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INFILTRATION RESPONSE TO SURFACE PLANT COVER
AND SOIL INVERTEBRATE POPULATION

by

Isobel R. McGowan
University of Arizona

INTRODUCTION

The determination of factors affecting infiltration is fundamental to the solution of many severe
land management problems. These problems include excessive runoff and erosion, flash -flooding, sedi-
mentation of waterways and reservoirs, and non -point source pollution of surface and ground waters.

The mechanics of infiltration are well known in a laboratory situation devoid of life processes,
but little work has been done to relate water intake by soil to the complex interaction of biological
factors that exists under field conditions. The abundance of vegetative litter and the population of
soil invertebrate animals are two variables whose effects on the infiltration of rainwater are con-
sidered in this study. Experimental examination of these variables provides insight into the pheno-
menon of infiltration as it occurs in the field.

LITERATURE REVIEW

In 1960, Parr and Bertrand conducted an exhaustive search and review of the literature on infil-
tration. They found that of the factors influencing infiltration, soil characteristics have been the
most intensively studied. However, as early as 1940, Free et al recognized that:

"the rate of infiltration is a variable rather than a constant factor, changing with changes
in soil structure, the temperature of air, water, and soil, the moisture content of the soil,
and the degree of biological activity within the soil profile. Some of these factors vary
seasonally, and others vary during the course of a single storm."

Although this enumeration of infiltration influences is incomplete, (lacking primarily surface char-
acteristics) it is a more realistic picture than purely theoretical, laboratory studies have pre-
sented.

The following review is broken down into two sections based on field conditions: infiltration
as affected by vegetative factors, and infiltration as affected by soil animal populations.

VEGETATION INFLUENCES

Researchers working on different soil types, under different climatic conditions, and with vary-
ing types of instrumentation have reached similar conclusions regarding the effectiveness of surface
litter in improving infiltration. Duley and Kelley (1941) found antecedent soil moisture content and
soil type to be less important to infiltration rate than surface condition of the soil. Even wet soils
were found to take in substantial quantities of water if the surface was kept open with a straw mulch
(water was not restricted to lateral flow). They further concluded that cultivated land has higher
runoff (thus lower infiltration) than does a grass- covered or leaf -littered soil, although mulch pro-
tection does reduce runoff. Mannering's findings (1965) concurred, showing that infiltration increased
proportional to the amount of wheat -straw mulch applied. In another study, application of 1 ton or
more of wheat straw per acre resulted in essentially no soil loss and marked reduction in runoff as
compared with bare plots (Mannering and Meyer 1963). Dead organic material on the soil surface was
more significant in improving infiltration than any of the other factors explored by Dortignac and

Love (1961). Similarly, Rauzi and Fly (1968) concluded that the greatest correlation with water intake
occurred with the amount of both old and new vegetation present at a site, when both soil and cover

factors were considered. They also showed that the amount of cover needed to increase the infiltration

varied with the site. In Nebraska, grass plots were clipped close to the ground and the old growth

was removed; subsequently, runoff rates from the plots approached those for cultivated land (Duley

and Kelley 1941). In 1974, Tromble et al. measured infiltration and runoff on three rangeland soils

as affected by vegetative cover. Lowest runoff was measured on a brush -covered, Hathaway loam soil,

and the highest on hare Cave soil.
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Land management practices, including grazing, affect vegetative cover and thus the infiltration

capacity of a soil. Infiltration is greater on ungrazed than on grazed plots (Tromble et al 1974).
In Colorado, a sandy loam had significantly greater infiltration rates on lightly and moderately
grazed pastures than on those subjected to heavy grazing, although infiltration rates and total plant
material were not significantly correlated during the trial period (Rauzi and Smith 1973). This study

also showed that during the first 10 minutes of infiltration, soil type is the dominant controlling
factor; after 15 minutes, grazing effects were detected; after 20 minutes, soil type and grazing
effects were equally important; and by 30 minutes, interaction of the two factors was significant.

Sealing and compacting of the soil surface affects infiltration, and consequently, runoff.
Mannering et al. (1975) suggested some factors affecting sealing to be: (1) tillage methods, (2)

soil structure and aggregation, and (3) surface cover at the time of rain. As early as 1910,

Russell found tilled and unmanured soils to have the smallest amount of pore space, while those under

old, undisturbed meadows to have the largest. In the rich soil of Romney Marsh, fine pores of bio-

logical origin (mostly plant roots) have been preserved for several hundred years. These and other

macropores strongly influence the drainage of the region (Green and Askew 1965).

Seasonal variations in vegetation, soil temperature, and soil moisture content will cause infil-

tration rates to vary at a given location. In Colorado, infiltration rates were found to vary during

seasonal cycles on a semi -arid watershed in Colorado; the highest rates were observed in spring before

summer rains began (Schumm and Lusby 1963).

SOIL ANIMAL INFLUENCES

Infiltration enhancement through burrowing of soil invertebrate animals, especially earthworms

and ants, is well recognized and documented in the literature (Slater and Hopp 1947, Teotia et al.

1950, Russell 1957, Johnson 1963, and others). The seeming lifelessness of the soil surface is a dec-

eptive facade. Scientists in New York State counted invertebrates in the top inch of soil; on the ave-

rage, they found 1,356 animals per square foot, including 865 mites, 265 springtails, 22 millepedes,

19 beetles, and various other forms (Farb 1961). And earthworms inhabit the soil virtually world -wide,

appearing as 1800 different species, ranging from one inch to 10 feet long (Farb 1961). All of these

animals contribute to the breakdown of dung and plant litter, renewal of soil nutrients, maintenance

of soil porosity and stability, and mixing of the soil profile.

Unproductive soil may yield several times as much vegetation when earthworms or ants are present

than when they are excluded (Hopp and Slater 1948).
Cultivation and plant residue removal cause earth-

worm populations to migrate out of the soil and further decrease soil productivity (Hopp and Hopkins

1946a). Thus, it is not surprising that undisturbed soils with
earthworm inhabitants are more produc-

tive than are disturbed soils. Ehlers (1975) reported that the percent volume of channels doubled

over 4 years of no -till practice over cultivated plots. Most of these channels were connected either

directly or indirectly to the surface, and thus were
able to transmit water to depths of 180 cm or more.

Earthworms increase soil stability through ingesting soil and organic particles and depositing

them in water -stable aggregates called casts.
Casts were found by Swaby (1950) to maintain their

structure under a process of soaking for 24 hours, seiving and shaking under water, and drying at 50 °F.

Teotia et al. (1950) used water -drop tests to
illustrate this stability, and Hopp and Hopkins (1946b)

found that soil containing earthworm populations
had twice to three times as many water -stable aggre-

gates as did soil without earthworms.

Ants use partly -digested organic particles as cement in mound -building. Ant mounds studied by

Denning (1973) were found to have surface crusts of very low hydraulic conductivity relative to the

mound interiors. Studies of the interior of the mound (Denning et al. 1974) found the saturated hyd-

raulic conductivity to range from 10,000 to 44,000 cm /day as compared with that of the surrounding clay

soil of 3 cm /day.

Channels created by soil animals are known to benefit soil in several ways. In 1961, Harman

stated that geophilus, or soil -loving worms, may burrow 10 feet or more below the surface to find

water. These burrows are beneficial to the soil in three ways: (1) in burrowing, the earthworms

ingest subsurface soil rich in minerals and deposit it on the surface in castings, resulting in an

overall mixing effect; (2) their burrows allow rainwater to more readily infiltrate; and (3) the

burrows allow air to reach plant roots.
Macropores created by ant and earthworm burrows, soil cracks,

and old root channels allow water to
infiltrate rapidly into soils ranging from clay through fine

silty clay to very fine sandy loam (Green and Askew 1965). Ehlers (1975) concluded that only the

channels that reach the surface, unimpeded by soil particles, aid in the
transmission of water. Thus,

many channels in the subsurface do not share in the infiltration process.
He further stated that in-

filtration through burrows is possible only at high rain intensities which
produce ponded water at the

surface; otherwise, all the water will move
through the soil matrix according to the hydraulic poten-

tial gradient. Slater and Hopp (1947) noted an
additional benefit to infiltration that earthworm chan-

nels provide: leaf accumulations and casts at the mouth of the burrow detain
rainwater, allowing it to

infiltrate. Salem and Hole (1968) reported
that ants had moved to the surface the equivalent of 2,500

kg of soil (dry weight), and reduced
the hulk density thereof by almost one half. Russell (1957)

discovered that earthworm consumption
and deposition of soil sorts the particles by size, since only
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particles less than 2 mm diameter can be ingested.

Types and numbers of soil animals depend largely on the availability of food. Small earthworms
live and feed within surface litter, while larger species tunnel through the soil to feed on dead
plant roots as well as surface litter. Russell (1957) found soil animals prefer nitrogen -rich sites,
verifying his observations by showing that invertebrate populations are much higher in undisturbed
grassland soil where there is plenty of vegetable matter or manure than on cultivated land where
supplies are less abundant. Earthworms are seldom found in oak and pine forests, but favor aspen, ash,
hickory, dogwood, and basswood vegetation types (Farb 1961). The benefit of earthworms is greater
where over -winter cover is maintained (Hopp and Slater 1948).

This search and review of literature on biological influences on infiltration revealed that res-
earch has been done on invertebrate populations and their effect on infiltration, vegetative litter and
its effect on infiltration, as well as the relationship of litter and invertebrates to one another.
However, little or no work has been done to relate the three variables in one study. Also, although
the effects of soil animal burrows on water intake have been studied, actual population numbers have
not been related to the infiltration process. Furthermore, no attempt at establishing an empirical
relationship between surface litter and infiltration was made in any of the publications reviewed.

METHODS

SITE LOCATION AND DESCRIPTION

Infiltration, surface plant litter, and soil invertebrates were measured at three sites. These
sites represent three different climatic- vegetation zones typical to Arizona: Sonoran Desert, Pinyon -
Juniper Woodland, and Canyon Hardwood Forest. All three sites are on or near the Santa Rita Experi-
mental Range, about 25 miles south of Tucson, Arizona.

Sonoran Desert. Mesquite and palo verde trees characterize the Sonoran Desert vegetation type. Pric-
kly -pear, barrel, and cholla cacti; desert whitethorn; and several species of grasses and forbs are
other predominant vegetation forms. This vegetation generally covers from 40 to 60 percent of the
total surface area, leaving many barren patches. At the surface, the soil is yellowish -tan with a
sandy texture, containing some clay but little organic matter.

Regular topography, with a few gentle slopes, typifies the Sonoran Desert, generally found at
elevations of about 3500 feet. Gullies and dry -washes dissect the terrain, an erosional result of
runoff from the high -intensity summer storms typical to the southwest.

Pinyon -Juniper Woodland. Pinyon -pine, juniper, mesquite, and oak trees dominate the vegetation of
Pinyon -Juniper Woodland. Some cacti (fewer here than in the desert), desert whitethorn, and several
species of grasses and forbs cover from 60 to 100 percent of the ground surface, except in the bottoms
of dry washes. The tan -colored sandy loam at the surface contains a moderate amount of organic matter.

The fairly steep topographic relief results from location of the site on the lower slopes of the
Santa Rita Mountains. Dry- washes are common, but less gully erosion has taken place than at the
Sonoran Desert site, due to the greater amount of surface cover present here. This vegetation type
dominates at elevations of about 4500 feet.

Canyon Hardwood Forest. This vegetation type consists of many more trees than either of the previously
mentioned sites, including juniper, spruce, beech, box elder, and oak. Many species of grasses and
forks make the ground cover virtually 100 percent, and some fungi and mosses are present. The surface
soil here, in some places buried under 5 to 10 cm of plant litter, is a black loam, very rich in
organic matter.

Topographic relief is steep (the site is located in the Santa Rita Mountains) with almost ver-
tical canyon walls in many places. An intermittent stream flows through Madera Canyon, near where the
samples were taken. The average elevation of this vegetation type is 5500 feet.

LITTER SAMPLE COLLECTION

After choosing the vegetation types to be studied, plant litter and invertebrate samples were
taken. About a week in advance of the date of infiltrometer testing at a given site, litter traps
were installed as follows. Cover densities of 0, 50 percent, and 100 percent were visually estimated
and three approximately level plots replicating each density were chosen. Litter was then gathered at
each plot over a circular area 35 cm in diameter (the diameter of the litter traps to be used) in two
segments: the fine litter was collected separately from the coarser material. A litter trap, consist-
ing of a cylinder of galvanized steel 5 cm in height, 35 cm in diameter, and having a bottom made of
steel mesh (.64 cm spacing), was placed on the area thus cleared such that the screen was in contact
with the soil surface (Figure 1). The litter was then replaced over the screen, and an attempt was
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Figure 1. Litter screens were posi-
tioned on the cleared soil surface,
and litter was replaced over the
screen.

made to reproduce the original density distribution by placing
the finer material on the bottom and the coarser material on top.

The screens were left in place for one week before infilt-
ration tests were run, to allow the soil invertebrates to resume
activity, and to obtain a sample in a relatively undisturbed
condition. After this period had elapsed, the litter screens
were collected in the early morning, before dawn (3:00 -4:00 AM)
in order to sample the night- feeding invertebrates. Each screen
was lifted from the surface, and dumped directly into a plastic
bag. Each sample bag was filled with air, tied at the top, and
labelled, to be taken back to the lab for analysis. Removal of
the surface litter in this manner left cleared but relatively un-
disturbed sites for infiltrometer testing.

INFILTRATION TESTS

After removal of the litter from the surface of the plots,
the infiltrometer tests were made immediately, to prevent seal-
ing of the surface macropores during any elapsed time period.

A closed -top infiltrometer was designed and built for testing the cumulative infiltration at each
plot. Closed -top infiltrometers were first developed to determine the influence of surface -connected
macropores and soil -air pressure on infiltration rate (Dixon 1975). They are especially useful where
open -top infiltrometers over -estimate infiltration. This would occur in soils with a surface -connected
macropore system, but which also have a shallow, air -impervious layer, water -repellent characteristics,
or high antecedent moisture content.

The infiltrometer used consists simply of a PVC cylinder, 22 cm in diameter, which is closed at
one end. A gaged manometer tube is installed on the side of the cylinder to monitor changes in water
level with time (Figure 2). To operate the infiltrometer, the cylinder is filled with water, and
placed inside an aluminum frame. The open end is closed with a removable acrylic plate which is fixed
in place by tension on springs within the frame, and lubricated with silicone spray for easy removal.
The entire apparatus is inverted when measurement is ready to begin. The plate is quickly withdrawn,
allowing the cylinder to contact the soil surface, and water to be ponded almost instantaneously. A
paste of flour, bran, and water is used to seal the edges of the infiltrometer cylinder at the soil
surface, to prevent entry of air at this boundary, and subsequent reduction in pressure inside the
cylinder. The cumulative changes in water level (as observed in the scaled manometer tube), are
recorded over fixed time intervals.

Figure 2. (a) The closed -
top infiltrometer consists
of a cylinder, closed at
one end, with a manometer
tube on the side, and an
aluminum frame. (b) The

cylinder is placed inside
the frame, filled with
water, and sealed with a
removable plate. When
measurement is ready to
begin, the entire apparatus

is inverted, and the plate
is pulled out from below

the cylinder by the rope
shown here. This allows
the cylinder to contact
the surface, and water to
be ponded instantaneously.

INVERTEBRATE SAMPLING AND LITTER MASS DETERMINATION

The litter samples collected at each plot were returned to the lab within six hours of collection

to be analyzed for invertebrate content and litter mass.

To extract the invertebrates present in a litter sample, a Berlese funnel apparatus was used
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Figure 3. The Berlese funnel consists
simply of a galvanized steel cone, sup-
ported over a sample collecting bottle. A
removable screen (in this case the same
screen used to collect the litter sample)
fits over the top of the cone. The litter
sample is placed on the screen above the
funnel, and exposed to a heat lamp. The invertebrates present in the litter,
seeking dark, moist conditions, move downward and fall into a bottle of iso-
propyl alcohol below the funnel, where they are collected for counting.

(Figure 3). The bottom
of a litter screen was
partly lined with coar-
sely -woven burlap, and
the litter sample was
placed on the burlap and
over the funnel. This
prevented fine particles
from dropping into the
sample bottle below, but
allowed soil animals of
all sizes to move
through either the bur-
lap or the screen mesh
into the sampling bottle.
Each sample was left
under the heat lamp
until the litter reached
dry weight. The time
for this varied, depend-
ing on the litter volume,
from 1 to 3 hours.

The invertebrate
samples were collected
from the alcohol onto a
filter paper using a
Buchner funnel and
vacuum filtration appar-
atus. The invertebrates

were placed on a grid and counted, using a dissecting microscope and 100 power magnification. This
method allowed soil animals less than 1 mm in length to be observed and counted (Figure 4).

After extracting the invertebrates, each lit-
ter sample was weighed to within 0.1 grams.

DATA ANALYSIS

Infiltrometer Tests. Cumulative infiltration data
were graphed against time for each plot (Figure
5). The data points were fitted to an exponen-
tial curve with a hand calculator programmed for
linear regression, using the equation:

In I = In a + b In t
where I = cumulative infiltration, cm

t = time, hr
a,b = parameters of Kostiakov's

equation I = atb

The correlation coefficient, r, was calculated
for each "curvilinear" regression. At all plots
tested, the relationship between cumulative in-
filtration and time proved to be remarkably lin-
ear (i.e. the exponent in Kostiakov's equation was close to 1.0). This linear relationship was
observed consistently despite variations in soil type, antecedent moisture conditions, vegetation
type, and amount of surface cover present.

Figure 4. Invertebrates found in the litter samples
included ants, spiders, praying mantises, mites,
springtails, larvae, and many more whose identi-
fication was beyond the scope of this study (grid
lines are spaced 1 mm apart).

Statistical Correlations. Simple, bivariate correlations between variables (60- minute cumulative
infiltration, litter mass, and number of invertebrates) for all plots were established using a Stat-
istical Package for the Social Sciences (SPSS) program. This program computes statistics and plots
scattergrams of the data in all bivariate combinations.

Correlations of 60- minute infiltration versus litter mass and versus invertebrates were computed
for each vegetation type as well as 60- minute infiltration versus litter mass over all 25 plots. The

data in each case were fitted to a simple linear regression formula. The correlation coefficient, r,
was calculated for each variable pair, and the significance (the complement of confidence interval)
of r was determined from statistical tables published by Richmond (1964) (Table 1).

257



Sonoran Desert:

.2 .4 .6 .8 1.0

time (hr)

Sonoran Desert: 100% Cover

I = 5.20 t884
r = .9983

0 .2 .4 .6 .8 1.0

time (hr)

.2 .4 .6 .8

time (hr)

1.0

Figure 5. Representative examples of infiltration
data plotted against time at different cover densi-
ties on the Sonoran Desert vegetation site. Note

the linearity of the results.

RESULTS AND DISCUSSION

INFILTROMETER TESTS

The linear infiltration results obtained in the
field tests appear contrary to Darcy -based flow
theory, which states that cumulative infiltration
levels off with time, and infiltration rate ap-
proaches a constant value. This departure from
flow theory is attributed to: (1) surface -con-

nected macropores, such as soil animal burrows or
root channels, whose presence invalidates the basic
Darcian assumption of non- turbulent flow; and (2)
the fact that flow is two -dimensional (there is no
buffering ring on the infiltrometer). Linear
infiltration (constant infiltration rate) in a
two- dimensional system is predicted by theory and
borne out by experimental results (Gardner and May -

hugh 1958).

The high variability in infiltration rates
under approximately equal amounts of surface

cover (Table 2) is a result of using an infil-

trometer of small diameter (22 cm) to measure an
area over which the macropores may be sparsely
distributed. That is, if the infiltrometer covers
two macropores, infiltration would be high, due
to easy exchange of water and soil air across the

soil surface; if the infiltrometer covers only one
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Table 1. Bivariate correlations at each vegetation type,
and the significance of r (the smaller the significance
level, the better the correlation).

Variable Regression Parameters Significance
Pair a b r of Correlation

Sonoran Desert I vs. m .089 .450 .9446 (n =9) < .01

I vs. v .776 .437 .7497 (n =9) .05

Pinyon Juniper I vs. ml .022 .682 .8384 (n =8) < .01

I vs. v .028 .837 .8198 (n =8) <.01

Canyon Hardwood I vs. ml .057 13.08 .5876 (n =8) .08

I vs. v .017 12.79 .6594 (n =8) .06

All Vegetation
Types I vs. ml .066 3.86 .6052 (n =25) <.01

I = Cumulative Infiltration at 60 minutes (cm)

ml = Litter mass (gm)
v = Number of invertebrates counted

Some of the variability observed in correl-
ating the variables may be attributed to the
relatively small sample size used. It would be
expected that taking more samples would reduce
this variability, an expectation supported by the
high levels of significance observed.

On the basis of these results, it may be
postulated that a relationship between surface
cover and infiltration does indeed exist, and
that this relationship is strong enough to domi-
nate effects of other site characteristics such
as soil type and antecedent moisture. The num-
erical value of this relationship depends on
the units of measurement, and the type of infil-
trometer used. For the closed -top infiltrometer
used in this study, the relationship derived
from the data is:

I = 0.066 ml + 3.86
where I = 60- minute cumulative infiltration (cm)

ml = litter mass (grams)

(This relationship is based on 25 sample plots,
with a computed r value of .6052, and signifi-
cance of <.01).

it is further postulated that the reasons
for the existence of this relationship are:

macropore, infiltration would be
lower due to impeded exchange of
water and soil air; and if no
macropores lie beneath the infil-
trometer, infiltration will be
very slow. However, the data
show that minimum and maximum
observed values of cumulative
infiltration after 60 minutes do
increase with increasing surface
cover.

CORRELATIONS

All variables correlated
(60- minute infiltration versus
litter mass, 60- minute infilt-
ration versus invertebrate count,
and litter mass versus inverte-
brae count) showed high levels of
significance of r values (Table
3). These levels of signifi-
cance indicate that there is
indeed a relationship between
the variables (although this
relationship is not necessarily
one of cause and effect).

Table 2. Range of variability in 60- minute infil-
tration under similar surface cover conditions at
different vegetation types.

Amount Minimum Maximum
of Cover 60- minute 60- minute

Infiltration Infiltration

Bare (9 plots) 0.2 3.5
50 % (8 plots) 1.1 31.2
100% (8 plots) 2.0 49.2

Table 3. Correlation of variables over all 25 sam-
ple plots showed high levels of significance of the
correlation coefficient (r).

CORRELATION r SIGNIFICANCE

60- minute infiltration
versus litter mass .6052 .0067 (n =25)

60- minute infiltration
versus invertebrates .6758 .0001 (n =25)

litter mass versus
invertebrates .8151 .00001 (n=25)

(1) the presence of plant litter prevents surface
sealing of macropores by raindrop impact or compaction; and (2) plant litter fosters populations of
soll animals which live in the soil but feed in the litter, thus perforating the surface as they move

hack and forth, and creating macropores.

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

Consideration of the infiltration process from the viewpoint of both soil physics and hydrology

has been historically limited to highly idealized or greatly simplified systems, to permit process
modelling by mathematical expressions. Biological factors, both plant and animal, introduce comp-
lexities into the system well beyond the scope of theoretical equations. However, understanding the
naturally occurring process of infiltration dictates examination of these factors and an attempt at
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quantifying their complex interrelations, in order to predict the behavior of the natural systems in

which infiltration occurs.

This study has evaluated the effects of surface plant litter and invertebrate populations on the
infiltration of rainwater into the soil profile. Further experimentation might include: (1) similar

tests conducted in different vegetation types. Results of such tests could either support or negate
the conclusions drawn herein; (2) infiltration measured under a larger number of surface cover densit-
ies; and (3) continuation of infiltration testing over one or more annual seasonal cycles. The amount

of plant litter, the populations of soil animals, and the amount of water in the soil would all vary at

different times of the year, and thus affect the infiltration rate.

LITERATURE CITED

Denning, J.L. 1973. II. Ant pedoturbation in a poorly drained calamine silty clay loam (typic Hapla-
quoll). Master of Science Thesis, University of Wisconsin.

Denning, J,L., F.D. Hole, and J. Bouma. 1974. Ant (Formica cinerea) pedoturbation in a typic Hapla-

quoll in Wisconsin. Soil Survey Div., Wis. Geol. and Natural History Survey, Univ. Extension,

University of Wisconsin, Madison.
Dixon, R.H. 1975. Design and use of closed -top infiltrometers. Soil Sci. Soc. Am. Proc. 39(4):755 -763.

Dortignac, E.J., and L.D. Love. 1961. Infiltration studies on ponderosa pine ranges in Colorado. Rocky

Mountain Forest and Range Experiment Station, Paper 59, 34 pp.
Duley, F.L., and L.L. Kelley. 1941. Surface condition of soil and time of application as related to

intake of water. USDA Circular #608, 30 pp.
Ehlers, W. 1975. Observations on earthworm channels and infiltration on tilled and untilled loess soil.

Soil Science 119(3):242 -249.
Farb, Peter, and the editors of Life. 1961. The hidden world of the soil. IN The Forest, Chapter 7,

Life Nature Library, New York.
Free, G.R., G.M. Browning, and G.W. Musgrave. 1940. Relative infiltration and related physical charac-

teristics of certain soils. U.S. Dept. of Agriculture Tech. Bulletin 729, 52 pp.

Gardner, W.R. and M.S. Mayhugh. 1958. Solutions and tests of the diffusion equation for the movement

of water in soil. Soil Sci. Soc. Am. Proc. 22:197 -207.
Green, R.D. and G.P. Askew. 1965. Observations on the biological development of macropores in soils of

Romney Marsh. J. Soil Sci. 16:242 -349.
Harman, W.J. 1961. Plain facts about earthworms. Organic Gardening and Farming 8:23 -27.

Hopp, H. and H.T. Hopkins. 1946a. The effect of cropping systems on the winter population of earth-

worms. J. Soil and Water Conservation 1:85 -88.
Hopp, H. and H.T. Hopkins. 1946b. Earthworms as a factor in the formation of water -stable soil

aggregates. J. Soil and Water Conservation 1:11 -13.
Hopp, H. and Clarence S. Slater. 1948. Influence of earthworms on soil productivity. Soil Science

66:421 -428.
Johnson, A.I. 1963. A field method for measurement

of infiltration. Geological Survey Water- Supply

Paper 1544 -F, Washington, D.C.
Mannering, J.V. 1965. Infiltration and soil surfaces. Proc. Turf Conference, Midwest Regional Turf

Foundation and Purdue University, Lafayette, IN, March 1 -3.

Mannering, J.V. and L.D. Meyer. 1963. The effects
of various rates of surface mulch on infiltration

and erosion. Soil Science Soc. of America Proc. 27:84 -86.

Mannering, J.V., L.D. Meyer and C.B. Johnson. 1975. The effect of minimum tillage for corn infilt-

ration and erosion. Submitted to the Soil Sci. Soc. Am. Proc. for publication.

Parr, J.F. and A.R. Bertrand. 1960. Water
infiltration into soils. Adv. Agron. 12:311 -363.

Rauzi, F. and C.L. Fly. 1968. Water intake on
midcontinental rangelands as influenced by soil and

plant cover. U.S. Dept. of Agriculture, Technical Bulletin No. 1390, 58 pp.

Rauzi, F. and F.M. Smith. 1973. Infiltration rates:
three soils with three grazing levels in north-

eastern Colorado. Journal of Range Management 26(2):126 -129.

Richmond, Samuel B. 1964. Statistical Analysis
(Second Ed.) The Ronald Press Co., New York.

Russell, E.J. 1957. The world of the soil. Collins, London.

Salem, M.Z. and Francis D. Hole. 1968. Ant
(Formica exsectoides) pedoturbation in a forest soil.

Soil Sci. Soc. Am. Proc. 32:563 -567.
Schumm, S.A. and C.C. Lusby. 1963. Seasonal variation

of infiltration capacity and runoff on hillslopes

in western Colorado. J. Geophysical Research 68(12):3655 -3666.

Slater, C.S. and H. Hopp. 1947. Relations of
fall protection to earthworm populations and soil

physical conditions. Proc. Soil Sci. Soc. Amer. 12:508 -511.

Swaby, R.J. 1950. The influence of earthworms on
soil aggregation. J. Soil Sci. 1:195 -197.

Teotia, S.P., F.L. Duley, and T.M. McCalla.
1950. Effect of stubble mulching on number and activity of

earthworms. Univ. of Nebraska Agricultural Exp.
Stn., Lincoln. Research Bulletin No. 165.

Tromble, J.M., K.G. Renard, and A.P. Thatcher.
1974. Infiltration for three rangeland soil -vegetation

complexes. J. Range Management 27(4):318 -321.

ACKNOWLEDGEMENT

The author is grateful to Dr. Robert M. Dixon,
whose ideas, encouragement, and support made this

research possible.
260


