 level
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grazing, and topographic effects could be assessed in terms of their
ability to explain the variability in soil water recharge and soil

water depletion in the Lynn Lake watershed. Such regression models are
logical steps in the approach to modeling the hydrologic balance of a
drainage basin. Table 5.6 lists all the independent variables used in
the six regression analyses performed on the sampling transect data.
Although the regression analyses were not successful in terms of explain-
ing the amount of variance associated with each dependeni varicaiiie,
several interactions between topciraphic an.! vegetational factors appear
to be important. This supports the underlying hypothesis of this paper
that soil water recharge and soil water depletion on the prairie are
highly complex phenomena and dependent uicn a multitude of interdependent
variables. MWith this in mind, a "shotgun" approach was deemed necessary
in the following regression analyses. Nearly all the 45 independent
variables identified in the study, except those whi~! were knowr to have
strong interdependence witn the dependent variable, were included in each
analysis. In each sub-problem, deleti.as of variables were mad: where the
specific independent variable had no physical reiations'. ip with the
dependent variable. Table 5.7 is a matrix of simple r coefficients for
all possible combinations of -zriables.

In each analysis, large nutbers of independent variables, explain-
ing only 1 to 2% of the variancc. were generated. Normally, oniy those
variables explaining 3% or mor~ of the variance were included in the
regression summaries. The regression AOV, regression coefficients, and
standard error of estimate are given in Appendix C for each of the six

analyses. A1l six regression tests were significant at the 0.99 level.
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Table 5.6 The variables used in the six regression

analyses.

Variable No. Code Name Description

X (1) RG(S) Soil water recharge due to snow
(cm)

X (2) RG(R) Soil water recharge due to rain
(cm)

X (3) RG(T) Total soil water recharge (cm)

X (4) DPLTN ** VQIDED VARIABLE **

X (5) GRAZ Grazing intensity (1bs. acre"])

X (6) VEGHT Mean vegetation height (cm)

X (7) ASAND % sand in A horizon

X (8) BSAND % sand in B horizon

X (9) CSAND % sand in C horizon

X (10) ASPCT Aspect ranking

X (11) SLPPE Slope gradient (%)

X (12) PAS (R) ** VQIDED VARIABLE **

X (13) EXPPS Wind exposure ranking

X (14) SFCBD Surface soil bulk density (gn cn °)

X (15) P-SR *% VPIDED VARIABLE **

X (16) P-RR ** VPIDED VARIABLE **

X (17) P-TR ** VQIDED VARIABLE **

X (18) P+D Precipitation + total depletion
(cm)

X (19) P+D1 Precipitation + early depletion
(cm)

X (20) P+D2 Precipitation + late depletion

(cm)
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Table 5.6 (continued)

Variable No. Code Name Description

X (21) H2PA Available water A horizon (%)
X (22) H20B Available water B horizon (%)
X (23) PRS (S) ** YPIDED VARIABLE **

X (24) P-SRJ ** VPIDED VARIABLE **

X (25) SR/TR Snow recharge : total recharge
X (26) PPS (S) STope position (S) ranking

X (27) PPS (TD) Slope postion (TD) ranking

X (28) PAS (D1) Slope position (D1) ranking

X (29) PRS (D2) STope position (D2) ranking

X (30) PPS (TR) Slope position (TR) ranking

X (31) P@S (RR) Slope position (RR) ranking

X (32) - X(11)* X (26)

X (33) - X(6) * X (26)

X (34) - X(6) * X (26)* X (11)

X (35) - X(6) * X (26)* X (13)

X (36) - X(6) * X (26)* X (11)* X (13)
X (37) - X(27) / x (5)

X (38) - H2p A + H2p B

X (39) - X(28) / X (5)

X (40) - X(29) / X (5)

X (41) - X(11)* X (30)

X (42) - X(11)* X (30)* X (5)
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Table 5.6 (continued)

Variable No. Code Name Description
X (43) - X(31) 7/ x (11)
X (44) - X(31) /7 X (11)* X (5)

X (45) - 4 X(10)* X (11)
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-.118
-.170
<004

- 301

~ect3
00‘09
«251
«U07
-.183
. 266
"0151
e 39
~eU45
« 348
~-+433
l.000

L6



Table 5.7 (continued)

VARTIBARLE
NUMRER

OB ~NIT TP W -

21

~.198
Wl LK
~e178
e OH6
-+330
~s309
~e412
S(93
~alal
~slal
~.321
aal-)
-.161
L 00Yy
«170
-.121
097
061
.160
-+150
1.00v0

22

P42
- 142
o 1H7
105
« 100
«135
. NGy
- 202
-.103
1G4
154
P2
154
«(a]
- 202
o 1
-, 156
+ 166
«01a
o 195
«+ 003
1,000

23

+ UGG
-.217
-.021

U4l
-s U9Y
'010“

o134
-e 177

00U

U927

«H30
~eZla
-es a9
«Unl
o116
219
+UUD
Ry
=.253

« 305
-.210

Olob
1.000

-.207
“.01lb
- U4
—-atd]
97
450
«191
«156
267
-al®d
009
~s101
«253
-o?7 40
o 2a7
« 034
o PhU
=-eb20
-eub]
'0197
- 040
-y
«03%
1600

25

+863
BT
« 553
152
« 395
«373
012
-s (Y9
<011
« 239
274
.172
360y
~a 019
-~ o838
«Hla
=520
)
sUba
. 146
PR AN
.?7\1
. 107
-+130
1.000

26

o220
- 074
W171
e 315
-.155
-elo7
«217
o161
(56
« 000
«218
402
-.110
~-olila
-e?bH8
U84
-.199
2B
+ 065
277
060
~« 000
«330
°012‘+
.2"‘2
1.000

27

.18
«0al
227
«3co
‘OUZ
’U03
«225
o255
091
002
«H34
- UD6
V67
~-.222
~e 040
-.230
340
«1450
« 183
L 057
<01b
"0156
- Ub2
«Z1l4
« 304
1.000

28

-+ 094
217
U2l

~s 048
«099
« 104

~.1d4
« 177

-, 004

- 0y2

-e530
.214
« 049

-.0d1
.116

-.219

-+ 006

~.025
254

-. 3065
210

-.105h

~1.000

-.035

-+107

-.330
« 158

1.000

29

o247
-«116
«175
«233
<009
«012
« 351
«060
«092
099
«H52
- U2
«158
248
112
-e175
e 306
~e 043
« 439
-, 180
.132
«534
. 009
762
667
~e584
1.000

30

«208
«120
424
e 297
022
« U3
242
«lal
V34
«01l0
245
.129
-, U764
U099
-.196
~el28
‘vebl
« 336
177
<169
-.061
«Ulu
-e 154
-e U35
«653
903
<154
042
1.000

26



Table 5;7 (continued)

VARTARLE
MNUMHER

EXTNTT & WV~

2R

3N
31
37
33
EX
kL
36
37
34
39
40

31

(159
b
‘1;19
.ll“
o 10y
.l 12
SO0l
« 53
- Nu3
- 075
004G
~er 3t
-, (136
s 0TS
~-l.(i24
Yk
-s1r8
108
.?1”
-.075
-, 050
- 1t
~ehlU
« JUY

- 0030

J0a3
95
o UD
R
w784
1.000

RY4

«315
~«115
e 260
P36
o 10B
<113
B
)T H
~-el70
o169
o706
103
YA
- 144
-«300
107
-7
.27C
o 1%
o34l
-e1%0
«114
e
- 176
<310
075‘&
anib
—./4("4
<763
PG
o141
l1.000

33

. 372
=235
o233
-e (H0Y
0‘05'3
et Hb
aT7
o271
w192
«lba
4 3B
237
-.310
219
177
<089
sUS2
« 170
-olal
«1u9
2721
«133
449
. 707
«T19
-.221
«663
H97
loql
«Tbo
1000

. 279
-y iT0o
« 270
el
el
)
eala
w161
020
24
e 750
.112
206
~all65
~«313
e 154
-el19
1607
"003\)
o241
a6y
«143
e 355
PRIaN
« 390
eblh
eHbh5
~-e 3565
e 711
«Hoa
elab
«9I18
L BhY
le00U

«4 09
-.312
« 229
-eluS
«H94
«HW2
b3
. 309
« 185
+ 353
+ 393
376
o778
-.21l6
- 32y
2493
. 106
~a 027
~-.Ubb
04l
-. 1606
«111
«110
o182
«Hla
eG4
Y
-0110
et4]
« 360
021
«567
45
« 734
1.000

36

sub7
.25t
e PYb
OUD
<S03
e S
«431
« 201
040
« 396
CTUD
124
4 sy
-4 (Jd6
-+ 366
222
e 22D
. 132
~-s010
«l1bY
’Q?f‘l
« 166
w273
PRy
4 Hb
490
eb4by
—0273
«Sky
sabl
J1l8
WH21
sHag
CHb#
1000

00
Y33
« 129
« 599
-e675
-7 7
~.l4l
s 091
- litdts
~elba
-+ 135
« 349
-4 i)7
e ltra
-+107
~e225
219
a7
<316
207
279
-.0tsl
-e 07
- 3497
- )94
.hy’d
«675
£ 027
.592
2063
«338
e 144G
&b
-elUd
~eUTY
1.000

34

004
L031
019
«133
-.188
—-el49
~ecbl
~. 059
~.174
L0117
-.146
<210
~-.025
101
-, 000
-.U50
-.027
«140
«131
011
766
)
-. 092
-. 082
048
06
<053
JU92
~+Ub3
-2 041
-.074
~.038
-.038
-0097
=-.Ub5
-.092
161
l.00u

39

~.201
« 345
<004
«343
-ob82
~e579
-.407
<031
-e198
-.175
-e577
«190
~e 367
« 195
«119
-.364
-+ 079
241
« 365
~. 167
«405
-~ 129
~e636
-.392
-.323
~+160
<100
636
-.458
. 063
«352
-e4 07
-e4b9
"obll
~-e418
=509
469
. 227
1.000

490

-0041
« 060
-.008
«5Hld
-e6Y4
-069‘0
’1072
-elU5
~-al44
~-.067
.170
092
~-e 381
W 246
-. Vb4
-, a2
~-.Ubg
« 399
U095
+ 368
.Ubj
- 012
446
-.321
- 092
«c65%
«4 30
-o 4496
<655
«c4US
-e 092
c4bb
«lla
olcy
-s 135
-s 017
«8U4
057
« 023
1.000

€6
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Table 5.7 (continued)

VARTARLE 4l 42 43 44 45
NUMKER

] +313 . 334 -.208 - P54 .333
2 -, 0ub - 0191 291 .360 -.325
3 «PH2 «2t9 - U9 -. 0648 «151
4 9 e «Nah 003 2208 RS-
& o141 w74 -.131 -e547 « 235
[} 2he U HS -.137 -—ebhal .273
7 « 209 . 364 -.U29 -. 1061 U770
B oll8 «179 <0490 NUBEY -.716
o -a 071 o 54 <133 -.021 ~-.243
10 P TN $151 —-s242 ~-.247 803
11 «6H3 . 555 ~sbb0 ~-e656 . 739
12 « 049 PRI | ~al20 -« 070 ~-.1laa
13 0692 - -.227 -.413 . 385
14 LOln - 473 «u07 . 137 L0002
15 - 274 - 259 «187 e 172 -.272
16 -.011 71 ~. 278 -.3lo . 288
17 ~e264 ~e 207 <030 ~. 004 ~.1lus
1R e 328 . 163 -.U31 o1 1v slul
19 176 76 091 « 196 -. 009
20 242 .10l ~-.157 - 09y .17
21 - 1n7 ~.271 <089 « 177 -.286
°7 . 124 112 -+183 270 «201
23 Ll Ok L0468 .77 -4y . 348
74 T =e029 . 153 -.019 ~a24> -.170
rda 272 « 338 -.283 -a375 «3K2
26 .59 subH1l —e234 ERR LAY 110
27 TG40 051 U7 ) L0682
2k -s 108 -, (lap 672 058 -.343
29 L 735 W] -e42G -.321 370
30 LRG3 « 739 L1492 o lau . 133
21 BT L Hb «HTY .« 3bY -, 030
32 HHH LTS5 —-e483 —at?] . 529
a3 Tl . 751 ~-.312 -3 «3lb
34 «H33 o HH4 -eb56 ~e50s «5H3
35 «Hu7 134 ~e3Us -e4H5 Y]
3A e Tul 3463 —e43i =514 .0677
7 «350 146 £ 159 clly -.174
3R -, 048 -.131 -, 0%0 -.010 -5 051
39 ~-.270 - 344 HYZ 773 -.416
40 » 341 027 —-.202 .120 LG 1
41 1,000 .9l6 —e24b ~e Pt <489
4p 1.000 —a 230 ~-a3b1l XD
43 l.000 B4u -aa97
a4 1.000 -.488

45 1.000
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The first regression analysis was made on soil water recharge due to
snowmelt. The regression summary appears in Table 5.8. The strongest
independent variable, explaining about 20% of the variance in snowmelt
recharge, was a four-variable interaction, composed of the products of
mean vegetation height (measured at microwatersheds by Knight [1971]),
slope position (ranked by AOV tests), slope gradient, and site exposure
to prevailing winds. The remaining four variables together explained
only an additional 14% of the variance.

Table 5.9 is the summary for the second analysis, where soil
water recharge due to spring rainfall was the dependent variable. Here
again an interaction term was the strongest variable. The siope posi-
tion, ranked previously from AOV tests, was divided by the product of
slope gradient and grazing intehsity; the resulting variable explained
12% of the variance in rainfall recharge. Percent sand in the C-horizon
explained an additional 9%. Six more variables together explained only
18% of the variance in rain recharge. It is interesting to note that
slope gradient, grazing, and surface bulk density were all negatively
correlated with rain recharge, suggesting possible differences in
infiltration between sampling sites.

0ddly enough, % sand in the C-horizon was the first variable
entered in the third regression analysis, where total soil water re-
charge was the dependent variable. It is difficult to understand why
variable X(9) should explain so much of the variability in both rain-
fall recharge and total recharge. It is possible that the amount of
sand in the C-horizon is strongly related to some property of the

soil surface which is controlling the infiltration rate. It is evident
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Table 5.8.

Regression summary for snowmelt recharge.

REGRESSION SUMMARY TABLE

2 Increaie
Variable Entered r R™ _in Re
X (36) 447 .200 .200
X (22) H2p B .242 .229 .029
X (9) C SAND .186 .265 .035
X (7) A SAND .101 .315 .051
X (38) H2p A + H2p B .004 .338 .023
Table 5.9. Regression summary for rainfall rectiirge.
REGRESSION SUMMARY TABLE
2 Increase
Variable Entered r R in R2
X (44) .340 .116 116
X (9) C SAND .299 .209 .094
X (11) SLOPE -. 141 .249 .040
X (5) GRAZ -.236 .284 .035
X (31) PBS (RR) .262 .323 .038
X (14) SFCBD -.024 .354 .031
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in this analysis that the same factors important in recharge by snow-
melt are also important in the total recharge of soil water. As Table
5.10 shows, even though ten independent variables were entered into the
model, only 38% of the variance was explained.

The soil water depletion regression models fared much better.
Table 5.11 shows that the total amount of pre-growing season recharge
experienced at the sampling sites explained nearly 40% of the variance
in total evapotranspiration for the growing season. Grazing intensity
explained another 17%. The slope position variable (ranked from AOV
tests) ahd the slope gradient X aspect interaction together explained
an additional 6%. This resulted in 63% of the variability in total
evapotranspiration having been explained by only four independent
variables.

The model for early evapotranspiration was much more complex. It
took seven variables to explain a mere 66 of the variability in early
ET. Again, total soil water recharge was the strongest variable, account-
ing for over 35% of the variance (Table 5.12).

The sixth regression analysis was perforned on late season evapo-
transpiration, or those ET losses occurring between June 24 and August
20, 1971. Included in the independént variables was early season ET.
Interestingly enough, this variable accounted for nearly 20% of the
variability in late season ET (Table 5.13). This dependence suggests
that water may have become limiting to plant use as early as June 24,
since the two variables were negatively correlated. An interaction
term, slope position ranking divided by grazing intensity, explained an
additional 19% of the variance. Total soil water recharge again was

2

important, adding 0.132 to the R™ value.
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Table 5.10.

Regression summary for total

recharge.

REGRESSION SUMMARY TABLE

2 Increase
Variable Entered r RE _in RZ
X (9) CSAND .327 .107 .107
X (41) .292 .207 .100
X (22) H20 B .182 .240 .033
*kkkkkkkkkhkkhkhkhkkhkkbkkhhrhhhhrthkhhbhhhhhkkdkdrbhhhhhhkhkhkkhbhkhkrhkhkhhhtdhkicxs
X (8) BSAND .101 .254 .014
X (13) EXPPS .219 .269 .015
X (42) .269 .292 .023
X (36) .296 .300 .008
X (31) PPS (RR) .189 .335 .034
X (35) .229 .359 .024
X (33) .233 . 381 .022
Table 5.11. Regression summary for growing season evapo-

transpiration

REGRESSION SUMMARY TABLE

Variable Entered r BE‘ In?;eage
X (3) RG (T) .632 . 399 .399
X (5) GRAZ -.303 .571 172
X (27) PPS (TD) . 346 .608 .037
X (45) ASPECT * SLOPE L1417 .625 .017
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Table 5.12. Regression summary for early evapo-
transpiration.

REGRESSION SUMMARY TABLE

. 2 Increage
Variable Entered r R™ in R
X (3) RG (T) .594 .353 .353
X (39) PPS(D1)/GRAZ . 365 .484 131
X (2) RG (R) .550 .539 .055
X (8) B SAND .281 .568 .029
X (45) SLPPE X ASPECT -.009 L5926 .029
X (5) GRAZ -.216 .618 .022
X (28) PgS (D1) .253 .661 .042
Table 5.13. Regression summary for late evapo-
transpiration.
REGRESSION SUMMARY TABLE
5 Increase
Variable Entered r RS _inRZ_
(19) P+ DI -.433 .187 .187
(40) PPS(D2)/GRAZ . 388 .373 .186
(3) RG (T) .006 .505 132
(9) C SAND -.283 .548 .043

(7) A SAND .004 .559 011
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Interpretations of the above results are discussed in detail in
Chapter VI. 1In general, it appears that evapotranspiration is highly
dependent upon soil water recharge. This is understandable for the dry
soil water regime which exists on the shortgrass prairie. The Tow R2
values for the soil water depletion runs were probably related, then,
to the Tow R2 values for the recharge runs. The large amount of
unexplained variability in total soil water recharge was, no doubt,
reflected in the depletion R2 values. The source of this unexplained

variance will be discussed also in Chapter VI.



CHAPTER VI

SOIL WATER BALANCE OF THE
LYNN LAKE WATERSHED

In many cases one and the same thing is attracted
by two strong forces, namely, Necessity and Potency.
Water falls in rain; the earth absorbs it from the
necessity for moisture; and the sun raises it, not
from necessity, but by its power.

Leonardo da Vinet

The results of this soil water study are similar to and tend to
support the results of Galbraith's (1971) intensive study of the water
balance of the microwatersheds. Snow retention and the resulting soil
water recharge due to snowmelt are obviously very important factors in
the assessment of the soil water balance of a shortgrass prairie site.
Acc~dingly, a substantial portion of this thesis has focused on the

winter hydrologic regime of the Pawnee Site.

The Winter Hydrologic Regime

The writer attempted to observe snow accumulation and snowmelt
characteristics on the study site following every major snowstorm of the
1970-71 winter. One storm in particular, that of January 1-3, 1971,
was ideal for study purposes. Precipitation gage catch averaged 1.4 cm
for the three-day storm. Scattered measurements of snow depth and water
equivalent were taken immediately following the storm and again two
weeks later just prior to melting of the snowpack. As discussed pre-
viously in a technical report (Van Haveren and Galbraith 1971), these
data showed snow retention patterns brought about by topographic and
vegetational differences. Furthermore, patterns in soil water recharge

resulting from the storm suggested there was a control due to frozen
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soil characteristics. Bottomland, south-facing, and west-facing sites
received, in the form of soil water, a greater proportion of their snow-
pack water equivalent than upland, north-facing, and east-facing sites.
Although no overland flow was ever observed during the melt period,
ponded water was evident in micro-depressions on all sites except those
having steeper slopes. The bottomland sites, in particular, had free
water standing on the surface during the first day of the melt period.
Because December, 1970, was a cold, snow-free month for the Pawnee Site,
frozen soil was encountered at depths up to 30 cm on some sites. Because
of microclimatic variability, soils on the traditionally warmer south
and west aspects may have been frost-free at the surface, allowing water
to infiltrate these soils. This is a plausible explanation for the
greater recharge on the west and south aspects. It is suggested that
frost penetrometer measurements may be an important parameter to include
in the hydrologic process studies. Occasional readings with a frost
penetrometer on different aspect X slope gradient X slope position comdi-
nations may provide information on the possible existence of overland
flow during snowmelt. Micro-runoff collectors installed on selected
slopes and draining microwatersheds of known area should also be con-
sidered. On the basis of personal field observations, it is suggested
that overland flow of snowmelt is a highly restricted and localized
phenomenon, occurring only on steeper north- and east-facing slopes.
Given the low relative humidities, high winds, and clear sunny
days characteristic of the Pawnee Grasslands during winter, it is
understandable that evaporation and sublimation account for a signifi-
cant portion of the total wintertime water balance. It was estimated

in Chapter V that wintertime evaporation amounts to approximately 3.0 cm.
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As a check on this estimate, a mean daily loss was computed from data
collected from the weighing lysimeter Tocated on the Pawnee Site. Since
the lysimeter was not operable until the 1971 field season, these data
are from the winter of 1971-72. For the period October 1, 1971 to
March 8, 1972, the mean daily loss was 0.11 mm. Thus, the estimate of
0.15 mm day_] given in Chapter V is a reasonable approximation.

The estimated water balance for the winter period, 1970-71, is

then

it

P &S + E - ne

(+10.5) (+3.4) + (+3.0) - (-4.0) ,

where the + 3.4 value associated with the AS term indicates that approxi-
mately 3.4 cm of water was lost as a result of snow being blown off the
sampling sites. It is Tikely that this figure is underestimated since
gage catch of snow i< often considerably less than that whi<h reaches

the ground.

Effects of topography and vegetation height on snow retention. In
the analyses of variance results presented in Chapter V, a slor~ posi-
tion X grazing interaction effect was found to be influential in the
snow retention process. On the heavily-grazed transect, more snow was
retained at the lower slope positions, while on the moderately-grazed
and lightly-grazed transects, the greatest snow retention occurred at
the middle 1/3 and upper 1/3 positions, respectively. There are several
possibie explanations for this pattern in snow accumulation. First,
the slope position at which snow retention is maximized is dependent
upen the slope length and gradient. On the Tonger and less steep

slopes, the middle and upper slope positions will Tikely accumulate
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more snow than the lower slope positions. Likewise, on short and
steep slopes, maximum snow retention will occur at the lower slope posi-
tions. In general, however, the topography on the heavily-grazed tran-
sect is more subdued than on either the moderately-grazed or lightly-grazed
transects. Hence, the slope gradient and slope length effects do not
appear to be operating in this case. Another possible explanation for
the slope position difference is the influence of vegetation height on
snow retention. Theoretically, if we hold slope gradient and slope
length constant and examine the effect of vegetation height, we should
find that on slopes where vegetation is talle:, snow retention increases
in an upslope direction. This explanation may apply to the situation in
this study, since the moderately-grazed and lightly-grazed transects
retained more sn¢w at the middle and upper slope positions than at the
Tower positions. However, as Knight (1971) pointed out, the differences
in mean vegetation height across grazing treatments is only about 1 cm
(on the basis of microwatershed data, mean vegetation heights for the
heavy, moderate, and light grazing treatments are 1.2, 2.3, and 2.3 cm,
respectively, for growing season 1970). A more 1ikely explanation for
the slope position - grazing intensity effect is the influence of local
topographic characteristics. For example, local peculiarities in topo-
graphy upwind of one heavily-grazed transect segment tend to favor
maximum snow accumulation at the lower slope position sampling site.
The same factor appears to be operating on the middle position sites on
the moderately-grazed transect.

A much more important interaction effect is due to the combination
of vegetation height and several topographic variables which influence

snow accumulation. The multiple product of the variables vegetation
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height, slope position ranking, slope gradient, and exposure ranking
explained 20% of the variance associated with snowmelt recharge. These
results are interpreted to mean that sites found at the more steep lower
and middle slope positions with a lee exposure in the lightly-and-
moderately-grazed pastures are ideally suited for retaining large
quantities of snow. The physical basis for this reasoning has been dis-
cussed previously. Obviously, a site Tocated on a steep lee slope at
the mid- to lower-slope positions has a very large potential storage
volume for snow. Figures 6.1a-d portray this quite vividly. The rela-
tive strengths of each of the topographic va: iables included in the
interaction term are not easily ranked on the basis of the regression
results. Individually, these variables contributed very little (< 2%)
to explaining the variability in snowm21t recharge. On the basis of the
AOV test results in Chapter V, however, expcsure appears to be the most
important topographic factor influencing snow accumulation. The regres-
sion summary presented in Table 5.8 shows that four soil variables taken
together explain an additional 14% of the variance associated with snow-
melt recharge. Variable X (22) is defined as the water available (in %
by volume) in the B-horizon between 0.3 and 15.0 bars matric potential.
Reciprocally, and ignoring hysteresis effects, this variable may also

be defined as an index of the water holding capacity between 0.3 and
15.0 bars matric potential. Variables X (9) and X (7) are, respectively,
the percent sand by weight in the C and A horizons. Variable X (38)

is the sum of available water in the A and B horizons. Since soil type
and slope position are quite interrelated on the Pawnee Site, it appears
that these variables are serving as an index to slope position. This

hypothesis can be supported by close examination of the hydrologic and
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Figures 6.1a-b. Photographs showing the effects of exposure and slope
position on snow accumulation on the shortgrass
prairie.
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Figures 6.7c-d. Photographs showing the effects of exposure and slope
position on snow accumulation on the shortgrass
prairie.
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physical properties of the common soil types. At the slope positions
where snow retention is maximized, the most common soil Lypes are Reno-
hill sandy loam, Shingle loam, and Shingle-Renchill complex. From

Tables 3.2 and 3.3 it is readily apparent that the Renohill and Shingle
soils have the greatest amount of available water in the B horizon of all
the soil types shown. Thus, there appears to be an indirect relationship
between the soil variables and snowmelt recharge, owing to the inter-
dependence of slope position and soil type.

Grazing intensity (or mean .egetation height) alone did not con-
tribute significantly to the regression on snowmelt recharge. Nor did
it even appear a significant effect in the analysis of variance tests
on snow retention. Nevertheless, as shown in Figure 5.3, there is a
trend of increasing snow retention with decreasing grazing pressure (or
increasing vegetation height). The lack of statistical significane is
attributed to the very small differences in mean vegetation height
across grazing treatments. This correpsonds with Galbraith's (1971)
results, where the grazing effect upon snow retention was felt only
between the non-grazed and heavily-grazed microwatersheds. Where
vegetation differences are substantial on the prairie, a strong control
on snow retention results. The study of Willis et al. (1969) strongly
supports this theory.

The 5-variable regression analysis summarized in Table 5.8 shows
that a total of only 33% of the variance associated with snowmelt
recharge was accounted for. Since all possible mesotopographic, soil,
and grazing variables were included in the regression analysis, the
source of the unexplained variance is not immediately obvious. It has

been suggested earlier in this chapter that local differences in
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topography were responsible for the strong slope position X grazing
intensity interaction effect on snow retention. It is also possible

that local variation in vegetation height may affect the snow accumula-
tion characteristics of certain sampling tubes. For example, an increase
in the frequency of tall forb sp~cies or shrubby vegetation immediately
upwind of a sampling site may drastically influence the water balance of
that site by increasing snow accumulation. A recent spring snowstorm

on the Pawnee Site afforded an exceptional opportunity to visually
examine this possibility. Figures 6.2a through 6.2d document those

field observations. The presence of scattered individual shrubs signi-
ficantly influences snow accumulation of an area as distant as 5 meters
leeward of the plants. Another possible source of unexplained variance
in snow accumulation was sugc. “ted and studied by Froehlich (1969).
Although the study was made in an alpine-subalpine situation, many of
the physical processes associated with snow accuiiation in this zone
apply as w211 to the prairie situation. Froehlich was able to show that
the areal extent of a source area for blowing snow and its distance

from the sampling site, were extremely important in explaining snow
accumulation patterns. On the prairie such source areas are not as
easily identified. Since snow accumulates differentially upwind of a
given sampling site, according to topographic and vegetational controls,
the amount of blowing snow potentially available for accumulation can

be expected to vary from site to site. However, personal observations

of prairie snowstorms suggest that the source area effect is not strongly
operative on the prairie. It is strongly suggested that local peculiari-
ties in vegetation height and in microtopography are largely responsible

for the snow accumulation patterns and resulting snowmelt recharge



110

Figures 6.2a-b. Photographs showing the effect of vegetation height
on snow accumulation on the shortgrass prairie.
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Figures 6.2c-d. Photographs showing the effect of vegetation height
on snow accumulation on the shortgrass prairie.
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patterns found on the shortgrass prairie. Mean vegetation height and
mestopographic variables influence spatial patterns in snow accumulation
to a lesser extent. When mesotopography becomes more exaggerated,
however, such &s with a prairie landscape characterized by steep slopes
and eroded gullies, mesotopographic factors assumo more control over
snow accumulation patterns.

The recharge ratio. As an index to the importance of snow accumula-
tion to the water balance of a given site, and as an indicator of site
characteristics favorable to snow accumulation, a parameter termed the
"recharge ratio" was devised. This index is simply the ratio of the
total soil water recharge due to snowmelt to the total soil water
recharge received betwen growing seasons, and is expressed symbolically

as
o = — ) [6.1]

Both analysis of variance and multiple regression tests were performed
on the recharge ratio, which was computed for each sampling site. Both
exposure and grazing intensity were found to be highly significant
effects when each was combined with slope position in analysis of
variance tests. The AOV tables are shown in Table 6.1. Leeward sites
were found to have a 0., value of 0.54 compared to 0.4] fo% windward
sites. The 0, values for the grazing treatments were 0.40, 0.49, and
0.55, for the heavily-grazed, moderately-grazed, and lightly-grazed
transects, respectively. These results were somewhat supported by the

regression analysis (Table 6.2), where an interaction variable, mean
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Table 6.1a-b. AOV tables representing the (a) slope
position X exposure and (b) slope posi-
tion X grazing intensity models. The
recharge ratio, Ops is the response variable.

ANALYSIS OF VARIANCE TABLE

Table 6.1a

Source  df ss MS 3
Mean 1 13.7665
Slope position 4 0.1193 0.0298 1.41
Exposure 1 0.2578 0.2578 **12.16
Interactions 4 0.0423 0.0106 0.50
Within 50 1.0601 0.0212
Total 60 15.2368

**Significant at 0.99 level
Table 6.1b

Source  df ss ms F
Mean 1 13.7665
Slope position 4 0.1427 0.0357 1.70
Grazing 2 0.2695 0.1347 *%6.42
Interactions 8 0.1457 0.0182 0.87
Within 45 0.9450 0.0210
Total 60 15.2368

**Significant at the 0.99 level
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Table 6.2. Regression summary for the analysis of the
recharge ratio. The regression AOV, regression
coefficients, and standard error of estimate are
given in Appendix C. The test was significant
at the 0.99 level.

REGRESSION SUMMARY FOR THE RECHARGE RATIO

Variable Entered r BE Eﬁggig%i
X (35) 0.574 0.264 0.264
X (8) ~0.094 0.335 0.071
X (22) 0.271 0.358 0.724
X (7) 0.012 0.390 0.032
X (21) -0.165 0.416 0.026
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vegetation height X slope position X exposure, accounted for over 26%
of the variance associated with the recharge ratio. An additional 15%
was explained by four separate soil variables, again thought to be an
index of the slope position effect. Although the AQV tests did not
show slope position to be a significant effect, nevertheless, the pattern
of mean recharge ratios as a function of slope position was similar to
that found when analyzing snow retention patterns. Mean values for the
five slope positions were 0.39, 0.46, 0.51, 0.53, and 0.48, for the
ridgetop, upper slope, middle slope, lower slope, and swale sites,
respectively. Although not statistically significant, the trend is for
snowmelt recharge to assume more importance at the middle and lower
slope positions and Tess importance at the ridgetop, upper slope, and
bottomland sites. |

It is interesting to note that the overall mean recharge ratio
was 0.48 which is interpreted to mean that approximately 48% of the
total soil water recharge occurring on the Pawnze Site between growing
seasons is attributed to snowmelt. This is significant in that most of
the growth experienced by the Pawnee Site vegetation is dependent upon
the stored water already in the soil profile (i.e. recharge received
since previous growing season). Consequently, snowfall may be said to
be an important hydrologic input on the shortgrass prairie, despite the
fact that it comprises only 10 to 15% of the mean annual precipitation.
On many sites, where the recharge ratio exceeds 0.50, the associated
vegetation is probably more dependent upon snowmelt than upon fall and
spring rains for survival and growth. On some optimum sites snowmelt
recharge contributes over 70% to the total soil water recharge occurring

prior to the growing season.
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In summing up the above discussion, it must be concluded that
snow is a valuable input to the hydrologic balance of the shortgrass
prairie. The results of this study may even have underestimated its
importance, since Striffler (1972) reports that the 1971 winter pre-

cipitation was below normal and the April rainfall was above normal.

Soil Water Recharge by Rainfall

The results of the AOV tests on rainfall recharge are difficult
to interpret because of the addition of evapotranspiration to runoff
in the response variable. Significant evapotranspiration most certainly
occurred during the rainfall recharge period, and this ET may have been
spatially variable. Thus, it would be highly presumptuous to use the
results of the rainfall recharge AOV without breaking out the runoff
term and using it as the simple response variable. In the regression
analysis, the dependent variable was simply soil water recharge due to
rainfall, uncorrected for differences in measurable precipitstion.
The regression results are somewhat more revealing than the AOV results.
The strongest independent variable ente2d was an interaction variable:
slope position (ranked accorcing to incrcasing rainfall recharge)
divided by the product of slope gradient and grazing intensity. This
variable accounted for approximately 12% of the variance associated with
rainfall recharge. Variable X (9), the percentage of sand in the C
horizon, explained nearly as much variance as variable X (44). As
with the snowmelt recharge regressions, this soil variable is thought
to be an index of slope position and/or slope gradient. Three more
variables, slope gradient, grazing intensity, and slope position, each
added rough]y 4 percentage points to the final multiple determination

coefficient. The simple r values associated with each of these
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variables are worthy of discussion. Slope gradient and grazing intensity
were both negatively correlated with rainfall recharge, suggesting that
overland flow may have occurred on the steeper slopes, particularly

on the heavily-grazed transect. As expected, slope position was
positively correlated with rainfall recharge, but not strongly so.
Although it only accounted for 3% of the variance, surface bulk density
was negatively correlated with recharge, as one might expect. Despite
the Tack of rigid statistical significance in the above results, there
is nevertheless a hint of isolated overland flow events influencing
spatial patterns in rainfall recharge. Since the major rainfall re-
charge period analyzed did not include any significantly large pre-
cipitation events, the statistical results are not surprising. Under
ideal conditions, i.e. high surface bulk densities, steep slopes, and
poor range condition, rain rate could frequently exceed the infiltration
rate, resulting in overland flow and decreased soil water recharge.
During some years when high intensity storms are more frequent, an
effect of slope position on soil water recharge may become clearly
evident.

Because of the rather uniform spatial distribution of soil water
recharge during the rainfall period, the spatial distribution of total
soil water recharge occurring prior to the growing scason was largely
dependent upon the patterns of recharge originating as snowmelt. The
statistical results of total recharge, in fact, were nearly identical
to those of snowmelt recharge. The simple correlation cocfficient for
snowmelt recharge vs. total recharge was 0.866. Rainfall recharge was

less strongly related to total recharge (r = 0.357).
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Soil Water Depletion and Evapotranspiration

If we neglect the runoff term in equation [5.4], evapotranspiration
may be calculated from knowledge of P and A8. Evapotranspiration then
includes depletion of both long-term and short-term storage of soil
water by evaporative and transpirative processes, and evaporative losses
of water intercepted by vegetation and litter surfaces. The mean A6,
averaged over the 60 sampling sites, for the growing season was 9.4 cm
of water. Mean precipitation for the growing season was 5.7 cm. Since
a considerable portion of the 5.7 cm is not available for plant use, it
is apparent that the transpiration portion of ET is largely dependent
upon the Tong-term storage of soil water, or that recharge received
prior to the growing season. Consequen:..y, cne would expect the magni-
tude of ET losses to be highly dependent upon so0il water recharge
received from fall, winter, and spring precipitaticn. The regression
analysis of growing season ET supports this theory. Variable X (3),
total recharge received prior to the growing sezcon, explained nearly
40% of the variability in growing season ET. Moreover, the simple r
value for X (3) shows that the dependency was strongly positive. In
essence, this finding supports the general assumption that soil water
is a limiting factor in the shortgrass prairie scosystem. The grazing
intensity variable adds an additional 17 percentage points to the final
multiple determination coefficient (R2 = 0.625). The facf that grazing
intensity is negatively corre]ated with ET supports Galbraith's (1971)
results, in that the increased ET on the lightly-grazed and noderately-
grazed transects resulted from the greater snowmelt recharge experienced
by those sites. Likewise, the pattern of ET with regard to slope posi-

tion is similar to the pattern of snow accumulation. The dependency
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of growing season ET on total soil water recharge can be seen by compar-
ing Figures 5.3 and 5.9. It is interesting to note that the aspect X
slope gradient interaction was the fou: :h variable entered in the regres-
sion analysis of total ET. Although the simple correlation coefficient
(r = 0.141) shows the relationship to be a weak one, nevertheless, the
steeper and traditionally warmer slopes experience the greater evapo-
transpiration.

Breaking the growing season into early vs. late depletion periods

2 values. Of the total variance associated

did not significantly affect R
with early ET, only 667 was explained by some seven variables. Strongest
of these was total soil water recharge again, which by itself explained
35% of the varianc.. An interactic~ term, slope position ranking

divided by grazing trcatment, explained an additional 13%. It is
interesting to note that recharge due to spring rainfall was the third
variable entered. Although it accounts for only 5.5% of the variance

in early ET, it suggests, however, that patterns in spring rainfall
recharge have some effect on early ET, since this water is stored in

the surface portion of the soil profile. In the regression analysis of
late (June 24 to August 20) evapotranspiration, early ET was included

as an independent variable. This variable, negatively correlated with
late ET (r = -0.433), explained nearly 20% of the variance associated
with Tate ET. This is interpreted to mean that those sites which had
high depletion rates prior to June 24 had Tower rates during the late
depletion period, and vice-versa. This may be an indication of a
phenological control acting on plant water use. It also seems to

suggest that on some sites actual evapotranspiration decreased below

potential evapotranspiration as early as June in 1971. Table 5.13 shows
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that the slope position X grazing intensity interaction, as well as the
total recharge, had an influence on late Et. The soil variables which
appear in all the depletion regression analyses again seem to be inter-
related with slope position.

As with the results of the regression analyses of the recharge

2 values associated with the depletion regressions

variables, the low R
were disappointing. In the case of growing season ET, the source of
unexplained variance is considered to be the local variability in species
composition and gr-und cover properties. Nor cah one forget the poss-
ibiiity of Tateral soil water redistribution following the winter and
spring recharge periods. Lateral redistribution downslope is possible
when soils are near saturation. If extensive redistribution were to have
have occurr. 4 on some steep slope sites, the relationship between total
recharge and total ET would be affecled. However, the local variability
in vegetative characteristics, litter depth, and perhips hydraulic con-
ductivity of the soil in the root zone, all of which were variables not
adequately accounted for, probably was responsible for the Tow RZ values.
If nothing else, this study serves to point out that soil water
recharge and depletion are highly complex processes, even on the short-

grass prairie where vegetation cover is relatively homogeneous and

topography much subdued.



CHAPTER VII

RESULTS OF THE SOIL WATER
POTENTIAL STUDY

The best measure of the availability of (soil) water
to plants is the water potential

Paul J. Kramer

James B. Duke Professor of
Botany, Duke University

At four locations, representing four soil types, along the moderately-
grazed transect, soil psychrometers were operable at the five measuring
depths throughout the 1971 growing season. This chapter will concern
itself primarily with the results of the data obtained from those four

installations.

Confidence Intervals for Field Soil Water Potentials

As an example of how reliable the psychrometer calibratior was, con-
fidence intervals were computed for a typical growing seascn curve of
soil water potential. Table 7.1 shows the 95% and 99% confidence inter-
vals for the 20 cm depth in the Shingle Toam soil. From these data it
can be concluded that the calibration model is the most reliable at the
middle portion of the water potential range. The model is sTightly more
accurate at the wetter end than at the drier end. This is probably so
because of the nonlinearity of psychrometer response found at the drier
water potentials. The questionable accuracy of the soil psychrometer
at the wet end suggests that this instrument may not be reliable for use
in unsaturated flow determinations when potentials are more than about
~-2.0 bars. However, calibration models for single psychrometers may be

considerably more accurate than the Tumped model used in this study.
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Table 7.1. Predicted soil water potentials and associated
95% and 99% confidence intervals for the 20 cm
depth in Shingie loam for the 1971 growing
season.

SOIL WATER POTENTIAL

(bars)

Date Upper Limit Predicted Lower Limit

99% 95% ] 957 99%
5-8-71  -0.8 -1.0 -1.4 -1.8 -1.9
5-18-71 -0.2 -0.3 -0.8 -1.2 -1.3
6-5-71  -0.2 -0.3 -0.8 -1.2 -1.3
6-10-71 -2.8 -2.9 -3.3 -3.7 -3.7
6-15-71  -7.9 -8.0 -8.4 -8.7 -8.8
6-21-71  -9.9 -10.0 -10.3 -10.7 -10.8
6-24-71 -18.4 -18.5 -18.9 -19.3 -19.4
7-1-71  -31.2 -31.4 -31.8 -32.3 -32.4
7-8-71  -39.0 -39.1 -39.6 -40.0 -40.2
7-15-71 -46.9 -47.1 -47.9 -48.6 -48.9
7-22-71 -58.2 -58.4 -59.1 -59.9 -60.1
7-29-71 -73.6 -74.0 -75.0 -76.1 -76.4
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For soil-plant-water relations work, the technique used in this study

appears to be quite adequate.

Soil Water Potentials on the Lynn Lake Watershed

Since the objective of this portion of the study was simp]yvto
evaluate the feasibility of using thermocouple psychrometers to measure
soil water potentials in a wildland situation, possible treatment effects
on soil water potential were kept to a minimum. Four soil types were
chosen for study: Ascalon sandy loam, undifferentiated bottomland soil,
Renohill sandy loam, and Shingle loam. Soil water potential as a func-
tion of depth and time for the four soils is presented in Figures 7.1
through 7.4. The most obvious characteristic common to all four figures
is the considerable variation evident in the 2 cm curves. This is inter-
preted to indicate that the 2 cm soil depth is quite sensitive to the
small short-duration thunderstorms typical of the growing season on the
prairie. The 10 cm depth was apparently not a:. fected by these rain
events. In general, the curves for all depths assume the shape of
typical water release curves. It is interesting to see that the 60 cm
depth in most of the soils experienced an increase in water potential
during mid-June. This is further evidence that redistribution of soil
water occurs vertically in the downward direction, a phenomenon also
evident in Figure 5.2b. By the end of July, water potentials in the top
20 cm at all four sampling locations fell below -70 bars, the approximate
lower 1imit of the thermocouple psychrometer. At the Ascalon site,
which, considering all soil horizons, was the coarsest soil type of the
four, even the 60 cm depth reached -70 bars by August 1. On the Shingle
loam site, water potentials below 20 cm remained above -40 bars. This

is understandable since the Shingle soil has a high water-holding capacity.
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Figure 7.4. Soil water potential as a function of both depth and
time for the Shingle loam site, 1971 growing season.
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It was hypothesized early in this study that soil water potentials
would Tikely reach very low levels by the end of the growing season.
However, the fact that soil water potentials in the top 20 cm dropped
below -70 bars by July 30 was somewhat surprising. It was even more
startling to find that the 40 and 60 cm depths in some soils reached
-70 bars by that date. These data clearly demonstrate the high evapo-
rative demand characteristic of the shortgrass prairie in June and July.

This study represents one of the first attempts to measure i¢n situ
the soil water potential regime of a wildland site. Thereforc, compari-
son of these data to previously published data is difficult. Recently,
however, Shown et al. (1972) reported on soil water potential results
obtained by the filter paper technique in western Colorado. Since the
study area was in a semiarid sagebrush-grass vegetation type, some
general comparisons can be made between the results of Shown et al. and
the present study. The minirum soil watcr potentials measured under
big sagebrush and bluebunch wheatgrass in 1971 occurred on August 3.
The minimum values obtained for the 10, 20, 40, and 60 cm depths were
roughly -100, -60, -40, and -35 bars, respectively. Thus, these
results are very similar to those found i:: the present study. Both
studies tend to support the current thinking of water relations
scientists, that non-agricultural species of plants may be capable of
surviving and even growing and actively transpiring under conditions
of very low soil water potentials. The -15 bar limit, commonly called
"permanent wilting point," may not apply to wildland vegetation, and a
more realistic wilting point for species Tike blue grama may be on the

order of =30 or -40 bars.
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Applications of Soil Water Potential Data

Besides providing the most efficient link between soil water
availability and the soil-dwelling organism in studies of ecosystem
behavior, soil water potential data may be useful in soil water balance
investigations.

Taylor (1952) suggested a method whereby time and depth variations
of soil water potential in a soil profile could L. represented by a
single value, termed the mean integrated soil moisture tension. Taylor
(1965) later makes the point that the significance of the mean integrated
value to plant water use may be enhanced by differentially weighting
critical depths and time periods. For example, the water potential of
the surface depths of a soil profile may be more critical than at deeper
depths. Likewise, the beginning of a growing season is probably more
important, in terms of plant-water relations, than the latter part of
the growing season. Bahrani and Taylor (1961) anplied the mean
integrated soil water potential concept in an evapotranspiration study.
They found that water losses from alfalfa plots were linearly related
to mean integrated water potential. As water potential decreased,
evapotranspiration decreased, the linear correlation being nearly per-
fect. This scheme may represent a potentially useful appro:ch to model-
ing evapotranspiration and plant growth over a growing season.

For most soils, the pressure and osmotic component of the soil
water potential are negligible. Thus, the measurement obtained with a
thermocouple psychrometer approximates the matric potential. In the
case of saline soils, techniques are available whereby the osmotic
component may be measured independently (Richards and Ogata 1961,

Oster et al. 1969) and subtracted. With the concurrent use of
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thermocouple psychrometers and a neutron soil water probe, soil water
characteristic relationships, %%—3 may be approximated for various depths
in a soil profile. The experime;tal design used in this study permitted
comparison of fieid soil water desorption curves with those obtained
from pressure membrane data. Figure 7.5 compares the two curves
obtained for the 40 cm depth in the Shingle loam soil. Further develop-
ment of this technique may lead to more accurate estimates of the soil
water diffusivity and hydraulic conductivity for fieid soils. Such
measurements could be used as checks in field soil water characteristic
models, such as that proposed recently by Rogowski (1971). Adequate
field estimates of the hydraulic conductivity-water content and water

content-matric potential relationships are badly needed for hydrologic

studies involving field soils (Bruce 1972).
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CHAPTER VIII
SUMMARY, RECOMMENDATIONS, AND CONCLUSIONS

Nature is full of infinite causes that have never
occurred in experience.

Leonardo da Vinei

This thesis has been concerned with the influence of topography and
soil type on the recharge and depletion of soil water. The characteristics
of the winter soil water regime have beecn discussed in some detail,
particularly with respect to processes of snow retention by topographic
and vegetative barriers and redistribution of snow by wind on the prairie.
A preliminary study of soil water potential mo surement was also reported

on.

Summary of Results

Bulk density of the A and B horizons and textural breakdown of the
A, B, and C horizons were determined for the six principal soils found
within the Lynn Lake watershed, Pawnee Site, northeastern Colorado.
Undisturbed samples from the A and B horizons of these soils were sub-
jected to water retention analysis using the pressure plate method. In
general, both the physical and hydrologic properties were quite similar
between the soils. A grazing influence was related to surface bulk
densities. Greatest densities occurred on the heavily-grazed transect;
this relationship was enhanced on the heavier soils. In some cases
inter-horizon differences in water retention properties were greater
than inter-soil differences. This was particularly true for the Reno-

hill sandy loam, which has a very sandy A horizon and much heavier B
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horizon. This unique characteristic is probably responsible for this
soil's ability to support a rather mesic site, by shortgrass prairie
standards. In terms of topographic position, ridgetop, upper slope, and
swale soils retained more water than did middle or lower slope soils at
matric potentials between -0.3 and -15.0 bars.

A water balance for the study area was estimated for the winter
period, 1970-71. In general, it appears that over 60% of the winter
precipitation was lost to a combination of evaposublimation and wind
transport of snow. It is highly likely that wind-transported snow
accounts for over half of this loss. Despite this large loss, an average
of 48% of the total soil water recharge rec2ived between growing seasons
1970 and 1971 was derived from snowmelt. On some sites having optimum
snow trapping abiiities, snowmelt accounts for over 70% of the total
recharge.

Both topography and vegetative characteristics are important in the
snow retention process on the prairie. Exposure to wind appears to be
the most important topographic factor, with lee slopes receiving signi-
ficantly more snowmelt recharge than windward slopes. Snow accumulation
also varies with the position-on-slope. In general, the middie and
lower slope positions are more efficient in trapping snow. However, the
slope position effect seems to be dependent upon slope length and slope
gradient, as well as on local peculiarities in the mesotopography of a
given site. Vegetation height also determines snow accumulation patterns
at a particular site. Because of the effect of mean vegetation height
on snow retention, snowmelt recharge was greater on the lightly-grazed
transect than on the moderately-grazed or heavily-grazed transects.

Local peculiarities in vegetation height, particularly upwind of a
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sampling site, will influence the snow accumulation patterns of that site
to a great extent.

Soil water recharge resulting from spring rains did not vary much
in a spatial sense. Under a regime of more frequent runoff-producing
rain events, it is expected that slope gradient, slope position, and
grazing effects would determine the spatial distribution of rainfall
recharge. In summary then, it can be said that the spatial distribution
of soil water recharge received between growing seasons on the prairie
is largely dependent up::: ratterns of snow retention and redistribution.

Since actual evapotranspiration apparently fell below potential
evapotranspiration early in the growing season in this study, patterns of
soil water recharge had &n important influence on the spatial distribu-
tion of evapotranspiration. This influence appeired to have overshadowed
any soil effects on the growing season evapotranspiration.

The soil water potential data colilected on the moderately-grazed
transect further supports the idea that the soil water regime of the
shortgi ass prairie is indeed a dry one. By August 1, 1971, water poten-
tials at depths above 40 cm had reached the -70 bar 1imit at most of the
sampling locations. Soil water potential data may be used to advantage
in several different ways. Besides being one of the best indices of
soil water energy status, n situ measurements of soil water potential
may eventually be used to estimate field values of the soil water
characteristic relationship, the hydraulic conductivity, and the soil
water diffusivity. Desorption curves developed using the in situ
technique agree reasonably well with the curves obtained from pressure

membrane data.
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Recommendations

This study inherently lacked a rigid statistical sampling design.
Although this type of design was attempted, a more efficient design could
have been utilized. To study intensively the effects of topographic
variables, several smaller transects located on representative slopes may
have been used. Micro-runoff collectors, sampling a microwatershed of
known area, should have been located at each sampling site, representing
a different slope position. To test the effects of soil type, a statisti-
cal sampling design should have been used, holding tcpographic variables
and grazing intensity constant. Additional measurerents should include
snow depth and water equivalent at each sampling sit  periodically fol-
Towing a snowstorm; frost penetyueter measurements taken periodically
throuchout the winter to test microclimatic variabiiity; snow evapora-
tion measuremcnts; vegetation height and density and species frequency
measurements within a 5 meter radius of each sampling site; and soil
water potential and soil temperature measurements at every - ther sampl-
ing site. Improvements on the original design would probably have
eliminated twenty to thirty sampling sites, and allowed for a more inten-
sive study of soil type and topographic effects upon the soil water
balance.

Much more information is needed about the characteristics of the
various hydraulic properties of field soils before we can begin to ade-
quately model soil water behavior in wildland situations. Combined use
of tensiometers, neutron probes, and thermocouple psychrometers to
investigate soil water phenomena in situ is highly recommended.

As this study pointed out the importance of snow to the soil water

balance of a shortgrass prairie site, perhaps more work on prairie snow
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hydrology is needed in this country. This may be a critical area of
study as more and more grassland areas are planned for surface mining

activity.

Conclusions and Significance of Study

The large amount of unexplained variance found in statistically
analyzing the soil water balance was disappointing. The sources of this
unexplained variability include the effects of local vegetation height
differences, peculiar patterns of mesotopography, local differences in
the amount and type of litter and standing vegetation, and variable
patterns of microtopography and rill systems. Considerable more variance
was explained in testing the evapotranspiration models than was explained
in testing the soil water recharge models. This results from an obvious
characteristic of the hydrologic cycle. Hydrologis: variables become less
stochastic and more deterministic as one moves froii the input to the out-
put end of the hydrologic cycle.

The results of this study hopefully will add to existing knowledge
on prairie hydrology. As man encroaches further and further upon the
wildland domain, more information is needed so that management practices
can effectively keap the ecosystem in balance. Large portions of our
grassl:nd areas are destined for mining activity. Sensible and effective
rehabilitation measures can v :tore disturbed grassland areas to their
original state. The results oi this study suggest that revegetating dis-
turbed prairie areas can be done in such a way as to increase the snow
retention capacity of these sites. Reshaping of tepography could also
be achieved in such a way as to enhance the soil water balance over that

of the original site.
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APPENDIX A

TOPOGRAPHIC PROFILES OF
SAMPLING TRANSECTS
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Figure Al. Topographic profile of the lightly-grazed transect, showing the

19 sampling points.
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Figure A2. Topographic profile of the moderately-grazed transect, showing the
18 sampling points.
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APPENDIX B

SUMMARIES OF SOIL WATER
CONTENT AND SOIL WATER
POTENTIAL DATA
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AVERAGE SOIL WATER CONTENTS BY GRAZING
TREATMENT OVER TIME

Grazing Treatment

Light Moderate Heavy

Date (cm of water per 150 cm of soil)

8/5/70 24.4 22.3 33.4
8/11/70 22.1 21.1 32.9
9/3/70 19.2 18.6 30.5
12/12/70 22.7 21.0 30.3
1/29/7 23.2 23.0 32.7
3/24/71 24.0 23.1 33.7
4/18/71 23.2 22.9 32.6
5/6/71 26.9 27.1 37.1
6/4/71 26.9 26.8 35.9
6/24/71 23.4 22.6 32.1
7/4/7 21.7 21.7 30.4
7/16/71 20.4 19.4 29.4
7/24/71 20.2 19.3 28.5
7/28/7 19.8 19.2 28.0
8/6/71 18.9 18.6 27.4
8/9/71 18.9 18.5 26.9
8/16/71 18.4 18.2 26.6
8/23/71 18.7 17.9 26.7
9/10/71 20.2 17.4 27.0




AVERAGE SOIL WATER CONTENTS BY SOIL
TYPE OVER TIME

150

Soil Type
47 51 55 66 87b 872

Date (cm of water per 150 cm of soil)

8/5/70 26.8 19.3 23.8 26.5 26.7 34.2
8/11/70 27.3 18.3 23.2 24.1 24.8 32.8
9/3/70 24.0 16.9 19.9 20.3 23.4 31.1
12/12/70  26.1 17.3 21.4 24.0 25.5 31.8
1/29/71 27.3 18.6 23.2 25.5 28.2 33.8
3/28/71 27.8 19.8 23.6 25.9 28.4 3.4
4/18/71 27.1 18.7 22.8 25.2 28.2 33.8
5/6/71 30.6 23.7 28.0 28.8 32.0 37.9
6/4/71 30.3 21.8 27.1 28.8 31.7 37.6
6/24/71 26.5 18.0 23.3 25.2 26.6 33.8
7/8/7 25.6 16.6 21.7 23.4 26.5 31.9
7/16/71 24.0 16.1 20.1 22.0 24.0 30.5
7728/ 7 23.8 15.1 19.7 21.7 23.9 29.8
7/28/71 23.5 14.8 19.4 21.4 23.8 29.3
8/6/71 22.9 13.8 18.8 20.4 23.8 28.7
8/9/71 22.7 13.7 18.6 20.4 23.5 28.2
8/16/71 22.3 13.3 18.2 20.0 23.2 27.8
8/23/71 22.5 13.2 18.2 20.1 22.6 28.0
9/10/71 20.1 15.1 19.4 20.8 21.0 29.7
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SOIL WATER CONTENTS BY POSITION ON
SLOPE OVER TIME

Position on Slope
Top Upper 1/3 Middle 1/3 Lower 1/3 Bottom

Date (cm water in 150 cm soil)

8/5/70 23.1 28.8 28.8 24.5 27.5
8/11/70 22.9 27.8 26.3 26.7 27.0
9/3/70 20.6 25.2 21.7 19.3 24.9
12/12/70 21.9 27.5 23.9 22.4 26.2
1/29/71 23.4 28.7 27.0 23.8 28.0
3/24/M 23.9 28.9 28.3 24.4 28.6
4/18/71 23.0 28.7 27.3 23.7 27.7
5/6/71 28.0 32.5 31.5 27.9 31.8
6/4/71 27.5 32.8 30.8 27.2 30.9
6/24/71 23.3 29.2 26.9 23.4 27.0
7/4/M 22.6 27.2 25.4 21.6 25.9
7/16/71 20.9 25.9 23.8 19.6 24.7
7/24/71 20.7 25.5 23.2 19.4 24.2
7/28/71 20.5 25.1 22.8 19.0 23.8
8/6/71 20.2 24.4 22.1 18.2 23.2
8/9/71 19.8 24.3 21.8 18.2 23.0
8/16/71 19.4 23.8 21.5 17.7 22.7
8/23/71 19.3 23.9 21.5 17.7 22.8
9/10/71 19.7 25.1 22.9 18.3 24.3
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SOIL WATER POTENTIALS BY
DEPTH AND SAMPLING DATE FOR THE
ASCALON SANDY LOAM SITE (TUBE #3)

Soil Water Potentials

Date 2 10 = tgo < 40 60
(bars)
5/8/71 -0.8 -1.4 -1.1 -1.4 <~70
5/18/71 -0.8 -0.8 -0.8 -0.8 <-70
6/5/71 -5.6 -2.7 -0.8 -0.8 -47.6
6/10/71 -41.0 -7.4 -1.0 -0.8 -46.1
6/15/71 -2.4 -9.3 -4.4 -0.8 -45.0
6/16/71 -4.2 -13.7 -3.9 -0.8 -45.0
6/21/71 -53.2 -24.6 -10.4 -2.6 ~-40.7
6/24/71 ~22.1 -29.5 -20.5 -5.9 -38.5
7/1/7 -49.6 -49.8 -44.2 -19.3 -38.2
7/8/71 -72.6 -70.3 -60.2 -41.1 -44.3
7/15/71 -72.6 -65.1 -61.7 -59.2 -56.9
7/22/71 -79.6 -75.5 -70.3 -66.8 -68.0
7/29/71 -87.3 -80.8 -75.5 -72.1 -73.2
8/5/7 -45.7 -51.9 -59.9 -67.4 -69.2
8/12/71 -58.8 -64.0 -62.8 -63.4 -66.8
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SOIL WATER POTENTIALS BY
DEPTH AND SAMPLING DATE FOR THE
UNDIFFERENTIATED SOIL SITE (TUBE #7)

Soil Water Potentials

Degtg (cm)

Date 2 10 40 60
(bars)

5/8/7 -1.0 -0.8 -0.8 -0.8 -6.3
5/18/71 -2.1 -0.8 -0.8 -0.8 -6.1
6/5/71 -14.7 -8.3 -0.8 -0.8 -4.4
6/10/71 -19.8 -12.2 -5.9 -2.7 -2.2
6/15/71 -29.4 -17.3 -12.7 -9.4 -6.2
6/16/71 -21.5 -16.5 -10.6 -6.9 -5.7
6/21/71 -48.0 -32.1 -21.3 -20.3 -11.7
6/24/71 -29.6 -41.0 -30.6 ~-32.5 -24.4
7/1/71 -54.2 -54.6 -40.1 -42.8 -37.1
7/8/7 -68.6 -70.3 -51.6 -48.3 -43.7
7/15/71 -68.6 -65.1 -55.4 -51.3 -46.9
7/22/7 -76.1 -75.0 -72.1 -56.6 -51.6
7/29/71 -84.9 -80.8 -75.5 -57.8 -55.5
8/5/71 -3.7 -33.2 -47.0 -46. -47.3
8/12/71 -63.4 -55.9 -50.3 -51.2 -50.0
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DEPTH AND SAMPLING DATE FOR THE
RENOHILL SANDY LOAM SITE (TUBE #11)

Soil Water Potentials

Degthogcmz

Date 2 10 40 60
(bars)

5/8/71 -1.3 -1.9 -0.8 -0.8 <-70
5/18/71 -0.8 -1.1 -0.8 -0.8 <=70
6/5/71 -8.7 -1.6 -0.8 -0.8 -12.2
6/10/71 -38.9 -7.2 -3.3 -0.8 - 6.2
6/15/71 -27.5 -17.6 -7.2 -0.8 - 4.7
6/16/71 -20.5 -14.9 -6.5 -0.8 - 4.7
6/21/71 -45.1 -30.7 -21.0 -0.8 - 3.4
6/24/71 -—-- -38.4 -36.5 -2.1 -4.9
7/1/71 -58.2 -57.0 -53.2 -12.6 - 4.6
7/8/71 -64.0 -69.2 -67.4 -32.0 - 9.2
7/15/71 -61.1 -65.1 -61.7 -49.5 -22.0
7/22/71 -70.9 -75.0 -69.7 -66.8 -34.4
7/29/71 -84.3 -79.6 -73.8 ~-70.9 -42.4
8/5/71 -53.1 -54.2 -59.9 -66.3 -50.5
8/12/71 -54.8 -64.0 -63.4 -64.0 -58.6
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DEPTH AND SAMPLING DATE FOR THE
SHINGLE LOAM SITE (TUBE #16)

Soil Water Potentials

Depth (cm)
Date 2 10 20 40 60
(bars)

5/8/71 -1.0 -1.6 -1.4 -0.8 -28.0
5/18/71 -0.8 -1.3 -0.8 -0.8 - 1.7
6/5/71 -18.3 -3.0 -0.8 -0.8 - 0.8
6/10/71 -51.5 -6.8 -3.3 -0.8 - 0.8
6/15/71 -0.8 -11.4 -8.4 -0.8 - 0.8
6/16/71 -0.8 -12.2 -3.9 -1.5 - 2.1
6/21/71 -40.4 ~20.1 -10.3 -0.8 - 0.8
6/24/7 -19.3 -27.0 -18.9 -3.6 - 2.8
771/ -59.9 -39.8 -31.8 -9.9 - 3.4
7/8/7 -62.2 -61.4 -39.6 -14.7 - 4.0
7/15/71 -54.2 -62.8 -47.9 -19.0 - 6.9
7/22/71 -65.1 -73.2 -59.2 -29.2 -12.1
7/29/71 -83.7 ———- -75.0 -36.1 -17.0
8/5/71 -1.1 -18.6 -47.5 -35.1 -17.0
8/12/71 -44.5 -49.2 -51.1 -35.5 -22.1
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APPENDIX C

SUMMARIES OF MULTIPLE
REGRESSION ANALYSES
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REGRESSION ANOVA FOR SNOWMELT RECHARGE

Source df SS MS F
Regression 5 114.21 22.84 **5.51
Residual 54 223.97 4.15

Total 59 338.17

**Significant at 0.99 Tevel

N = 60
RZ = 0.338
Std. Evrr. of Est. = 2.04

REGRESSION EQUATION FOR SNOWMELT RECHARGE

Y (cm of water) = 5.13751 - 0.07426 X7 + 0.03204 X9 + 0.25327 Xo0

+ 0.03034 X, - 0.09673 X3

36 8
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REGRESSION ANOVA FOR RAIN RECHARGE

Source df
Regression 6
Residual 53
Total 59

**Significant at 0.99 level

N = 60
RZ = 0.323
Std. Err. of Est. = 1.09

ss Ms
34.22 5.70
62 .46 1.18
96.68

™

**4.84

REGRESSION EQUATION FOR RAIN RECHARGE

? (cm of water) = 6.40919 - 0.00641 X5 + 0.02707 X9 + 0.17103 X

- 2.24695 X]

4t 0.25088 X

31

+ 26.11029 X

44

11
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REGRESSION ANOVA FOR TOTAL RECHARGE

(3 variables)

Source df SS MS E
Regression 3 90.71 30.24 **5.90
Residual 56 287.05 5.13

Total 59 377.76

**Significant at 0.99 level

Regression Coefficients

N = 60
2 : constant = 3.71276
R = 0.240 X9 = 0.03878
Std. Err. of Est. = 2.26 Xpp = 0.13405
X = 0.12304
41
(10 variables)
Source df SS MS F
Regression 10 143.75 14.37 **3.01
Residual 49 234.01 4.78
Total 59 377.76

**Significant at 0.99 level

Regression Coefficients

N = 60
) constant = 0.38668 X,, = 0.59845
R = 0.381 Xg =-0.02140 33 _ "o
Xg = 0.08967 >0
Std. Err. of Est. = 2.19 g = 0. X.. = 0.06745
X.. = 1.45884 30
13- 1 Xgq = 0.16747
Xpp = 0.07070 X4p =-0.00130
X.. = 0.70217
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REGRESSION ANOVA FOR TOTAL DEPLETION

Source df SS MS F
Regression 4 115.29 28.82 *%22.93
Residual 55 69.15 1.26

Total 59 184.44

**Significant at 0.99 level

N = 60
R = 0.625
Std. Err. of Est. = 1.12

REGRESSION EQUATION FOR TOTAL DEPLETION

Y (cm of water) = 12.54227 + 0.44781 X3 - 0.00852 X5 + 0.24934 X27

+ 0.04514 X45
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REGRESSION ANOVA FOR EARLY DEPLETION

Source df SS MS F
Regression 7 134.89 19.27 **14 .46
Residual 52 69.28 1.33

Total 59 204.17

**Significant at 0.99 level

N = 60
RZ = 0.661
Std. Err. of Est. = 1.15

REGRESSION EQUATION FOR EARLY DEPLETION

Y (cm of water) = 3.95127 + 0.38621 X2 + 0.39310 X, ~ 0.01264 X

3 5

e

0.03023 Xg + 0.75606 Xog - 93.92011 X39

o+

0.07827 X45



REGRESSION ANOVA FOR LATE DEPLETION

Source df
Regression 5
Residual 54
Total 59

**Significant at 0.99 level

N = 60
RZ = 0.559
Std. Err. of Est. = 0.98

REGRESSION EQUATION FOR LATE DEPLETION

162

1

S ¥
66.04 13.2
52.07 0.96
118.11

E

**13.70

Y (cm of water) = 7.63608 + 0.28333 X3 + 0.01461 X7

- 0.54685 X

19 * 75.42296 X

40

- 0.01619 X

9
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REGRESSION ANOVA FOR RECHARGE RATIO

Source df SS MS F
Regression 5 0.6122 0.1225 **7.71
Residual 54 0.8581 0.0159

Total 59 1.4703

**Significant at 0.99 level

N = 60
RC = 0.416
Std. Err. of Est. = 0.126

REGRESSION EQUATION FOR RECHARGE RATIO

Y = 0.63399 - 0.00470 X, - 0.00072 X, - 0.00742 X

7
+ 0.01009 X5, + 0.00950 X

8 21

35
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APPENDIX D

CONFIDE: A FORTRAN IV
COMPUTER PROGRAM FOR
CONFIDENCE INTERVAL

CALCULATION



10

15

20

25

30

35

40

45

50

55

PROGRAM

165

CONFIDE CUC 6400 FTN V3,0=-P308 OPT=1 05/03/73

PHOGHAM CUNF IDE
1UINPUTWOUTPUTTAPER=INPUT«TAPF6=QUTPUT)

C

CoeoPRGRAM TO CALCULATE CONFIDEANCE INTERVALS FUH ELY) FUN GIVEN VECTOKS V.,
[ (V CONTAINS VALUES OF TwE IHOEPENOENT VARIAHLES)

C

C

CaeeQRIGINAL PROGRAM (CI) wiITTFis Y To COPENHAVERe COLORADO STATE UNIVERSITY

C STATISTICAL LAROKATOWYs UECEMHBEW 104 1970,

CoeaMODIFIED HY Be Po VAN HAVEREiIe NATURAL RESOURCE ECOLOGY LABe
C MAY 224 1972,

C

CeooRFFENENCE===<GRAYHILLe F. A, 1961, 2N INTRUGODUCTION TO LINEAR STATISTICAL

C MODELSe VOLUME [. M(GRAm=mILL. 463 P, (SEE PP, 121e¢lbe)
c

CeoeanodonadeessDATA CARD SETUPCC0R00R0ADICRED

E°°'CAND 1 (PROULEM [DENTIFICATIOUN)

g“'“COLU“NS 1-H0 MAY CONTAIN ANYTHING

gﬂ'“CARO 2 (PAMAMETERS)

C
CeseCOLS 1-5 NCI  (NC. OF CONFIGENCE INTERVALS TO RE COMPUTED)

C 6-10 N (NOo UF UASE~vaTlONRS (CASESH)

C 11«15 P (NOs UF IwDEPENDENT VAWTABLES AFTER TRANSGENEKATION)
o 16~20 UPTION=(1) IF Z-PwlmME=Z (ZT7) INVEKSE FROM STAT3HF IS

(o rEAL TN

C OPTION=(2) IF DATA AKE ktAD [N

C 21=30 SIGMa SOQUARED (RESIUUAL MEAN SWULRE FROM WEGRESSJON AGLV)
[o J1=40  ALPHA {51728 OF TEST FUW 100(1-aLPrA) PER CeNT C.l,

C 41-50 7 (T VAL Ut e T.f.e LOOK UP A {1 = ALPHA/2) VALUL

C wIThn (N-r=1) LEORLES OF FrECLDUM)

C

CeeseCARD 3 VAKIARLE FORMAY (FOF REAUING DATA OR ZTZ INVERSE)

C

CeaeCOLUMNS  1-H0 MUST CONTAIN P FIELUS USING F-TYPE FORMAT CODES,
C

CoeesCAnD 4 (COEFFICIENT £STIMATES OF KHECRESSION EQUATION)

C

CeeaCOLS 1=-10 HKETA(L) (CONSTANT FSTIMATE)

c 11-20 wETA(2) (COEFFICIeNT ESTIMATE FOR VARIAKLE 1)
[« ETC.

[«

CeaaSTER(H) MEANS UF INDERENDENT VAKIAHLES (®2USE ONLY wITH OPTION ]ee)

C
COLUMNS 1«10 MEAN OF INDEPENDENT VAWRIAHLE ]

C 11«20 MEAN OF INDEPENDENT vawlauwle 2
C ETC,.

C

CeansSTEP 6

c

C (1) IF OPTION=}e READ IN ZTZ INVERSE (CONTAINS P ROwSs P COLUMNS)
C



PROGRANM

60

65

70

75

A0

a5

90

95

100

105

110

166

CONF IDE
CoeoCAUTION®OReeae0TZ INVERSE (CORRECTED SS ANL X=PRODUCTS MATRIX) IS
C SAMF A4S XTX INVEWRSE GIVEM AS OFTIONAL CUTPUT IN
[of STATArr, HOWEVEKS THIS MATRIX mAS ELEPENTS wlTn ONLY
c FIVEALS) DICITS bEnIND DECIMAL. wntwe THE VRALUES FOR
c THE BELEMENTS ufF Twk XKTX INVEWSE 1% STATInw arvk CLOSE
C TO Ze#0 (LeGe HETWEEN =0,000]1 AND <0, 0001)s THE CU=-
c VARTANCE MATWIX MUST HE USED FOR COMPUTING Tre ZTZ
C INVERSE S JF Trt ELEMENTS DUt TO T=E DEPENUENT VAK]=
c ABLE AKRE weMOVED FMOM TrE COVAWIAN(E MATRIXe THE wE-
c SULTING P X P MATHIA 1S Trt SAME AS TreE ZT2/(N-1)
c MATHIX, MULTIMLY EACHW ELEMENT BY (N=]) AND INVERT TrE
[of KESULTING MATHIX. EIOST SIOGNIFICANT DIGETS HenIND Tht
c DECIMAL AKE KECOMMERDED,
[+
c
C (2) 1F OPTION=2+ READ IN DATA. (CONTAINS N KOWSe P CULUMAS)
[o
Cooef ACH #OW MUST REGIN ON Ntw CanD
C
CeeaSTEP 7 (HEAD IN VECTOKR V Fur EACH Cala)
C
COLUMNS  1=10 VALUE OF VARIAHLE | FOR IST C.l.
C 11-20 VALUE OF VvAnrIaHLE 2 FOR IST Col.
c FIC.
C
CeeREPLAT STEP 7 FOR AS MENY CONF. INTERVALS AS REGUESTEDL IN STEPR 1.
c
C

CoadRBRCTRUIRNDRRCVOTROVTR0IVRVOBCEOTOUOOCORCOVWVREDOACOCCOOOOORODOIRIVOTS
(CROOROROURNOEIRDIVUR0ONOVI0C0ODAVO0TN0OAEC0ORDA00000R0OEN000QD0CROR00CENOCOAS

Caata0Qt0000000R0000000RIROCR0ARCRUODERRDO0CT0CDN0RCROOURPUEDROACRVOTROLRD

CrovutDaRclIatO00RNRRRBOVANVRRN0000000R0DI00D0RONANVRARRLODRVOCROIOROOEDD
CooaatodoRaoRRRRRROBRRDOR0O0RE0R00ECR0U0R0000000000000AVCLBRROACVRGCOEDD

(e NeNaNalal

DIMENSION BETA(16)eVIIO) +MEAN(IO) o VVIIO) e VVVIIOIeBI160]1010IDI1I0)
1 X(16e16) 02 (106e16)sDATALLO)$FMT (1D
INTEGER P«UPTION

RE AL MEAN
READ 501D
50 FORMAT (10am)

READ 1 oNCToNsP+OPTIONSTOMASALPHACT
1 FORMAT (4]53F10.0)

HEAD SQeFMT
IP=P + |}

READ ZColBETA(III=10]IP)
2 FURMAT(EFLIO.O)
IF(OPTION.EQW2) GO TO S

c
CeweQPTION 1
C

READ 24 (MEAN(I)oI=24]1P)



115

120

125

130

140

145

150

155

160

165

PROGRAM

C

CONF IDF¥

3

DO 3 I=2+1IP
READ (SeFMTY

167

(Z(Teuley=2eslv)

CoeeEACH FLEMENT OF Z(ley) SHOULD HBE MEAD IN wiTrn AS MANY SIUNIFICANT
DIGITS AS POSSIdLE BEMIND DECIMAL POINT

CeasySt P(F10.0)

C
C
IS
10
11
13
12
15
ie
16
C
Cenep
[

VARIARLE FORMAT

Z(1el) =1 /ZFLOATIN)

D0 & u=2.+1P
2{leut =0,
Z(Jeld=Co
NO 10 1=1.1P
10 10 g=ielP
Ri{leu)=0.

[F(Ist0ed) HTeul=]e

CONT INUE
00 11 Js?+19

H{leu)z==MEANTY)

DU 12 I=le]P
N0 12 J=1le1®
Suv=0,

00 13 K=1s1P

SUM=SUM » H{[+K)2Z(Ksy)

X(Isy)=Sum
D0 le I=le0P
DO 14 yg=le1P
Sum=0,

NO 15 K=leIP

SUM=SUM + X{TeK)®H(yeK)

Z(T1ey)=SuM

U0 16 I=z1l.1P
DO 16 u=l+1P
Bllew)=2(1leM)

IS XTx INVERSE

GO T0 100

c
CeaaQPTION 2

C

S

17

DO 17 I=1e1P
PO 17 J=l+1IP
X{led)=0.

C
CoasREAD DATA AND COMPUTE XTX

c

19
18

DATA(lY=].
DU 1R [I=1eN
READ (S«FMT)
DO 19 I=1+1P
00 19 y=1l+1P
X(Ted)=X(Ted)
CONT INUE

00 21 I=1.1P
DO 21 u=l+IP

(DATA(UY «u=20IF)

+ DATA{L)I®DATALY)



PROGRAM

170

175

180

185

190

195

200

205

210

215

220

C

168

CONF IDE

2l 3(Ted)=X{IsJ)

Cooe INVERT XxTx

C

C

CALL INVERT(IP,R)
100 PER=(l,-ALPrA}®]00.
PHIMT 101 eNCTIeNeP+OPTIUNSSIGMACTPER
101 FORMAT (1M1 2CONFIDENCE INTERVALS FOR E(Y) ©¢//)1XeI%5«2Xe@INTERVALS A
IHE COMPUTED®/1XelRe2XKe?0nSr HVATIUNSO/ 1A IS0 2R s 8VARIARBLES®//1X020PT
2ION = 2412+410X+2SIGMA SQUANED = ®eF 12,501 0%e0T VALUE = ®4FY,4//1%y
3Fb.1e2Xe® PEH CENT CUNFIDENCE INTENRVALS ARE COMPUTED®)
PHINT 1u2
102 FONMAT {1H0soXTX INVERSE®/)
DO 103 I=le1P
103 PRINT 104e(RUJeuled=leIP)
104 FORMAT(IH sH(ElwaTe2X))
IF(UPTIONCtQs 1) GO TO 200
PRIMT 10
TOR FORMAT (1HU«®XTX ©/)
PO 109 I=141P
109 PHINT 106 tiXx{Iedleuz=lelP)
PEINT 105
105 FORMAT (1RO« 2UNDER OPTIUN 2¢ AS A CrECKs XTX IS MULTIPLIED BY ITS 1
INVERSEe/)
N0 106 I=1+1P
DO 106 JU=1lelP
SumM=0,
DU 107 K=]sIP
107 SuM = SUM ¢ X({]J«K)®B(KsJ)
106 Z(Ie+d)=Sum
B0 110 I=l.IP
110 PRINT 10asi{Z(leddadzlelP)
200 CONTINUE

CoeeCOMPUTE INTERVALS

[

PEINT 81,10
81 FORMAT(IHI«//«310AR /)

V(1)=lo

KKK=(0

DO 300 IC=z1lsNCI

FEAD 24 (VI])el=241P)

DO 111 u=le1P

SUM=0,:

DO 11¢ I=1.1P
112 SuUM=SUM « V(1)#R(TsJ)
111 vwiul=sums

SumMz0.

Sumk=zy,

NO 113 I=1+1P

SUM=SUM « VV(I)oV(])
113 SuvMR=SUMYE « BETa(l)evi])
211 CON=TeSORT{SIOMAaSSUM)
212 CLEFT=SumMn - CON

CHIGHT=SuUMH ¢ CON



169

PROGRAM CONF IDE

PRINT 1l4s]IC
114 FORMAT(ImQe//e)l1Hoee INTERVALs[3e3HoRe)
Il1=p/10
11=11 « 1
225 K=1
Kr=10
ne 11% I=1.11
IF (KK oGT4P) KKzP
Kvzg o |
230 KM = KK o ]
PRINT 116e(Jeu=KeRK)
116 FORMAT (1IN0 e®VANTARLE Sel0CINtaI2elr)aTRY)
PHINT 117 (VIJYeushKMXRM])
117 FORMAT (Irn s2VALUL Pel0(Fl0.2e1X))
235 K=K + 10
115 KK=KK + 10
PEINT 1204PERWCLEFTCRIGHT osUMR
120 FCWMAT (1HUWFS.1e2Xe2Pt R CENT CONFIDENCE INTERVAL FOK E(Y) IS e¢2X
Jelr(eElwaTo3Mn o +E14,TelH)/06XePE(Y) =24E23.7)
240 KKKzZKKK*]
IF (KKK FQe6)GO TO 130
00 T0 300
130 PRINT 132
132 FURMAT (o] @)
245 KKK=0
300 CUNTINUE
299 STOP
END

SUBROUTINE  INVERT

SURFOUTINE INVERT(NeA)
SIRFTC INVERT
C SUMNOUTINE FOR MATRIX INVEWRSE FISHERS SUsrOUTINE
C INVEFSE IS RETUKRNED AS MATKIX A
5 c DIMENSION IS N
DIYENSION Allbelb)
DO 3 I=1lsN
R=a(I.I)
Atle.I)=1.0
10 DO 1 k=laN
1 A(T«K)I=A(]+K) /R
00 3 u=lN
IF(l.t0eu} 6O TO 3
BELNINED @]
15 AtJs11=0,
DO 2 K=1eN
2 AlJeK)=A(JeK)~B*A{[+X)
3 CONTINUF
HETURN
20 END



CONF IDENCE INTERVALS FOR E(Y)

12 INTFRVALS ARE COMPUTED
298 0BSFRVATIONS
2 VARJABLES

OPTION = 1 SIGMA SRUARED = 5431350
99,0 PER CENT CONFIDENCE INTERVALS ARE COMPUTED

XTX INVERSE

«BB54TTTF~02 ~«1529854E£~02 +4210161E=04
~e1529854E-02 «8173540E-03 ~+«3225000E~04
04210161E+04 ~+3225000E~04 «1399000E-05

T VALUE

2.5760

0LL



#eeSOIL WATER POTENTIAL AT 20 CM IN

e INTERVAL

VARTARLE
VALUF

99,0 PER

*# INTERVAL

VARIARLF
VALUE

99,0 PER

s INTERVAL

VAPIABLE
VALUF

99,0 PER

o INTERVAL

VARJARLE
VALUE

99.0 PER

a8 INTERVAL

VARIARLE
VALUF

99,0 PER

ea INTERVAL

VARPIABLE
VALUE

99.0 PER

Jees

«n
.20

{2
2.10

CENT CONFIDENCE INTERVAL

Poee

t D
0.00

¢ 2}
0,00

CENT CONFIDENCE INTERVAL

3een

1)
0.00

(2]
0.00

CENT CONFIDENCE INTERVAL

LHOBY

« 1
1.00

« 2}
18.30

CENT CONFIDENCE INTERVAL

Saaw

t1n
3.20

«2)
64,32

CENT CONFIDENCE INTERVAL

XY Y]

« 1
6,20

¢ 2)
B9, 40

CENT CONFIDENCE INTERVAL

1m7m

SHINGLE LOAM SOIL FON GHROWING SEASOM [9Tiee

FOR

FOR

FOR

FOR

FOR

FOR

E(Y) 1S
FlY)

E(Y) IS
EtY)

E(YY IS
Ety)

E(Y) IS
E¢y)

E(Y) IS
ELY)

ELY) IS
E(Y)

(

{-

~el¥3Twl3Ee01l ¢ =,8466351L+00)
=s139202«8+01

~e1331220E+01 » =,2137004E+00)
~e 77266008 «00
~e133122VE*0]1 ¢ =,2137006E+00)

e 712¢600£+00

=e3T98262E+01 » =,2773798t+01)
“e3286030E+01

= BBUIVBYE*Ul ¢ =,7932391t+01)
~eb83hT180E+01

=elUT60427E+402 » ~,9931556E+01)
~elU36T79]lE«02



*SINTERVAL

VARIABLE
VALUF

99,0 PER

*# INTERVAL

VARIARLE
VaLuE

99,0 PER

ae INTERVAL

VAPTABLE
VALUE

99.0 PER

s INTEPVAL

VARTARLE
VaLUE

99.0 PER

e TLTERVAL

VARTIABLE
VALUFE

$9.0 PER

*s INTERVAL

VAFIABLE
VALUE

96,0 PER

Teoe

« 1) £ 2)

9,30 237.1%
CENT CONFIDENCE INTERVAL

Roso
«n « )
15.00 360.00

CFNT CONFIDENCE INTERVAL

Queas
t D t 2)
17,20 371.52
CENT CONFIDENCE INTERVAL

loeee
1 «2)
23.20 S568.40
CENT CONFIDENCE INTERVAL

11800

«n
25.00

«2)
515.00

CENT CONFIDENCE INTERVAL

12000

1)
30.00

t2)
564.00

CENT CONFIODENCE INTERVAL

172

FOR

FOR

FOR

FOR

FOR

FOR

E(Y) IS
E(Y)

EtY) IS
Ey)

EtY) IS
ELY}

E(Y) 1S
€tyY)

E(Y) IS
E(Y)

Et(Y) IS
ElY)

t

4

{

(

(

=olY46n2bkv02 ¢ ~=,1B841869E+02)
~e 1893268 02
—edc6lunANFE o2 & =,3121623L+0<}
-o3181550t «02
~e@01d951E+02 ¢ =.3896301E+02)
~ed95b4lbE 02
~eatiBHIHIEL02 ¢ =,4090470L02)
~e6T882]15E+02
~ebULl1191E*02 o =,5819361E¢02)

“e5913240t 002

=eT63889HE+02 ¢ =,T7363314E¢02)
~«75011006E02
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Figure 3.1. Soils map of Lynn Lake watershed.
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Topographic map of Lynn Lake watershed.

Figure 3.2.
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Figure 3.10,

Vegetation map of-Lynn Lake watershed.
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