TABLE OF CONTENTS
Vol. 32, No. 1, August 15, 1957
Norther‘n pike, Esox lucius L., population of Clear Lake, Iowa.

RICHARD L. RIDENHOUR
Growth of bluegill, Lepomis macrochirus, and pumpkinseed,

L. gibbosus, of Clear Lake, Iowa. CHARLES J. DI COSTANZO ,

A nonvisual method for transport numbers in pure fused salts.
FREDERICK R. DUKE and JAMES P. COOK
Effects of nitrogen fertilizer and oat drill-row spacings on
agronomic and quality characteristics of oat-legume seedlings.
J.G. WHEAT, R.E. ATKINS, and G.J. JARVIS
Damping-off of cotton seedlings caused by Colletotrichum
hibisci Poll. H.G. PULSIFER
Variation in minimum temperatures on a half-mile slope and
their effect on peach trees. R.H. SHAW and C.C. DOLL
Reproduction and growth of fishes in Marion County, Iowa,
farm ponds. ROBERT B. MOORMAN
The role of chloride ion in the ferric-stannous reaction.
A reinterpretation based on new equilibrium data.
FREDERICK R. DUKE and NORMAN C. PETERSON
The effect of the shape of the soil surface profile on soil
temperature and moisture.

ROBERT H. SHAW and WESLEY F ﬁUCHELE

Variation on pathogenicity of Diaporthe phaseolorum var. sojae
to soybean. JOHN DUNLEAVY

Vol. 32, No. 2, November 15, 1957
Abstracts of doctoral dissertations.

List of masters' theses.
List of staff member publications.

217396

19

35

39
57
63

71

89

95

105

111
293
303



Vol. 32, No. 3, February 15, 1958

Estimation of evaporation from farm ponds.
R.H. SHAW and YI-MING YAO
Leguminosae of the north-central United States III.
Mimosoideae and Caesalpinioideae. DUANE ISELY
Some simple mathematical models as aids in interpreting
the effect of fishing. KENNETH D. CARLANDER
The plankton of North Twin Lake, with particular reference
to the summer of 1955. JOSEPH H. KUTKUHN
The solubility of water vapor in fused alkali nitrate
mixtures and in lithium perchlorate.
FREDERICK R. DUKE and ARTHUR S. DOAN, JR.
Transamination in Propionibacterium jensenii.
R.W. KINNEY and C.H. WERKMAN
Measurement of magnetic field gradients by the Hall effect.
R.W. REDIN and G.C. DANIELSON

Vol. 32, No. 4, May 15, 1958

The failure of exchange between Vitamin B;,, and radioactive

cobalt chloride HARVEY DIEHL and ADOLF VOIGT
Chemoautotrophic fixation of carbon dioxide by Thiobacillus
thiooxidans ISAMU SUZUKI and C.H. WE RKMAN

Soil erodibility and other physical properties of some Iowa soils.
JOHN E. ADAMS, DON KIRKHAM, and WAYNE H. SCHOLTES
A culture apparatus suitable for performance of the presumptive
test for the coliform group under field conditions.
LOYD Y. QUINN
Responses of some minnows to flood and drought conditions

in an intermittent stream. ANDREAS A. PALOUMPIS
Movements of channel catfish in Des Moines River,
Boone County, Iowa. R. JESS MUNCY

Author and Subject Indices

349

355

395

419

451

455

463

471

475

485

541

547

563

573



IOWA STATE COLLEGE JOURNAL OF SCIENCE
Vol. 32 No. 4 May 15, 1958 pp. 471-473

THE FAILURE OF EXCHANGE BETWEEN VITAMIN B,
AND RADIOACTIVE COBALT CHLORIDE

Harvey Diehl and Adolf Voigt
Department of Chemistry, Iowa State College, Ames

That exchange fails to occur between vitamin B;, and inorganic cobalt
in the form of Co®®(NH,)Cl; and Co®OCl, was reported by Fantes et al. (1).
The failure of the B;,-bivalent cobalt exchange to occur has recentlybeen
confirmed (2, 3) under a variety of conditions of acidity and at times up
to three months. Nor did exchange occur when the vitamin in solution
with Co%°S0O, was irradiated with white light which is known to cause the
release of the cyanide group from vitamin B,;,(3). The cobalt in B,, is in
the trivalent state as shown by magnetic susceptibility. measurements (4).
The catalytic hydrogenation of B;, over platinumyields a brown material
which on exposure to air yields Bj,; (5). The brown material, which has
been designated B;,», has been shown to contain bivalent cobalt (6). The
ammines of bivalent cobalt are in gener'al much less stable than those of
trivalent cobalt so that it appeared possible that exchange might occur
between B,,, and Co8°Cl,. Exchange should be more likely under such
conditions also because the metal is in the same valence state in each
reactant.

We have found that this exchange does not occur and report the details
of the experiment herewith. Cobalt is indeed tied into the B;, molecule
with extraordinary tightness.

EXPERIMENTAL WORK

In 10 ml of 0.1 N potassium sulfate was placed 100 mg of crystalline
B;, (Squibb) and 100 mg of platinum oxide catalyst. Hydrogen was bub-
bled through the solution for 10 hours. The platinum was filtered off and
the black solution transferred to a cell containing 5.0 ml of standard
Co%°Cl, solution, the operations being carried out without contact with
air. A slow stream of hydrogen was passed through the solution for 60.5
hours, the solution being stirred magnetically during this time. The
solution was than exposed to air and treated with 0.2 g’'of sodium cyanide.
The solution was then saturated with ammonium sulfate and extracted
‘with butanol five times. Only a little B;, color remained in the water
layer. The butanol layer was washed repeatedly with water ‘saturated
with ammonium sulfate. The radioactivity transferred to the ammonium
sulfate washes dropped rapidly but was high and constant in the fifth and
sixth washes. An auxiliary experiment with Cof°Cl, showed that inor-
ganic cobalt (cobalt chloride and potassium cobalticyanide) passing into
- butanol was extracted quantitatively into the aqueous layer by two such
washes with saturated ammonium sulfate solution. The B;, was then
extracted from the butanol by washing six times with 50 ml portions of
water.



472 DIEHL and VOIGT

The Co8Cl, solution used was d tained from the Oak Ridge National
Laboratory through the A.E.C. Isotope Division. The C06°Cl, standard
was prepared by diluting 100 41 of the original source to 25.0 ml. The
activity of the standard was measured by diluting 100 1 to 10.0 ml and
evaporating 100 |11 of the solution on a watch glass and counting with an
end window Geiger-Miller tube (2.2 m%/cmz). After correction for
background the 5.0 ml of the standard Co oClz solution taken was calcu-
lated to have an activity of 1.45 x 107 c/m. Suitable aliquots of the
residual water solution, the ammonium sulfate wash, and the final water
solution were counted in a similar manner. About 88 per cent of the
activity remained in the original water solution, about 2 per cent passed
into the colorless ammonium sulfate wash, and 6.4 per cent passed into
the colored, aqueous solution.

The colored, aqueous solution {(containing 6.4 per cent of the original
activity) was passed through a column of IRC50 at pH 7. The column was
washed with a large volume of water. Of the activity, 78 per cent came
through the column immediately as a colorless solution; the rest of the
activity remained at the top of the column with the adsorbed colored
material. The wash water came through inactive.

The colored material on the column was eluted with 60 per cent iso-
propanol 1.0 N in sulfuric acid. This eluate was neutralized with sodium
hydroxide and subjected to vacuum distillation. After the volume had
been reduced to 100 ml methyl alcohol was added and the salt soprecipi-
tated was filtered off. Vacuum distillation and precipitation were twice
repeated, progressively decreasing the volume. The solution was then
treated with a little cyanide, methyl alcohol was added, the solution fil-
tered and again evaporatedto small volume. This final solution, orange
in color, contained about 22 per cent of the total radioactivity of the
butanol extract (1.4 per cent of the original). The absorption spectrum
showed a peak at 355 my but was quite different from the absorption
spectraof B;, or B;,3 in the visible having a broadpeak at 440 to 460my.
No change inabsorption spectrum resulted onpassing the solution through
a column of IRI20 in acid form. The solution was inactive microbiologi-
cally.

The colorless eluate from the IRC50 solumn was freeze dried. A
white, fluffy solid, mostly ammonium sulfate, was obtained which was
highly radioactive but inactive biologically. No attempt was made to
further characterize the radioactive cobalt compound.

DISCUSSION AND CONCLUSIONS

It is apparent that vitamin B;, containing radioactive cobalt cannot be
prepared by exchange between B;,, and Coé°Cl,. The colored, B;,-like
and radioactive material obtained might possibly be construed as having
resulted from exchange between B;, and Co®°Cl, followed by sufficient
destruction of the B;, by the prolonged hydrogenation or the 1.0 N sul-
furic acid used in eluting to render the material inactive biologically. In
any case the specific radioactivity is so low that the process would be of
no interest, even if conditions could be found to preserve the biocactivity.
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The formation of the colorless, radioactive cobalt compound having
solubility characteristics much like those of B;, indicates that on ex-
haustive hydrogenation, the chromophore of B,, is destroyed and that in
the new compound formed the cobalt is not so tightly bound.
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CHEMOAUTOTROPHIC FIXATION OF CARBON DIOXIDE
BY THIOBACILLUS THIOOXIDANS!

Isamu Suzuki and C.H. Werkman
Department of Bacteriology, Iowa State College

The mechamsrn of carbon dioxide fixation by chemoautotrophs has
been studied only recently by several workers.

In 1955 Santer and Vishniac reported the carboxylation of ribulose
diphosphate by the cell-free extracts of Thiobacillus thioparus (1). In
the same year Trudinger also reported the same carboxylation reaction
by extracts of Thiobacillus denitrificans (2) and the next year he further
extended his work with extracts and concluded that-this organism was
capable of synthesizing carbohydrate from carbon dioxide by a cyclic
mechanism similar to that of photosynthesis (3).

Aubert, Milhaud, and Millet, on the other hand, worked on whole cells
and published their results on the short-time exposure experiments of
T. denitrificans using radioactive carbon dioxide (4). They identified
labeled compounds such as 3-phosphoglyceric acid, hexose phosphates,
sedoheptulose phosphate, ribulose diphosphate, and aspartic acid, and
concluded the identity of the mechanism of carbon dioxide fixation by
photosynthesis and chemoautotrophy.

In a study of the metabolism’ of Thiobacillus thiooxidans, an acid-
lov1ng, aerobic chemoa.utotroph cells oxidizing sulfur have been exposed
to C140, for various periods and the radioactive products determined.
Some of the radioactive compounds were degraded in order to determine
the position of radioactive atoms in the molecules.

MATERIALS AND ME THODS

‘ Thiobacill»\us' thiooxidans No. 8085 was obtained from the American
‘Type Culture Collection. The organism was grown in a Fernbach flask
‘containing 700 ml of Starkey's medium- (5), with the composition shown
in Table 1. Seven grams of powdered-sulfur were spread on the surface
as a source of énergy. The flask was incubated for 7 days at 30°C.
Sulfur was removed by filtration through Whatman No. 1 filter paper
under vacuum.- The cells were collected by centrifugation and resus-
pended in. 30:mnl of medium B with 1.5 g of sulfur and were shaken for
3.5 hours. Tween 80, a wetting agent, assists in the dispersion of sulfur
particles throughout the medium and was shown by Starkey et al. to in-
crease the rate of sulfur oxidation during growth (6). After “incubation,
the active sulfur-oxidizing cells together with sulfur particles were
harvested again by centrifugation. They were finally suspended in 30 ml
of medium B, adjusted to pH 2.0 with sulfuric acid and were then used.

1Supported in part by the U.S. Public Health Institute.
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Table 1. Media

A. Starkey's Medium B. Suspending Medium
(NH,),S0, 0.3g 0.3 g
KH,PO, 3.5¢g 3.5¢g
MgS0O,- TH,0 0.5¢ 0.5g
CaCl, 0.25 g --
CasO,' 2H,0 -- 0.2 g
FeSO,- TH,0 0.02¢g 0.02 g
Tween 80 -- 0.05 g
Distilled water 1000 ml 1000 ml
pH 4.5 4.5

A specially designed flask had a side arm to hold radioactive sodium
bicarbonate and a hole at the bottom through which a stopcock led to a
flask containing 500 ml of boiling water. The cell-sulfur suspension was
introduced into the flask together with 1 ml of 0.01 N NaHCO; (specific
activity of 5 x 107 c.p.m./ml) in the side arm, and then the flask was
evacuated and refilled with CO,-free air at atmospheric pressure:. The
reaction was started by tipping the solution of radioactive bicarbonate
into the cell suspension. The system was agitated by a magnetic stirrer.
After a fixed time the reaction mixture was flushed into the boiling
water in the connecting flask and boiled for 10 minutes to kill the cells.
Nitrogengas was psssed through the boiling water during this period to
remove the residual C}0,.

The reaction mixture was filtered through Whatman No. 1 filter paper
to remove sulfur particles and the filtrate was concentrated and dried
under vacuum at 30°C. Thirty ml of 80 per cent ethanol extracted most
of the radioactivity from the concentrated residue. The solid material,
separated by centrifugation, was further extracted with 10 ml of 80 per
cent ethanol. The ethanol fractions were combined and subjected to
fractionation by passing through cationic and anionic ion exchange col-
umns in series. Two Amberlite resins, IR-120 and IR-4B, were used
as H-form and OH-form respectively. The elution was carried out with
4 N NH4OH followed by water. Three fractions, neutral, cationic, and
anionic, were concentrated separately under vacuum and a fraction of
each was subjected to two-dimensional paper chromatography.
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Identification of radioactive compounds.

The identification was carried out by two-dimensional paper chro-
matography and radioautography. Eighty per cent phenol and BABW
(butanol:butyric acid:water = 2:2:1) (7) were used as the solvents. What-
man No. 1 filter paper was used throughout the experiment. Radioactive
compounds were detacted by superimposing a sheet of Kodak No-Screen
Medical X-ray film on the chromatogram. Each spot was cut and the
radioactivity was directly counted under a mica-window Geiger-Miiller
tube. The compound on the spot was transferred to the origin of a new
chromatogram by the method of Gregory (8) and developed with an addi-
tional selected solvent simultaneously with authentic compounds. At
least three different solvent systems were used before reaching a final
decision as to identity. As the last step, the unknown compound was
mixed with an authentic compound and was compared chromatographi-
cally. The identity of position and shape of a spot on a radiogram and
of that on a chromatogram revealed by a color reaction was considered
as proof of identity of the two compounds. Phosphorylated compounds
were treated with 0.1 per cent solution of Schwartz's Polidase and the
hydrolyzed compounds were further identified by paper chromatography.

Ra dioactivitz .

Radioactivity was measured with a lead-shielded end-window (mica)
Geiger-Miller tube. Samples for degradation were determined on ground
glass planchets. BaCOj; from degraded compounds was collected by
filtration on a Whatman No. 42 filter-paper disc with a known area.
The radioactivity counted on this filter-paper was corrected for self-
absorption as well as the paper glass planchet effect, in order to com-
pare the activity with that determined on a glass planchet.

Degradation of compounds.

The degradation of compounds was carried out in a specially designed
flask with a side~arm, an inlet and an outlet. CO,-free nitrogen gas was
admitted through an inlet and served to agitate the reaction mixtures.
The gas also served for the transportation of CO,, formed by the degra-
dation, through an outlet to a CO, trap containing a solution of 0.2 N
NaOH (CO,-free;. Carrier compounds were always added to the radio-
active compounds in order to determine the yields of BaCO;. Glyceric
acid was degraded by the method of Aronoff (7) with periodic acid and
perchloratoceric acid. Radioactivities of the carboxyl carbon atom and
the a-carbon atom were determined. The two carboxyl groups of aspar-
tic acid, a-carboxyl group of glutamic acid, and the carboxyl group
of serine was decarboxylated with ninhydrin according to Vernon and
Aronoff (9). The ninhydrin reaction was carried out in a citrate buffer
of pH 2.5. The «-carboxyl carbon atom of aspartic acid was obtained
after conversion to malic acid with HONO and the Von Pechman oxidation
of the isolated malic acid (10). The gamma-carboxyl group of glutamic
acid was released according to Schmidt as modified by Phares (11) with
NaNj; and H,SO,.
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EXPERIMENTAL

Identification of labeled compounds.

Three experiments were runwith time durations of three minutes, ten
seconds, and two seconds. The identity of the radioactive compounds
and the distribution of radioactivity among the compounds are shown in
Table 2.

Table 2. Identification of radioactive compounds.

Distribution of Activity*

© 3 min. 10 sec. 2 sec.
Compound identified ~ fixation fixation fixation

() % (%)

Amino Acids

Aspartic acid 4 24 8
Glutamic acid 8 3 2
Serine 5 5 . 2
Alanine 1 L
Threonine :
Valine 3
Leucine ¥
Isoleucine 13
Phosphate Esters
Phosphoglyceric acid 3 "33 80
Glucose phosphates / 36 02T
Sugars i
Glucose 10 P2
Fructose 1 -k
Mannose B R T ‘
Rhamnose 1
Ribose P
Ribulose 2
Dihydroxyacetone 1 3
Organic Acids
Glyceric acid 6 3
Malic acid 3
Tartaric acid 15
Unidentified 12

* 1 = Activity less than 1 per cent.
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All the amino acids were identified from the cationic fractions and
gave positive reactions with ninhydrin. Aspartic acidis by far the most
rapidly labeled amino acid followed by glutamic acid and serine. Other
common amino acids, e.g., alanine, threonine, valine, leucine, iso-
leucine, were more slowly labeled. The chromatogram of the cationic
fraction from a three-minute fixation experiment gave a ninhydrin posi-
tive pattern almost identical to its radiogram pattern, indicating the
incorporation of C** in all the free amino acids during this period. A
few radioactive spots on the chromatogram which did not correspond
to any of the ninhydrin positive spots or any known amino acids were
hydrolyzed with 6 N HCI for five hours at 120°C. 'The first spot gave
rise to alanine and threonine, the second to alanine and aspartic acid,
and the third spot to glutamic acid. The above evidence indicates that
those spots were probably peptides and that the radioactivity was already
incorporated in peptides in three-minute C!40, fixation. There was no
formation of peptides in ten seconds or.two seconds.

Phosphate esters, sugars, and organic acids were identified inanionic
and neutral fractions. It is apparent that phosphoglyceric acid is the
most rapidly labeled compound. Thus in two-second fixation 80 per cent
of the total activity fixed was found in phosphoglyceric acid. When the
cells were exposed to C“Oz for a longer period, the activity appeared in
glucose phosphates, some sugars, and organic acids. Glyceric acidand
some of the sugars probabiy were derlved from the phosphate esters:
The presence of common hexoses, pentoses, and dihydroxyadcetone sug-
gests the similarity of the carbohydrate metabolism of this organism to
that of other organisms. On the other hand, the absence of sedoheptulose
among the products of fixation and the very low activity found in fructose
distinguish this organism from photosynthetic organisms or T. denitri-
ficans (4). It is possible, however, thatthese compounds might not have
accumulated in detectable quantities. Among the organic acids of the
tricarboxylic acid cycle, malic acid was the only one detected, probably
due to their rapid incorporation into amino acids. The role of tartaric
acid in the metabolism of this organism is not known. The unidentified
compound in the three-minute fixation product is possiblya glﬁconic acid
derivative according to its chromatographic behavior. These two com-
pounds, however, were not found in shorter time exposure expenments
and therefore are not important as flrst intermediates of carbon didéxide
fixation. :

Degradation of radioactive compounds.

Several radioactive compounds were degraded and the location of
radioactivity in the molecules was determined (Table 3). Phosphogly-
ceric acid from two-second and ten-second fixation products was hy-
drolyzed with polidase, and glyceric acid was isolated by paper chro-
matography. Likewise aspartic acid, serine, and glutamic acid were
isolated from ten-second and three-minute fixation products by paper
chromatography. The radioactivity of phosphoglyceric acid was located
mostly in its carboxyl group and more so in two-second than in ten-
second fixation. Thus 89 per cent of the activity of phosphoglyceric acid
fromthe two-second fixation experiment was found in its carboxyl carbon
atom. This result is in agreement with those of photosynthetic carbon
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Table 3. Degradation of radioactive compounds.

2 sec, 10 sec. 3 min.
Compound (%) (%) (%)
Glyceric acid COOH --- 89 67
HCOH --- 7 16
CH,OH--- 4 18
Serine COOH --- - 74 49
HCNH,
CH,0H
Aspartic acid COOH --- -- 22
HCNH,
CH, 74 (both car-
COOH --- -- 78 boxyl groups)
Glutamic acid COOH --- -- 63 38
HCNH,
CH,
CH,
COOH --- -- 13 5
dioxide fixation and indicates the presence of = common mechanism,

i.e., the carboxylation of ribulose diphosphate. The carboxyl carbon of
serine was also rapidly labeled as expected from a scheme in which
phosphoglyceric acid is a precursor in its biosynthesis (12).

The degradation of aspartic acid and glutamic acid revealed the pref-
erential labeling of B-carboxyl group of aspartic acid and a-carboxyl
group of glutamic acid. This result can be best explained by the forma-
tion of B-carboxyl labeled oxalacetic acid and its oxidation through the
Krebs cycle to a-ketoglutaric acid. The transamination of these keto-
acids will form B-carboxyl labeledaspartic acid and a-carboxyl labeled
glutamic acid. It is not surprising that radioactive oxalacetic acid was
not detected among the fixation products when its lability is considered.

DISCUSSION

The formation of phosphoglyceric acid from pentose phosphates and
carbon dioxide, and the formation of oxalacetic acid from phosphoenol -
pyruvic acid and carbon dioxide by the cell-free extract of Thiobacillus
thiooxidans are reported elsewhere (13, 14). The enzyme systems
necessary for the recycling of pentose phosphates and the conversion of
phosphoglyceric acid to hexose phosphate are also reported (13). The
results obtained in this paper indicate the occurrence of these two car-
boxylation systems in the whole cells of T. thiooxidans. A proposed
scheme of carbon dioxide fixation by this o;ganism is shown in Fig. 1.
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Hexose Phosphate

4
*GOOH *COOH *C0,
HGNH, ¢----=--==ccnnmm HCOH <==—== Ribulose
CH,OH CH,O0PO3H, Diphosphate
Serine Phosphoglyceric Acid
1
v
*GOOH
GOPO3H,
CHp
Phosphoenolpyruvic Acid
*GOOH
GO
AcO, CH,
Pyruvic Acid
[}
-----> %00,  *CO,
[} L4
*COOH *COOH H .-" GOOH  GOOH
HCNH, 0 Krebs Cycle .~ CHa CH,
QHZ —— gHz """""""" L= Hy — Hz
5CO0H ACO0H o HCNH,
ACOOH  ACOOH
Aspartic Oxalacetic a-Keto~- Glutamic
Acid Acid glutaric  Acid

Acid

Fig. 1. Proposed scheme of carbon dioxide fixation by Thiobacillus
thiooxidans.

In the presence of C!40, ribulose diphosphate will be carboxylated to
form carboxyl-labeled phosphoglyceric acid, which in turn will be con-
verted to radioactive glucose phosphates and other sugars and also
carboxyl-labeled serine. On the other hand, phosphoenolpyruvate will be
carboxylated to form B-carboxyl labeled oxalacetic acid. The a-carboxyl
group of oxalacetic acid may be labeled later owing to the labeling of the
carboxyl group of phosphoenolpyruvic acid. When oxalacetic acid is
oxidized to a-ketoglutaric acid via the Krebs cycle, the radioactivity at
the p-carboxyl group of the former acid will be found in the a-carboxyl
group of the latter acid. Both keto-acids will be converted to the cor-
responding amino acids by transamination or ammoniation. Thus this
scheme is in full agreement with the results obtained in this paper. The
occurrence of other carboxylation systems in the metabolism of T. thio-
oxidans is not excluded. Apparently, however, these two systems, i.e.,
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the formation of carboxyl-labeled phosphoglyceric acid and B-carboxyl
labeled oxalacetic acid, predominzte in the carbon dioxide fixation by
this organism.

The rapid labeling of the a-carboxyl group of glutamic acid is inter-
preted also as indirect evidence of the presence of the Krebs cycle in
this organism, although more work is necessary before making a definite
conclusion.

The incorporation of radioactivity in some peptides in three-minute
fixation products was interesting from two points. First, this may be
related to the mechanism of protein synthesis in this organism, i.e.,
amino acids may go through the stage of peptides before being incorpor-
ated into protein. Further work should be done,-however; before making
any conclusion. Secondly, since at least one of the peptides acted exactly
like proline in paper chromatography and could not be separated from it
when mixed with it, this represents another case where the identification
by paper chromatography of free amino acids in a natural substance re-
quires the hydrolysis of the sample as claimed by Deane and Truter (15).

The results obtained in this paper and those of others (4) clearly
indicate the similarity of photosynthesis and chemoautotrophy as far as
the mechanism of carbon dioxide fixation is concerned.

i

SUMMARY

The cells of Thiobacillus thiocoxidans oxidizing sulfur were exposed
to Cl4Q, for-various periods and the radioactive compounds formed were
determined by paper chromatography.

In two-second fixation 80 per cent of the activity fixed ‘was found in
phosphoglyceric acid and 8 per cent in aspartic acid. When the length
of duration of exposure was increased, the. radioactivity appeared in
glucose phosphates, sugars, organic acids, amino acids, and peptides:

. Some of the labeled’ compounds were degraded and the locatlon of
radloact1v1ty in the'tholecule was determined. The carboxyl groups of
phosphoglyceric acid and setine, @-carboxyl group of aspartic acid, and
a« -carboxyl group of glutamm acid were found preferentla.lly labeled in
the molecules. | . : R

It is concluded that two carboxylatwn systems i.e., the carboxylat1on
'of r1bulose dlphosphate to form phosphoglyceric acid and the carboxyla-
tion of phosphoenolpyru‘vate to ‘form oxalacetate, are working in the
carbon dioxide f1xat10n by' T th100x1dans ' .
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SOIL ERODIBILITY AND OTHER PHYSICAL PROPERTIES
OF SOME IOWA SOILS!

John E. Adams, Don Kirkham, and Wayne H. Scholtes?

INTRODUCTION

This study was originally sponsored by the Iowa State Conservation
Commission to investigate the watershed erodibility of prospective arti-
ficial lake sites in Iowa. Highly erodible watersheds are not desirable
locations for future lakes unless adequate control measures can be
developed prior to reservoir completion. Upon discontinuance of reser-
voir construction by the Conservation Commission, the study was further
expanded by the Iowa Agricultural Experiment Station to measure more
accurately the erodibility and other physical properties of Iowa soils.
This information is neededfor soil conservation planning and for other
purposes. The particular aspect of erosion to be studied was that of soil
type. Factors such as slope of the land, length of the slope, etc., were
not to be a part of the investigation. A portable artiticial rainfall maker,
with associated equipment, was, together with a specially designed air
permeameter, to be the principal equipment used in evaluating the soils
in the field. In the laboratory, measurements of soil properties related
to soil erodibility were to be made. From the field and laboratory data
the soils were to be classified into groups according to their erodibility
so that the Browning erosion factors (10; 69, p.434) for the soil types
could be obtained.

REVIEW OF LITERATURE
Factors Affecting Soil Erosion

Many studies have been made of soil erosion and the factors affecting
soil erosion. Baver (5, pp.349-386) has brought some of the more im-
portant ones together in a chapter entitled '"Physical Properties of Soils
in Relation to Runoff and Erosion.'" He stated that erosion is a function
of climate, topography, vegetation, soils, and the human factor. Neal (50)
gave a literature review regarding slope and rainfall characteristics in
relation to runoff and erosion. Osborn (56) reviewed the existing litera-
ture on factors affecting sheet erosion. Bennett (7) presented a compre-
hensive literature review of studies since 1895 of raindrop charatteris-
tics and gave a discussion of raindrop splash.

1Journal paper No. J-3329 of the Iowa Agricultural and Home Economics
Experiment Station, Ames, Iowa. Project No. 1064.

2Graduate Assistant, and Professors of Agronomy (soils). The senior
author is now soil scientist, Western Soil and Water Management Sec-
tion, S.W.C., A.R.S., Temple, Texas.
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Ekern (19) presented a comprehensive review of the literature on the
kinetic energy of natural rainfall and the soil factors affecting it. He
stated that the kinetic energy for natural rainfall varies from 1,000
to 100, 000 times the work capacity of shallow sheets of runoff water.
Ekern found that approximately 8 tons per acre of fine sand would be
transported by the impact of drops from a rainfall of 4 inches per hour
continuing for a 5-minute period. Nichols and Gray (53) stated that
2 inches of rain on an acre would have 194, 900,000 foot-poundals or
6,000,000 foot-pounds of kinetic energy, which they calculated to be
sufficient to raise a 7-inch layer of soil a height of 3 feet over an area
of one acre. Mihara (46) thought that the impact of raindrops was the
main cause of sheet erosion and suggested that precipitation be reported
as kinetic energy rather than as amount.

Ekern (20) reported that the impact energy of rainfall was a nearly
identical function of intensity and slope, and that the additive energy of
shallow flow and drop impact should approximate the 1.5 power of the
storm intensity. He concluded that the erosivity of storms should be
proportional to the additive kinetic energy from the impact of falling
rain and shallow flow of water. Borst and Woodburn (9) observed that
elimination of raindrop impact, rather than reduction of overland flow
velocity, was the major contribution of a mulch in reducing soil loss.
Neal (50) constructed an "impactometer" to measure and automatically
record the impact of falling drops of water. Laws (38) studied drop
sizes varying from 1l to 5 mm in diameter and found that as the drop
size increased, the infiltration rate decreased by as much as 70 per
cent, and that erosion losses increased 1200 per cent.

Slope and vegetation are also important factors affecting erosion.
Baver (5) considered the degree of slope to be more important than
length of slope from the standpoint of erosion. Literature on the effect
of slope has been reviewed by several authors (5, 50).

Baver (5) discussed the effect of vegetation upon erosion inconsider-
able detail and clagsified it into several categories including, (a) the
" interception of ;rainfall by the vegetative canopy, (b) the decreasing of
" the velocity of runoff and the cutting action of water, and (c) root effects
in increasing granulation and porosity. In 1880 Wollny [see Baver (4)]
investigated the effect of plant cover upon the interception of rainfall
and found that from 45 to 88 per cent of the total rainfall reached the
land surface directly, depending upon the type of crop and the number of
plants per unit area. Clark (12) found that the percentage of interception
of rainfall varied with the intensity of the rainfall, density of foliage
cover and environmental conditions. Osborn (58) presented data showing
that for effective control of raindrop energy, approximately 2000 pounds
per acreof short sod grasses, 3500 pounds of ordinary crops or grasses,
or 6000 pounds of tall coarse crops and weeds were required.

Methods "of Measuring Soil Erosion

“Probably the most nearly absolute method for studying the erodibility
and water intake capacity of soils is by the use of ''control plots' where
factors can be controlled or of watersheds of a known size or surface
area, -Soil and water losses from the control plots or watersheds are
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measured after each rain under natural field conditions, including the
effect of growing vegetation. Runoff control plots and watershed struc-
tures are expensive to install, costly to maintain, and must be operated
over a long period of time to obtain the variation of natural rainfall
intensities desired. For this reason a number of rainfall simulators
have been developed and used to obtain infiltration, runoff, and erosion
data. The use of simulated rainfall makes it possible to obtain water
intake and soil erodibility data in the field over a wide range of rain
intensities in a much shorter time and with considerably less expense
than by the use of watersheds or runoff control plots.

A number of rainfall simulators have been constructed and used for
special studies in erosion. Neal (50) used an overhead sprinkling sys-
tem suspended 4 feet above the soil surface of a plot 1/1000 of an acre
in area to study the effect of the degree of slope and rainfall character-
istics on runoff and soil erosion. The plot consisted of a wooden tank
12 feet long, 3.63 feet wide and 2 feet deep. Borst and Woodburn (8)
used the type-E apparatus to investigate the effect of the degree of slope
on erosion and runoff. The apparatus was designed for use on plots
72.6 feet x 6 feet and required about five man days to assemble. A
""portable rain maker and erosion study apparatus'' was developed by
Craddock and Pearse (14) to study the effects of important herbaceous
range cover type of the Boise River watershed on runoff and erosion.
This apparatus was constructed for use on plots 6.6 feet x 33 feet.
Ellison and Pomerene (24) designed a rainfall simulator for a plot 5 x 6
feet, which Ellison used in most of his erosion studies. Basu and Pura-
nik (2) constructed a laboratory rainfall simulator, similar to the type
devised by Ellison and Pomerene, to be used in a study of the suscepti-
bility of Indian soils to erosion. This apparatus was designed for use on
a fixed plot or soil tray 9x 3 feet. Osborn (55, 56) described in detail a
""mobile raindrop applicator' which was constructed by the Soil Conser-
vation Service. The mobile raindrop applicator was designed along the
basic principles as suggested by W.D. Ellison and was mounted on a
one-ton truck. This apparatus delivered drops from a height of 14 feet
to a small plot 12 x 18 inches. Splash erosion and surface runoff were
collected by means of this apparatus. A splash collecting apparatus was
developed and used by Sreenivas et al. (68) to measure soil detachment
caused by artificial or natural rainfall under different soil cover condi-
tions.

Infiltration Studies

Infiltration rates of a soil are related to soil erodibility; methods for
studying infiltration can be divided into two general groups: those in
which water is ponded over a small area and infiltration is equal to the
water applied to maintain a small head, and those where the water is
applied as a spray or simulated rainfall and the infiltration rate is taken
as the difference between rainfall and runoff rates. Baver (5) and
Kohnke (37) described several methods in each group.

The cylinder method of Musgrave (48) and the square-foot apparatus
of Pearse and Bertleson (59) are two of the smallest and least compli-
cated infiltrometers. Musgrave's infiltrometer consisted of a metal
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cylinder 6 inches in diameter, which was jacked into the soil to the B
horizon. A 1000 cc dispersing burette was centered over the cylinder
and a perforated disk placedon top of the soil to prevent the development
of turbidity when water was applied. A head of 4 to 5 mm of water was
maintained above the perforated disk during the measurement.

The square-foot apparatus of Pearse and Bertleson (59) was used to
spread a thin film of water at a constant rate over an area of one square
foot (19 3/16 inches by 7 1/2 inches) and to measure the water which ran
off and was not absorbed by the soil. Water was not applied as simulated
rainfall but was applied at the uphill side of the plot in such a manner
that it was spread out as a thin layer and flowed downhill across the plot.
Water absorbed or infiltrated was determined by difference between the
amount applied and that which ran off.

Duley and Domingo (17) described a small plot procedure which they
used for studying the effects of surface condition and surface protection
on the intake of water. Peele and Beale (62) developed a laboratory
procedure using simulated rainfall for determining infiltration rates of
disturbed soil samples. They found that the infiltration obtained by their
laboratory infiltrometer, the so-called type-F field infiltrometer, and
infiltration from natural rain storms placed the soils studied in the same
order.

Pereira (60) developed a laboratory test to measure the ability of the
soil surface to accept continuous heavy rainfall. Soil cores, 4 inches in
diameter and 3 inches deep, of undisturbed structure were brought to a
standard moisture tension of 20 cm of water, and subjected to heavy
artificial rainfall. The drainage tension was maintained at a constant
value, and the rate of infiltration was measured. The test was used to
measure the effects of grass on rainfall acceptance of an East African
sandy loam. The results obtained indicated that ''surface capping'' was
reduced significantly by both 2 and 3 years of grass.

Adams etal. (1) developed a portable rainfall-simulator infiltrometer
for making—in-filtration, runoff, and soil erosion measurements on soil
in place. Field data obtained with the apparatus on the Edina silt loam,
after 30 minutes of artificial rainfall, showed that the infiltration rate
for corn in a corn-oat-meadow-rotation (0.70 inch per hour) was sig-
nificantly greater than for continuous corn (0.36 inch per hour).

The rainfall simulators previously described for studying runoff and
erosion have also been used to measure infiltration rates. Infiltration
data obtained by rainfall simulators has been shown to be lower than
that with ring infiltrometers. This has been explained by Free etal.(29)
as caused by the turbid infiltrating water produced by the impaZt—action
of the simulated rain.

Infiltration is the process involved when water enters the soil surface.
Percolation is the process in which water moves through the soil. The
rate at which water moves through a saturated profile is limited by the
permeability and thickness of the least permeable layer. In many soils
the least permeable layer is in the B horizon. Nelson and Muckenhirn
(51) found that the low minimum infiltration rates, or ''field percolation
rates, ' of the Spencer silt loam and the Superior clay loam, and the
high rates for Marathon and Miami silt loam could be attributed to the
permeability of the B, horizons and substrata. The immediate sail
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surface may be the limiting layer for many cultivated soils. Duley (16)
observed the formation of a thin, compact layer at the surface of a soil
and presented a number of photomicrographs clearly showing a surface
crust or dense layer. Duley concluded that the sealing of the surface
was not due to an increase of fine material but rather to the compact
structure formed by the fitting of finer particles between larger ones.
Hendrickson (35) observed that verythin layers of silt and clay sediments
applied in suspension quickly ''blanket' flat sand surfaces or effectively
clogged the pores in such a way as to impede the entry of water into the
soil. Duley and Kelly (18) concluded that there might be a greater varia-
tion between infiltration rates obtained under different surface conditions
on a single soil than would be shown by different soils having the same
surface conditions.

Ellison and Slater (25) found infiltration rates to be highly sensitive
to the quantity of soil carried by raindrop splash. They concluded, for
the soils studied, that duration of rainfall, soil carried by raindrop
splash, aggregation and clay content of the soil were the principal factors
affecting the infiltration rates. Free et al. (29) found a definite associa-
tion of infiltration with all indices of large pores, or with those factors
affecting pore size. They particularly regarded ''noncapillary' porosity,
degree of aggregation, organic matter, and amount of clay in'the subsoil
as determinants of infiltration.

Duley and Kelly (18) observed that the infiltration rate decreased
slightly with increase in slope. Borst and Woodburn (8) found no relation
between infiltration rates and slope. Neal (50) stated that infiltration
was not affected by either the slope or the rainfall intensity but varied
inversely as the square root of the initial soil moisture content. The
initial soil moisture content had a greater effect on the rate of infiltra-
tion during the first 20 minutes than any other factor. Tisdall(70) stated
that antecedent soil moisture percentage plays an important part in the
early stages of an infiltration application. He suggested the use of
regression equations, obtained in his study, as a means of ‘correcting
infiltration data to a common antecedent soil moisture tension. He con-
cluded that comparative infiltration measurements should be made when
the soil is at the same moisture content or at the same moisture tension.

Smith et al. (66) found that increase in organic matter content by
barnyard manure significantly increased the infiltration capacity of
Clarion loam. Free and Palmer (30). in a laboratory study, observed
that water entering closed columns of sand by gravitational and capillary
movement compressed the air below the advancing moisture front.
Musgrave and Free (49) found that increasing the average percentage of
pore space by surface cultivation markedly increased the rate of infil-
tration on the Marshall silt loam. They concluded that the effect of close
vegetationwas to reduce the velocity of surface movement-and thusallow
more time for infiltration to take place.

Osborn (54,56) found that the effectiveness of cover was directlypro-
portional to quantity, and that the quantity of cover was more important
than the kind of cover in protecting soil from raindrop impact. From
5000 to 6000 pounds per acre of cover were required to provide essen-
tially complete soil protection. Measurements by Osborn (57) of soil
splash on bare plots of range and crop land showed wide variations in the
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susceptibility of soils to movement by raindrop impact. In a standard
test, soil movement on crop land plots ranged from 33,198 to 225,565
pounds peracre and on range and pasture it varied from 8832 to 160, 339
pounds per acre.

Free (28) described a technique for studying the effects of natural
rain under controlled conditions. He found that for surface soils the
average loss per inch of rain varied from 5 to 7 tons per acre; '"splash"
losses were 50 to 90 times ''wash-off'' losses; wash-off from slopes
facing the storm were 3 times those facing away from its direction.
Free concluded that wash-off lossesappeared to be more closely related
to the field behavior of soils and provided a better index of the erosive-
ness of storms than did splash loss.

Laws and Parsons (39) found that the median drop size appeared to
be a fairly strict function of rainfall intensity, and that the upper limit
of drop size for intense rains was about 7 mm in diameter. They stated
that the erosive power of intense rainfall perunit-volume will be greater,
because of the larger drop size, than the erosive power of low intensity
rains.

Ellison (21), in experimental studies of raindrop splash, reported
maximum distances of splash for drops of different sizes falling at
several velocities. Results of this study also showed that the samples
of splash contained a greater percentage of aggregates smaller than
0.105 mm than the original soil, indicating a breaking down of the ag-
gregates under raindrop impact. Ellison concluded that there are three
distinct actions in the raindrop erosionprocess as follow: (a)the break-
ing down of soil aggregates, (b) displacement and transportation of the
soils, and (c) making the water turbid with suspended material which
reduces infiltration.

Ellison (22) suggested that the storm energy dissipated on the soil be
determined by measuring the soil carried in the raindrop splash, based
on the fact that an increase in drop impact or number of drops caused
an increase in the amount of soil splashed. Ellison also reported that a
variation in either drop size or drop velocity caused a change in the
infiltration rate of the soil.

Ellison (23) stated that the quantity of soil detached will be propor-
tional to the detaching capacity of the falling raindrops and the detach-
ability of the soil, which he expressed in an equation modified to show
the effectiveness of vegetation in absorbing part of the raindrop energy.
Ellison also discussed methods of determining the factors of hiserosion
equation.

Air Permeability and Aeration Pore Space

The rate at which the water will move through a profile-obviously
related to soil erodibility—is dependent upon the size and continuity of
the channels or pores and increases with pore size. KEarlier workers
referred to these larger pores as ''noncapillary' pores and the smaller
pores as ''capillary." Baver (3,5) refers to the noncapillary porosity as
being from zero tension to the flex point of the moisture retention curve,
as it appeared to be closely associated with the rate of water movement
through a column. The fact that the term noncapillary porosity has
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never been defined in terms of tension of pore size has led to consider-
able confusion in its use.

Nelson and Baver (52) found abetter correlationbetween pores drained
at a tension of 40 cm of water (pF 1.6) and the percolation rate than at
any other tension. They suggested, where only one tension was to be
used, that 40 cm of water (pF l1.6) would be the logical tension to get the
most information on the water and air permeability of a soil. Smith
et al. (67) found a relationship between percolation rates and effective
pore-size distribution that was best expressed in the following porosity
factor:

¢ pores drained 7, pores drained % pores drained
at 10 ecm + between 10-40 cm + between 40-100 cm
4 10

They stated that pores drained at 40 to 100 cm tension made very small
contributions to percolation and could be omitted except for soils with
very slow rates. Bendixen and Slater (6) suggested a 'time drainage'
procedure of one hour at 60 cm of tension for determining the perme-
ability of soils under tension flow. This type of determination was
suggested to support soil survey characterizations of permeability.

More recent trends seem to be toward making complete moisture
retention curves rather than use of a single tension. From this infor-
mation, pore-size distribution can be determined by a method described
by Leamer and Lutz (40).

It is generally agreed that the percolation of water through a soil
column is definitely a function of the amount and size of the large pores,
pore continuity, and directness. Baver (5) states that most of the ex-
perimental evidence seems to suggest that the factors of porosity which
limit air permeability are similar to those affecting water movement.
Buehrer (11), in investigations on the flow of air through lead shot,
showed that air permeability varied directly as the square of theaverage
diameter of the particle. In other words, as the size of the pores in-
creased, permeability became greater. Buehrer proposed a quantitative
definition of soil structure in terms of the flowof air or air permeability.

Dobryakov (15) described a method for determining soil structure by
measuring the rate of intake of air under constant pressure into the soil
before and after moistening. He proposed a structural classification
based on the air permeability results obtained 60 minutes after moisten-
ing the soil with a definite quantity of water.

Aggregation

Lutz (42) stated that the '"nonerosive' nature of the Davidson clay was
largely due to the high degree of aggregation of the B -horizon into large
porous stable granules; the erosiveness of the Iredell was due to its
ease of dispersion and the dense, impervious B-horizon. Elson and
Lutz (26) investigated the relation between aggregation and erosion and
concluded that better aggregation resulted in less soil erosion. Lillard
et al. (41) observed that the extent to which the silt and clay was aggre-
Eat_ed in the surface soil of a Dunmore silt loam appeared to have more
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influence on erodibility than the physical nature of the subsoil. Rai et al.
(63) subjected aggregates of various sizes to simulated rain falling 7 feet
and found that the intensity of soil erosion progressively increased as
aggregate size decreased from 1000 to 500 . and less.

In most aggregate studies some modification of the Yoder method (74)
of aggregate analysis is used. In many methods the soil sample has
been allowed to become air dry before testing, as recommended by
Yoder. McCalla (43) devised a method of determining the stability of
soil structure to water drops falling a distance of 30 cm on a lump of
soil. He concluded that the action of the falling water drop on structure
was largely through wetting and swelling which loosened the lump so that
a drop could disintegrate the structure.

Johnston etal. (36) found that the size distribution of soil aggregates
was influenced t by the cropping system, with the number of large sized
aggregates being in the order bluegrass > clover > oats > rotation corn
> continuous corn. The average annual soil loss decreased as the num-
ber of larger aggregates increased. Wilson and Browning (72) reported
that the percentage aggregates greater than 0.25 mm for different crops
were in a similar order. The order was reversed for soil loss and
runoff. Wilson et al. (73) found the percentage aggregates greater than
2 mm to be h1gher in August than in May or November. Gish and Brown-
ing (32) found for the Marshall, Belinda, and Clarion soils, that aggre-
gation under four rotations decreased in the order: continuous corn<
rotation corn < rotation meadow < bluegrass. For the same soils the
number of large stable aggregates increased from spring to a peak in
midsummer and then declined gradually throughout the remainder of the
growing season. They also observed that the moisture content of the
soil at the time of sampling influenced the amount and stability of soil
aggregates.

Erosion Indices

Middleton (45) was one of the first to try to obtain an index of soil
erodibility based on the physical properties of the soil. He considered
that the outstanding characteristics which differentiated soils with re-
spect to erosion were the dispersion ratio, the ratio of colloid to mois-
ture equivalent, and erosion ratio. The dispersion ratio, expressed in
percentage, was defined as the ratio of the total weight of silt and clay
in the nondispersed sample to the total silt and clay in the dispersed
sample. The erosion ratio was equal to (dispersion ratio)/(colloid-
moisture equivalent ratio). Middleton considered the dispersion ratio
as the most valuable single criterion and suggested that soils with a
dispersion ratio less than 15 be classed as nonerosive. The dispersion
ratio is a function of the ease of dispersion and of the mechanical com-
position of the soil.

Cook (13) suggested that an "erodibility index' or a measure of erodi-
bility be developed, based on some type of field test or measurement.
He suggested as a field measurement the use of a standard plot of small
dimensions to which a fixed quantity of water should be applied by a
standardized artificial rainfall or by flowing across the surface at a
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fixed rate. Peele (61) thought the percolation rate, suspension percent-
age, and dispersion ratio were good indices of the relative erodibility of
soils, and that the rate at which water percolates through a soil was a
more accurate index of the susceptibility of a soil to erosion than its
water-holding capacity. Basu and Puranik (2) constructed a rainfall
simulator to be used in studying the susceptibility of Indian soils toward
erosion and for classifying the soils from the point of view of their
erodibility index.

Voznesensky and Artsruui (71) developed an equation or formula for
an index of erodibility based on laboratory measurement of dispersion,
aggregation, and water-retaining capacity. Gussak (34) devised a flume
to measure the erodibility of soils based on the volume of water required
to wash away 100 cc of soil by a surface stream of varying velocity.
Browning et al. (10) developed a conservation guide for all soils mapped
in Iowa, to be used in calculating the limit of the slope length for various
combinations of rotations and conservation practices. They divided the
soils of Iowa into seven groups and gave the rotation soil factors for
eleven different crop rotations for each group. Thompson (69) described
a method based on Browning's data obtained at Clarinda, in which the soil
loss in tons per acre was calculated for a soil under various rotations
and conservation practices.

Gardner and Lauritzen (31) made a laboratory study of the silt content
of water at the downstream end of flumes of varying lengths with various
combinations of stream size and per cent slope. They used the equation
of continuity to develop equations for estimating the rate and depth to
which soil will wear down for various slopes and stream sizes. The
experimental data obtained in the laboratory with the Greenville silt
loam conformed qualitatively with the basic equation which they had
developed.

METHODS OF INVESTIGATION

Field Investigation

The field investigation consisted of the measurement of infiltration,
runoff, and erodsion resulting fromthe application of artificially applied
rain to areas of soil 6 inches in diameter, delimited by thin-walled
cylinders, called infiltration cylinders, driven 6 inches into the ground.
The runoff was caught in a circular trough surrounding each infiltration
cylinder. The trough extended downward below the soil surface into an
annular cavity dug into the soil. The runoff from the runoff trough was
separated into liquid and solid material. The solid material is called
erosion and consists of wash and splash erosion. The field investigation
consisted further of the determination of the air permeability of the soil
at several soil moisture levels with a gasometer type air permeameter
described below.
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Standard Conditions

In order to evaluate the soil factor, or that factor in soil erosion
attributed to different soil types, it is essential that all of the other
factors of erosion be maintained at a constant level. It was decided that
the factors of rainfall, slope, cropping history, soil surface condition,
and initial moisture level of the soil would be maintained as uniformly
as possible under field conditions. Other factors affecting the erodibility
of a soil, such as aggregate stability, aeration pore space, and field
percolation rate, were considered as part of the properties constituting
the soil factor. The following conditions were to be maintained for each
soil studied:

1. Rainfall. Intensity of 4 inches per hour + 10 per cent and a total
rain of 2.00% inches (0.5 hour duration of rain).

2. Slope. Zero per cent slope was to be maintained, The infiltration
cylinder was checked for level by use of a spirit level.

3. Cropping history. All sites were to be in fall of the oat phase of a
corn, corn, oat, meadow (C-C-O-—M) rotation.

4, Initial moisture level. All infiltration a d runoff determinations
were to be made with the soil at field capacity. An excess of
water was added to each plot to be studied and field capacity was
considered as being the moisture level 24 hours after the soil was
wet for the coarser textured soils, 48 hours for the intermediate
textured soils and 72 hours for the finer textured soils.

5. Soil surface condition. To be loosened to a depth of 0.5 inch prior
to soaking the soil to bring it to field capacity.

The rainfall intensity of 4 inches per hour was selected as a rate
sufficient to produce erosion and was an intensity which occurred in
the area studied. Information obtained from integrated histograms on
intensity-time duration rainfalls prepared by Engelbrecht (27) showed
that in the last 22 years, 25 5-minute duration rainfalls had occurred
with intensities of 3.6 to 4.8 inches per hour and seven with intensities
varying from 4.8 to 6.0 inches per hour. During the same period ten
10-minute duration rainfalls, varying from 3.6 to 4.8 inches per hour,
and eight 15-minute duration rainfalls, varying from 3.2 to 4.0 inches
per hour, had occurred. This information was prepared from Weather
Bureau data collected for Des Moines, Iowa. Maximum 30-minute pre-
cipitation (65) for the area within which the studies were conducted has
approached or exceeded 2 inches as shown for the following points:

Des Moines, Iowa 1.91 in. Omaha, Nebraska 2.32 in.
Keokuk, Iowa 1.95 in. Sioux City, Iowa 2.73 in.
La Crosse, Wisconsin 1,99 in.

The above values were for rainfall data through 1945 with periods of
record of 10 years or more for each station.

*The average guantity applied was actually 2.01 inches.
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Soils and Sites Studied

Eight soils were selected to be studied ranging in texture from a
loamy fine sand to a silty clay loam. A textural variation in soils was
desired to provide maximum contrast of the data to be obtained. The
soils selected for study and their locations are given in Table 1. The
descriptions of these soils are given in Appendix A (page 532).

Table 1. Soils and locations of sites studied.

Soil type Location Farm operator

Clarion loam 1 1/2 miles E of Ames, NW 1/4, Albert Woods
Sec. 31, T84N, R 23 W

Webster silty Rotation plots, Iowa State College
clay loam Agronomy Farm, Ames, Iowa

Thurman loamy 1 mile E of Ames, NE 1/4, SW 1/4, Carl Sampson

fine sand Sec. 12, T83N, R24 W
Marshall Rotation plots, Clarinda Experiment
silt loam * Station Farm
Ida silt loam SE 1/4, SE 1/4, Sec. 7, T83N, R 43 N F.D. Mings
Monona Near Western Iowa Experiment K.H. Witzel
silt loam* Farm, NW corner NW 1/4,

NW 1/4, Sec. 27, T84N, R 43 W

Grundy silty Near Beaconsfield, Iowa, " Riley McAlexander
clay loam SW 1/4, Sec. 26, T70N, R 28 W
Shelby loam Near Beaconsfield, Iowa, Riley McAlexander

SW 1/4, Sec. 26, TT0N, R 28 W

*Most of A horizon appeared to have been removed by erosion.

The sites to be studied were located, tentatively, by a preliminary
survey from the road to find fields which were in the rotation desired,
and a more detailed inspection by use of a soil auger was made in the
field. Six of the soils studied were on privately owned land and twop were
in rotation plots supervised by the Iowa Agricultural Experiment Station.

Special Field Equipment

A portable rainfall-simulator infiltrometer, previously described by
Adams et al. (1), was the device used to apply the artificial rainfall for
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Fig. 2. Assembly drawing of air permeameter showing constructional
details; jagged lines across the drawing indicate omission of
sections of vertical tubing.

an air seal between the air chamber and the runoff trough. As an addi-
tional seal and to aid in detecting air leaks during an air permeability
measurement, a runoff spout (not shown) on the infiltration cylinder was
plugged with "Absorene' brand noncrumbly type wallpaper cleaner and
the runoff trough filled with water. Any air leaks would be revealed by
air bubbles rising through the water.

A manometer tube (F) and air inlet valve (G) were located in the upper
portion of the air chamber, below an outer annular water tank (H). The
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air-inlet valve (G) permits air to enter the air chamber after a run is
over and, as Grover has described, also measures the air pressure in
the air chamber during a run.

Two interconnected annular water tanks of different size were located
at the upper part of the permeameter, partially covering and enclosing
the upper portion of the air chamber. The inner annular water tank (I)
was designed for use with a small float (J), graduated in 100 ml sub-
divisions, which was used for slowly permeable soils; the outer annular
water tank (H) was for use with a larger float (not shown) having 500 ml
subdivisions for more permeable soils. The small float was made from
a Superoxol can and the large float from a can in which technical grade
sodium hydroxide is shipped. Both floats were counter-balanced so as
to have a pressure of approximately 3 cm of water. A float guide tube
(K), provided to keep the float (J) or the large float centered, was held
in place by a narrow support across both the top and bottom of the water
tanks and was connected to the outer annular water tank so as toprovide
water for lubricationbetween the guide tube and float guide rod (L). The
tops of the water tanks were used as the indices from which to measure
the distance per unit time that the floats fell. The air chamber was
extended in height, compared with Grover's, so that the tops of the water
tanks were about three feet above the ground to facilitate reading the
floats.

The permeameter was made entirely from brass plate or tubing, ex-
cept for the floats as noted, and except for the largest section of tubing
seen in Fig. 1. This section of tubing, 21 7/8 inches long (Fig. 2) and
comprising part of the air chamber was made from 6-inch I.D. 1/16 inch
wall seamless steel tubing. All steel surfaces were coated with Ford
Motor Company brand Chrome Saver to prevent rust. All joints and
connections were soft soldered.

Field Operating Procedure

After the soil was located in the fall of the oat phase of the rotation,
a 21 by 9 foot rectangle was staked out on an area which had essentially
zero slope. The rectangular area was then subdivided into 21 squares,
with sides of 3 feet, which were designated as plots. The plots were
numbered from léft to right, starting with number one as the southeast
plot when the long axis of the area ran from east to west, and with the
southwest plot when the long axis ran north and south. Ten numbers
were drawn at random to select the plots in which the measurements
were to be made. The vegetation standing on the plots selected was
clipped at the soil surface and all extraneous material removed from
the surface of the plot. An infiltration cylinder was placed near the
center of each plot selected, making certain that the cutting edge of the
cylinder did not rest on or next to the root of any of the legumes which
had been clipped.

The infiltration cylinder was installed in the manner described by
Adams et al. (1), and the soil was wetted to field capacity in the follow-
ing manner. The large, 18-inch diameter galvanized sheet ‘metal rings
(Fig. 1) were driven 4 inches into the ground surrounding the previously
placed infiltration cylinders. Two burlap bags were then placed over
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each soil surface inside the delimited areas and 5 gallons of water were
carefully poured on the bags at a position next to the galvanized sheet
metal ring which served as a retaining wall. After all the water had
been added the burlap bags were removed and a 2-foot square of alumi-
num insulation paper was tied over the sheet metal cylinder. The in-
stallation was then allowed to stand until the added water had drained to
a moisture tension near field capacity.

After the soil had been covered for a sufficient period of time to
come to an equilibrium approximating the field capacity, the soil was
uncovered and allowed to dry for an hour or two. The drying period was
necessary as water condensed within the covered cylinder and dripped
back on the soil surface too wet to work with until it had been allowed to
dry somewhat. The surface inch of soil was removed from the area
between the infiltration cylinder and the galvanized iron ring and the soil
sieved through an 8 mm sieve. The soil passing through the 8 mm sieve
was air dried and saved for laboratory analyses.

An air permeability measurement was made when the soil moisture
was at field capacity and before the infiltration measurement, in the
following manner. The runoff trough (C) was thoroughly cleaned and
rinsed. The runoff spout was plugged with the '""Absorene' brand, non-
crumbly wallpaper cleaner, and the rubber O-ring fitted over the infil-
tration cylinder. The air permeameter was set over the infiltration
cylinder in such a manner that the O-ring was forced down against the
runoff trough and the O-ring shoulder (D) of the air permeameter. The
runoff trough was then filled with water and the trough checked for leaks,
while a float was allowed to move downward in the same manner as
during an air permeability measurement. If no leaks were noted, a
minimum of three air permeability measurements were made and the
air temperature taken in the shade. Air permeability was calculated in
absolute units (2) by the equation given by Grover (33), assuming 95 per
cent relative humidity. The procedure used to obtain the viscosity of
air at 95 per cent relative humidity at various temperatures is given in
Appendix B (page 540).

After making the air permeability measurements, the air permeam-
eter and O-ring were removed and the runoff trough rinsed and cleaned
out. The rainfall simulator was assembled and operated as described
by Adams et al. (1).

Laboratory Procedures

The pint milk bottles containing the runoff samples collected in the
field were taken to the laboratory and runoff, infiltration, and erosion
determinations ade as described by Adams et al. (1).

Moisture Retention and Bulk Density Determinations

The cores collected in the field were stored in a constant temperature
room at about 38°F until all field work was finished, to keep bacterial
activity or any microbiological changes to a minimum.

The moisture retention data were obtained by using the method
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described in the USDA Agricultural Handbook No. 60 (64, p.110) utilizing
porous ceramic disc equipment and a so-called pressure cooker appa-
ratus. Each core sample was covered with a plastic lid and placed on a
porous ceramic disc. The plastic lids and ceramic discs were fastened
to the brass cylinders by stretching rubber bands across the lids and
attaching the bands to hooks at the opposite edges of the ceramic discs.
Core samples were saturated from the bottom up by slowly raising the

water level to nearly the height of the cylinder. The samples were

allowed to stand in the water 48 hours before any tension was applied.
Moisture retention was determined at the following water tensions:
0 cm, 10 cm, 30 ¢cm, 60 cm, and 100 cm, 1/3 atmosphere, and 1 atmos-
phere. The 0 and 10 cm water tension values were determined on a
blotter pad tension plate. All higher values were determined in the
pressure cooker apparatus. Samples were allowed to stand for 24 hours
at the two lower tensions of 0 and 10 cm, and at the higher tensions until
equilibrium was attained. The data obtained were used to calculate the
percentage moisture by volume at the different tensions and were plotted
as moisture-tension curves.

After the moisture retention value was determined for 1l atmosphere
of tension, the core samples were oven-dried. The bulk density was
then calculated for each core sample using the oven dry weight of the
sample and the volume of the core (64, p.121).

Aggregate! Stability in Water

The soil samples collected in the field were air dried and split into
two equal portions. One half was used for aggregate water-stability
analysis and the other half for determining the dispersion ratio as de-
scribed below. Aggregate water-stability was determined by a modifi-
cation? of the aggregate-size distribution procedure in USDA Handboock
No. 60 (64, p.124), as follows:

The half of each sample saved for aggreiate analysis was passed,
without forcing, through a 5 and a 2 mm sieve. The portion remaining
on the 5 mm and that passing through the 2 mm sieve were discarded.
A 25-gram sample for analysis was taken from the portion retained on
the 2 mm sieve. The sample was then added to the top sieve of a nest of
sieves, which was.oscillated vertically, with a stroke of 1 inch, under
water for 30 minutes. The mechanism was adjusted so that the screen
made contact with the water surface when the oscillation mechanism was
at the top of the stroke. The sieve set consisted of a series of sieves
with openings of 2, 1, 0.5, 0.25, and 0.10 mm. That portion of the
sample retained on each sieve at the end of 30 minutes was washed into
evaporating dishes and oven-dried at 105°C for 24 hours. The oven-
dried material was weighed to 0.0l gram and the percentage of the total
weight of each fraction was computed on an oven dry basis. The percent
remaining on each screen was reported.

!The term aggregate as used herein is understood to include some
primary particles as well as true aggregates.

ZMimeographed procedure prepared by the North Central States Soil
Research Technical Committee NC-17, January 1955.
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Dispersion Ratio

The dispersion ratio was determined for the 0.02 mm size fraction
by a modified pipette analysis for both a chemically dispersed and non-
dispersed sample. The portion of the sample saved for pipette analysis
was corasely ground to pass a 2 mm sieve. The procedure for the
chemically nondispersed sample was as follows: A sample of air-dry
soil, equivalent to 10 grams of oven-dry soil, was weighed and placed
in a quart milk bottle with sufficient distilled water to make a total
volume of 900 cc. The bottle was tightly stoppered and shaken end-over-
end by hand for 60 seconds. A stop watch was started at the end of
- shaking and a pipette withdrawal made at 10 cm depth at the required
time interval for the 0.02 mm size fraction to have settled below 10 cm.
" The pipetted sample was then quantitatively transferred to a 50 cc
weighed beaker and oven dried for 24 hours at 105°C. The oven-dried
" sample was cooled in a dessicator, weighed on an analytical balance to

0.0001 gram, and the percentage of the total oven-dry weight of the
0.02 fraction calculated.

A similar procedure was followed for the chemically dispersedanaly-
_ sis except that the 10 gram oven-dry sample was added to a high speed
mixer cup. Then 250 cc of distilled water and 10 cc of sodium hex-
ametaphosphate solution* were added and the sample mixed by the mixer
for 10 minutes. The sample was then quantitatively transferred to the

milk bottle and the volume diluted with distilled water to 900 cc. The
same procedure for both the dispersed and nondispersed was followed
from this step on.

The dispersion ratio (45) was calculated by dividing the total oven-dry
weight of 0.02 mm and finer fraction from the chemically nondispersed
analysis by the total oven-dry weight of the same size fraction of the
chemically dispersed sample and multiplying the quotient by 100.

< 0.02 mm chemically

Dispersion _ gms oven-dry material = nondispersed
= - - x 100
gms oven-dry material « 0.02 mm chemically
= dispersed
RESULTS
Runoff

Results of the runoff rates and total runoff for the eight soils tested
are given in Table 2. The values are for 2.00 inches of rain applied in
approximately 1/2 hour at the constant nominal rate of 4 inches per
hour. The values are average values for a number of replicates, in no
case less than eight, as given in the table caption. The standard error
for each runoff value is given in the body of the table.

*35.7 grams sodium metaphosphate and 7. 94 grams sodium carbonate
in one liter of solution.



Table 2. Runoff rates and total runoff on eight Iowa soils from 2.00 inches of rain applied in approximately
1/2 hour with the rainfall simulator. Determinations were made in the fall of the oat phase of a
corn-corn-oats-meadow rotation with the soil initially at the field capacity and with the surface
cultivated. R is the time after zero when runoff begins; F is the time rainfall ceases. Values of
runoff are averages for 10 replicates for Grundy, Monona, Marshall, Webster, and Thurman; of
9 replicates for Clarion and Ida; and of 8 replicates for Shelby. Numbers in parentheses are
standard errors. Soils are listed in order of 20 to 25 minute runoff rate. Dashed horizontal
lines show groups of soils, the average values of which differ from each other statistically
significantly.

Runoff rate (in./hr.) F or time intervals Total Rainfall
R F 0-R R-5 5-10 10-15 15-20 20-25 25-F runoff  intensity
min. min. min. min. min. min. min. min. min. inches in./hr.

Grundy 1.43 29.2 0 2.39 3.89 4.03 4.01 4.05 4.12 1.76 4.13

(0.11) (0.11) (0.11) (0.09) (0.11) (0.02) (0.09)

Monona 1.34 29.4 0 2.67 3.82 3.90 3.99 3.99 3.96 1.76 4.11

(0.14) (0.12) (0.10) (0.09) (0.13) (0.10) (0.08)
Marshall 1.46 30.1 0 2.35 3.64 3.82 3.83 3.90 4.21 1.75 4.02
(0.10) (0.07) (0.08) (0.08) (0.13) (0.03) (0.07)
Shelby 1.80 31.4 0 1.45 3.21 3.59 3.70 3.65 . 3.77 1.64 3.87
(0.12) (0.14) (0.13) (0.09) (0.24) (0.29) (0.10)
Ida 2.07 30.2 0 1.67 2.84 3.41 3.54 3.58 3.61 1.50 4.00
(0.14) (0.08) (0.08) (0.10) (0.08) (0.03) (0.05)
Webster 1.91 30.7 0 1.43 2.48 3.09 3.25 3.40 3.46 1.42 3.93
(0.19) (0.22) (0.19) (0.12) (0.13) (0.05) (0.08)
Clarion 2.16 29.8 0 1.51 2.63 2.90 3.21 3.32 3.42 1.36 4.01
(0.15) (0.16) (0.20) (6.13) (0.12) (0.07) (0.05)
Thurman 1.98 29.1 0 0.10 0.03 0.12 0.34 0.62 1.08 0.18 4.15

(0.01) (0.09) (0.22) (0.26) (0.29) (0.07) (0.07)
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The soils in Table 2 are listed in the order of decreasing runoff rate
for the 20 to 25 minute interval. Also the soils have been grouped, on
the basis of the 20 to 25 minute runoff rates, into erodibility classes.
The groups are indicated by horizontal dashed lines. Although there is
not a definite break in the 20 to 25 minute values for the first seven
soils listed, there is a relatively large break between the Shelby and Ida
and, therefore, the four soils above and including the Shelby are indi-
cated in the table as one group and the three below the Shelby as another
group. The eighth soil, the Thurman (sand)-since its total runoff is
decidedly less than any of the others-is indicated as a third "'group."
The means of the group are statistically significantly different (5 per
cent level). The average runoff rate for the three groups of soil is
shown plotted against time of rainfall in Fig. 3.

4- I SR
IDA
. 3r WEBSTER
T CLARION
=z GRUNDY
- > MONONA
' MARSHALL
L SHELBY
(@)
P4
>
o |
THURMAN
o 5 10 15 20 25 30

TIME IN MINUTES

Fig. 3. Runoff rates for three groups of Iowa soils plotted against
length of time of rainfall for a nominal 4-inch per hour rain.

In studying Table 2 and Fig. 3 one should observe that all the time
intervals are not of equal duration. For example, the first time interval
for the Webster is 0 to 1. 91 minutes and the last time interval 25 to 30.7
minutes, the numbers 1.91 and 30.7 being listed under the columns R
and . Thus, the total runoff for the Webster, which is 1.42 inches,
is related to these .values and to other values shown in the table by the
relation

(1.43)(5-1.91)+(2.48+3.09+3. 25+3.40)(5)+(3.46)(30.7-25) = 1.42 inches.
60
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Similar relations exist for other tabulated values. An example for the
calculation of a value plotted in Fig. 3 may also be given for definite-
ness. The runoff rate for the 5 to 10 minute time interval for Grundy,
Monona, Marshall, and Shelby (Table 2) is (3.89+3.82+3.64+3.21)/4 =
3.64 in. /hr. Notice in Table 2 and/or Fig. 3 that, except for the Thur-
man, the runoff rate rises rapidly in the first 10 minutes for all soils
and reaches a fairly constant value after about 20 minutes. In the
Thurman (sand) the runoff rate does not become appreciable until after
about 15 minutes when it begins to increase rapidly, the increase con-
tinuing at the end of the experimentation. In Table 2 the values in the
25 to F column are, in some cases, not consistent with those in the 20
to 25 column. The lack of consistency presumably stems from inability
of an operator to shut off, and accurately time, the terminal rainfall.

Infiltration

Infiltration results are tabulated in Table 3. The values are obtained
by subtracting runoff rates tabulated in Table 2 from the constant infil-
tration rates in the last column of Table 2. Thus, for the Webster one
may compute from Table 2, for the 10-15 minute interval, the infiltration
rate to be (3.93-3.09) = 0.84 in./hr., which is tabulated in Table 3.

Table 3. Infiltration rates and total infiltration for the soils and condi-
tions of Table 2; soils are in order of the 20 to 25 minute rate;
order is the same as for Table 2.

Total
Infiltration rate (in./hr.) for time intervals infil=

0-R R-5 5-10 10-15 15-20 20-25 25-F tration

Soil min. min. min. min. min. min. min. inches
Grundy 4.13 1.74 0.25 0.11 0.14 0.11 0.09 0.26
Monona 4,11 1.44 0.29 0.21 0.12 0.13 0.16 0.25
Marshall 4.02 1.68 0.38 0.20 0.19 0.14 0.06 0.28
Shelby 3.87 2.42 0.66 0.28 0.17 0.22 0.22 0.38

Ida 4.00 2.33 1.17 0.60 0.47 0.43 0.40 0.51
Webster 3.93 2.50 1.44 0.84 0.68 0.52 0.46 0.59
Clarion 4.01 2.51 1.37 1.10 G.80 0.69 0.61 0.62

Thurman 4.15 4,05 4.12 4.04 3.82 3.54 3.07 1,84

Other values in Table 3 are obtained similarly. In particular, column
one of Table 3 has the same values as the last column in Table 2, since
by definition of the time R there is no runoff during the period 0 to R.
Standard deviations are not given in Table 3 since these will be the same
as in Table 2. Values in Table 3 may depart one or two digits in the
second decimal due to rounding of figures. Originally, computations
were made to three decimals.
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For infiltration, the soils in Table 3 take the same grouping as for
runoff, the listing now, however, being in order of increasing value of
infiltration rate in the 20 to 25 minute interval. The average infiltration
rate for the groups are shown plotted against time in Fig. 4. Notice in
Fig. 4 that the infiltration rates for the groups tend to reach a constant
value after about 25 minutes, though this is not always seen for the indi-
vidual soils in Table 3. The lack of consistency which is seen to occur
for the intervals 20-25-minute and 25-F is probably, as before, due to
inability of the operator of the rainfall simulator to terminate operations
accurately.
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Fig. 4. Infiltration rates for three groups of Iowa soils plotted against
length of time of rainfall for a nominal 4-inch per hour rain.

Erosion

The results for erosion are given in terms of wash erosion, splash
erosion, and total erosion, these terms being defined as follows. Wash
erosion is soil which was eroded or removed in suspension by the runoff
water during each 5-minute interval; splash erosion is soil which is
retained on the splash shield and in the runoff trough after runoff had
ceased; and total erosion is the sum of wash and splash erosion. By the
nature of the experimentation, rates of splash erosion could not be de-
termined for the individual 5-minute intervals. But wash erosion rates
could be determined add these rates, together with values of the total



Table 4. Wash erosion rates and total wash erosion for the soils and conditions of Table 2; soils are listed,
as before, according to rates in the 20 to 25 minute time interval; soil groups are not the same as
for Tables 2 and 3.

Total wash

Wash erosion rate (tons/acre/hr.) for time intervals erosion

Soil R F 0-R R-5 5-10 10-15 15-20 20-25 25-F tons/acre
Marshall 1.46 30.1 0 2.47 3.42 2.84 2.38 2.03 2.09 1.20
(0.16) (0.21) (0.17) (0.13) (0.19) (0.06)
Webster 1.91 30.7 0 1.08 1.96 2.00 1.71 1.70 1.70 0.83
(0.27) (0.24) (0.26) (0.24) (0.36) (0.11)
Grundy 1.43 29.2 0 2.06 2.54 2.08 1.77 1.58 1.38 0.88
(0.22) (0.20) (0.20) (0.18) (0.16) (0.09)
Monona 1.34 29.4 0 2.58 2.53 1.91 1.68 1.56 1.49 0.90
(0.20) (0.17) (0.15) (0.18) (0.19) (0.08)
Clarion 2.16 29.8 0 1.09 1.86 1.56 1.64 1.32 1.00 0.67
(0.15) (0.11) (0.14) (0.12) (0.11) (0.04)
Ida 2.07 30.2 0 1.39 1.46 1.31 1.11 0.99 0.91 0.55
(0.22) (0.18) (0.14) (0.13) (0.13) (0.07)
Shelby 1.80 31.4 0 0.99 1.42 1.10 1.04 0.96 0.84 0.52
(0.14) (0.10) (0.14) (0.13) (0.10) (0.05)
Thurman 1.98 29.1 0 0.03 0.02 0.02 0.03 0.07 0.22 0.03

(0.00) (0.01) (0.01) (0.02) (0.06) (0.01)
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wash erosion are shown in Table 4. One sees in the table that the wash
erosion rates increase rapidly in the first five to 10 minutes and then
decrease, at first rather rapidly, and then slowly as the end of a run
approaches.

In Table 4 horizontal broken lines are shown which divide the soils
into groups according to their wash erosion rates in the 20 to 25-minute
time interval and the average rates of washerosion for these soil groups
are shown in Fig. 5.
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Fig. 5. Wash erosion rates for four groups of Iowa soils for a nominal
4-inch per hour rain applied for one half hour.

Of the soils studied, the Thurman had the lowest wash erosion rate
throughout the entire period of rainfall. Even at the end of the rainfall
the wash erosion rate (Table 4) was still only 0.22 ton per acre per hour.

Splash erosion and total erosion are shown in Table 5. Here the
erosion values are totals for all the (nominal) 5-minute intervals. The
table also includes wash erosion and shows, by means of horizontal
dashed lines, the grouping of the soils into erodibility classes; the soils
in each group are arranged in the order of decreasing erodibility.

The erosion groups in Table 5 are set up on the basis that there be a
statistical difference in the means at the 5 per cent level of significance.
The soils were divided into four statistically different groups for wash
erosion and three different groups for splash erosion and total erosion
as shown by the horizontal lines in Table 5. The Thurman was placed
in a separate group in both splash erosion and total erosion (see dashed
line Table 5) even though there was not a statistical difference between
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Table 5.

ADAMS, KIRKHAM, and SCHOLTES

Comparison of wash erosion, splash erosion, and total erosion
for eight Iowa soils and their division into groups* whichdi ffer

statistically.

Based on data obtained from 2.00

artificial rain applied with the rainfall simulator.

inches of

Wash erosion

Splash erosion

Total erosion

5ol Total®  Soil Total Soil Total

Marshall 1.20 b Thurman 9.47 Thurman 9.50
(0.06) (1.99) (1.99)
_____ C - = - - e e e e e m - m -

Monona 0.90 Webster 6.50 Webster 7.32
(0.08) (0.84) (0. 80)

Grundy 0.88 Grundy 6.18 Grundy 7.06
(0.09) (0.36) (0.39)

Webster 0.83 Shelby 5.97 Marshall 6.99
(0.11) (0.41) (0.19)

Clarion 0.67 Marshall 5.79 Monona 6.58
(0.04) (0.49) (0.32)

Ida 0.55 Monona 5.68 Shelby 6.48
(0.07) (0.36) (0.44)

Shelby 0.52 Clarion 4.47 Clarion 5.14
(0.05) (0.53) (0.55)

Thurman 0.03 Ida 3.80 Ida 4,34
(0.01) (0.26) (0.32)

*Solid lines (read vertically) separate groups in which the means
are statistically significant.

a .
Total expressed in tons per acre.

PStandard error in parentheses (Sx).

®Broken line separates groups of soils based on other physical
factors or measurements.

dA marginal soil.

Fits statistically in either group.
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the results obtained for the Thurman and the remainder of the more
erodible soils. This separate grouping was established, based on

textural differences and also because the total erosion for the Thurman
consisted of 99.7 per cent splash erosion. No significant differences
were obtained between the means of the Thurman when compared with
soils with greater total erosion than the Clarion. There was a statistical
difference between the Thurman and Clarion soils. The Marshall soil
with 1.20 tons per acre had the most wash erosion for 2 inches of rain
and the Thurman with 0.03 ton per acre had the least. The Thurman
had significantly more splash erosion than any of the other seven soils.

Table 6. Comparison of wash erosion per inch of runoff for eight Iowa

soils.
Wash erosion Wash erosion
per in. runoff per in. runoff
Soil (tons/acre) Soil {tons/acre)
Marshall 0.686 Clarion 0.496
Webster 0.585 Ida 0.367
Monona 0.511 Shelby 0.313
Grundy 0.503 Thurman 0.150

When total wash erosion was calculated on the basis of tons per inch
of runoff (Table 6) the soils remained in the same general order of
erodibility, except for the Webster, but the absolute differences were
reduced considerably. Such a rating or arrangement makes it possible
to compare the erodibility of soils based on equal quantities of runoff.
However, since the ability of a soil to absorb and transmit water through
its profile is an important factor affecting wash erosion, infiltration
should be considered when evaluating the natural susceptibility of differ-
ent soils to erosion.

Air Permeability

Air permeability data are given in Table 7. Air permeability meas-
urements at 1 and 2-hour intervals were not made on the Shelby and
Grundy soils, as it appeared that the soil would freeze before the studies
could be completed. Air permeability values were taken for the other
six soils at 1 and 2-hour time intervals after rainfall was terminated, as
well as at field capacity before rainfall. The values, in general, reflect-
ed the textural differences of the soils. The coarser textured soils were
more permeable to air at both time intervals. Based on texture, the
Thurman sand would be expected to be the most permeable, but 2 hours
after rainfall had been terminated the Ida silt loam had recovered 67
per cent of its air permeability at field capacity as compared to 38 per
cent for the Thurman at the same time.
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Table 7. Air permeability in u? for eight Iowa soils before rainfall, and
at several time intervals after 2.00 inches of artificial rain.
had been applied.

Air permeability in p°

Before 60 min. 120 min. 240 min.

Soil rain after rain after rain after rain

Webster 1.35 0.36 0.52 ————
(0.37)%* (0.15) (0.19)

Shelby 2.46 -——- - -
(0.35)

Clarion 2.96 0.48 0.71 ———
(0.49) (0.21) (0.32)

Grundy 2.14 ———— ——— -
(0.43)

Monona 1.42 0 0.15 0.69
(0.19) (0.13) (0.31)

Ida 2.66 1.43 1.79 -_——
(0.33) (0.28) (0. 30)

Thurman 2.95 0.95 1.13 -—--
(0.20) (0.15) (0.14)

Marshall 1.97 0.24 0.45 1.09
(0.61) (0.11) (0.17) (0.43)

*Soil near field capacity
*%*Values in parentheses are standard errors.

Several measurements were made at the end of 4 hours on the Mar-
shall and Monona soils. The air permeability for Marshall had nearly
doubled and for Monona it had more than doubled at 4 hours over the
values obtained at the end of 2 hours. However, assuming the air per-
meability was zero at the instant rainfall ceased, the air permeability
increased less from 60 to 120 minutes than during the 0 to 60-minute
time interval for all soils except the Monona, which did not become per-
meable until 60 minutes after rainfall had been terminated. A few air
permeability measurements were made on some soils after longer per-
iods of time. The results indicated that at the end of 24 hours the Ida
soil had almost the same air permeability as at field capacity, and the
Clarion soil had recovered about 75 per cent of its air permeability at
field capacity.
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Fig. 6. Moisture retention curves from 0 cm to 1 atmosphere of tension
for the eight Iowa soils upon which infiltration measurements
were made with the rainfall simulator.

Moisture-Tension Data and Aeration Pore Space

Results of the moisture retention data are shown in Fig. 6. It can be
seen that six of the soils varied from 43 to 49 per cent moisture at 0 cm
of tension, and from 37 to 44 per cent moisture at 100 cm of tension.
The Thurman and Clarion soils were close in moisture retention at 0 cm,
but differed widely at 100 cm of tension, having 9.5 per cent and 29.5
per cent moisture, respectively. Only the pore space drained by 'the
lower tensions would be expected to be related to infiltration and erosion
in this study, as all soils wer= presoaked to be near field capacity at the
time of rain. On the basis of the pore space drained by the lower mois-
ture tensions (Table 8) the soils could be arranged in two or three groups
of infiltration capacity. The Thurman would be expected to have the
largest water intake capacity as indicated by the high per cent of pores
drained over the 0 to 100 cm range of tension. Based on similar rea-
soning, the Webster and Shelby soils would have an intermediate water
intake capacity, and the remaining soils would be in a group of lower
water intake capacity and, conversely, higher runoff and wash erosion.
It is recognized that the stability of the surface soil aggregates could
have a considerable effect on the infiltration rate even though a large
water intake capacity exists.



512

ADAMS, KIRKHAM, and SCHOLTES

Table 8. Percentage of pores drained over two ranges of water tension
for the eight Iowa soils upon which infiltration measurements
were made with the rainfall simulator; soils ordered for 0
to 60 cm tension,
0 to 60 cm tension 0 to 100 cm tension
Percentage of Standard Percentage of Standard
Soils pores drained® error Sx pores drained error SX
Monona 1.67 (0.58) 3.73 (0.73)
Marshall 2.90 (0.68) 4.89 (0.73)
Grundy 3.09 (0.65) 5.10 (0.71)
Ida 3.32 (0. 84) 6.46 (0.96)
Clarion 3.52 (0.49) 6.19 (0.56)
Shelby 5.86 (0.98) 8.77 (1.04)
Webster 6.48 (0.94) 8.90 (0.99)
Thurman 22.41 (0.62) 25.89 (0.55)

%Per cent of total soil volume drained by a given tension.

Table 9. Percentage size distribution of aggregates after wet sieving of
dry soil that passed a 5 mm sieve but was retained on a 2 mm
sieve; soils ordered according to p:rcentage < 0.10 mm.
Percentage of sample within each size range
Soils 5-2% 2-1 1.0-0.5 0.5-0.25 0.25-0.10 < 0.10
Webster 3.8 7.6 15.1 27.8 26.4 19.3
(0.4)* (0.5) (0.7) (0.6) (0:8) 0.9)
Shelby 12.0 10.8 12.2 22,0 22.8 20.2
0.9)  (0.5) (0.4) (0.8) (0.6) (0.7)
Clarion 10.6 9.4 10.2 21.9 26.7 21.2
1.1)  (0.6) (0.5) (0.5) (0.9) (0.9)
Grundy 13.4 10.9 12.1 18.8 18.1 26.8
(1.5) (0.6) (0.4) (1.0) (0.8) (1.6)
Marshall 6.4 5.6 7.0 18.4 22.2 40.5
(0.5) (0.3) (0.4) (1.9) (0.5) (2.0)
Monona 5.9 7.3 7.3 12.6 22.1 44.8
(0.9)  (0.6) (0.3) (0.6) (1.2) 1.7
Ida 17.0 8.7 3.7 5.3 8.8 56.5
(1.3) (0.7) (0.2) (0.3) (0.4) (1.6)

*Dimensions in millimeters.
tStandard error (SX) in parentheses



ERODIBILITY OF IOWA SOILS 513

Aggregate Stability

Aggregate stability for the 2 to 5 mm size fraction was determined
for all soils except the Thurman. Results of the aggregate stability
analyses are given in Table 9. Soils which break down into many very
small aggregates or primary particles would be considered more erodi-
ble then soils which break down into intermediate sized aggregates or
remain stable. Based on the percentage < 0.10 mm, the Ida soil aggre-
gates* were the least stable and the Webster the most stable. Using the
percentage<0.lmm as an index of erodibility, the soils can be arranged
in order of erodibility as follows: Webster < Shelby < Clarion < Grundy
< Marshall < Monona < Ida; but this order does not agree with either
wash, splash, or total erosion as found in Table 5. Perhaps it is a mis-
conception that erosion as caused by the beating action of rain may be
compared with the water stability of soils as measured by the gentle wet
sieving process. Surface sealing was observed after rainfall had termi-
nated for the Marshall and Monona soils which both had a highpercentage
of aggregates < 0.10 mm. The high percentage of 2 to 5 mm water stable
particles for the Ida may be partially accounted for by the large amount
of root fragments observed and the high free calcium content.

Dispersion Ratio, Size Fraction = 0.02 mm and Bulk Density

Dispersion ratio data are given in Table 10. Middle (45) suggested
that soils with a dispersion ratio less than 15 could be classed as non-
erodible. On this basis, the Grundy, Monona, Ida, Thurman, and Mar-
shall soils would be expected to be erodible. If the magnitude of the
dispersion ratio were a definite indication of the degree of susceptibility
to erosion, the Ida soils with a dispersion ratio of 30.02 would be expect-
ed to be most erodible and the other four erodible soils would possess
about the same degree of susceptibility to erosion. Actually, from the
data obtained in this study (Table 5), the Ida was one of the least erodible
soils, but the Monona, Marshall, and Grundy were in an intermediate to
more erodible group. The Thurman had a very low wash erodibility but
was highly susceptible to splash erosion.

Dispersion analyses showed that the soils varied in silt and clay con-
tent from 5.9 per cent for the Thurman to 65.6 per cent for the Grundy,
with the remaining soils varying from 30 to 60 per cent. These values
indicate that all the soils were sandier than their soil type name would
imply. However, since these samples were all from the surface inch,
it is possible that rains since the last cultivation had sorted the surface
layer causing it to be coarser than the remainder of the plow layer.

Bulk density values (Table 10) obtained from the cores collected for
soil moisture tension measurements varied from 1.25 for the Webster
to 1.59 for the Thurman. Except for the Clarion soil, the soils with
dispersion ratios less than 15 had lower bulk'densities than the soils
with dispersion ratios.

*See footnote, page 504.
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Table 10. Dispersion ratio, percentage size fraction S 0.02 mm of the
surface inch and bulk density for the eight Iowa soils used
in the infiltration-erosion study; soils arranged in order of
dispersion ratio.

Percentage Bulk
Dispersion size fraction density
Soils ratio < 0.02 mm (g/cc)
Ida 30.02 (0.99) 35.1  (0.2) 1.32  (0.02)
Thurman 18.78 (1.25) 6.0 (0.1) 1.59 (0.01)
Monona 18.42 (0.57) 49.8 (0.2) 1.37 (0.02)
Marshall 16.58 (0.41) 57.4 (0.3) 1.40 (0.01)
Grundy 15.32 (0.27) 65.5 (0.1) 1.26 (0.02)
Clarion 14,13 (0.67) 32.0 (0.2) 1.55 (0.02)
Shelby 10.27 (0.16) 44.3  (0.3) 1.29 (0.02)
Webster 7.37 (0. 36)%x 53.0 (0.2) 1.25 (0.03)
*Each soil was replicated 10 to 12 times for dispersion ratio and
percentage size fraction & 0.02 mm and from 8 to 11 times for

bulk density.
#%Standard errors (Sx) are in parentheses.

Correlations

A number of correlation coefficients were calculated and the results
are given in Table 11. 1In the table the expression runoff rate at .22.5
minutes is the runoff rate for the 20 to 25-minute interval of Tatle 2;
and the expression infiltration rate at 22.5 minutes is the infiltration
rate for the same interval in Table 3. The=x. 22.5-minute rates, as seen
in Figures 3 and 4, are almost steady state values-being near maximum
values for runoff, and near minimum values for infiltration.

Correlations of the runoff rate at 22.5 minutes vs. the rate of rain-
fall* for the Marshall soil, were highly significant at the 1 per cent level.
The correlation of the runoff rate at 22.5 minutes with the rate of rainfall
for all soils was statistically significant at the 5 per cent level.

The correlations of initial infiltration rate vs. per cent pare space
drained by 60 cm, 100 cm, and 1/3 atm of water tension were all highly
significant at the 1 per cent level. In other words, there was a close
relation between the initial infiltration rate and the percentage of the
larger pores which would be open at the field capacity. Correlations of
the infiltration rate at 22.5 minutes vs. air permeability at field capacity
and vs. air permeability at 60 minutes after rainfall ceased (but not 120
minutes after) were statistically significant at the 5 per cent level. Cor-
relations were highly significant for the minimum infiltration rate vs.

*Rate of rainfall, although kept at a nominal 4 in./hr. for most tests,
was varied in certain tests not reported in Tables 2 and 3.



Table 11, The relation of field measurements to various laboratory determinations and to
other field measurements as indicated by correlation coefficients and regression

equations
Degrees Regression
a of Correl. equation
Physical measurements correlated freedom coeff. y =a+bX
Runoff rate at 22.5 min. vs.
Rate of rainfall for Marshall 10 0.978%%  -0.29+1.04 X
Rate of rainfall (all soils) 80 0.229% 0.41+0.724 X
Initial infiltration rate vs.
% pore space drained by 60 cm water tension 69 0.705%* 2.4440.07 X
% pore space drained by 100 cm water tension 69 0. 721 %% 2.29+0.07 X
% pore space drained by 1/3 atm. water tension 69 0. 711%x* 1.84+0.07 X
Infiltration rate at 22.5 min. vs.
Air permeability at field capacity 73 0.259%* 0.24+0.22 X
Air permeability at 60 min. 48 0.308* 0.55+0.51 X
Air permeability at 120 min. 43 0.252 0.47+0.33 X
pore space drained by 60 cm water tension
(mean value of each soil) 6 0.978%% -0.30+0.17 X
% pore space drained by 60 cm water tension 69 0.882%* -0.22+0.15 X
% pore space drained by 100 cm water tension 69 0.877%* -0.52+0.14 X
% pore space drained by 1/3 atm. water tension 69 0.788%% -1,31+40.14 X
% water at 0 cm tension (total pore space) 69 -0.651 %% 7.43-0.15 X
Rainfall rate (Marshall only) 10 -0.297 0.33-0.05 X
% water stable aggregates >2 mm 64 0.081 0.26+0.005 X
Dispersion ratio 74 0.091 0.48+0.016 X
Wash erosion vs.
7 water-stable aggregates > 2 mm 71 =0. 341 %% 1.01-0.02 X
Rainfall intensity 71 0.307*%* -0.18+0.25 X
Splash erosion 81 -0.206 0.87-0.027 X
Dispersion ratio 81 -0.168 0.87-0.01 X
Wash erosion rate at 22.5 min. vs.
Rate of rainfall (Marshall only) 10 0.266 1.25+0.18 X
Splash erosion vs.
% water stable aggregates > 2 mm 71 -0.264% 6.30-0.088 X
Rainfall intensity 71 0.279% 0.33+41.27 X
Dispersion ratio 81 -0.081 6.51-0.036 X
Bulk density vs.
% water retained at 0 cm tension (total pore space) 61 -0.96%%* 2.54-0.027 X
Runoff 65 -0.64%% 1.60-0,16 X
Wash erosion 65 -0.45%% 1.49-0.16 X
Splash erosion 65 0.21 1.3240.01 X
Air permeability at field capacity 64 0.21 1.33+0.02 X
Air permeability
At field cap. vs. 4 pore space drained by 60 cm
water tension 73 0.191 2.08+0.04 X
at 60 min. vs. " " " " " 49 0.120 0.5540.01 X
At 120 min. vs. " " " " " 44 0.050 0.79+0.006 X

2Correlations are for all soils considered together unless noted otherwise.
*Denotes statistical significance at 5 per cent level.
**Denotes statistical significance at 1 per cent level.
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per cent pore space drained by 60 cm water tension (for all soils and the
mean value for each soil), 100 cm water tension, 1/3 atmosphere water
tension; and per cent water retained at 0 cm tension (total pore space);
the correlation with total pore space was negative. Rainfall rate, per-
centage water stable aggregates > 2 mm, and the dispersion ratio showed
no significant relation with the minimum infiltration rate.

There was a highly significant negative correlation of wash erosion
vs. per cent water stable aggregates > 2 mm, and a positive correlation
of wash erosion vs. rainfall intensity. There was no significant relation
for the correlation of wash erosion vs. splash erosion, or vs. the dis-
persion ratio; however, the correlation of wash erosion vs. splash ero-
sion, although negative, was very nearly significant. There was not a
significant correlation of wash erosion rate at 22.5 minutes with rainfall
for the Marshall soil, which had the greatest extremes in rainfall rates.
Splash erosion showed a significant negative correlation with per cent
water stable aggregates > 2 mm, and a positive correlation with rainfall
intensity, but no correlation with the dispersion ratio.

As for bulk density, highly significant negative correlations were
found between this property and the per cent water retained at 0 cm
water tension, runoff, and wash erosion for all soils studied. The cor-
relation between bulk density and splash erosionwas positive and almost
significant for all soils. Bulk density and air permeability at field
capacity were not significantly correlated.

To conclude the results of the correlations, there are included in
Table 11 regression equations of air permeability, at several soil con-
ditions, with the per cent pore space drained at 60 cm tension. The
correlations were not significant.

DISCUSSION

Soil properties in relation to water erosion may be divided into two
types: (a) those properties that affect the infiltration rate, thatis, the
rate at which rainfall enters the soil, and (b) those properties which
resist dispersion and erosion during rainfall and runoff. A summary of
such properties, whether measured in the field or in the laboratory, is
given in Table 12-and the discussion which follows is keyed thereto.

The volume of large pore space present in a soil is one of the impor-
tant soil properties affecting the infiltration rate. The air permeability
measurements made at field capacity (last column Table 12) and the per
cent pores drained by a 60 cm water column tension (next to last column)
are measures of the amount of larger pore space available.  From these
data it can be seen that the Thurman soil, with the highest infiltration
rate and lowest runoff, had the largest percentage of pores drained at
60 cm of water tension, and was one of the soils with a high air perme-
ability at field capacity. In general, those soils with 3.09 per cent or
less of pore space drained at 60 cm had the lowest 22. 5-minute infiltra-
tion rates and the highest runoff. Air permeability at field capacity of
2.14 u%or less was also associated with low infiltration rate and high
runoff. The exception to this was the Webster soil which had an air
permeability at field capacity of 1.35 p?, but had one of the highest



Table 12. Summary of field and laboratory physical measurements. Field measurements made with a standard rain
of 2.00 inches with an intensity of 4.0 inches per hour + 10 per cent delivered by the rainfall simulator.
All figures represent average values.

Water Pores Air
stable drained perm.
22.5 min. 22.5 min. Wash Splash aggre- Silt* by 60 cm at field
Total runoff infiltra- erosion erosion gates Dis- and Bulk water capacity
runoff rate tion rate (tons/ (tons/ < 0.10 persion clay density tension

2

Soils (in.) {in./hr.)  (in./hr.) acre) acre) mm (%) ratio (%) (g/cc) (%)%= (L)

Webster 1.42 3.40 0.52 0.83 6.50 19.3 7.37 53.0 1.25 6.48 1.35
Shelby 1.64 3.65 0.22 0.52 5.97 20.2 10.27 44.3 1.29 5.86 2.46
Clarion 1.36 3.32 0.69 0.67 4.47 21.2 14.13 32.0 1.55 3.52 2.96
Grundy 1.76 4.05 0.11 0.88 6.18 26.8 15.32 65.5 1.26 3.09 2.14
Marshall 1.75 3.90 0.14 1.20 5.79 40.5 16.58 57.4 1.40 2.90 1.97
Ida 1.50 3.58 0.43 0.55 3.80 56.5 30.02 35.1 1.32 3.32 2.66
Monona 1.76 3.99 0.13 0.90 5.68 44.8 18.42 49.8 1.37 1.67 1.42
Thurman 0.18 0.62 3.54 0.03 9.47 -- 18.78 6.0 1.59 22.41 2.95

*< 0.02 mm.

*% Per cent by 'volume. Cores taken from 2.5 to 3.5 inch depth. Soil for other laboratory analyses taken from
surface 0.5 to 1 inch depth.
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22.5-minute infiltration rates and also a large percentage of pores
drained at 60 cm.

Stability of the immediate surface is an important property of the
soil affecting infiltration and erosion. The percentage water stable
aggregates < 0.10 mm may be a good indication of how open the soil
surface will be for infiltration and resistance to erosion. The Clarion,
Shelby, and Webster soils had a low percentage of water stable aggre-
gates < 0.10 mm, had relatively high infiltration rates, and were inter-
mediate in wash erosion. Those soils which had lower percentages of
water stable aggregates < 0.10 mm usually had higher percentages of
aggregates > 2.0 mm. Correlation data (Table 11) show a significant
negative relationship between the per cent water stable aggregates >
2 mm vs. splash erosion or vs. wash erosion.

Soils of this study with 40 per cent or more water stable aggregates
< 0.10 mm were, in general, the soils which had the most wash erosion.
Surface sealing, or a tight, compact surface, was observed after rain-
fall for the Marshall and Monona soils. Air permeability measurements
at 1 and 2 hour intervals after rainfall was terminated confirmed this
observation for the soils mentioned. Air permeability measurement
24 hours later might have shown surface sealing effects better when
more pores would have been drained.

The size of the primaryparticles at the soil surface is another factor
affecting infiltration and erosion. In general, the greater the sand per-
centage, the higher the infiltration rate, and the lower the runoff and
wash erosion. This is well illustrated by the Thurman sand, with 94
per cent sand > 0.02 mm, an infiltration rate of 3.54 inches per -hour,
and only 0.03 tons per acre of wash erosion. The Monona, Marshall,
and Grundy, each having 50 per cent or more of silt and clay, had the
lowest infiltration rates and highest runoff and wash erosion.

The dispersion ratio is a measure of the ease with which the silt.and
clay particles of the soil are dispersed or go into suspension. If the
percentage of silt and clay is very small, a high dispersion ratio has
little meaning. For example, the Thurman with a dispersion ratio of
18.78 and a total of 6.0 per cent silt and clay, would still have only a
very small amount of material in suspension. In this study, soils having
a dispersion ratio greater than 15 and having 49.8 per cent or more of
silt and clay, were the soils (Grundy, Marshall, and Monona) which had
the most wash erosion.

Wash erosion as determined by the method described in this report
appears from the data to be a better measure of evaluating natural ero-
sion by water than splash erosion or the two combined. Splash erosion
would appear to be a possible field method of evaluating the aggregate
stability of soil under natural conditions. A high splash erosion value
indicates that the soil is easily detachable, but this does not necessarily
mean that all the soil detached will be removed. For instance, the
Thurman soil with the highest splash erosion had the lowest wash ero-
sion. The reason for this is, of course, that the detached particles
were heavy and total runoff was low. Where there is sufficient runoff,
a high splash erosion is usually associateéd with a high wash erosion.
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Correlations

The correlation studies of data obtained in this investigation have
shown that the infiltration rate is associated with the larger pore spaces
which are open at field capacities. This is indicated by the highly sig-
nificant correlations* of initial and 22.5-minute infiltration rate with
percentage pore space drained at 60 cm, 100 cm, and 1/3 atmosphere
water tension values (Table 11). Air permeability measurements in the
field may be of some value in predicting infiltration, as shown by the
significant correlations of the 22.5-minute infiltration rate with air
permeability at field capacity and 60 minutes after rainfall. The air
permeability measurements are a reflection of the larger pore spaces
open for water, as are the pore spaces at the lower water tensions. The
dispersion ratio and percentage water stable aggregates greater than
2 mm showed no significant relation to the 22.5-minute-that is, the
stable infiltration rate. There was a highly significant decrease in run-
off, wash erosion, and the per cent water retained at 0 cm water tension
as bulk density increased.

During field infiltration determinations, it was not always possible to
obtain the rainfall rate desired, and when the rate exceeded the limit of
4.0 inches per hour + 10 per cent the measurement was completed in the
regular manner. The data that differed from 4.0 inches per hour by 10
per cent or more were used when rainfall intensity was compared with
some other measurement. Rainfall extremes varied from 3.13 to 5.74
inches per hour for the Marshall with the extremes of the other soils
falling between these limits. Whenever rainfall intensity was in excess
of the infiltration rate of the soil, runoff resulted. Wash erosion, which
is closely related to runoff, showed a highly significant correlation with
the rate of rainfall for all the soils studied. The maximum runoff rate
tended to increase with increased rainfall intensity for all soils studied
as shown by the significant positive correlation.

Splash erosion decreased significantly with an increase in percentage
of water stable aggregates greater than 2mm and increased with rainfall
intensity., Wash erosion decreased significantly with an increase inper-
centage of water stable aggregates greater than 2 mm and increased
highly significantly with rainfall intensity.

Erosion Factors and Relative Erodibility of Soils
Browning's Erosion Factors

In the introduction it was indicated that one of the objectives of this
research was to obtain the Browning erosion factors for the soils studied.
Much of Browning's work on erosion factors, although presented before
the Soil Science Society of America (in Cincinnati, 1947), has not been
published. Therefore a treatment of the factors is presented here which
includes, in particular, the factor due to soil type. The treatment is
analytical and gives an equation comprising all the factors. For an

*Correlations are positive unless otherwise stated.
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alternate treatment and for certain numerical results cited below, see
Thompson (69, pp. 432-436). In brief, the erosion factors are a set of
values, depending on several recognized aspects of erosion, which when
multiplied together and the product then multiplied by a constant value
(presently the numper ten) gives the erosion in tons per acre per year.
Many of the erosion factors as presently listed are tentative (see for
example Ready References for Conservation Farm Planning, a loose
leaf publication of the U.S.D.A., S.C.S., Milwaukee, Wisconsin, 1956)
and erosion factors in a number of cases do not exist at all. Work like
the present is intended to aid in establishing the factors.

The factors stem from anequation, due to Zingg (75), given by Brown-
ing et al. (10) in the form

L = [A/(Pc)] 5/35-7/3
but which may also be written in the form

A = pcL0-6gl.4 1)
where

A = amount of soil eroded (tons per acre per year);

P = practices constant. P =l for rows up and down hill; P = 0.50
for contour cultivation; P = 0.25 for strip cropping; and (see
reference 69, Table 131) P = 0.15 for terracing.

C = constant depending on soil type (the item of principal interest
in this report), crop rotation, degree of erosion, and soil
treatment. The constant C will depend also on the weather of a
particular region. Erosion data, however, indicate (69, p.436)
that the weather effect may be considered constant over a large
part of the humid region of the United States.

S = slope of land in degrees.

Let T be a soil type factor, R a rotation factor, E a degree of erosion
factor, and F a fertility practices factor. Then, assuming that C is
proportional to each of these factors one may write

C = TREF
and equation 1 becomes

A = PTREFLO-6gl.4 (2)

Let now subscript s denote standard conditions for the factors in
equation 2; then it becomes

Ag = PsTsRsEstL‘so'éssl'4 ()
and division of equation 2 by equation 3 and solution of the result for A
yields
EZBEEE>°'6§1'4 .
A=A;.P,.Tg.Rg. Eg Fs'(Ls . <Ss> )
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The last seven factors in the right hand side of equation 4 (including the
exponents with the last two) may be called erosion factors. Notice that
when one of the numerators in equation 4 becomes equal to the standard
value in the denominator, the corresponding erosion factor becomes
equal to unity.

Browning et al. (10) give standard values which may be used in equa-
tion 4 as follows: Ag = 10 tons per acre per year; Pg =1 (up and down
hill corn); Ts = 1 (for Marshall type soils, among which are included
Castana, Judson, Muscatine, Napier, Tama, and Waukesha); Rg = 1
(for a corn-oats-meadow rotation); Eg = 1 (for a moderately eroded soil,
that is, a soil with 25 to 50 per cent of the surface soil removed); and
Fg = 1 (for medium fertility, manure occasionally, and some crop
residues returned); Lg = 72.6 feet; and S; = 9 degrees. Putting these
values in equation 4 yields

A=10P:T R-E-F- (L/72.6)0:¢- (5/9)1:%4 . (5)

The last seven factors in the right hand side of equation 5 are known
as the Browning erosion factors. Tables for them are given by Thomp-
son as his tables 131, 129, 127, 128, 130, 126, and 127, respectively.
Notice that the soil type factor as given by Thompson in his Table 127 is
somewhat different from that given by Browning et al. in 1946 (10, Table
2)in that Thompson associates soil type characteristics with the erosion
factor T rather than with the actual soil type names. Notice also that
the rotation factors as originally given by Browning et al. (10, Table 2)
are approximately the reciprocal of thevalues as pre aan—tlyused (Thomp-
son's Table 127). The rotation factor for the rotation of the present
research (corn-corn-oats-meadow) is, incidentally, 1.4. The factor 10
in equation 5 etc. has, in 1956, been modified on the basis of 12 years
data in addition to 10 years of data on which the factor 10 was based, to
8 (tons per acre per year). See the Ready Reference Manual referred
to above equation 1.

Determination of Erosion Factors for Soil Types of Investigation

In the present work all factors but the soil type in equation 2 have
been taken constant. Therefore, to determine the relative erodibility
factor (T/Tg) due to soil type in equation 4, one needs only to compare
the erosion of the different soil types. If the Marshall is considered
the standard soil, then the soil type factors may be considered Browning
factors. Nevertheless, in the following the factors are called relative
soil erosion factors, since they were obtained in a manner different
from that considered by Browning.

From the data obtained with the rainfall simulator the soils studied
were grouped statistically for wash erosion, splash erosion, and total
erosion. The group containing the most soils which did not differ statis-
tically was used as a guide for establishing the range in tons per acre of
erosion for a particular soil group. The mean erosion and variance
were calculated for this group, and these were used to obtain a con-
fidence interval at the 5 per cent level. The difference between the con-
fidence limits obtained was taken as the group range. This value was
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Table 14. Relative soil erosion factor for soils studied computed from
wash erosion data obtained with the rainfall simulator. Com-
pare Table 5.

Wash erosion group

I II III v 4
Soil group Thurman  Shelby, Clarion, Marshall -
Ida, Webster,
Clarion Grundy,
Monona
Wash erosion range
(tons/acre) for
soil group <0.25 0.25-0.63 0.63-1.01 1.01-1.39 >1.39
Average wash erosion
(tons/acre) for
soil group 0.03 0.58 0.82 1.20 -
Relative soil erosion
factor for soil
group <0.21 0.21-0.53 0.53-0.84 0.84-1.16 >1.16

Table 15. Relative soil erosion factor for soils studied computed from
splash erosion data obtained with the rainfall simulator.
Compare Table 5.

Splash erosion group

I II 111 v \
Soil group - Ida, Monona, Thurman -
Clarion Marshall,
Shelby,
Grundy,
Webster
Splash erosion range
(tons/acre) for
soil group <2.54 2.54-4.86 4.86-7.18 7.18-9.50 >9.50
Average splash erosion
(tons/acre) for
soil group - 4.14 6.02 9.47 -

Relative soil erosion
factor for soil group<<0.42 0.42-0.81 0.81-1.19 1.19-1.58 >1.58
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used to establish groups on either side of the group for which the confi-
dence limits were calculated. Ranges of 0.38 tons per acre for wash
erosion and 2. 32 tons per acre of splash erosion were -established by
this method.

The relative soil erosion factor for wash erosion was computed as
the ratio between wash erosion of the Marshall and that of the soil, or
mean.of soils, being compared. The relative soil erosion factor for the
splash erosion data was computed as the ratio between the mean splash
erosion for the group which contained the Marshall and the splash ero-
sion for the soil or group of soils being compared.

Relative soil erosion factors for the wash erosion data are given in
Table 14, Five groups of wash erosion were set up which varied, by the
established increments of 0.38 tons per acre, from < 0.25 tons per
acre to > 1.39 tons per acre. The wash erosion of the soils studied
ranged from 0.03 tons per acre for the Thurman to 1.20 tons per acre
for the Marshall with all the soils falling in the first four wash erosion
groups. Further studies may indicate the necessity of establishing one
or more groups above l.39 tons per acre of wash erosion. The relative
soil erosion factor varied from < 0.21 to > 1.16 for the wash erosion
groups.

Five groups of splash erosion were established, which varied by the
established increments of 2.32 tons per acre, from < 2.54 tons per
acre to > 9.50 tons per acre. Splash erosion of the soils studied ranged
from 4.14 tons per acre for the Ida-Clarion group to 9.47 tons per acre
for the Thurman with all soils falling in splash erosion groups II, III,
and IV. Future investigations may indicate the need to reduce or in-
crease the number of splash erosiongroups. The relative erosion factor
varied from < 0.42 to > 1.58 for the splash erosion groups established.
The smaller the relative soil erosion factor, the lower is the erodibility
of the soil. For both wash and splash erosion, groups were set up which
were not occupied by any soils in this study. Additional study is neces-
sary todetermine the total number of groups which should be established
for all Iowa soils.

The erosion data obtained with the rainfall simulator are, strictly
speaking, not comparable with the data used by Browning et al. (10)
because of different physical conditions for the two sets of data. Data
obtained by the rainfall-simulator infiltrometer as used in this study
were influenced or affected mainly by a surface layer a few inches thick
or less, as the runoff and erosion measurements were made over a
relatively short time.

Data of Browning et al. (10) were obtained on runoff control plots
for the Fayette, Shelby._and Marshall soils, and they estimated com-
parative soil losses of other important soil types in Iowa by ''usingother
physical and chemical information relating these soils to other soils."
Their data were also based on total annual precipitation and runoff for
an 8 per cent slope and were affected by the seasonal variations and
crop cover in addition to effect of the entire soil profile. Other factors
which may help account for the differences (seen below) in the two sets
of data are initial soil moisture content, length of determination, soil
variation, kinetic energy of raindrops upon impact, method of measure-
ment, quantity and intensity of rainfall. The slower rate of rainfall
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under natural conditions during much of the year would probably allow
more water to enter the soil over a longer period of time. Under these
conditions the subsoil might become the limiting factor if its conductivity
was less than the infiltration rate of the surface layer of soil.

The wash erosion data obtained with the rainfall simulator show the
Marshall soil to be more erodible than the Shelby. However, splash
erosion data indicate that they are about equally erodible. The rotation-
soil factors reported by Browning et al. (10) indicated that the Shelby
soil was considerably more erodible than the Marshall. Based on the
dispersion ratio and the percentage silt and clay << 0.02 mm, it can be
seen that the Marshall (Table 12) had a higher content of finer material
in the surface inch which can be dispersed. As a result of this higher
content of fine material, there were fewer large pores drained at 60 cm,
which in turn would tend to cause a higher runoff rate. The Marshall
did have about 0.l inch more runoff from two inches of rain than the
Shelby. In addition, the lower dispersion ratio, higher percentage of
water stable aggregates and lower percentage of silt andclay <<0.02mm
for the Shelby indicate that there was less fine material to be washed off
the Shelby. There may also have been considerable variation of soil
characteristics from one location to another.

Results of other studies indicate that differences may be expected
between infiltration measurements made by different methods on the
soil. . ‘

Musgrave and Free (49) used cylinder type infiltrometers with a 6 mm
head of water to compare the effect of depth of cultivation oninfiltration.
They found, on the initial run with a 4-inch depth of cultivation, that at
the end of 30 minutes, the Shelby had an infiltration rate of 2.16 inches
per hour compared to 0.72 inch per hour for the Marshall. The wet-run
48 hours later showed an infiltration rate of 0.32 inch per hour for the
Shelby and 0.24 inch per hour for the Marshall at the end of 15 minutes.
However, at the end of one hour on the wet-run the infiltration rate was
0.04 inch per hour for the Shelby and 0.12 inch per hour for the Mar-
shall. By this time the subsoil was affecting the infiltration rates more
than the top part of the profile. When these soils were cultivated to a
depth of 6 inches, the Shelby had an infiltration rate of 1.08 inches per
hour and the Marshall 1.80 inches per hour at the end of the first 30
minutes of the initial run. At the end of 45 minutes on the wet runs the
infiltration rates were 0.04 inch per hour for the Shelby and 0.16 inch
per hour for the Marshall. The infiltration rate obtained with the rain-
fall simulator at the end of 15 minutes was 0.28 inch per hour for the
Shelby and 0.02 inch per hour for the Marshall. The rainfall simulator
infiltration rate at the end of 15 minutes was 88 per cent of the Shelby
rate and 83 per cent of the Marshall rate as reported by Musgrave and
Free (49) for a wet-run and 4-inch depth of cultivation.

Musgrave (48) reported infiltration data obtained for both Marshall
and Shelby on a moist soil which had been in bluegrass sod. The infil-
tration tubes were installed after the surface vegetation had been re-
moved. Data obtained showed that in the first 15 minutes the infiltration
rate of the Marshall silt loam exceeded the Shelby by 0. 38 inch. In the
first half hour the Marshall exceeded the Shelby by 0.64 inch. Over a
period of 6.5 hours, the differences in water infiltration exceeded 3.76
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inches. Musgrave also reported that there was from 6.8 to 7.2 times
more runoff from the Shelby than the Marshall based on data for contin-
uous corn in control plots.

Musgrave (47) reported infiltrdation rates for Marshall silt loam in
corn plots as varying from 0.71 to 0.75 inch per hour and direct meas-
urements with an '"erosion-type'' lysimeter gave a figure of 0.74 inch of
water absorbed per hour. The infiltration rate for the Marshall at the
end of 25 minutes obtained with the rainfall simulator was 0.14 inch per
hour with a total of 0.28 inch of rain infiltrated in 30 minutes. At the
site studied with the rainfall simulator, the estimated maximum rate
probably would not have exceeded 0.35 inch per hour or about 48 per
cent of the rate as reported by Musgrave (47).

Smith et al. (66) used Musgrave's infiltrometer to study the effect of
organic matter on the infiltration capacity of Clarion loam. Measure-
ments were made in the second year corn of a four-year rotation. The
total surface inches of infiltration at the end of 30 minutes were as
follows: check = 1.03 inches, 8 tons manure = 1.44 inches, and 16 tons
manure = 1. 84 inches.

The results obtained on the Clarion with the rainfall simulator in the
present study showed an infiltration rate of 0.66 inch per hour at the
end of 25 minutes with a total of 0.65 inch of water infiltrated at the
end of 30 minutes. Using these data, the total infiltration for one hour
could not have exceeded 0.98 inch. The Clarion of this study was known
to have received manure, so that it could probably be compared to the
8 tons of manure treatment. On this basis there was 68 per cent as
much infiltration by use of the rainfall-simulator infiltrometer method
used in this study.

These results point out some of the differences which maybe expect-
ed between infiltration measurements made by different methods. The
higher infiltration results reported by Musgrave (47) on the Marshall
silt loam in second year corn in control plots, of 0.7l to 0.75 inch per
hour, as compared to an estimated maximum of 0.33 inch per hour by
the rainfall-simulator infiltrometer, might be due to initial moisture
level and soil variation due to location. Since Musgrave's results were
obtained on field plots from natural rainfall, it is possible that the soil
was initially dryer than for the rainfall simulator method. The differ-
ences between the infiltration results of Smith et al. (66) on the Clarion
loam and those by the rainfall simulator could be due to the differences
in the method of application and initial soil moisture. The falling drops
tend to both compact the surface by force and disperse the aggregates
into smaller particles which plug the pores. Free et al. (29) have stated
that the production of turbid water by the rainfall simulator method was
one of the most important factors causing the infiltration rates deter-
mined by the ''rainfall-simulator' method to be lower than those deter-
mined by the tube method.

It has been previously mentioned that erosion data obtained by the
rainfall simulator are largely a function of the behavior of the surface
soil and not of the soil profile. No measurements were taken of the
depth reached by the standard rain applied. However, after the rain,
when the infiltration cylinders were removed, it was noted that only
the Thurman was wetted by the rain through the 6-inch depth of the
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infiltration cylinder. The rain did not appear to have wetted the other
soils more than 2 or 3 inches deep. The effect of the soil profile could
be brought about by extending the infiltration cylinder so that it penetrat-
ed or passed through the B horizon, and by applying rainfall at a lower
intensity over a longer period of time.

The rating or grouping of the erodibility of the soils by the method
used in this study Wpuld appear to be suitable for those times of the year
when there is moderate soil moisture present and the rains are of short
duration and high intensity. Under these conditions the artificial rain
would not penetrate the soil deeply enough to be affected by the B horizon.
Wash erosion results as obtained in this study appear suitable forevalu-
ating the susceptibility to erosion of Iowa soils when the upper profile is
drained to essentially field capacity.

Splash erosion is a measure of the stability of the soil surface to
raindrop impact and is made up of material which is displaced or moved
by the impact of the falling raindrops. Wash erosion is probably more
comparable to erosion as it occurs in the field, since it is a measure of
the soil which is carried away in suspension. Although the Thurman
sand was high in splash erosion, the quantity removed as wash erosion
was very small. The detached sand particles were heavier than fine
soil particles, but the very low wash erosion for the Thurman was a
result, primarily, of the fact that there was only a very small amount of
runoff to cause wash erosion. Splash erosion might be considered as a
good field measurement of aggregate stability similar to McCalla's (43)
falling drop laboratory technique.

SUMMARY

Infiltration measurements were made with a new type, portable rain-
fall-simulator infiltrometer on eight Iowa soils under a standard set of
conditions so that the soils were the only known variables involved. The
soils were Clarion loam, Webster silty clay loam, Thurman loamy fine
sand, Marshall silt loam, Ida silt loam, Monona silt loam, Grundy silty
clay loam, and Shelby loam. All soils studied were in the fall of the oat
phase of a C-C-O-M rotation.

Ten plots, 3 by 3 feet, were randomly selected within an area, 9 by
21 feet, on each soil type. The vegetation was clipped at the soil sur-
face within each plot and removed from the area. A brass infiltration
cylinder, 6 inches in diameter and 6 inches deep, was installed near the
center of each plot in such a manner that the soil surface was level. A
sheet metal cylinder, 18 inches in diameter and 8 inches deep, and not
a part of the rainfall-infiltration equipment proper, was installed to a
depth of 4 inches surrounding the infiltration cylinder. The soil area
within both cylinders was scratched or cultivated to a depth of about
1/2 inch, and pre-wetted so as to be at field capacity at the time of
measurement. A total of 2.00 inches of water was applied to each infil-
tration cylinder by the rainfall simulator at the rate of 4.0 inches per
hour + 10 per cent. Runoff was caught in a runoff trough which sur-
rounded the infiltration cylinder and which emptied into pint milk bottles.
The pint milk bottles were changed at 5-minute intervals throughout the
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period of rainfall and were taken to the laboratory for gravimetric
determination of the rate and amount of water and soil which ran off.
Erosion was subdivided into wash erosion and splash erosion. Wash
erosion was considered as the sediment removed in suspension by the
runoff water, whereas splash erosionwas the sediment whichwas moved
or splashed from the infiltration cylinder by raindrop impact.

Some laboratory measurement of samples of the soils were made.
The results indicated that, in general, the following factors were asso-
ciated with erodible soils: 3.1 per cent or less of pore space drained at
60 cm; air permeability of 2.14 1% or less at field capacity; 40 per cent
or more of water stable aggregates < 0.10 mm; and 50 per cent or more
of silt and clay with a dispersion ratio larger than 15.

Correlations were calculated to determine relationships among some
of the laboratory physical measurements and infiltration and erosion as
determined by the rainfall simulator. Highly significant positive corre-
lations were found between both the initial and minimum infiltration rate
and per cent pore space drained at 60 cm, 100 cm, and 1/3 atmosphere
of water tension. No significant relationship was found between the
minimum infiltration rate and the following items: rainfall rate, dis-
persion ratio, and water stable aggregates > 2 mm. A significant posi-
tive correlation was found between the maximum runoff rate and the
rate of rainfall for all soils. Highly significant negative correlations
were found between bulk density and runoff, wash erosion and the per
cent water retained at 0 cm water tension.

No statistically significant relation was found between the dispersion
ratio and wash erosion, or splash erosion. A highly significant negative
correlation was found between wash erosion and the percentage water
stable aggregates > 2 mm, and a highly significant positive correlation
between wash erosion and rainfall intensity.

A significant negative correlation was found between splash erosion
and per cent water stable aggregates > 2 mm, and a positive correlation
between splash erosion and rainfall intensity,

Based on the wash erosion rate at 22.5 minutes after the start of
rainfall, the eight soils studied could be divided into the following three
groups: (1) erosion rate less than 0.1 tone per acre per hour (Thurman;
(2) erosion rate varying from 0.95 to 1.3 tons per acre per hour (Shelby,
Ida, and Clarion soils); (3) erosion rate varying from 1.55 to 2.00 tons
per acre per hour (Monona, Grundy, Webster, and Marshall soils).

Basedon total wash erosion for the total one-half hour rainfall period
the soils were divided into four statistically different groups. The Mar-
shall with 1.20 tons per acre had the most wash erosion for 2.00 inches
of rain and the Thurman with 0.03 tons per acre had the least. Forboth
total erosion and splash erosion the soils could only be divided statisti-
cally into two groups, composed of Ida and Clarion as the least erodible,
with the remaining soils falling into a broader group of higher erosion.
The Thurman, although not significantly different from the other soils
of the larger group in both splash and total erosion, was considered as
a third group based on other physical factors.

An equation comprising Browning's rotation factors was derived and
the relative soil erosion factors then calculated on the basis of total
wash erosion and total splash erosion for the soils studied. Five erosion
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groups were established for both wash and splash erosion. The soils of
this study fell in four of the five groups established for wash erosion
and in three of the splash erosion groups. The Thurman soil was in the
highest group of splash erosion for either factor and the Marshall in the
highest group of wash erosion.

The portable rainfall-simulator infiltrometer used in this study ap-
pears to afford a satisfactory method of collecting erosion data for
grouping soils for susceptibility to erosion for those times of the year
when there is moderate soil moisture present, and the rains are of
short duration and high intensity. The wash erosion results obtained by
this method appear suitable for evaluating the susceptibility to erosion
of Iowa soils when the upper profile is drained to near field capacity.

APPENDIX A
DESCRIPTION OF SOILS STUDIED

The following description of soils studied is taken from the unpub-
lished ""Established and Tentative Soil Series of the United States'' Soil
Conservation Service, Division of Soil Survey:

CLARION SERIES

The Clarion series includes Prairie soils developed under conditions
of good drainage in material derived from friable calcareous glacial till
of the Mankato subage of the Wisconsin glaciation, which has a loam or
sandy loam texture. They differ from the Carrington soils chiefly in
the lesser depth to free carbonates and the lighter texture and slightly
brighter color of the subsoil and substratum. Glacial boulders are often
scattered over the surface and throughout the soil profile.

I. Soil Profile: *Clarion loam Range:

1. (A;) 0-10"  Dusky brown loam which has a
brownish black color when moist;
fine granular structure; slightly
acid reaction. 8-14"

2. (A;) 10-18"" Brownish gray to dark yellowish
brown loam, usually having infiltra-
tions of black organic matter from
above; slightly acid to neutral. 8-10"

3. (B,) 18-26"" Moderate to light yellowish brown
loam or light textured clay loam;
neutral. 7-11"

*Colors according to Misc. Pub. 425, U.S.D.A.
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4. (C,) 26" + Light yellowish brown or dusky
yellow, light textured clay loam
or heavy loam, with abundant
yellowish white spots, streaks,
and concretions of lime. 10-12"

5. Friable calcareous glacial till,
light yellowish white to pale yellow
when dry. Partly decomposed rock
fragments are conspicuous in this
horizon.

II. Range in characteristics: Chiefly in the depth to lime,
which varies from 20 to 30 inches; the texture of the '"B"
horizon, which ranges from a loam to a friable clay loam
and the color of the surface soil.

GRUNDY SERIES

The Grundy series are Prairie soils developed from moderately deep
fine textured Peorian loess. These soils occur as associates of Haig
soils on slopes that usually range from 2 to 7 per cent. They differ
from the Haig soils in having thinner surface horizons and browner sub-
soils that usually are less mottled. They differ from the Sharpsburg
soils, which are developed in somewhat deeper loess, in having more
clay in the subsoil and from the Seymour series, developed in somewhat
thinner loess, in having less clay in the subsoil. The clay content of
the subsoils of the Grundy series ranges from 42 to 50 per cent in the
zone of maximum accumulation.

I. Soil Profile: *Grundy silty clay loam Range:

1. Dusky brown to brownish-black, fine granular
light silty clay loam. g-l2"

2. Brownish-gray to dark brown silty clay loam
splotched and streaked with tongues of darker colors;
crushed surfaces have a brownish to dark yellowish-
brown color. The upper part of the horizon usually
has a fine granular structure, but with depth the
granules become larger and more angular. 9-13"

3. Moderate olive-brown silty clay mottled with dark
orange, strong brown and rust brown iron stains.
When broken out the clods fall apart into medium
blocky aggregates that are coated with a thin film
of dark organic matter. 7-9"

*Colors according to Misc. Pub. 425, U.S.D.A.
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4. Light olive-gray, moderate orange, pale olive and
weak olive; iron stains and some black; with depth
the texture becomes lighter.

II. Range in Characteristics: The vlay content in the '"B"
horizon varies from about 42 per cent adjacent to the
Sharpsburg area to about 50 per cent in the thinner loess
adjacent to the Edina area. The surface texture varies
from a light silty clay loam to a silt loam. The silt
loam texture is usually accompanied by a '"B' borizon
with a clay content toward the upper limits of the series,
while the silty clay loam surface is usually found with a
"B horizon having a clay content toward the lower limits
of the series.

IDA SERIES

The Ida series include Lithosolic soils developed from deep calcare-
ous loess under the influence of a grass vegetation. They differ from
the associated Monona soils in having thinner surface layers, more
weakly developed '"B'"' horizons and the presence of carbonates near and
occasionally on the surface. They are distinguished from the Hamburg
soils chiefly by the presence of a darker surface, a higher percentage
of silt and less very fine sand in the upper 10 or 20 inches of the solum
and the topography which is rolling to hilly, instead of hilly to steep.

I. Soil Profile: *Ida coarse silt loam** (Moist) Range:

1. Weak to dark brown coarse silt loam; neutral to
calcareous. 0-7"

2. Strong yellowish-brown coarse silt loam with
tongues of weak brown; calcareous with some
small concretions. 4-6"

3. Moderate and light yellowish-brown coarse silt
loam with some very fine sand; large number of
lime concretions. 4-7"

4. Light yellowish-brown coarse silt loam with some
yellowish-gray; crushed surfaces have a dusky
yellow color; calcareous. 15-18"

5. Light yellowish-brown silt loam with yellowish-gray
and dusky yellow; some iron stains; calcareous with
concretions. 18-25"

*Colors according to Misc. Pub. 425, U.S.D.A.
**Formerly recognized as Knox silt loam in western Iowa.
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6. Same as above except for more contrasting mottles;
calcareous.

II. Range in characteristics: The thickness and texture of
the surface layers and the texture of the "B' horizon;
depending largely upon the topography and the distance
from the bluffs. The 2-micron clay content for the '"B"
horizon will vary from 10-20 per cent with a dominant
range of 10-15 per cent. The profile is saturated with
bases, principally calcium. The content of very fine
sand is variable. May include some areas of very fine
sandy loam.

MARSHALL SERIES

Marshall series are Prairie soils developed on uplands from deep,
medium textured loess of Peorian age. These soils differ from Tama
soils in being more highly saturated with bases, usually growing sweet-
clover or alfalfa without lime. Theydiffer from the Monona soils, which
are developed in deeper loess, in having more clay in the subsoil, and
from the Sharpsburg soils, developed in shallower loess, in having less
clay in the subsoil. The clay content of the Marshall subsoils ranges
from 27 to 35 per cent in the zone of maximum accumulation.

I. Soil Profile: (Marshall silt loam) Range:

1. (A;) 0-12"  Dark brown when dry to dusky brown
when moist, very friable silt loam;
moderately developed fine granular
or crumb structure; slightly acid or
neutral in reaction. 8-14"

2. (A;) 12-16" Weak brown friable silt loam, moder-
ately medium granular structure, very
slightly acid to neutral. When the
structure particles are crushed the
soil is a dark yellowish-brown. 3-6"

3. (B,) 18-30" Moderate brown friable silty clay loam;
moderately developed fine nuciform
structure; very slightly acid to neutral
in reaction. When the structure particles
are crushed the soil is a moderate
yellowish-brown. 10-16"

4. (B;) 30-45" Moderate brown friable, heavy silt
loam; weakly developed blocky
structure; very slightly acid to
neutral in reaction, The structure
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particles crush to a light yellowish-
brown. Faint low contrast mottlings
may be present below depths of about
35 inches. 10-20"

5. (C) 45" + Light yellowish-brown or pale brown
friable silt loam; no definite structure;
neutral in reaction.

II. Range in Characteristics: Chiefly in depth of parent loess,
in the lime content of the parent material, in the clay con-
tent of the subsoil and depth to mottlings. In places the
parent loess is calcareous below a depth of about 8 feet.
The clay content of the Marshall soils varies from about
27 per cent near the Marshall-Monona boundary to about
35 per cent near the Marshall-Sharpsburg boundary. Near
the Monona soils the Marshall soils may be free of mottling
to a depth of several feet. Near the Sharpsburg soil the
Marshall soils usually have some mottlings below about
30 inches. The nearly level areas of Marshall soils have
slightly heavier subsoils and deeper, darker colored surface
soils than the gently sloping areas. The steeper slopes
(over 7 per cent) in the Marshall soil areas have shallower
surface soils and in places low contrast mottlings occur in
the deeper subsoil.

MONONA SERIES

The Monona series includes dark-colored Prairie soils developed
under a grass vegetation inmaterial derived from deep calcareous loess.
They differ from the associated Hamburg and Ida soils in that the "B'"
horizon shows more development and the carbonates have been leached
from the surface and subsoil. They are distinguished from the Marshall
soils by having more weakly developed '"B' horizons. Monona soils
have "B' horizons  with from 20 to 27 per cent 2-micron clay, whereas
for Marshall soils, the range is about 27 to 35 per cent.

1. Soil Profile: *Monona silt loam (Moist) Range:
1. Weak to dusky-brown, slightly acid silt loam. 7-9"

2. Dark-brown to dark yellowish-brown, slightly
acid silt loam, slightly heavier than the surface. 6-9"

3. Dark to moderate yellowish-brown silt loam,
neutral reaction,

#*Colors according to Misc. Pub. 425, U.S.D.A.
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4. Light yellowish-brown silt loam, low contrast
mottles of strong brown and pale olive. 5-40"

5. Moderate to light yellowish-brown mildly alkaline
silt loam; usually enough calcium carbonate present
to effervesce when treated with dilute hydrochloric
acid.

II. Range in Characteristics: The thickness of the surface layer
varies from a total of 7 to 10 inches; the texture of the subsoil
ranges from a coarse silt loam to a heavy silt loam; the depth
to carbonates is somewhat variable, depending upon relief
and degree of erosion.

SHELBY SERIES

The soils of the Shelby series include Prairie soils, which are typ-
ically developed on deeply weathered Kansan and Nebraskan till. They
usually occur on slopes and narrow ridge crests and the parent material
exposed on the slopes in many locations includes successive layers of
unleached and moderately leached glacial drift modified occasionally
by material slumped down from the overlying loessial deposits, which
blanket the flats above the Shelbyareas. Seams of secondary lime occur
locally but usually at 3.5 to 4 feet below the surface. The Shelby soils
differ from the Carrington soils of the Iowan drift sheet in having a
thinner solum and heavier textured '"B' horizon and from the Lagonda
soils in that the surface horizon is thinner and the "B' horizon not so
tough and heavy and yellowish-brown rather than brownish-grayor gray.
The principal difference between these soils and the Lindley soils is the
darker color of the surface layers. These soils have an acid reaction
at all depths except for seams of secondary lime below about 40 inches.

I. Soil Profile: *Shelby loam
1. Weak brown to dusky brown loam; 6 to 8 inches thick.

2. Weak brown fine granular loam with tongues and splotches
of dark yellowish-brown; 3 to 5 inches thick.

3. Moderate yellowish-brown clay loam with some fine and
medium sized glacial rocks; 6 to 8 inches thick.

4. Moderate yellowish-brown gritty clay to clay loam with
low contrast mottles of brownish-gray light yellowish-
brown and iron stains; fragments of disintegrated glacial
boulders usually granites and schists.

*Colors according to Misc. Pub. 425, U.S.D.A.



534 ADAMS, KIRKHAM, and SCHOLTES

5. Moderate yellowish-brown gritty clay mottled with gray
rust brown and light and dark yellowish-brown; disintegrated
glacial boulders; occasionally the entire mass is a mixture
of sand, gravel, and boulders held together by clay.

II. Variations: The thickness of the dark colored surface layer,
which may range from 6 to 12 inches; usually depends upon the
rapidity with which it is removed by erosion and on the extent
to which dark sediments are accumulating from higher land.
Considerable variation also arises from the differences in the
character of the parent material, particularly in the proportion
of coarse sand, gravel, and boulders. As stated above, some
secondary lime occurs as seams or along old root channels,
but usually at depths of 3.5 to 4 feet below the surface. Hori-
zons 4 and 5 may occasionally be free of mottling.

THURMAN SERIES

Soils of the Thurman Series have developed under the influence of
grass vegetation from materials composed largely of loose sand with a
small admixture of silt. They have darker and more stable surface
layers than occur in the soils of the Valentine series, and differ from
the Dickinson soils, which have developed over more or less reworked
sandy drift, in having less coherent upper subsoil layers. The transi-
tion between the different horizons is very gradual in both color and
texture. There is no structure development in any part of the profile.
The soils are thoroughly leached of their lime.

1. Soil Profile: *Thurman loamy fine sand

1. Dusky-brown (moist) to weak brown (dry) friable,
slightly coherent loamy fine sand, from 8-14" thick.

2. Transition layer of light brownish-gray loamy fine sand;
7-12" thick.

3. Dark yellowish-brown to moderate yellowish-brown
incoherent sand.

II. Range in Characteristics: The dark-colored surface soil
varies in thickness in proportion to erosion by wind and water.
Erosion, however, is not rapid, on virgin areas, and the soils
are fairly uniform. Under poor management, the cultivated
soil loses its stability and serious damage may result from
wind erosion. Locally, the soils may contain a small amount
of gravel.

*Colors according to Misc. Pub. 425, U.S.D.A.
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WEBSTER SERIES

The Webster series includes intrazonal soils within the Prairie
region, which have developed over friable glacial till, of the Mankato
subage of the Wisconsin glaciation, which has a loam to sandy loam
texture. The Webster series includes the imperfectly and poorlydrained
members of the Clarion-Storden catena of soils. Glacial pebbles, stones,
and boulders occur on the surface and throughout the soil.
distinguished from the Glencoe soils by the thinner dark-colored surface
layers, the lighter texture and color of the substratum and the presence
of larger amounts of sand and gravel in the subsoil and substratum.

1. Soil Profile: *Webster silty clay loam

II.

Range in Characteristics:

heavy clay loams.

. Brownish-black (moist) to dusky brown (dry) silty

clay loam, slightly acid to neutral; fine to medium
granular structure.

. Brownish-black (moist) silty clay loam to light clay

loam, very fine angular blocky structure; slightly
acid to neutral.

. Medium olive gray light clay loam to heavy silty

clay loam with mottles of weak olive, pale olive
and light olive gray; some fine glacial material in
lower part; neutral reaction.

. Weak to pale olive gritty light clay loam to heavy

loam mottled with shades of olive and olive gray;
neutral to calcareous.

. Light olive gray friable loam with mottles of pale

olive, weak olive, dusky yellow and medium olive
gray; calcareous; glacial fragments and spots and
concretions of lime.

*Colors according to Misc. Pub. 425, U.S.D.A.

Surface textures range from
loams to silty clays and subsoils from heavy loams to
Depth to lime and the light olive gray
parent material is also quite variable and the range is

20 to 35 inches.

They are

Range:

8-12"

7-9n

7-10"

8-10"
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APPENDIX B

The Viscosity of Air at 95 per cent Relative
Humidity for Various Temperatures

Air permeability was calculated in absolute units (L2) by the following
equation as given by Grover (33): V/t = KAAP/n. In which V = volume
(cc) of air forced into the soil in time t (sec.), AP is the gauge pressure
of the air (dynes/cm?) in the air chamber, n is the viscosity (poise) of
the air, and A (cm.) is a constant which depends on the geometry of the
air flow boundaries in the soil.

The value for-A is calculated as follows:

D = inside diameter of inlet tube = 14.60 cm

H

depth of insertion of inlet tube into soil = 15.24 cm
D/H = 0.9580

The calculated value of D/H is used to determine the value of A/D
from a graph of A/D vs. D/H (33, Fig. 4).

A/D = 2.38

A 2.38x14.60 cm

A 34,76 cm

The values of AP for the two float sizes are as follows:
AP large float = 3.38 cm x 980 = 3116 dynes/cm?

AP small float 3.34 cm x 980

3273 dynes/cm2

V and t were determined for each measurement and recorded.

The viscosity of the air (1) was that for 95 per cent relative humidity,
as suggested by Grover (33)) and was determined by compositing data
from Meyer and Anderson (44, p.160) and Buehrer (11), taking account
of the range of temperatures at which measurements were made.

LITERATURE CITED !

1. Adams, J. E., D. Kirkham, and D.R. Nielsen. 1958. A portable
rainfall-simulator infiltrometer and physical measurements of
soil in place. Soil Sci. Soc. Amer. Proc. (In press)

2. Basu, J.K. and N.B. Puranik. 1954. Erodibility studies by a rainfall
simulator - section four: Engineering, Pt. I. Jour. Soil and Water
Cons. in India. 2:177-185.



~

10.

11.

12.

13.

14.

15.

16

.

17.

18.

19.

20.

21.

ERODIBILITY OF IOWA SOILS 537

. Baver, L. D. 1939. Soil permeability in relation to non-capillary

porosity. Soil Sci. Soc. Amer. Proc. (1938) 3:52-56.

. 1939. Ewald Wollny - a pioneer in soil and water conserva-
tion research. Soil Sci. Soc. Amer. Proc. (1938) 3:330-333.

, 1948. Soil Physics. 2nd ed. John Wiley and Sons, Inc.
New York.

. Bendixen, T.W. and C.S. Slater. 1947. Effect of the time of

drainage on the measurement of soil pore space and its relation
to permeability. Soil Sci. -Soc. Amer. Proc. (1946) 11:35-42.

. Bennett, H.H. 1951. Raindrops and erosion. U.S.D.A. Cir. 895.
. Borst, H.L. and R. Woodburn. 1940. Rain simulator studies of

the effect of slope on erosion and runoff. U.S.D.A. SCS-TP-36.
(Mimeographed)

s . 1942, The effect of mulching and methods of cultiva-
tion on runoff and erosion from Muskingum silt loam. Agr. Eng.
23:19-22.

Br—c;wning, G.M., C.L. Parish, and J. Glass. 1947. A method for
determining the use and limitations of rotation and conservation
practices in the control of soil erosion in Iowa. Jour. Amer. Soc.
Agron. 39:65-73.

Buehrer, T.F. 1932, The movement of gases through the soils as a
criterion of soil structure. Arizona Agr. Expt. Sta. Tech. Bull.
39.

Clark, O.R. 1940. Interception of rainfall by Prairie grasses,
weeds, and certain ¢ p plants. Ecological Monographs 10-243-
275,

Cook, H.L. 1937. The nature and controlling variables of the water
erosion process. Soil Sci. Soc. Amer. Proc. (1936) 1:487-494.

Craddock, G.W. and C.K. Pearse. 1938. Surface runoff and erosion
on granitic mountain soils of Idaho as influenced by range cover,
soil disturbance, slope, and precipitation intensity. U.S. D. A.
Cir. 482.

Dobryakov, N.F. 1952. The dynamics of the permeability of soil
to air when moistened under field.-conditions as a method of evalu-
ating its structural condition. (in Russian) Pochvovedenie. pp.
1089-1100.

Duley, F.L. 1939. Surface factors affecting the rate of intake of
water by soils. Soil Sci. Soc. Amer. Proc. (1939) 4:60-64.

and C.E. Domingo. 1943. Reducing the error In infiltration
determinations by means of buffer areas. Jour. Amer. Soc.
Agron. 35:595-605.

and L. L. Kelly. 1939. Effect of soil type, slope, and surface

. conditions on intake of water. Nebraska Agr. Expt. Sta. Res. Bull.
112.

Ekern, P.C. 1953. Problems of raindrop impact erosion. Agr.
Eng. 34:23-25, 28.

. —l-§54. Rainfall intensity as a measure of storm erosivity.
Soil Sci. Soc. Amer. Proc. 18:212-216,

Ellison, W. D. 1944. Studies of. raindrop erosion. Agr. Eng. 25:
131-136, 181-182. -




538

22.

23.
24.
25,

26,

27.

28.

29,

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40,

ADAMS, KIRKHAM, and SCHOLTES

. 1945, Some effects of raindrops and surface flow on soil

erosion and infiltration. Amer. Geophys. Union Trans. 3_6_):415—

429.
. 1947. Soil erosion studies. Pt. II - Soil detachment by

raindrop splash. Agr. Eng. 28:197-201.

and W.H. Pomerene. 1944. Rainfall applicator. Agr. Eng.
25:22.

and C.S. Slater. 1945. Factors that affect surface sealing
and infiltration of exposed soil surfaces. Agr. Eng. 26:156-157.

Elson, J. and J.F. Lutz. 1940. Factors affecting aggr—é-gation of
Cecil soils and effect of aggregation on runoff and erosion. Soil
Sci., 50:265-275.

Engelbr_echt, H.H. 1947. Point rainfall frequency theory with
application to Iowa data. Unpublished M.S. Thesis. Ames, Iowa,
Iowa State College Library.

Free, G.R. 1952. Soil movement by raindrops. Agr. Eng. 33:
491-494, 496, -

, G.M. Browning, and G.W. Musgrave. 1940. Relative infil-
tration and related physical characteristics of certain soils.
U.S.D.A. Tech. Bull. 729.

and V.J. Palmer. 1940. Interrelationship of infiltration, air

movement and pore size in graded silica sand. Soil Sci. Soc.

Amer. Proc. (1940) 5:390-398.

Gardner, W. and C. W-. iauritzen. 1946. Erosion as a function of
the size of the irrigating stream and the slope of the eroding
surface. Soil Science 62:233-242.

Gish, R.E. and G. M. Browning. 1949. Factors affecting the
stability of soil aggregates. Soil Sci. Soc. Amer. Proc. (1948)
13:51-55,

Grover, B.L. 1955, Simplified air permeameters for soil in place.
Soil Sci. Soc. Amer. Proc. 19:414-418.

Gussak, V.B. 1946. A device for the rapid determination of the
erodibility of soils and some results of its application. (in
Russian, English summary). Pedology. p. 481-491. (Original
article not available for examination; abstracted in Soils and Fert.
10:41. 1947).

Hendrickson, B.H. 1943. The choking of pore space in the soil and
its relation to runoff and erosion. Amer. Geophys. Union Trans.
15:500-505.

Johnston, J.R., G.M. Browning, and M.B. Russell. 1943. The
effect of cropping practices on aggregation, organic matter content,
and loss of soil and water in the Marshall silt loam. Soil Sci. Soc.
Amer. Proc. (1942) 7:105-107.

Kohnke, H. 1939. A method for studying infiltration. Soil Sci. Soc.
Amer. Proc. (1938) 3:296-303.

Laws, J.O. 1940. Recent studies in raindrops and erosion. Agr.
Eng. 21:431-434,

and D.A. Parsons. 1943. The relation of raindrop-size to

intensity. Amer. Geophys. Union Trans. 24:452-459.

Leamer, R.W. and J.F. Lutz. 1940. Determination of pore-size
distribution in soils. Soil Science _4_9:347-360.



41.

42.

43.

44 .

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

ERODIBILITY OF IOWA SOILS 539

Lillard, J.H., H.T. Rogers, and J. Elson. 1941, Effects of slope,

character of soil, rainfall, and cropping treatments on erosion
losses from Dunmore silt loam. Virginia Agr. Expt. Sta. Tech.
Bull. 72. R

Lutz, J.F. 1934, The physico-chemical properties of soils affect-
ing soil erosion. Missouri Agr. Expt. Sta. Res. Bull. 212.

McCalla, T.M. 1944. Water-drop method of determining stability

of soil structure. Soil Science 58:117-123.

Meyer, B.S. and D.B. Anderson. 1952. Plant physiology. 2nd ed.

D. Van Nostrand Co. Inc., New York.

Middleton, H.E. 1930. Properties of soils which influence soil
erosion. U.S.D.A. Tech. Bull. 178.

Mihara, Hoshiaki. 1951. Raindrop and soil erosion. (in Japanese,
English summary) Series A (Physics and Statistics). Bulletin of
the National Institute of Agri. Sci. No. 1.

Musgrave, G.W. 1934. A quantitative study of certain factors
affecting soil losses as the logical basis for developing practical
methods of erosion control. Amer. Geophys. Union Trans.
15:;515-521.

" . 1935. The infiltration capacity of soils in relation to the

control of surface runoff and erosion. Jour. Amer. Soc. Agron.

27:336-345.
and G.R. Free. 1936. Some factors which modify the rate

and total amount of infiltration of field soils. Jour. Amer. Soc.

Agron. 28:727-739.

Neal, J.H. 1938. The effect of the degree of slope and rainfall
characteristics on runoff and soil erosion. Missouri Agr. Expt.
Sta. Res. Bull. 280.

Nelson, L.B. and R.J. Muckenhirn. 1941. Field percolation rates
of four Wisconsin soils having different drainage characteristics.
Jour. Amer. Soc. Agron. 33:1028-1036.

Nelson, W.R. and L.D. Bave—f. 1940. Movement of water through
soils in relation to the nature of the pores. Soil Sci. Soc. Amer.
Proc. (1940) 5:69-76.

Nichols, M.L. and R.B. Gray. 1941. Some important farm
machinery and soil conservation relationships. Agr. Eng. 22:
341-343. -

Osborn, B. 1950. Range cover tames the raindrop. A summary of
range cover evaluations, 1949. U.S.D.A. AGR-SCS-Fort
Worth, Texas. (Multilithed).

. 1951, Measuring soil splash and protective value of cover
on range land. Methods and equipment used in range cover evalu-
ations in Texas and Oklahoma, 1949. U.S.D.A. AGR-SCS-Fort
Worth, Texas. (Multilithed).

. 1953. Field measurements of soil splash to evaluate ground
cover. Jour. Soil and Water Cons. 8:255-266.

. 1954, Soil splash by raindrop -i_mpact on bare soils. Jour.
Soil and Water Cons. 9:33-38, 43, 49.

. 1954, Effectiveness of cover in reducing soil splash by
raindrop impact. Jour. Soil and Water Cons. _?:70—76.



540

59.

60.

61

62,

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

ADAMS, KIRKHAM, and SCHOLTES

Pearse, C.K. and F.D. Bertleson. 1937. The construction and
operation of an apparatus for the measurement of absorption of
surface water by soils. U.S.D.A. Intermountain Forest and
Range Expt. Sta. (Mimeographed pamphlet).

Pereira, H.C. 1956. A rainfall test for structure of tropical soils.
Jour. Soil Sci. 7:68-75.

. Peele, T.C. 1938. The relation of certain physical characteristics

to the erodibility of soils. Soil Sci. Soc. Amer. Proc. (1937)
2:97-100.

~  and O.W. Beale. 1955. Laboratory determination of infiltra-
tion rates of disturbed soil samples. Soil Sci. Soc. Amer. Proc.
19:429-432.

RaT, K.D., W.A. Raney, and H.B. Vanderford. 1954. Some
physical factors that influence soil erosion and the influence of
aggregate size and stability on growth of tomatoes. Soil Sci.
Soc. Amer. Proc. 18:486-489.

Richards, L.A. (editor). 1954. Diagnosis and improvement of
‘saline and alkali soils. U.S.D.A. Handbook No. 60. pp.108-111,

Sands, A.L. and D. Ammerman. 1947. Maximum recorded United
States point rainfall for 5 minutes to 24 hours at 207 first-order
stations. U.S. Weather Bureau Tech. paper No. 2

Smith, F.B., P.E. Brown, and J.A. Russell. 1937. The effect of
organic matter on the infiltration capacity of Clarion loam. Jour.
Amer. Soc. Agron. 29:521-525.

Smith, R.M., D.R. Browning, and G.G. Pohlman. 1944.
Laboratory percolation through undisturbed soil samples in
relation to pore-size distribution. Soil Science 57:197-213.

Sreenivas, L., J.R. Johnston, and H.O. Hill. 1948. Some
relationships of vegetation and soil detachment in the erosion
process. Soil Sci. Soc. Amer. Proc. (1947) 12:471-474.

Thompson, L.M. 1952. Soils and Soil Fertility-:— McGraw-Hill
Book Co., Inc. New York.

Tisdall, A.L. 1951. Antecedent soil moisture and its relation to
infiltration. Australian Jour. Agr. Res. 2:342-348.

Voznesensky, A.S. and A.B. Artsruui. 1940. A laboratory method
for determining the anti-erosion stability of soils. Problems of
erosion resistance of soils. (in Russian) Tiflis. pp. 18-33.
(Original not available for examination; abstracted in Soils and
Fert. 10:289. 1947).

Wilson, H.A. and G. M. Browning. 1946. Soil aggregation, yields,
runoff, and erosion as affected by cropping systems. Soil Sci.
Soc. Amer. Proc. (1945) 10:51-57.

, R. Gish, and G.M. Browning. 1948. Cropping systems and
season as factors affecting aggregate stability. Soil Sci. Soc.
Amer. Proc. (1947) 12:36-38.

Yoder, R.E. 1936. A direct method of aggregate analysis of soils
and a study of the physical nature of erosion losses. Jour. Amer.
Soc. Agron. 28:337-351, :

Zingg, A.W. 1940. Degree and length of land slope as it affects
soil loss in runoff. Agric. Eng. 21:59-64. .




IOWA STATE COLLEGE JOURNAL OF SCIENCE
Vol. 32 No. 4 May 15, 1958 pp. 541-546

A CULTURE APPARATUS SUITABLE FOR PERFORMANCE OF
THE PRESUMPTIVE TEST FOR THE COLIFORM GROUP
UNDER FIELD CONDITIONS'

Loyd Y. Quinn

Department of Bacteriology
Iowa State College, Ames, Iowa

One of the important problems facing the sanitary bacteriologist is
the lack of a simple, economical, and rapid method for determining the
sanitary quality of water. The common practice of transporting water
samples to a central assay laboratory is often fraught with danger from
the standpoint of reliable reporting, because of the changes in quality of
water which may occur enroute. Research results (1, 2) indicate that in
unrefrigerated water, certain types of bacteria other than the coliform
may proliferate to such an extent before actual sampling is done that
unduly high bacterial counts are obtained. On the other hand, if rapid
refrigeration of the sample is practiced, '"cold shock'" may kill 95 per
cent of the coliform organisms (3), and very low numbers of coliform
organisms are erroneously indicated in subsequent analyses.

The ideal solution to this problem would be for personnel of a com-
plete mobile laboratory to collect the samples and to conduct wvalid
bacteriological tests immediately. From a practical standpoint, how-
ever, the expense, time, and skilled personnel required with such a
complete mobile laboratory could not be justified for routine checking
of the sanitary quality of even the major water supplies of a community.

Clearly, the need still exists for an inexpensive, simple, and reliable
field presumptive test for the coliform group. This field test apparatus
should be such that it could be carried without difficulty or special pre-
cautions to the water collection point and used successfully by public
health field workers and other qualified personnel who are not neces-
sarily experienced bacteriologists.

It is the purpose of this paper to describe a satisfactory field pre-
sumptive test apparatus, comparing results from its use with the stand-
ard APHA presumptive test.

Materials and Methods

The essential components of this field presumptive test apparatus

are.

1. Five 10 ml capacity field presumptive test lactose fermentation
tubes with screw caps, each tube containing the appropriate
amount of sterile dehydrated standard lactose broth medium,
plus a gas collection vial, and

1Supported by funds from the Industrial Science Research Institute.
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2. A battery and/or line-powered portable incubator.

To prevent contamination during storage, each field presumptive test
tube is packaged in a sealed polyethylene envelope under sterile condi-
tions.

To conduct the field presumptive test, the fermentation tubes are
used one at a time; as each tube is taken from its sterile envelope its
cap is removed, and the tube is filled with the water sample. The cap
is then replaced and tightened, and the tube is shaken to mix the pow-
dered medium with the water sample. After the medium has dissolved,
the culture tube is inverted to replace the air in the gas collection vial
with water. The fermentation tube is then incubated in an upright posi-
tion and is observed at intervals over a 48-hour period for the presence
of gas in the gas collection vial.

Experimental

This field presumptive test (FPT) was compared with the standard
APHA presumptive test for sensitivity in detecting the presence of
Escherichia coli in water. In this experiment, a 'water sample" was
prepared which contained 5.1 x 108 viable E. coli per ml of buffered
saline, as estimated by violet red bile agar plate count, or 5.5 x 108
viable E. coli per ml on tryptone glucose extract agar. Serial decimal
dilutions of the standardized E. coli suspension were made and 10 ml
aliquots were used to inoculate APHA standard lactose fermentation
tubes, and to fill field presumptive test tubes. All tubes were then
incubated at 37°C and were observed at intervals for gas formation.
The results obtained are presented in Table I.

TABLE I
Decimal Theoretical Gas in APHA
dilutions number of presumptive
of E. coli E. coli test tubes with Gas in FPT* tubes
sus_pelrion ;erT_l.be time in hours with time in hours

12 18 24 12 18 24 48
10-4 500, 000 4/4 4/4 4/4  4/4 4/4 4/4 4/4
10-5 50, 000 4/4 4/4 4/4  4/4 4/4 4/4 4/4
10-6 5,000 2/4 3/4 4/4 4/4 4/4 4/4 4/4
10-7 500 2/4 3/4 4/4  4/4 4/4 4/4 4/a
10-8 50 0/4 4/4 4/4 4/4 4/4 4/4 4/4
10-9 5 0/4 2/4 2/4 0/4 4/4 4/4 4/4
10-10 0.5 0/4 0/4 0/4 0/4 3/4 3/4 3/4
1011, 10-12  0.05-0.005 0/4 0/4 0/4 0/4 0/4 0/4 0/4

*Available from Hach Chemical Company, Ames, Iowa.
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Since the tests performed with the FPT tubes to this point had been
carried out with pure cultures of E. coli, it seemed desirable to check
the effect of other species on the FPT when present in mixed culture
with E. coli. Accordingly, an experiment was conducted in which the
FPT tubes were inoculated with suspensions of E. coli alone, with a
mixture consisting of three species of nonlactose fermenters and E.
coli, and with a suspension of Salmonella pullorum alone. The mixed
Culture was made up by adding together equal volumes of heavily grown
broth cultures of E. coli, Bacillus subtilis, Candida albicans, and Mi-
crococcus rhodochrous, and making serial decimal dilutions, which
were used to inoculate the FPT tubes and to conduct plate counts. Total
counts on TGE agar averaged 1.6 x 108 viable organisms per ml, while
E. coli counts on VRB agar averaged 7.5x107 viable organisms per ml.
The results of this experiment are presented in Table II.

Discussion

This series of experiments serves to establish that the field pre-
sumptive test for coliform organisms is at least as reliable and sensitive
as the APHA presumptive test. In addition, it has the advantage that:

1. The field presumptive test (FPT) tubes have an almost indefinite
shelf life, contrasted to the one week recommended for lactose
broth tubes (4). This advantage is possible because the FPT tubes
contain dehydrated lactose broth medium which is stable until
reconstituted with the water sample itself,

2. The FPT tube will hold exactly the 10 ml volume required for the
presumptive coliform test, so no sterile calibrated pipettes are
required to measure the water sample.

3. The FPT tube is flat-bottomed, so it will stand unsupported, un-
like ordinary culture tubes which require a rack or other holder
during incubation..

4, The inoculum is not diluted with the FPT method, which is a
recognized advantage in obtaining growth of small numbers of
bacteria.

5. The fermentation of lactose by coliforms is an anaerobic process
which is facilitated by exclusion of oxygen by the screw-cap clos-
ure of the FPT tube. This may account in part for the greater
speed of the FPT tube in showing a positive reaction than does the
cotton-plugged standard lactose broth tube.

6. Since CO,; and H, do not appear as gas bubbles until the medium is
saturated with these gases, the FPT tube with 10 ml total volume
for 10 ml water sample requires less time for appearance of
visible gas bubbles than does the 30 ml volume of inoculum plus
medium in the standard lactose broth tube.



TABLE II

Decimal Theoretical Gas in FPT Decimal Theoretical Theoretical Gas in FPT

dilutions number of tubes with dilutions of number of number of tubes with

of E. coli E. coli time in hours mixed culture E. coli other species time in hours

suspension per tube 14 18 41 suspension per tube per tube 14 18 41

1078 32 5/5 5/5 5/5 10-8 8 20 5/5 5/5 5/5

1077 3 5/5 5/5 5/5 1077 0.8 2.0 4/5 5/5 5/5
-10 -10

10 0.3 2/5 4/5 5/5 10 0.08 0.2 3/5 3/5 3/5

10711 0.03 3/5 3/5 4/5 10-11 0.008 0.02 0/5 0/5 2/5

10712 0.003 0/5 0/5 0/5 10-12 0.0008 0.002 o/5 0/5 0/5

S. pullorum

1073 0/5 0/5 0/5

All cultures used were 10 days old.

144°]
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7. The FPT tubes are economical enough that they may be considered
disposable.

8. Coliform organisms will survive much better suspended in culture
medium than in plain water (5, 6), so collection of samples in FPT
tubes, even without incubation, is superior to collection of water
in sample bottles, from the standpoint of good bacteriological
techniques.

The higher indicated numbers of organisms from the broth culture
dilution series than from plate counts, especially with old cultures, is
understandable from the standpoint of the more optimal conditions af-
forded by liquid medium over solid media, as has been reported in the
literature for many types of organisms.

The presence of other species of nonlactose fermenting types does
not seem to affect the sensitivity of the FPT in detecting E. coli as
indicated in Table II. -

Use of the FPT tubes should greatly facilitate the sanitary testing of
municipal water supplies and should extend the range of bacteriological
quality control to include home and camp water supplies. Under condi-
tions where even portable incubators are unavailable or too cumber-
some, the FPT tubes could be filled with the water sample and incubated
satisfactorily in a pocket next to the body.

Summary

A modification of the APHA presumptive test for coliforms is de-
scribed which has the advantages of (1) indefinite shelf life for the
culture medium, (2) shorter time for obtaining a positive test, (3) con-
taining 10 ml of water, so that pipettes are not required, and (4) com-
pactness. All these features make the field presumptive test (FPT)
tube very useful for the routine testing of the sanitary quality of water,
under a wide range of conditions, particularly when a complete bacte-
riological laboratory is not close at hand.
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Introauction

In general, streams provide a less stable environment for fish and
other aquatic life than lakes, because of the greater water level fluctua-
tion. Intermittent streams provide an extreme example of unstable
water levels since during some seasons most of the stream bed may be
dry. Squaw Creek, selected for the present study, probably provides a
more precarious habitat than the intermittent streams studied by Gers-
bacher (1937), Stehr and Branson (1938), and Gerking (1950). In these
other streams there were relatively permanent pools and considerable
areas of gravel. In Squaw Creek shifting sand fills the pools and the
stream channel may be in different portions of the stream bed after
each high water period. From 1953 to 1956, Squaw Creek was subjected
to some of the worst drought conditions in years, and yet some fish
survived to repopulate the stream.

Description of the Area

Squaw Creek (Fig. 1), part of the Skunk River drainage system in
central Iowa, is approximately 40 miles long and has a drainage area
of 210 square miles (Crawford, 1942). Squaw Creek is a very unstable
stream with the bed composed mainly of shifting sands. Some silt-
covered areas exist temporarily in Squaw Creek, but these areas are
either scoured out by shifting sands during high water periods, or are
covered by shifting sands during regular and low water periods. There
are a few rubble or riffle areas but these comprise a very small portion
of the stream bed.

Flood and drought conditions occur almost everyyear onSquaw Creek.
Floods normally occur in the spring of the year but may also occur
during the summer or fall months following periods of unusually heavy
rainfall.

1Journal paper No. J-3273 of the Iowa Agricultural and Home Economics
Experiment Station, Ames, Iowa. Project No. 1373. Iowa Cooperative
Fisheries Research Unit, sponsored by the Iowa State Conservation
Commission and Iowa State College, with the cooperation of the U.S.
Fish and Wildlife Service, Department of the Interior.

2Now Assistant Professor of Biological Science, Illinois State Normal
University, Normal, Illinois.
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In 1953 and 1955 severe drought conditions were experienced on
Squaw Creek. The stream bed was dry for many miles except for oc-
casional isolated pools. The stream was reduced to isolated pools from
July, 1953 to February, 1954, and from October 5, 1955 to February,
1956. This study was initiated in October, 1953, about the middle of
the 1953 drought period. There was no continuous flow when the water
was below the 19-inch mark on the gauge at Station 8. When the water
was over 55 inches on this gauge, it was arbitrarily called a high-water
stage.

In 1954 high water periods occurred from April 30 to May 17, May 22
to May 29, June 10 to June 29, and August 23 to August 31. In 1955 high
water periods occurred from June 15 to June 21, and July 14 to July 19.
In the May 22-29 and August 23-31, 1954 periods the stream overflowed
the banks.

Methods and Materials

The fish population of the stream was sampled with a 20-foot common
sense minnow seine. It was desired to establish the average number of
fish collected per seine haul as an index to the abundance of the species
comprising the population. All seine hauls were made downstream for
approximately 20 feet. All fish caught in the seine were counted, iden-
tified, and returned to the stream. Several.factors other than numbers
of fish present in the area have an effect on the catch per seine haul and
some of these were evaluated (Paloumpis, 1955).

Two types of wire traps (as described by Starrett, 1948, and Car-
lander, 1954) were used to study the migrations of fish into Squaw Creek
from the Skunk River.

An electric shocker was used to collect fish from areas not readily
accessible to seining. A Briggs and Stratton 4-cycle gasoline engine
equipped with a generator capable of generating 150 volts A. C. was
used. The electric shock appeared to have some harmful effects upon
some of the fish stunned. Fish which did not recover from the shocking
were examined superficially and in all cases signs of ruptured blood
vessels near the surface of the body were evident. The fish that did not
survive may have come in direct contact with the electrodes.

Rotenone was also used in the stream to obtain estimates on the rela-
tive abundance of the species in the fish population. The average length
of stream to be treated was approximately 100 yards. Block seines
were placed at each end of the stream to prevent fish from entering or
escaping from the area to be sampled. A handful of powdered rotenone
was first placed in a bucket of water and mixed until a fairly homogene-
ous suspension was obtained. This suspension of powdered roterone in
water was introduced at the upstream end of the sampling area and was
carried downstream by the current. All fish were collected as they
appeared at the surface of the water. After fish in distress failed to
appear at the surface of the water, the lower stop seine was raised and
the dead fish caught by the stop seine were removed.
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The Fish Population

During the three-year period, the following species of fishes were
collected from Squaw Creek:

1. Quillback, Carpoides cyprinus. Fairly common in deeper pools.
2. Highfin sucker, C. velifer. Only 2 specimens from a flood plain
pond. -
3. Northern hog sucker, Hypentelium nigricans. Only 2 specimens.
4., White sucker, Catostomus commersoni commersoni. Not com-
mon, but fairly abundant during spawning season when it runs up
from the Skunk River.
5. Carp, Cyprinus carpio. Common.
6. Western golden shiner, Notemigonus chrysoleucas auratus. Only
2 specimens from a flood plain pond.
7. Creek chub, Semotilus atromaculatus atromaculatus. One of
most important species in the creek.
8. Silver chub, Hybopsis storeriana. Only in a few collections
following high water.
9. Hornyhead chub, Hybopsis biguttata. Only occasional specimens.
10. Plains suckermouth minnow, Phenacobius mirabilis. Only from
swift waters.
11. Emerald shiner, Notropis atherinoides atherinoides. Uncommon.
12. Northern common shiner, N. cornutus frontalis. Common.
13. Bigmouth shiner, N. dorsalis dorsalis. The most abundant species.
14. Red shiner, N. lutrensis lutrensis. Second most abundant species.
15. Sand shiner,—I_\I. deliciosus. Rare.
16. Brassy minnow, Hybognathus hankinsoni. Not common.
17. Bluntnose minnow. Pimephales notatus. Not common.
18. Fathead minnow, P. promelas promelas. Common.
19. Stoneroller, Cam;ostoma anomalum pullum. Not common.
20. Channel catfish, Ictalurus punctatus. Uncommon.
'21. Black bullhead, Ameiurus melas. Abundant in some flood plain
ponds.
22. Stonecat. Noturus flavus. Collected at only one riffle area.
23. Smallmouth bass, Micropterus dolomieui dolomieui. One small
specimen.
24. Largemouth bass, M. salmoides salmoides. A few small speci-
mens, perhaps from stocking.
25. Green sunfish, Lepomis cyanellus. Common in deeper holes.
26. Bluegills, L. macrochirus macrochirus. A few specimens,
probably stocked from farm ponds.
27. Orangespotted sunfish, L. humilis. Fairly common in deeper
holes. -
28. White crappie, Pomoxis annularis. A few specimens.
29. Johnny darter, Etheostoma nigrum nigrum. Only from riffle
areas.




Table 1. Percentage of seine hauls in which each species of fish was taken for
all stations, Squaw Creek, September, 1954 to March, 1956.

Sept. Nov. Mar. Apr. May June July Aug. Oct. Mar.
1954 1954 1955 1955 1955 1955 1955 1955 1955 1956

Number of hauls 25 44 17 60 11 246 246 201 6 55
Bigmouth shiner 80 91 94 95 82 98 94 98 100 44
Red shiner 52 36 12 72 64 81 81 67 100 5
Common shiner 12 16 18 37 27 36 27 25 67 0
Emerald shiner 56 62 0 18 27 8 5 4 0 0
Bluntnose minnow 0 25 29 50 55 45 67 81 100 7
Fathead minnow 0 11 6 50 45 35 57 41 83 0
Creek chub 88 50 41 32 27 34 23 19 100 5
Brassy minnow 24 20 24 40 73 30 27 16 50 0
Stoneroller 12 11 0 12 27 8 11 25 83 0
Suckermouth minnow 4 0 12 8 18 0.5 2 0 0 0
White sucker 16 9 6 10 18 8 12 3 33 0
Quillback 20 57 35 12 27 3 7 5 33 0
Johnny darter 24 7 12 2 18 6 9 22 33 0

As would be expected with the extreme variations in the stream habi-
tat from season to season, the relative and absolute abundance of the
various species varied at different times in the study. Some of these
différences are shown by the percentage of seine hauls containing each
species (Table 1). These percentazes are related to the abundance of
the various species since the probability of capture in a seine haul is
increased as the abundance of a species increases. However, the per-
centages are more closely related to the degree to which the species is
spread throughout the sampled area. The average catch per seine haul
(Table 2) is perhaps a better measure of abundance. For this compari-
son only the data from Stations 8-10 are included since all other stations
were not equally sampled in each of the sampling periods. The differ-
ence between the two measures of abundance is most strikingly illus-
trated in the comparison of the bigmouth and red shiners. Both species
were taken in the majority of the seine hauls (Table 1) but the catch of
bigmouth shiners was usually over 50 per haul while that of red shiners
was usually less than 5.

The fish appear to be more abundant during low water and drought
stages, Szptember, 1954 to March, 1955 and August to October, 1955,
than during normal water levels. However, it should be remembered
that the habitat was much reduced and that the fish populations were
therefore concentrated. A higher proportion of the total population was
taken with each seine haul at low water than at high water levels. Un-
doubtedly the total population in Squaw Creek was much lower in drought
periods than during normal water conditions.

Some of the effects of the floods and droughts can be best understood
by considering a few of the species separately.



Table 2. Mean catch per seine-haul at stations 8-10, Squaw Creek, September 1954 to March, 1956.

1-10 10-31 i
Sept. Nov. Mar. Apr. May June July July Aug. Oct. Mar.
1954 1954 1955 1955 1955 1955 1955 1955 1955 1955 1956

Number of hauls 25 36 17 18 5 78 42 44 76 6 20
Bigmouth shiner 49 76 71 48 46 23 54 40 112 201 2
Red shiner 2 1 4 7 3 2.5 3 3 123 0
Common shiner 0.1 0.3 0 0.7 0.4 0.3 0.7 0.2 0.5 4 0
Emerald shiner 7 4 0 0.5 0.2 0 0.1 0.05 0 0
Bluntnose minnow 0 0.3 0.4 11 9 1.1 5 2 7 36 0
Fathead minnow 0 0.2 0.06 2 0.4 0.6 6 4 5 19 0
Creek chub 8 12 4.6 1.4 0.8 1 1.1 0.5 1.2 27 0
Brassy minnow 0.4 2 0.6 0.8 1.6 0.4 0.7 0.4 0.3 10 0
Stoneroller 0.3 0.1 0 0.2 0.4 0.2 0.3 0.3 3 20 0
Suckermouth minnow 0.4 0 0.2 0.8 0 0 0.02 0.1 0 0 0
White sucker 0.3 0.05 0.06 0.3 0.8 0.1 0.2 0.2 0.05 1 0
Quillback 1 5 0.5 0.5 0.4 0.06 0 0.1 0.05 4 0
Johnny darter 0 0.4 0.4 0 0.4 0.2 0.03 0.2 0.7 1 0
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Carp

Carp were more abundant in the Skunk River and bordering ponds
than in Squaw Creek. They were collected, however, from deep holes
with brush and debris in Squaw Creek. The first collections from Squaw
Creek came-after the second high water period in the spring of 1954.
Young-of -the-year carp (1.0 inches total length) were collected from
the smaller streams tributary to Squaw Creek on June 2, 1954, 11 days
after the onset of the second high water period. Seine hauls and trap
catches in Squaw Creek after the high water period had receded con- -
tained large numbers of carp. The carp may have spawned in the ponds
bordering Squaw Creek prior to the onset of the high water period and
migrated into the Creek when the ponds and creek were connected by the
overflow.

Table 3. Age determinations of scale samples from carp collected from
pond C on November 20, 1954 and from Squaw Creek in August,
September, and October, 1954.

Pond C Squaw Creek

Total

length Number of fish in age class Number of fish in age class
in inches 0 I 0 I II
2.0 -2.9 1 1

3.0 - 3.9 8 15

4.0 -4.9 25

5.0 -5.9 24 8 1 2

6.0 - 6.9 19 29 8

7.0 - 7.9 40 4

8.0 - 8.9 20 6

9.0 -9.9 12 2 1
10.0 - 10.9 3 1
11.0 -11.9 1

Scale samples for age determinations were taken from carp collected
in pond C on November 20, 1954 and from Squaw Creek in August, Sep-
tember, and October, 1954 (Table 3). Of the scales taken from 23l carp
collected in pond C, 193 exhibited a band of slow growth at the edge of
the scale. This slow growth may have been the result of crowding as the
pond decreased in size during the fall months and as the fish approached
the carrying capacity of the pond. A similar band of slow growth was
present on 16 of the 45 carp examined from the creek proper.

Adverse conditions affected a greater percentage of the fish in the
pond than in the creek. In the creek the population was not as definitely
fixed as in the pond since the fish are able to move in and out of areas.
Possibly the carp in the stream moved from habitats whichwere becom-
ing unsuitable.
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Creek Chub

Creek chubs, 5.0 inches total length and less, were collected from
varied habitats in Squaw Creek and small streams drained by Squaw
Creek, but the larger creek chubs inhabitedthe deeper waters.

The creek chubs have an upstream breeding migration in the spring
of the year. The upstream migration in 1954 and 1955 began during the
last week of March. All creek chubs collected in the traps at the start
of the upstream migration were males and in the middle of April the
creek chubs collected in the traps were predominantly females. Spent
female creek chubs were collected in the traps in the last week of April,
1955, at which time the water temperature ranged from 58 to 60°F.

Low water levels create a barrier to the upstream movements of fish
(Larimore, 1952) and the delay in the re-establishment of a continuous
flow of water delayed the 1956 spring migration of fish into Squaw Creek.
On April 15, 1956 adult creek chubs were observed concentrating at
Station 1l in the Skunk River. The gonads of creek chubs collected at
Station 7 on June 2, 1956, shortly after the stream flow made connection
with Skunk River indicated that the creek chubs had not yet spawned.
Temperature is usually considered as the important factor regulating
the spawning time of fishes. The presence of unspawned creek chubs
this late in the year indicates that suitable habitat may also be an im-
portant factor regulating spawning time. Fabricius (1950) reported that
while temperature was an important stimulus to spawning of pike, Esox
lucius, absence of suitable aquatic plants would delay spawning.

In 1954 a flood occurred on April 30 to May 17, shortly after the first
creek chubs had spawned in Squaw Creek. On May 12, seine hauls in
feeder creeks emptying into Squaw Creek contained many young creek
chubs. Apparently some creek chubs spawned in these tributaries which
stabilized much faster after the high water period than did Squaw Creek.

Emerald Shiner

The emerald shiner population was quite high in September, 1954, the
year that the water level was not greatly reduced in Squaw Creek. From
that time on, however, the emerald shiner population decreased and
none were collected after August, 1955. Apparently this species could
not stand the restricted habitat and the concentration of fish in isolated
pools.

Northern Common Shiner

In Squaw Creek the northern common shiner inhabited clear water
areas with rubble bottom. The northern common shiner was more
abundant in the Skunk River than in Squaw Creek and was not collected
in the smaller tributaries or pools bordering Squaw Creek. The num-
bers of common shiners collected in the seine hauls were never large
(Table 2) but the wire traps took many common shiners in the spring.

Trapping data in the spring of 1954 did not indicate much upstream
migration, but the 1955 data suggest a considerable migration with a
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peak on April 15. Raney (1940) reported that the upstream migration of
common shiners in some localities in New York appeared to be from the
deeper pools where they had wintered.

In Squaw Creek the common shiner spawns from the middle of April
until the last of May. Spent female common shiners were first collected
in the traps on April 17, 1954 and on April 20, 1955.

Bigmouth Shiner

The bigmouth shiner was the most abundant species of fish in Squaw
Creek. The bigmouth shiner is a pioneer species in the smaller streams
and is capable of adapting to the changing habitat conditions experienced
in unstable streams (Starrett, 1948).
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Figure 2. Length-frequency dietribution of the central bigmouth shiner,
Squaw Creek, November, 1954 to February, 1956.
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The bigmouth shiner spawns in Squaw Creek in the middle of July.
Length-frequency distributions indicate that bigmouth shiners attain an
average length of 1.4 inches by the end of the first year and an average
length of 2.4 inches by the end of the second year (Fig. 2). No bigmouth
shiners over 3.2 inches were collected. Age determinations of scale
samples substantiated the length-freqnency data and indicated that the
shiners have a two-year life span. All fish 2.0 inches and less, total
length, collected during the period June 6-27, 1955 had no annuli on their
scales. They probably represent the 1954 year class since it was too
early for them to be young-of-the-year fish. It was therefore assumed
that the annulus would be formed a little later. All fish over 2.3 inches
had scales with single annuli and belonged to the 1953 year class (Table
4).

Table 4. Age determinations of scales of bigmouth shiner, Squaw Creek,
June 6~7, 1955.

Total length Number of fish in age class*
in inches 1 II
1.4 3
1.5 3
1.6 11
1.7 23
1.8 32
1.9 21
2.0 14 8
2.1 5 5
2.2 5 11
2.3 8
2.4 7
2.5 5
2.6 2
2.7 3
2.8 2
2.9 1

*It is assumed that the fish had not yet formed annuli, since the fish
listed as age class I showed no annuli and certainly were not young-
of-the-year.

The bigmouth shiner was the most abundant and most widely distrib-
uted species throughout the period of the study. The differences in catch
per unit effort (Table 2) are probably largely caused by differences in
water levels and do not reflect any major changes in abundance of this
species except for the March, 1956 seine hauls which reveal a great
drop in the population during the winter of 1955-56.
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Starrett (1951) found that the most abundant species of fish in the
Des Moines River, Iowa, were the late spawners and attributed their
success to the fact that high water stages normally occur in May and
June. The occurrence of high water periods later in the summer might
affect the late spawners. In Squaw Creek the bigmouth shiner was a
late spawner but the occurrence of a high water period in 1954 during
the spawning period of this species apparently did not affect its abun-
dance.

Red Shiner

The red shiner occurred in 71. 8 per cent of all seine hauls but com-
prised only 5.88 per cent of the total catch, which indicated that the
species had a wide habitat range but was not especially abundant. They
were collected in large numbers in December, 1953 and October, 1955,
when Squaw Creek was composed of isolated pools. At those times it
comprised a greater proportion of the total catch than normally. Ap-
parently this species is able to tolerate crowding with better success
than does even the bigmouth shiner.

Bluntnose Minnow

The bluntnose minnow was found to inhabit areas with sandy bottom
and clear water and was more abundant in the tributary streams than in
Squaw Creek. No specimens were collected in 1953 nor in 1954 until
July 13. It is probable that the flood period of June 10 to 29 brought
them out of a tributary stream or pond.

The bluntnose minnow is reported to spawn over an extended period
from late May to late August (Hankinson, 1919; Van Cleave and Markus,
1929; Hubbs and Cooper, 1938; and Westman, 1938). Small bluntnose
minnows were collected in seines in July, August, and September, indi-
cating that spawning continued much of the summer in Squaw Creek.

Fathead Minnow

The fathead minnow was collected from areas where the water was
muddy and the flow of current was not too great. Habitat of this type
occurs sparsely and only on a temporary basis in Squaw Creek. The
fathead minnow was more abundant in the flood plain ponds C and D than
in Squaw Creek. Ponds C and D had silt bottoms and were more suitable
habitat for the fathead minnow than the unstable conditions in Squaw
Creek.

Small young-of-the-year fathead minnows were collected in seine
hauls in June, July, and August, which indicated an extended spawning
season. Wascko and Clark (1951) ar 1 Wynne-Edwards (1932) reported
the breeding season of the fathead minnow extended from May 1 through
August. Markus (1934) observed that one female fathead minnow de-
posited eggs on the same nest on 12 different occasions from May 16 to
July 23.

Length-frequency distributions of 1698 fathead minnows collected
from pond C on November 21, 1954 suggested that the population was
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composed of one age class (Fig. 3). Age determination of scale samples
collected from these fish indicated the population was composed of two
age classes. The fish less than 2.4 inches total length belonged to age
class 0 and the few fish over 2.5 inches belonged to age class I. The
extended spawning period which results in successive recruitment of
young-of -the-year fish and the high mortality rate among adult fish
following the spring spawning period (Markus, 1934) probably contribu-
ted to the appearance of only one age class in the population sampled.

The fathead minnow was fairly common throughout the study period.
The increase in the population of fathead minnows in July, 1955, was
probably due to the appearance of young-of-the-year fish in the seine
hauls.
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Figure 3. Length-frequency distribution of fathead minnows collected
from pond C, November 20, 1954.
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Stream Havens

The instability of the water level in Squaw Creek was an important
factor limiting the survival of aquatic life in most of the stream. Re-
duced water levels resulted in the exposure of productive areas to dry-
ing and the concentration of fish in the remaining water areas. Sudden
rises in water levels displaced adult and young-of-the-year fish, de-
stroyed the spawn and reduced the available food supply of the fish. The
floods and drought resulted in rather frequent reductions of the total
fish population.

The survival of a fish population in Squaw Creek is possible only
because certain rather limited habitats remain even during the most
severe catastrophes which overtake the stream as a whole. These habi-
tats may be referred to as ''stream havens'' (Paloumpis, 1956).

During flood periods the small tributary streams may serve as
stream havens. During the drought periods, the isolated pools in the
channel, the bordering ponds and the Skunk River serve as important
stream havens., These stream havens were not always safe and the fish
in them were subjected to the dangers of concentration, predation, and
suffocation.

In the 1953-54 and 1955-56 winters the dissolved oxygen in several
of the isolated pools was completely used up and the fish suffocated. In
some of the other pools the ice froze to the bottom. But there were still
a few pools in which fish survived.

The importance of Skunk River as a haven and as a source of fish for
repopulation of Squaw Creek following severe drought and winter condi-
tions was shown in the spring of 1956. In March, 55 seine hauls revealed
the presence of only 4 species: bigmouth shiner, red shiner, bluntnose
minnow, and creek chub, and none of them was numerous. Stream flow
did not increase enough to provide a connection with the Skunk River
until May 13, 1956. On June 2nd, 13 species of fish were found in an
approximately 100-yard section of Squaw Creek.

Summary

1. Squaw Creek, located in central Iowa, is an intermittent stream
which experiences flood and drought conditions almost every year. The
Squaw Creek bed is predominantly shifting sand which results in an un-
stable and unproductive habitat. During drought periods, the creek is
reduced to a series of isolated pools.

2. From October, 1955 to June, 1956, fish were collected from Squaw
Creek by seines, wire traps, electric shocker, and rotenone. These
observations covered two drought years, 1953 and 1955, and one year of
floods, 1954.

3. The populations of most species of fishes in Squaw Creek are not
large. Only the bigmouth shiner appears to be abundant. Most of the
species have been successful in maintaining themselves regardless of
the drastic changes which occur in the habitat. The fish population
changes seem to be rather small compared to observed habitat changes.
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4, Carp, bluntnose minnows, and fathead minnows seem to be main-
tained largely by flood plain ponds. These ponds probably also provided
the few black bullheads and sunfishes taken from the creek.

5. Creek chubs, stonerollers, common shiners, and the suckers are
probably maintained largely by migrations from Skunk River.

6. There was some evidence that the red shiner was capable of with-
standing crowding in isolated pools even better than the bigmouth shiner.
The emerald shiner practically disappeared as the stream became a
series of isolated pools.

7. The fish population in Squaw Creek is able to survive drought and
flood periods largely in certain areas or stream havens. During flood
periods, small tributary streams probably serve as havens. During
drought, isolated pools in the channel, flood plain ponds, and the Skunk
River are the important havens.
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MOVEMENTS OF CHANNEL CATFISH IN
DES MOINES RIVER, BOONE COUNTY, IOWA!

R. Jess Muncy2

Department of Zoology and Entomology
Iowa State College, Ames

Abstract

Although stocked channel catfish, Ictalarus punctatus (Rafinesque).
have traveled many miles downstream, most studies have indicated
little movement of channel catfish tagged and released at their point of
capture. Metal strap tags were placed on the opercles of 3077 channel
catfish in a 7-mile stretch of the Des Moines River. Only 7 returns, of
86 where the location was reported by anglers, came from outside the
7-mile area, 2 upstream and 5 downstream. Electric shocking and
netting, on the other hand, indicate that the channel catfish do not long
remain in the same pool. Differences in size distributions and in rates
of recapture indicate a greater susceptibility of adult catfish to capture
in hoop nets during the spawning season than later in the year. In
estimating abundance or size distribution in a population by netting this
seasonal difference in catchability must be considered. The spring
tagged fish contributed more to the angler's catch than did summer
tagged catfish, perhaps due to the size difference. Tag returns indicate
a minimum annual angler harvest of 4.6 per cent of the catchable-sized
fish.

Introduction

Past investigations have revealed striking differences in the move-
ments of tagged channel catfish in rivers. Wickliff (1934) obtained 14
returns from 682 channel catfish stocked in Ohio streams. One fish was
recaptured at the point of release and the remaining 13 fish had traveled
5 to 100 miles with a definite downstream migration. Seaman (1948)
obtained distances from release to recapture up to 239 miles for channel
catfish stocked in Mud River and Middle Island Creek in West Virginia.
He reported a predominantly downstream migration with an occasional
upstream migration. Only two fish from a total of 98 had moved less
than 9 miles. These two studies indicate a considerable downstream
movement of stocked catfish.

1Journal Paper No. J-3349 of the Iowa Agricultural and Home Economics
Experiment Station, Ames, Iowa. Project No. 1373. Iowa Cooperative
Fisheries Research Unit sponsored by the Iowa State Conservation
Commission and Iowa State College, with the cooperation of the Fish
and Wildlife Service, United States Department of Interior.

2Now Fishery Biologist, Chesapeake Biological Laboratory, Solomons,
Maryland.
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In contrast, tagged catfish released at or near their point of capture
show much less movement. Harrison (1953) found that in the Des Moines
River, Iowa, of 101 tags recovered, only 33 channel catfish had moved
from the area where tagged and released, and of these, 15 had traveled
no more than one mile. Twenty-four fish which had been tagged one to
five years previously were recaptured in the original area of marking.
The majority of this information was collected from fish tagged and
recaptured in fishway traps at dams. McCammon (1956) found that
channel catfish tagged in December 1953 in Colorado River, California,
showed practically no movement between time of tagging and recapture,
while recovery data from those fish tagged in April and May 1954,
demonstrated that some fish move considerable distances. Although
McCammon did not find a definite pattern of migration there was a ten-
dency for fish to move downstream from the Palo Verde Weir area,
particularly after the first three months following their release. This
downstream movement may be evidence, in part, of a seasonal migra-
tion pattern in which fish move upstream during the spring and early
summer months and downstream during the fall and winter.

The greater movement of the stocked catfish is probably a response
to their being placed into a habitat strange to them. Furthermore the
more favorable sites in the habitat may already be occupied by resident
fish. The present study, dealing with native fish, indicates that although
the movements are rather restricted, there may be seasonal differences
in the distribution and activity of channel catfish.

Description of Study Area

A portion of the Des Moines River (R 27W, T 85N, Sections 35 and 36;
R 27W, T 84N, Sections 1, 12 and 13) was chosen for intensive study.
Lowhead dams, 6 to 8 feet in height, are located at both ends of the
study area, but cause very little increase in stream width. The stream
bottom was composed chiefly of sand-gravel or sand-silt with rubble
and boulders in a few areas. Water depths in the study area are indi-
cated in Fig. 1; in addition, small holes existed at boulders and brush
piles, where the increased current had a digging action. Water depths
can and do change rapidlyas a result of increased water currents scour-
ing out areas with deposition in other areas.

Water stages in 1955 and 1956 recorded at a permanent recording
station in the study area were far below average readings of previous
years. Effects of these low-water stages on the movement data are not
known. Movement over the lowhead dam at the upper end of the study
area was undoubtedly more difficult than at normal or higher water
stages.

Methods and Materials

In the 7-mile section of the Des Moines River in 1955 and 1956 tags
were placed on 3077 channel catfish caught by hoop nets, wire traps,
or electric shocker. Most of the tags were placed on fish in a 2-mile
stretch near the upper end of the 7-mile area. The principal tagging
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method was a monel metal strap tag placed on the opercular bone, but a
limited number of fish (62) were marked by a streamer-type tag applied
behind the dorsal spine (Joeris, 1953). The streamer-type tag was dis-
continued after recaptured fish showed signs of the tag cutting through
the flesh; in addition, none of the fish tagged with this tag were recap-
tured more than 20 days after being released. Examination of all cap-
tured catfish revealed only 10 fish with marks on the operculum indicat-
ing loss of strap tags. Several channel catfish with tag intact have now
been taken two years after tagging.

Season Shift in Size Distribution

The size distribution of hoop-net and wire trap catches was not uni-
form throughout the entire tagging season (Fig. 2) which indicates that
only segments of the population were being sampled during the study
period. A much larger proportion of the catch during April to June was
composed of fish over 12 inches long than in the catch the rest of the
season. Similar differences in size distribution of catch have been
reported by Harrison (1955), McCammon (1956), and Kelley (1953).
Changes in effectiveness of hoop nets for large fish could cause this
difference (Muncy, 1957). It was shown that a ripe fish in a hoop net
increased the catch during the spawning season. Another explanation
could be a wider dispersal of adult fish or a reduction in their move-
ments following the spawning season, June to July.

Tag Returns

During both 1955 and 1956, the percentage of recaptures in hoop-net
catches increased in early spring, reached a peak during spawning
season, and then decreased rapidly (Fig. 3). If a stable population were
being sampled, the percentage of recaptures in the catch should increase
with cumulated numbers of tagged fish.

No pattern of movement by tagged channel catfish was found in hoop-
net recapture data. Fish tagged from the same net catchwere frequently
recaptured later on the same date at hoop nets located both upstream
and downstream from the original tagging site. Channel catfish recap-
tured more than once exhibited the same irregular pattern of upstream
and downstream movements.

Repeated electric shocking in two sections (1 and 36) of the studyarea
failed to yield repeated recapture of channel catfish previously marked
from electric shocker catches. Only three fish in Section 36 and seven
fish in Section 1 were captured after being tagged from previous electric
shocker catches (Table 1). Tagged fish were not recaptured twice by
electric shocking in either section. Failure to obtain repeated recap-
tures may have indicated ineffectiveness of electric shocking rather than
the absence of the tagged fish in sections. In general, channel catfish
which were large enough to be tagged were not taken by the electric
shocking randomly distributed over the entire river, but they were
obtained in greatest numbers from under and around cover. This cover
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Table 1. Channel catfish catches by electric shocking in two sections
of Des Moines River, Iowa, listing recaptures from previous

tagging.
Fish tagged from previous
Cumulated electric shocker catches
Section number Total Location in
and Over tagged recap- comparison Interval
date Total 6.5'" in section tures No. to release (days)
Section 36
9/9/55 52 20 0
9/14/55 57 16 20 1
10/11/55 2 1 36 0
6/13/56 4 4 37 1 1 up 0.2 mile 273
6/18/56 14 12 37 1
7/30/56 79 59 40 2
9/8/56 7 6 85 1
9/22/56 371 28 91 1 1 0.0 mile 54
10/6/56 104 76 112 ]
11/3/56 54 43 134 4 1 up 0.8 mile 56
11/17/56 0 0 134 0
Section 1
6/11/56 3 3 1
6/16/56 9 9 3
6/23/56 9 9 6 2
7/16/56 19 19 13 2
7/23/56 25 24 25 1
7/25/56 24 21 49 0
8/2/56 6 6 66 1
8/3/56 64 51 71 3
8/15/56 22 12 107 1
9/12/56 141 125 118 3 1 down 0.1 mile 51
9/29/56 142 115 212 8 4 up 0.1 mile 66
0.0 mile 17
down 0.1 mile 17
down 0.5 mile 17
10/20/56 77 44 291 3 2 up 0.3 mile 21

0.0 mile 96
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Table 2. Location and time interval of angler returns from tagged
- channel catfish for 1955 and 1956, Des Moines River, Iowa.

Recaptured 1955 Recaptured 1956
Tagged 1955 Tagged 1955 Tagged 1956
Time Time Time
Capture No. interval No. interval No. interval
location fish in days fish in days fish in days
0-0.5 mile
of tagging 9 4-105 3 387-410 12 19-116
Upstream
0.5-2 miles 5 10-51 - - 6 12-105
2-3 miles 9 10-64 1 316 8 18-60
Over 3 miles - - - - 2 20-40
Downstream
0.5-2 miles 4 19-50 - - 6 97-138
2-4 miles 3 22-29 2 316-424 11 14-150
Over 4 miles 2 61-67 - - 3 52-58
Unknown - 1 - 5 -
Total 32 7 ) 53

preference of channel catfish made possible concentrated effort at such
places. If tagged fish remained at the location of capture or similar
areas, then more recaptures should have been taken than indicated in
Table 1.

Since electric shocking and netting were limited to certain sections
of the study area, angler returns gave a much broader coverage of fish
movements (Table 2). Data from angler tag returns may give biased
results. Returns are not complete for all fish angled; and anglers tend
to be selective toward the larger fish. Recapture records for tagged
channel catfish demonstrate that accessibility of fishing places on the
river influenced the location of angler returns. Favorite fishing places
at deep holes or lowhead dams produced 67 of the 79 known tag returns
and locations in the 7-mile study area.

Only seven known recaptures were obtained from outside the study
area (Table 2). Two tagged channel catfish were able to pass over
Fraser Dam, a lowhead dam located three miles above the main tagging
area, despite the fact that there had been no high water stages. These
fish were captured 8.5 and 10 miles above the dam. From a pool at the
base of Fraser Dam, a total of 14 angler returns was obtained. This
suggests a concentration of tagged fish below this structure. Five tagged
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channel catfish which had passed over the Boone Water Works Dam were
recaptured downstream 9, 9, 14, 24, and 26 miles from the release
locations. Even though most fish were tagged within a 2-mile section of
the Des Moines River, later tag returns indicate that these tagged fish
had dispersed over the entire 7-mile study area.

Channel catfish tagged before and during the spawning season yielded
a higher angler return and moved greater distances than fish tagged
following the spawning season. Only 1.1 per cent of the channel catfish
tagged from hoop-net and trap catchesduring the period following spawn-
ing season were caught by anglers. In comparison, 4 per cent of total
fish tagged prior to and during the spawning season were represented in
anglers' returns. Anglers reported only 1.4 per cent of the fish tagged
from electric shocker catches. The electric shocker was used mostly
in late summer, following the spawning season. McCammon (1956) noted
a similar tendency for fish tagged in the fall tomove less than those fish
tagged in spring.

Ninety-two tag returns from fishermen represent a 3 per cent return
from all channel catfish tagged in this investigation. This figure would
be a minimum estimate since fishermen contacted while they were fish-
ing in the study area reported previously catching tagged fish whichwere
not recorded. A return of 4.6 per cent was obtained if the number of
recaptures were compared to number of tagged channel catfish over 9.0
inches total length, the minimum size reported as kept by fishermen.
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Discussion

Differences found during this study in the extent of movement and
rates of recapture by nets and angler returns indicate changes in the
movements of channel catfish following the spawning season. Any use
of nets to study the abundance or size composition of channel catfish
populations must therefore take into consideration these seasonal dif-
ferences. Barnickol and Starrett {1951, p. 284) state ''the seasonal
activities and habitat preference of various fish complicate sampling
with commercial gear." Other factors in addition to spawning probably
cause changes in the extent of movement but no ewidence was collected
during this study on these factors.

As in previous studies on unstocked channel catfish, no evidence of
a directional migration was obtained from recapture data. Repeated
electric shocking in some release areas failed to yield continual recap-
tures of tagged fish. In addition, trap recaptures indicated that tagged
fish did not remain in the sarme pools. Apparently the channel catfish
forage over a considerable range and cannot be expected to remain in
the same pool for long. The actual home range limits of the channel
catfish are not known from this study, but probably exceed one mile in
each direction.
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371
387
387
378
378
389
373
388

551
150
227
567
431
440
442
433
445
367
388
141
444
444
280
426
378
373
390
373
373
390
373
371
378
445
427
427
434
434

89
426
426
424
425
187
433
431

444

441
441
444
419
427
427

SUBJECT INDEX

Clarion soil catenas
Clarion soil series
Clorococcales
Closterium acerosum
gracile var. elongatum
moniliferum
Clypeolina marginata
Coccomonas orbicularis
Cochliopodium bilimbosum
Codonella cratera
Coelastrum
cambricum

microporum

reticulatum

Coelosphaerium
dubium
kuetzingianum
naegelianum

ColeE s hirtus

Coliform group, presumptive
test for
Collembola
Colletotrichum gossypii
hibisci
Colurella
obtusa
Conochilus unicornis
Conochiloides natans
Cooperatives, financial
organization in
Copepoda
Corn borer, Effects of parasites
Corn borer, populations of
Corncob processing
Corn competition with weeds
Cornstarch, biosynthesis and
structure of
Cosmarium cyclium
var. nordstedtianum

150
528
427
430
430
430
440
434
440
441
437
427
427
427
437
425
425
425
441

541
445

57

57
438
442
442
442

217
445
291
284
289
182

169

430

punctulatum var. subpunctulatum

reniforme
Cothurnia annulifera

Cottonseed, ethanol extraction of

Cotton seedlings, damping-off of
Cottonwood site requirements
Credit use by farm families
Crucigenia crucifera
irregularis
quadrata

Crustacea
Cyanophyta
Cyclidium sp.
Cyclops bicuspidatus
Cyclotella comta

meneghiniana
Cymatogleura elliptica
f. spiralis

solea

430
430
441
249

57
140
130
427
427
427
444
424
441
445
431
431
431
431
431
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Cymbella ehrenbergii 432
tumido 432
turgidula 432

Cypria obesa 444

Cypridopsis vidua 445

Cyprinus carpio 551

Dactylococcopsis fasicularis 425
rhaphidioides 425

Daphnia longispira 210, 444

ulex 210, 444

DDT, metabolism in white rats 148

Desmanthus 359, 378
key to 359
cooleyi 379
illinoensis 360, 385
leptalobus 360, 385

Desmidiaceae 430

Diaphanosoma brachyurum 444

Diaporthe
phaseolorum var. sojae 105

Diaptomus oregonensis 445

Dichranophorus sp. 442

Dichrostachys 359

Dictyosphaerium ehrenbergianum

4217
pulchellum 427

Didinium nasutum 441

Difflugia corona 440
lobostroma 440
pyriformis 440
urceolata 440

Dimorpha mutans 440

Dimorphococcus lunatus 427

Dinobryon sertularia 433

Dinoflagellida 433

Diptera 445

Ditremexa 379
marilandica 365
medsgeri 366
occidentalis 366

DNase, splenic 207

Dorosoma cepedianum 210,423

Dow soil series 158

Down feather, morphogenesis of 173
alkaline phosphatase of 191

Drill-row spacings, oat 39

Dyprosium single crystals 127

Earworm damage to corn 133

Emelista 379
tora 367

Enterolobium 358

Epalxis sp. 441

Epidermis, plant 258

Epistatic and nonepistatic
gene effects in maize 178

Epistylis sp. 441

Epithemia argus
zebra
Equilibria of milk serum

Erosion control on Ida-Monona

soils
Escherichia coli
Esox lucius

231,457,
1,

Etheostoma nigrum nigrum

Euchlanis delatata
Euciliatia
Eucopepoda
Eudorina elegans
Euglena acus

ehrenb_eTgii
gracilis
intermedia
minuta
‘'oxXyuris
tripteris
Euglenida
Euglypha sp.
alveolata
Eumimosae
Eunata lunaris
pectinalis var. minor

Farm and home planning

Farm pond evaporation

Farm property transfers,
intrafamily

Farm tenure, efficiencies
resource use

Farmer cooperatives

Ferric-stannous reaction

434,438,

434,438,

in

Fertilizer phosphorus evaluation

in Iowa soils

Filinia longiseta
terminalis

Fishes, creek census and
harvest techniques

effect of floods and droughts on

growth in farm ponds
Fish food, invertebrate

Fishing, mathematical models for

Flosculariacea

Fragilaria capucina
construens
crotonensis
virescens

Franceia droescheri

Fused salt systems, binary

Gain heritability in beef cattle

Gallium halides

Gastropus stylifer

Gene effects in maize

Germ tube development of
Puccinia coronota

432
432
174

199
542
554
551
443
441
445
434
434
434
439
434
434
434
439
434
440
440
359
432
432

215
349

162

223
217
89

269
442
442

160
234

71
233
395
442
432
432
432
432
427
156

151
222
443
178

153
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Gizzard shad, ecological

relationships of 210
Glenodinium armotum 433
gymnodinium 433
kulczznskii 433
pulvisculus 433
quadridens 433,438,439
Gleditsia 373,379
aquatica 374, 379, 392
texana 375,379
tricanthos 374, 379, 391, 392
Gloeocystis gigas 426
major 426 426
vesiculosa 426
Golenkinia 437
paucispina 427
radiata 428
Gomphonema sp. 432
Gomphosphaeria lacustris 425

Grade heritability in beef cattle 151

Grenada and related soils 128
Growth rate in swine 176
Grundy soil series 529
Gymnocladus 376
diocia 376, 393
Gyrosigma attentuatum 432
Halteria grandinella 441
Hastatella radians 441
Hayden soil catenas 150
Helioflagellida 440
Heliothis zea 133
Heliozoida 440
Heterophrys glabrescens 440
Hibiscus cannabinus 57
Hoffmanseggia 376
densiflora 377,379, 389
falcaria 377,379
jamesii 377,389
Holophrya sp. 441
Holotrichida 441
Hormogonales 425
Hybognathus hankinsoni 550
Hybopsis biguttata 550
storeriana 550
Hydracarina 445
Hypentelium nigricans 550
Ictalurus punctatus 550,563
Ida-Monona soils,

. erosion control farming on 199
Ida soil series 530
Index to Masters' Theses

7/1/56 to 6/30/57 293, 295
Indole alkaloids 256
Industrial property mortality 154
Infrared spectra of aromatic

compounds 208

SUBJECT INDEX

Input-output analysis,
application of

Insecta

Iron complexes, use of

Isomerism

Keratella
cochlearis
var. hispida
Suadrata
Kirchneriella contora
lunaris
Sbesa
subsolitaria

Lacrymaria sp.
Lagerheimia ciliata
citriformis
longiseta
quadriseta
Lanthanum and alloys
Laphygma frugiperda
Largemouth bass
Largemouth black bass,
reproduction and growth of
Larrea
Lecane
luna
Legu_rninosae
Lepadella
patella
Lepomis ¢
gibbosus
humilis
machrochirus
machrochirus

microlophus
Lepocinclis acuta

ovum

Leptodora kindti
Leptoglottis

Lester soil catenas

Leucaena

Leucophaeae maderae

Leydigia quadrangularis

Light hyperfragments, binding
energies of

Limnochares sp.

Linear programming,
application of

Lithium perchlorate

Litter size in swine

Load analysis

Loess, stabilization of

Loess stabilization with
Portland cement

Lotus corniculatus

Lyngbya aerugineo-caerulea
contorta

anellus

376,

371,

212,

19,

362,

265,

261
445
280
147

438
443
443
443
428
428
428
428

441
428
428
428
428
117
133
212

71
379
438
443
355
438
443
550

550
212
550
212
434
434
444
379
150
359
259
444

203
445

266
451
176
117
268

186
236
426
426
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Macrochaetus 438
collinsii 443
Macrothrix laticornis 444
Magnetic field gradient
measurement 463
Maissoniella elegans 425
Maize, Gene effects in 178
chromosome breakage of 181
Mallomonas pseudocoronata 433
Marshall soil series 158,535
Masters' theses, July 1956
to July 1957, Index to 293, 295
Mastigophora 433
Melospira ambigua 431
granulata 431,436
var. angustissima 431
Mercury,radiochemical studies
of 226
Merismopedia glauca 425
tenuissima 425
Metal carbonyls, polynuclear 157

Metal whiskers, crystal physics
of 271

Metatetranychus ulmi 263
Microactinium pusillium 428
Michrococcus rhodochrous 543
Microcystis 437
aeruginosa 211, 425,426,437
incerta 425
Micropterus dolomieui dolomieui
550
salmoides 212
salmoides salmoides 550
Microsporogenesis in potatoes 257
Milk substitutes in the urban
South 244
Mimosoideae 356
key to 357
Minnows, response to flood
and drought 547
Miridae, male genitalia in 204
Moina micrura 444
Monazite sands, separating
process 267
Monona soil series 532
Monostyla 438
closteracerca 443
hamata 443
obtusa 443
pygmaea 443
Byriformis 443
Morongia 362,379
Morphogenesis in the down
feather 173
Mortality characteristics of
industrial property 154
Mougeotia sp. 430
Multicilia lacustria 435

Mycterothrix erlangeri
Mytilina ventralis
Myxophyceae

Napier soil series

Nauplii

Navicula bicapitellata
cryptocephala
cuspidata

rheinhardtii
Neidium dubium
iridis var. ampliata
Neltuma
Nematoda
Neodymium single crystals
Nephrocytium agardhianum
Neurospora crassa
Niobium, separation by liquid
extraction
Nitro compounds
Nitrogen availability in soils
fertilizer, effects of
Nitzschia acicularis
sigma
sigmoidea
Nostoc sp.
Notemigonus chrysoleucas
auratus
Notholca acuminata
Notommatidae
Notropis atherinoides atherinoides
cornutus frontalis
deliciosus
dorsalis dorsalis
lutrensis lutrensis
Noturus flavus

361,

Qat varieties, identification of

Oedogoniales

Qedogonium sp.

Oligochaeta

One-center method of molecular
calculations

Oocystis
borgei

lacustris
arva

submarina

Ophiqgcytium capitatum var,
longespinum

Orthocyclops modestus
Oscillatoria limnetica

limosa

prolifica

Ostracoda

428,

Papilionoideae
Pandorina morum

579

441
443
424

158
445
432
432
432
432
432
432
379
446
127
428
457

206
277
230

432
442
432
426
212
550
443
443
550
550
550
550
550
550

179
427
427
445

183
437
428
428
439
428

431
445
426
426
426
444

356
434
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Paracyclops fimbriatus
Paramecium sp.
Parameters of a population,
estimation of
Particle shape, effect on
fluidization
Peach trees, effect of
temperatures on
Pedalia mira
Pediastrum
biradiatum
boryanum
duplex
var. clathratum

var. gracilimum
simglex

var. duodenarium
Penicillium notatum
Pennales
Perchlorate-benzene complex
Perezia pyraustae
Peritrichida
Phacotus lenticularis
Phacus
acuminatus
var. drezepolskii
chloroplastis
curvicauda
helikoides
longicauda
orbicularis
pseudoswirenkoi
pyrum
swirenkoi
tortus
Phenothizine and its derivatives
Philodina
roseola
Pholiota adiposa
Phormidium mucicola
Phosphate fertilizers, soluble
Phosphate rocks, acidulation of
acidulation characteristics
Photonuclear reactions
Phytomastigophorea
Phytomonadida
Pigs, evaluation of carbo-
hydrates for
protein requirements of
Pimephales notatus
promelas promelas
Pinnularia major
Pithecellobium
Pithophora oedogonia
Planctomyces sp.
Plankton
Planktosphaeria gelatinosa
Ploima
Plumatella sp.

434,

435,

445
441

190

241

63
442
437
428
428
428
428
428
428
428
282
431
271
291
441
434
438
439
435
439
435
435
435
435
435
435
435
435
246
438
442
172
426
138
195
255
250
433
434

198
238
550
550
433
358
427
426
419
428
442
446

SUBJECT INDEX

Plutonium 122
Podura aquatica 445
Polyamino acid chelating agents 159
Polyarthra 438
major 443
vulgaris 443
Polyphemus pediculus 4449
Polynuclear metal carbonyls 157
Polyporus lucidus 172
Polystyrene-divinylbenzene resin 168
Pomoxis annularis 550
Pompholyx camplanata 442
Portland cement, bond between
paste and aggregate 229
stabilization of Iowa loess 186
Potamogeton spp. 1
filiformis 419
Potassium, electrical resistivity 288

Potato varieties, fertile and sterile 257

Power transmission 117
Prairie in Iowa, native 166
Propionibacterium jensenii 455
Propyl bromides 250
Prosopis 360, 378, 379
articulata 380
chilensis 361, 380
glandulosa 361, 380
juliflora 361, 380, 386
velutina 361, 380
Protozoa 433, 440
Pseudodifflugia 441
gracilis 440
Pseudomonas fluorescens 458
Pseudoprorodon sp. 441
Publications of Iowa State College
Staff, academic year 1956-57 303
Puccinia coronata 153
Pyrausta nubilalis 284, 291
Pythium graminocolum, host
specialization in 184
Quadrigula closteroides 429
lacustris 429
Radioactive cobalt chloride 471
Radioactive compounds,
identification of 477,478
degradation of 479, 480
Radioactive piperonyl butoxide,
synthesis of 259
Resonant cavity problems 145
Rhaphidiophrys 440
Rhizomastigida 435
Rhizopodea 440
Rhizosolenia eriensis 431
Rhopalodia gibba 433
Ribonucleic acid in the down
feather 173
442

Rotaria sp.



SUBJECT INDEX

Rotating discs, bursting speed 189

Rotatoria 442
Rousseletia sp. 443
Rubber tires, rolling
coefficient of friction 225
Rumen microorganisms,
mineral requirements of 197
Rural fatal accidents 201
Saccharomyces fragilis 458
Salmonella pullorum 543
Sarcodina 440
Scapholeberis mucronata 444
Scenedesmus 437
abundans 429
var. asymmetrica 429
var. longicauda 429
acuminatus 429
arcuatus 429
bijuga var. alternans 429
var, flexuosus 429
dentriculatus 429
dimorphus 429
quadricauda 429
var. maximus 429
Schrankia 362, 379, 380
microphylla 363
nuttallii 380
uncinata 362, 363, 380, 386
Schroederia setigera 429
Sdrpus spp. 1
fluviatilis 419
validus 419
Scytomonas pusilla 435
Seed treatments, chemical 213
Semotilus atromaculatus
atromaculatus 550
Selanastrum gracile 429
westii 429
Shelby soil series 533
Silver maple in central Iowa,
decay of 171
Sodium tungsten bronze,
electronic specific heat of 280
Soil classification 220
Soil catenas, sequence relation-
ships of 150
Soil, moisture measuring 274
effects of residual nitrogen 286
erodibility 485
surface profile 95
temperature and moisture 95

Soils, nitrogen availability in 230
phosphorus availability in 269

movement of water in 272
Sopropis 361
Sorastrum spinulosum 429

Soybean varieties, identification 179

Sphaerocystis schroeteri

Spirogyra sp.

Spirotrichida

Spirulina nordstedtii

Staff publications, Iowa State
College academic year 1956-7

Stannous iron reductions

Staurastrum paradoxum

Stauroneis acuta

Stentor sp.

Stephanodiscus astraea

niagarae 431,
Stigeoclonium

subsecundum
Stilbestrol responses in
fattening lambs and cattle
Stizostedion vitreum
Streamlines, determination of
Streptococcus faecalis
Strobilidium sp.
Strombidium sp.
Strombocarpa
Surirella biseriata
" var. bifrons

linearis
tenera
Swine, differences in litter size
and growth rate
Synchaeta oblonga
Synechococcus aeruginosus
Synedro acus

oxyrhynchus
ulna

Tantalum, separation by liquid
extraction
Tendipendidae
Testacida
Tetradesmus smithii
Tetratdon
caudatum vaf. longispinum
enorme
gracile
hastatum
var. palatinum
limneticum
minimum

muticum var. punctulatum
planctonicum
rogulare
trigonum
Tetranychus telarius
Tetrasporales
Tetrastrum staurogeniaeforme
Thiobacillus denitrificans
thiooxidans
thioparus

426
430
441
426

303
240
430
433
441
431
436
419
426

243
396
290
457
441
441
361
433
433
433
433

176
443
425
433
433
433

206
445
440
429

429
429
429
429
430
430
430
430
430
430
430
263
426
430
475
475
475
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Thorium compounds,
separating process
purification by solvent

extraction
single crystals

Thulium and alloys

Thurman soil series

Tillage implements

Trachelomonas spp.
granulosa
volvocina

Transition-metal complexes

Trichocerca cylindrica
lata
longiseta
rousseletia
similis
stylata
spP.

Trinema enchelys

Two -slip designs of sample
surveys

Typha latifolia

Ulothrix aequalis

Ulotrichales

Uranium, solid state
transformations in

SUBJECT INDEX

267

285
121
126
534
136
435
435
435
252
443
443
443
443
443
444
333
441

219
419

426
426

205

Value productivity estimate

Variable analysis of
techological change

Vitamin B},

Vocational agriculture

Vorticella spp.

Water vapor solubility

Wave guide problems

Wave propagation

Webster soil series

White crappie, reproduction
and growth of

White rat, metabolism

Wireworm, effect of chemical
seed treatments on

Xanthophyceae
X-ray beam

X-ray investigation of tin whiskers

Zoomastigophora
Zooplankton
Zygnemataceae
Zygnematales

143

254
471
124
441

451
145
240
535

82
148

213

431
264
271

435
438
430
430



