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TOTAL POROSITY AND RANDOM ROUGHNESS 
OF THE INTERROW ZONE AS INFLUENCED BY TILLAGE 

By R. R. ALLMARAS, R. E. BURWELL, W. E. LARSON, and R. I?. HOLT, soil scientists, Soil and Water Conservation 
Research Division, Agricultural Research Service, and W. W. NELSON, stationsuperintendent, Southwest Experiment Station, 
Lamberton, Minn.2 

INTRODUCTION 
Soil conditions produced by a given tillage 

implement or combination of tillage implements 
differ markedly depending on other factors such 
as soil t e, soil moisture content a t  time of 
tillage, a 2  cro ping history. Tillage y t i c e s  
can, therefore, ge more thoroughly ana yzed by 
an assessment of the resulting soil conditions than 
by description of the tillage operations only. When 
i t  is known what soil conditions are necessary for 
optimum plant growth and soil and water manage- 
ment, practices can be designed and altered to 
produce the required soil conditions. 

The required soil conditions for corn growth 
and soil and water management in the Corn Belt 
have been discussed by Larson (4, 6, 6).3 For 
analysis he divided a row-cropped field into two 
zones: (1) the zone between the rows, the inter- 
row, where water management is a ma'or concern; 
and (2) the zone in the row, where soi \ conditions 
favorable for germination and early growth are of 
paramount importance. The two-zone concept 
permits modification of soil conditions to meet one 
or more objectives. Depending on the soil 
management roblem, interrow soil conditions 
may be m o d e d  for enhanced infiltration, water 
conservation, or surface drainage. 

Two parameters of soil condition that are im- 
portant to management of soil water in the inter- 
row zone are the porosity of the tilled soil layer 
and the roughness of the soil surface. 

When a soil layer is loosened or packed by a 
tillage operation, the total porosity and thickness 
of the layer are changed. The average size of the 
soil pores is related to the total porosity of the 
tilled layer because the absolute volume of solids 

r approved by the director of the Minnesota 
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remains the same. Hence, an increase in totd 
porosity may increase the rate and amount of iniil- 
tration of water into the soil because of more 
rapid water conduction and temporary water 
storage in large 

{Or@ 
. Water conservation and 

evaporation may e affected by the relation of total 
porosity and thermal properties of the soil. Even 
though orosity is an important parameter in a 
tilled so' 9 , it has not been measured throughout the 

owing season in the Corn Belt. I t  has usually 
Ken measured by sampling the undisturbed soil in 
a cylinder. Accurate measurement of porosity 
in recently tilled soil layers is difficult because of 
the looseness of the soil and the consequent 
difficulty of retaining the sample in the cylinder. 

The rou hness of the surface in a tilled soil 
influences t ii e amount of water that can be trap ed P in the depressions during an intense rain. Sur ace 
roughness is also related to the ease with which the 
soil surface seals during a rain, to the strength of 
the surface crust, and to exchanges of heat, air, 
and water between the soil and the atmosphere. 

Two types of ro hness are produced by tillage 
implements. ~ h e x t  type, oriented roughness, 
mag be illustrated by ridges and furrows occurring 
between the rows of lister and ridge lantin P % respectively. Undulations in surface re ief, suc 
as plow furrow slices and cultivator furrows, are 
also an oriented roughness. The second type, 
random roughness, is merely a random occurrvnce 
of surface peaks and depressions, in which it is 
im ossible to distinguish the direction in which 
ti1 f age operations were performed. In the present 
study, on1 random ro hness was considered i Y because til age practices t at  produce significant 
amounts of oriented roughness were not Included 
in the study and because random roughness is 
more closely related to the phenomena enumerated 
in the previous paragraph. 

In the present study, the total porosity of the 
tilled layer of the interrow zone was estimated 
from changes in elevation of the soil surface, which 
were referenced by estimating total orosity m e undisturbed cores of the plow layer ta en at one 
time during the season (usually before tillage). 

1 
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Tillage T m e n t s  and Measurements 



POROSITY AND ROUGHNE 

Total Porosity Estimates With Undisturbed Cores 

Where estimates of total porosity are desired, 
the total porosity must be estimated from undis- 
turbed cores sometime durin the period over 
which total porosity is to be % scribed. (Other- 
wise only changes in elevation can be estimated.) 
One set of the soil surface height readings must 
also be taken at the time that the undisturbed 
cores are taken; thus, height readings will give 
total porosity estimates when referred to measure- 
ments from undisturbed cores. Soil conditions 
most favorable for accurate undisturbed core 
sampling usually occur in the fall or spring after 
periods of about 6 months without tillage. Prior 
to tillage, soil surface height readings were made 
with the microrelief meter and undisturbed cores 
were taken. The depth of sampling was equal to 
the depth to which the tillage was to be per- 
formed-6 inches. Where the preplanting tillage 
involved plowing to a 6-inch depth, the 0- to 6-inch 
surface layer was sampled in 3-inch increments by 
use of a 3-inch Uhland core sampler (0). In the 
experiments described herein, at least three cores 
from the 0- to 3- and 3- to 6-inch layers were taken 
randomly within a single replication of a treat- 
ment. For a tillage experiment (such as listed in 
appendix table 14)) the initial total msity was P" estimated from a composite of cores rom at least 
three treatments. Hence, the coefficient of varia- 
tion for this estimate was 2 percent or less. 

Surface Elevation Measurements 

The Microrelief Me te r  

A microrelief meter was used to measure time 
changes in elevation of the soil surface. Random 
roughness was also estimated from these measure- 
ments. The microrelief meter was designed to 
measure surface elevations on a 2- by 2-inch grid 
over a 40- by 40-inch area (see fig. 1). The con- 
struction details of this point quadrant device are 
shown in appendix figures 8 t h o u  h 10. These 
dimensions may easil be altered or other row 9 f 
spacings or ph sical ayouts of experiment. 

The microregef meter consists of three major 
units : (1) the scaleboard-and-measuring-pins unit, 
(2) the scaleboard support frame and (3) the sup- 
port pins (steel rods, % inch in diameter and 18 
lnches long). During the measurement operation, 
the scaleboard support frame ww maintained in a 
&ed osition on the four support pins. The scale- 
boar i and measuring pins constitute a sin le unit, 
which moves horizontally over the sc 8 eboard 
support frame. The starting position for taking 
measurement6 is illustrated in figure 1. Twenty 
measuring pins spaced 2 inches apart are sup- 

orted by pin guides attached to the scaleboard. 
b e n  the measuring pins are resting on the soil 
surface, heights a t  the top of the ins are read 
to the nearest 0.1 inch on the sc a? eboard. The 

SS OF INTERROW ZONE 

FIGURE 1.-Microrelief meter in field measuring position. 

measuring pins are then raised, the scaleboard- 
and-measuring-pins unit is moved 2 inches horizon- 
tally toward the observer on the scaleboard sup- 

ort frame, the measuring pins are lowered, and 
%eigh%s are again read. At each setting at which 
measurements were taken in this study, the pro- 
cedure was continued until 20 measurements were 
made a t  each of the 20 positions of the scaleboard- 
and-measurin ins umt on the scaleboard su - 
port frame. Ff us, 400 hei ht readings were o - %: E 
tained on a 2- by 2-inch gri over a 40- by 40-inch 
area between rows spaced 40 inches apart. 

Placemenf of  Support Pins 

The location and placement of the su &'port depends on the physical layout of the e d exper- 
iment and on convenience for tillage operations. 
The following location and placement procedure 
was used for the experiments described in this 
paper. Bench marks (each was 6 to 7 feet long, 
embedded in the ground at a 5- to 6-foot depth, 
and used for the alinement and elevation setting 
of the support pins) were located in accessible 
border areas and were protected from disturbance. 
Alinement of two or more bench marks parallel 
to the long side of the plots provided an axis for 
locating the support ins. 

An en 'neer's leve was over one of f P 
the benc marks and the telescope was dined 
over the other bench marks on the same side of 
the experiment. The telescope was then turned 
90° from the line of sight. The sup ort pin B placement guide (see fig. 2) was place on the 
plot of interest in a manner such that two corners 
were in the line of sight and at a specified distance 
from the bench mark. The specified distance 
located the support pins in the cro 
four sup ort pins were then place inside the s : The 
guide an driven hmly  into the soil; the guide 
was then removed. The support p e  were 
leveled with respect to each other at  apprornmately 
6 inches above the soil surface. The elevation of 
the top of the pins was determined and recorded 
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FIGURE 2.-Buppart pin placement guide and support pine. 
(One pin is shown in driving position.) 

for releveling. Soil height readings taken with 
the microrelief meter were then recorded. 

After the initial soil height readings were made 
with the microrelid meter (as described in the pre- 
vious section) the support pins were removed and 
tillage and plantin operations performed. The 
support gins ware t % en put back m the same loca- 
tion and elevation plane as for the initial setting, 
in the manner described for their initial placement 
prior to tillage. Height readin were agah taken r with the microrelief meter. T e support pins re- 

mained in this position throughout the remainder 
of the sewon. Before h*ht readings were made 
at a hter  time, the dmatxon of the sup ort pins - cheeked.  his procedure ermitte8 acijust- 
ment of heights (obtained wit{ the microrelief 
meter) when the support in height was different 
from that in the h t i a l  p f' wement. Usudy, the 
support pins did not change elevation during the 
growing season. 

Orientntcrtion of Height Readings 
The starting position of the microrelief meter 

for a series of measurements for one setting in the 
field is illustrated in 1. The measuring 
pins we~e gently lo a reel arrangement 
that lowem the upper pin guide bar. 
measurements were read and recorded The mmu he%? y 
from left to ht on the top line (i.e., 20 r 
of a data 9 s eet. The pins were raked, T' t e 
scdeboard-and-memuriw-pins unit was moved 
toward the observer 2 mchss, the pins were 
lowered, and the heights were redorded from left 
to right on the next lower line. This rooedurei 
was continued until 20 rows of heig % ta (each, 
having 20 readings) were recorded. Thus, the 
lefeto-rigbt rows of height readings extended in a 
direction perpendicular to  the rows in the field, 
and the columns of height redings extended 
in a directioq parallel to the rows m the field, 
Consistency m orientation of height records k 
necessary for making the random roughness 
computations, 

CALCULATION OF PARAMETERS OF SOIL CONDITION 

Total Porosity where ht is the individual height reading in inches 
taken before tillage and n is the number of read- 

From the undisturbed cores obtained before i n p  (400). Then the av-e height of the RIMS- 

tillage, the initial total porosity, Pi, for the layer m g  P& at & single setting of the ~a-deboard 
to be tilled was calculated as follows: support frame taken at a later time, ta, wm com- 

~ u t e d  as: 

where D, is the aver e bulk density in g./cc. 
obtained from undistur "b ed cores, and W is the 
thickness of the sampled layer in inches. In the 
experiments described herem the plowing depth 
was 6 inches, W was 6 for all computations of 
PC, and P, has unite of inchea and may be defined 
as "inohea of initial pomity per initial 0- to 6- 
inch layer." 

For any arbitrary time, t,, at which microrelief 
readings were taken, the total porosity was oom- 

uted ln the following manner, First, the averFe 
Ee* ht of the measuring ins at a single settmg % of t e scaleboard support ! rame before tillage and 
at the time the unbturbed corm were taken was 
computed as: 

where ha was the individual height reading in 
inchea taken at time ta. 

The h t d  porosity at time, t,, was then given 
by: 

P,=P,+A,--X~ (41 

Pa hsa unite of inches, and may be defined as 
"inches of porosity per initial 0- to 6-inch soil 
layer." For the experiments of this ~ t u d  one 
setting of the microrelief meter was m d e  for 
each replication of a tillage treatment. 

From mwurements performed on replications 
of the same tillage treatment, the standard error 
of Pa was ap roximatdy 0.28 inch (a coefficient P of variation o about 6 to 10 percent). A number 
of factors caused a loss of precision and accuracy. 
The precision errors that arose from determining 
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Pi were about 10 percent of the standard error of 
Pa. Likewise the errors in determining the aver- 

e elevation from a given setting of the micro- 
r 5 ief meter (see table 2, p. 7) were about 10 
percent of the standard error of Pa. The remain- 
ing variation in Pa was about 1.5 times the 
variation that could be accounted for by a 0.02- 
foot error in surveying. The influence of differ- 
ential movement of support pins and the reference 
pin has been discussed previously (2); however, 
i t  was not a cause of the precision loss in the above 
observed 0.28-inch standard error of Pa. Two 
other factors that probably decreased precision 
and accuracy were (1) increased or decreased 
average elevation of the microrelief area due to 
horizontal displacement of soil during tillage 
operations, and (2) variations in depth of plowing 

Randc m Roughness 

The random roughness was computed from the 
400 readings of height observed with one settin 
of the microrelief meter and oriented as specs f 
in the "Orientation of Height Readings" section. 
Essentidly, the random roughness index is the 
standard error among heights and has unih of 
inches. Before the standard error was computed, 
the heights were expressed lo arithmically and 
then adjusted both for tillage too 7 marks extending 
in a direction parallel to the row and for differ- 
ences of elevation due to slope in the direction 
of the row. 

Appendix figure 11 gives a typical com uter 
printout of information from a single set o f' 400 
height  reading^.^ The first item of the second 
line indicates the mean and is either &, or 1, of 
equation 4. In lines 3 through 6 are given the 
20 parallel means and the 20 perpendicular means. 
They were not used in later computations, but 
described the general shape of the surface. The 
jth parallel mean, X.,, was obtained by summing 
in the direction of the row: 

The hij are the original height readings in inches, 
and the dot in the subscnpt signXes sum over 
all i. The i m  perpendicular mean, Ti., was ob- 
tained by summing in a direction perpendicular 
to the row: 

The htj  was defined above, and the dot in the 
subscript signifies sum over all j .  

The computer program (Program Tillage), written in 
FORTRAN, is available upon request from the North 
Central Soil Conservation Research Center, Morris, Minn. 

Earlier tests (2) concerning the distributional 
nature of the height readings revealed that the 
logarithms of the heights were more near1 nor- 

distributed than were the arit&netic 
$:&is. Hence, each of the 400 observations of 
height was lo arithmically expressed, after which 5 the effect of s ope and oriented tillage tool mark 
was mathematically removed as a com onent of 

lf' variation among logarithm of heights. he follow- 
ing model represents the components of a natural 
logarithm of observed height, In hij: 

where m is the average logarithm of height, At is 
the component of variation due to slope (or 
previous cross tilla e), B j  is the component of 
variation due to t' 3 age tool orientation, and eti 
is the residual variation among logarithms of 
heights. The dj were estimated from the exprwion : 
- - - 

h..+e,=ln h.fj-(ln h.,-ln h..) 

- (inhi.-m,.) (8) 

- 
In this expression In h.. is the average of 400 
logarithms of heights and was retained as a part 
of di to avoid - negative numbers in the computa- 
tions. The In hej  is obtained by summing in the 
direction of tillage (the direction ,- of the row) for 
the jth tillage tool mark, while In hi, is obtained 
by summing perpendicular to the row for the ith 
station. 

After the 400 eii were arranged in order of 
increasing magnitude, the first u per limit of 
eij was set by the smallest dj v af' ue and each 
subsequent upper limit was determined by adding 
the roduct, 0.005 times the rrrnge of eij values, 
to t 1 e preceding upper limit. For each upper 
limit, the proportion of dj values having magni- 
tudes less than or equal to the upper limit was 
ascertained. Where 0.10 5 fraction undersize 
10.90, the upper limits of dj and the respective 
proportion undersize were used in the ensuing 
computations. Data with the above restrictions 
were chosen because each set of 400 observations 
could not individually be examined for erratic 
points that sometimes occur above 0.90-fraction 
undersize and below 0.10-fraction undersize in a 
lot of eli versus normalized fraction undersize. 

Fhese erratic points (due to erratic height read- 
ings) would unduly enlarge the random roughness 
index just as they would strongly inflate the 
variance when it  is calculated by squaring and 
summing the deviations from the mean. 

After the pro ortion of e; values having 
maynitudes less t g an or equal to the upper limits 
of eii was obtained, the standard deviation among 
lorarithms of heights was estimated mathemati- 
cally from the relation of normalized fraction 
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undersize versus e;,.. For the kth elj up er limit, 

f i' the followin relation was used to o tain the 
normalized ra~tion undersize, Y', for a given 
fraction undersue, Y: 

where Zk= (Y-o.~)/JY(~ -Y), and Pr indicates 
probability. In  appendix figure 11, Y' of uation 
9 is labeled NFU, and Y is labeled FRA~TION 
UNDER. Both are 'ven for each value of dj; 
e:, is represented as I% G in appendix figure 11. 
The linear relation of Y' and e;i (Y'=cu+@e&) 
was then obtained; it is equivalent to a best fit 
of the points between 0.10 and 0.90 fraction 
undersize in a plot of normalized fraction under- 
size versus eii. The standard deviation among 
lo rithms of heights was then estimated as 0.34/& 
w g e  j3 is a parameter estimated in the relation 
Y'=a+Beij, and 0.34 is the fractional area under 
the normal curve corresponding to one standard 
deviation from the mean. 

An example of the graphical relation of fraction 
undersize (and normahzed fraction undersize) 
versus eii is shown in appendix. figure 12. The 
values were taken from the data of appendix 
figure 1 1. 

The random roughness index a, was then 
estimated as follows: 

where uy is the standard error among heights in 
inches, a, is the standard error among logarithms 
of heights 'ven in appendix fi e 11, and is the 
mean heig f t given as ME& ap endix figure P 11. The approximation (see 3) invo ved in equa- 
tion 10 estimates uv within 2 percent. 

Although a lo -normal distribution of heights 
was assumed in t % e calculation of random rough- 
nsss, more information about the validity of the 
assum tion was sou ht b making tests of good- 
na98 oFfit. For the fm v d e  of e& (represented as 
LOG, see appendix fig. l l ) ,  a p' (EST NF'U) was 
computed using* the linear relation Y1=a+&&. 
Then for each Y' an estimated fraction undersize 

(EST FRACTION UNDER) was computed b 
reverse solution in equation 9 and com wed wit g 
the observed fraction undersize (FCACTION 
UNDER). The grmtest absolute difference was 
designated MAX ABS DIN?. The Kolmogorov- 
Smirnov test for goodness of fit (7, 8) was used 
to compare the maximum absolute difference with 
a tabled value, Dl such that 

In the comparison, F(x) is the theoretical dis- 
tribution function and S,(z) is the sample distri- 
bution function. In terms of the example here, 
f f  is the theoretical distribution having parameters 
estimated from the sample and Y is the sample 
distribution. With 400 observations and a rejec- 
tion level of 0.20, D is 0.053. Only in a few cases 
in at leest 200 estimates of random roughness did 
the maximum absolute difference exceed 0.053. 
Exce t for a few cases, then, the null hypothesis 
of a Kg-normal distribution could not be rejected 
even at the probability level of 0.20. With a 
probability level of 0.01, the tabdar value of D is 
0.081. 

In the routine measurements made for the 
random roughness index estimations, the hori- 
zontal spacing between the pins was 2 inches both 
parallel and perpendicular to the row. In  October 
1962, the effect of spacing on the estimation was 
evaluated on three surfaces: an untilled surface; a 
plowed surface; and a surface after it had been 
plowed, disked, and harrowed. Observations were 
made on a horizontal spacing of 1 inch. From this 
systematic arrangement of height readings, readings 
were selected to simulate reading on a 1- x 1-, 
2- x 2-, 3- x 3-, or a 4- x 4-inch pin spacing. Little 
change occurred in the random rou hness estimate 
with increasing pin spacing (tab f e 1)) and the 
variability of the estimates with increasing pin 
spacing was not significant. This observation 
indicates that the proximity of pin spacing had 
little disturbing influence on the estimation of 
random roughness. Table 2, however, reveals that 
the error of estimating the average elevation of a 
40- x 40-inch p,rea becomes s igdcant  when the 
pin spacing is greater than 2 inches on a freshly 
plowed surface. 

RESULTS AND DISCUSSION 
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TABLE 1 .-Random roughws as ageeted by horizontal pin spacing in 40- x QO-inch surjace of measurement 

1 Standard error of an estimate found by relation -- - -0.486, when n=4 sets of height readings. Tabulated values range 
of u/range are given by Ostle (7, p. 65). 

TABLE 2.-Average height as aJected by horizontal pin spacing in a 40- x 4Oinch mrface of measurement 

Horizontal pin 
spacing 

Inches 
l x  I - - - - - - - - - - - - - - - - -  
2 x 2  - - - - -_- - - - - - - - - - -  
3 x3--- - - - - - - - - - - - - - -  
4 x 4  -----------------  

Horizontal pin 
spacing 

Inches 
1 x 1  - - - - - - - - - - - - - - - -  
2 x 2  - - - - - - - - - - - - - - - -  
3 ~ 3 - - - - - - - - - - - - - - - -  
4 x  4----------------  

Seta of 
heieht 

readlngs 
analyzed 

1 
4 
4 
4 

Seta of 
height 

readings 
analyzed 

I Average height of pins 1 on- 

Height observations per 
40- x 40-inch area 

1,600 . . . . . . . . . . . . . . . . . . . . . . . .  
380to400 . . . . . . . . . . . . . . . . . . . .  
169 . . . . . . . . . . . . . . . . . . . . . .  
100 . . . . . . . . . . . . . . . . . . . . . . . . . .  

Height observations per 
40- x 40-inch area 

Inches 
1,600 . . . . . . . . . . . . . . . . . . . . . . . .  7.46 
380 to 400- - - - - - - - - - - - - - - - - - - - 7.46 f 0.005 

Random roughness index 1 on- 

Plowed Plowed, disked, 
and harrowed 

plot 

Inches 
8.9PChes 1 8.95 
8.94f 0.068 8.95 +0.045 

Plowed, disked, 
and harrowed 

plot 

Inches 

Untilled 
plot 

Inches 

Standard error of an estimate found by relation z- -0.486, when n=4  sets of height readings. Tabulated values range 
of u/range are given by Ostle (7, p. 65). Heights are given in inches above a datum. 

Plowed 
plot 

-- 
Inches 

TABLE 3.-Eject of preplanting and postplanting tiUage on total porosity of a Barnes loam (experiment 
1 961-M34) in 1961 

0.24 
0.24rt0.01 
0.24f0.02 
0.25f0.02 

Tillage treatment I Total porosity on- 

1.86f0.05 0.82 f 0.06 
1.85f0.18 0.84 f0.  02 

Preplan tjng Postplanting 
May 29 
(before 
tillage) 2 

Plow-disk-harrow - - - -__ - - - - - -  

Plow----------------------- 

Untilled- -- - - - - - - - _ - - - - - - - - - 

Inches 
cultivated--------------- 

{Noncultivated- - - - - - - - - - - 

{ Cultivated- -- - - - - - - - - - - - - 
Noncultivated - - - - - - - - - - - 
"ltivated------ - -- - - - - - -  

{Noncultivated- - - - - - - - - - - 

Inches a I Inches8 I Inches' 

June 8 
(after pre- 
planting 
tillage) 

July 17 
(after 

third cul- 
tivation) 

Inches 
3.66 ab 
4.04 b 
4.26 b 
5.03 c 
3.23 a 
3.30 a 

June 22 
(after 

first culti- 
vation) 

Within a column, values not followed by the same letter are significantly different (p=0.05) as evaluated by the 
Duncan Multiple Range Test. 

Average porosity estimated from 54 Uhland core samdes. The standard error of this average is 0.011 inch. 

July 5 
(after 

second 
cultiva 

tion) 

InchGof-porosity per initial 0- to &inch layer. 
- 
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TABLE 4.-Eject of preplanting and postplanting tiUage on total porosity of a Barnes h m  (experiment 
1862-M34) in 1962 

Tillage treatment I Total porosity 1 on- 

June 13 July 10 July 25 
May 13 (after pre- (after first (after Sept. 25 

Preplanting Postplanting (before planting cultiva- second (end of 
tillage) a tillage) tion) cultiva- season) 

tion) 

Inches 3 Inches 3 I n c h  8 I n c h  U n c h e s  3 

Plow-disk-harrow- - - - - - - - - - - - Cultivated-- - - - - - - - - - - - - - - 3.69 bc 4.05 bc 
Noncultivated- - - - - - - - - - - - 
Cultivated--- - - - - - - - - - - - - - 

j 4 . ~  { 4.22 ad 4.25 bc 

Plow----------------------- ) 3.22 / 
3.95 cd 4.36 c 

Noncultivated- - - - - - - - - - - .. bb 4.31 6 4.36 c 
Untilled-------------------- { Cultivated--- - - - - - - __- - - - - - - 3.38 ab  3.76 b 

Noncultivated- - - - - - - - - - - - 3'18 a (::& : 3.12 a 3.20 a 

1 Within a column, values not followed by the same letter are significantly different (p=0.05) as evaluated by the 
Duncan Multiple Range Test. 

"verage poroaity eetimated from 54 Uhland core samples. The standard error of this average is 0.020 inch. 
3 Inches of porosity per initial 0- to &inch layer. 

TABLE 5.-E$e& of preptunting and postplanting tiUage on total porosity of a NicoUet silt loam (experimem 
1962-Ll) in 1962 

Tillage treatment 1 Total porosity on- 

Preplanting 

Ma 25 June 14 June 26 June 30 
May 21 ( J e r  (after (before (after Sept. 20 

Postphnting (before preplant- first cul- second second (end of 
tillage) a ing tillage) tivation) culti- culti- season) 

vation) vation) 

1 I Inches Inches 
p.91 c 

b . 4 6  b 

p .14  a 

Inches 

it:% ; 
{i:E ! 
Q:f  : 

Inches a 
3.76 b 
4.58 d 
4.17 c 
4.10 bc 

1 3.18 a 
1 3.05 a 
I 

Inches 3 

Within a column, values not followed by the same letter are significantly different (p=0.05) as evaluated by the 
Duncan Multiple Rsnge Test. 

Averageroeity artimated from 54 Uhland core samples. The standard error of this average is 0.025 inch. 
a Inches o porosity per initial 0- to Cinch layer. 

men t. I n  most instances, there were no significant treatments. When there was no postplanting 
changes in total porosity due to a post- lanting cultivation, there were usually no hfferences of 
cultivation (compare cultivated and nonc 3 tivated roughness among preplanting tillage treatments at  
for a given date), nor were the indicated changes the end of the growing season. 
consistent on all preplanting tillage treatments Estimates of random rou hness and tot& 
for a given cultivation. porosity in this study were sukciently precise to 

The random roughness of the interrow surface enable one to distinguish differences in htmow 
correotd for is shown in tables soil conditions. To assess the importance of thme 
6, 7 and 8. Plowing (plow treatment) signifi- differences as measures of real factors in soil and candy increased random roughness, but a sub- 
s uent disk& and hamowing 0 eration (plow- water management will require further eqeri- 
d%-hamw treatment) reduced t f roughness meJltati0Il. Prelb.llhq e~p0rhlellbtion has re- 
those levels observed on surfwes. pmt- vealed, however, that these differences in random 
planting cultivation also resulted in s w c s n t  roughnass are associated with significant dif- 
increases of roughness on all preplanting tillage ferences of infiltration, and that these differences 
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TABLE 6.-EBct of preplanting and postplanting tillage on random roughlzess of a Barnes loam (experiment 
1961-M34) in 1961 

Preplanting Postplanting 

1 Within a column, values not followed by the same letter are significantly different (p=0.05) as determined by 
Duncan Multi le Range Test. 

standarferror of this value is 0.019 and is an average of 18 values. 

Tillage treatment 

-- 

TABLE 7.-Efleet of preplanting and postplanting tiUage on random roughness of a B a r n  loam (experiment 
1962-M34) in 1962 

Random roughness index on- 

Within a column, values not followed by the same letter are significantly different (p=0.05) as determined by Duncan 
Multi le Range Test. 

"tandard error of this value is 0.018 and is an average of 15 values. 

-- 

May 29 
(before 
tillage) 9 

Inches 

in total porosity cause significant differences in 
soil thermal properties and water conservation. 

Plow-disk-harrow - - - - - - - - - - - -  

Plow-----------..----------- 

Untilled . . . . . . . . . . . . . . . . . . . .  

Tillage treatment 

Residual Effects of Tillage on Total Porosity 
and Random Roughness 

(Noncultivated- - - - - - - - - - - - 
Cultivated ---- - - - - - - - - - - - - i Noncultivated- - - - - - - - - - - - 0.34 
Cultivated---------------- 
Noncultivated- - - - - - - - - - - - 

Preplanting 

Plow-disk-harrow - - - - - - - - - - - -  

Plow-----------------------  

Untilled-------------------- 

Random roughness index on- 

In 1962 a number of tillage treatments were 
compared on each of experiments 1962-L1 and 
1962-M34 (see appendix table 14). The same 
treatments were again repeated on the same plots 
in 1963 and are designated 1963-L1 and 1963- 
M34. The total porosity and random roughness 
estimates are shown in tables 9 through 12. The 
generalizations made in the previous section con- 
cerning the effect of tillage treatment on total 
porosity and random roughness are also illustrated 
in these 1963 experiments. 

June 8 
(after pre- 
planting 
t i ige )  

Inches 
}O'U a 

)0'86 
)Oea4 a 

I 

Postplanting 

Cultivated ----------------  
{Noncultivated- - - - - - - - - - - - 
Cultivated--- - - - - - - - - - - - - - 
Noncultivated- - - - - - - - - - - - 

( 
Cultivated-- - - - - - - - - - - - - - - 
Noncultivated - - - - - - - - - - - - 

No significant change was found in total 
porosity of the untilled treatrent for the period 
of May 1962 through September 1963 on both the 
Barnes and Nicollet soil (tables 4 and 9, and 5 and 
10). Moreover, the total porosity obtained for 
September 1962 from the application of the rela- 

uation 4 agreed mth  the measurements 
from tion Of un ? isturbed samples taken in April 1963. 
Porosity was reduced on all other treatments 
during the period of September 1962 to April 1963. 
At the end of the 1962 and 1963 growing seasons, 
the total porosity was nearly the same. Further- 
more, the differences in total porosity amvng 
tillage treatments from the time of preplan,tin 
till e to the end of the growing season remaln 7 f 
near y the same. These observations are of 
interest because the 1962 season re resented one P year of row-crop tillage following a1 alfa, and the 

June 22 
(after 
first 
culti- 

vation) 

Inches 

{!::: : 
{:kt g 
(!:if 

July 5 
(after 

secand 
culti- 

vation) 

Inches 
0.88 b 
0.35 a 
1.15 c 
0.87 b 
1.08 c 
0.34 a 

May 13 
(before 

tillage) 2 

July 17 
(after 
third 
culti- 

vation) 

Inches 
0.78 b 
0.32 a 
1.01 c 
0.72 b 
1.14 c 
0.34 a 

July 25 
(after sec- 
ond culti- 
vation) 

Inches 
0.92 b 
0.20 a 
0.92 b 
0.30 a 
0.95 b 
0.23 a 

Sept. 25 
(end of 
season) 

Inches 
0.42 b 
0.23 a 
0.34 a 
0.28 a 
0.51 b 
0.26 a 

June 13 
(after pre- 
planting 
tiiage) 

July 10 
(after first 
cultiva- 

tion) 

Inches 
Oe40 

)0.75 
)0.26 a 

Inches 
0.84 b 

(0.23 a 
0.95 bc 

(0.35 a 
1.00 c 

(0.26 a 
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TABLE 8.-Eyect of prephnting roughness of a NicoUet silt loam 

1 Within a column, values not followed by the same letter are significantly different ( p =  0.05) as determined by Duncan 
Multi le Ran e Test. 

2KtandarS error of this value is 0.015 and is an average of 12 values. 

TABLE 9.-Totd parody of a Barns loam as a ected by 1962 preplanting and postplanting tiUage 
treatme&, 1963 preplanting t' 4 e, and 1963 postplanting cultivation 

- 

Tillage treatment Random roughness index 1 on- 

Preplanting 

Plow-disk-harrow - -- - - - - - - - - - 
Plow-- - - - - - - - - - - - - - - - - - - - - - 
Untilled-------------------- 

1 Data for Sept. 25, 1962, are from experiment 1962-M34; other data are from experiment 1963-M34. 
a Values for Apr. 24 are direct estimates from undisturbed cores; values for Sept. 25 are from application of equation 

4 during 1962 season; and all other values are from application of equation 4 during 1963 season using the values for 
Apr. 24 as estimates of Pi. 

Inches of porosity per initial 0- to 6-inch layer. 

May 21 
(before 

tillage) 3 

Inches 

Postplanting 

I Cultivated- -- - - - - - - - - - - - - - 
Noncultivated- - - - - - - - - - - - 
Cultivated--- - - - - - - - - - - - - - 
Noncultivated - - - - - - - - - - - - 
Cultivated - - - - - - - - - - - - - - - 
Noncultivated- - - - - - - - - - - - 

1963 season represented two years of the same 
till e treatment followin alfalfa. Hence, the 

"g B tota porosity due to a t' age operation did not 
change markedly during row cropping for a 2-year 
period. The residual effect of the tillage opera- 
tions on total porosity was apparent during the 
fall and spring prior to spring tillage but was not 
additive to the treatment effect the following year. 

The estimation of total porosity using e uation 
4 was attempted for the growing season fo 1 owing 
the growing season io which the bench mark 
was placed, but i t  was inaccurate in most cases. 
The causes of the inaccuracies, some of which have 
previous1 been discussed (1), are being investi- 
gated. $he application of equation 4 to obtain 
the estimates of tables 9 and 10 was limited to the 
same growing season as when the bench marks 

Tillage treatment in 1962 and 1963 

were placed. Corrections in elevation of the sup- 
ort pins were made only when the support pins 

%ad accidentally been changed from the set 
elevation. 

Values of the random roughness index (tables 
11 and 12) at the end of the 1963 season were 
enerally lower than those observed in 1962. 

!hence, the random roughness decreased with an 
additional year of row cropping following alfalfa 
sod. 

May 25 
(after pre- 
planting 
tillage) 

Inches 
)0'31 
)0'66 a 

ka2' a 

Preplanting 

Plow-disk-harrow - - - - - -  

Plow- - - - - - - - - - - - - . - - - 
Untilled - - - - - - - - - - - - - -  

Total porosity on- 

Variability of Tillage Effects 

Postplanting 

(Cultivated --..---- 
Noncultivated - - - -  

{ Cultivated -------- 
Noncultivated- - - - 
Noncultivated - - - -  

Repeated experiments using two difEerent tillage 
treatments gave values of total porosity (or 
random roughness index) that did not repeatedly 
rank the tillage treatments similarly. Apparently, 

Sept. 25 
(end of 

1962 
season) 

Inches 8 
4.05 
4. 25 
4.36 
4.36 
3.20 

Sept. 20 
(end of 
season) 

Inches 
0.22 a 
0.19 a 
0.27 a 
0.31 a 
0.24 a 
0.19 a 

June 14 
(after 
first 

cultiva- 
tion) 

Inches 

(0:;: z 
(0::; 
{ 

June 26 
(after 

second 
cultiva- 

tion) 

Inches 
0.83 d 
0.20 a 
0.88 d 
0.38 b 
0.69 c 
0.18 a 

June 14 
(before 

first 
culti- 

vation) 

Inches 8 
4.28 

4.36 

Apr. 24 
(before 
1963 

tillage) 

Inches a 
3.64 
3.62 
3.56 
3.60 
3.20 

July 5 
(after 

second 
culti- 

vation) 

Inches 8 

4.36 

4.06 
- - - - - - - - -  

June 17 
(after 
first 
culti- 

vation) 

Inches 8 
4.44 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  
4.32 

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

May 29 
(after pre- 
planting 
tillage) 

Inches a 
4.34 
4.38 
4.43 
4.22 

Sept. 20 
(end of 
season) 

-- 
Inches 8 

4. 14 
4.11 
3.83 
3.84 
3. 18 
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TABLE 10.-Total porosity of a Nicoht silt loam as agected by 1962 preplanting and postplanting t i&qe  
treatments, 1963 preplanting tillage, and 1963 postplanting cultwation 

1 Data for Sept. 20, 1962, are from experiment 1962-L1; other data are from experiment 1963-L1. 
4 Values for Apr. 26 are direct estimates from undisturbed cores; values for Sept. 20 are from application of equation 

4 during 1962 season; all other values are from application of equation 4 during 1963 season using the values for Apr. 
26 as estimates of Pi. 

a Inches of porosity per initial 0- to &inch layer. 

TABLE 11.-Random roughness of a Barnes loam as aflected by 1962 preplanting and postplanting tillage 
treatments, 1963 preplanting tillage, and 1963 postplanting dEivation ' 

Tillage treatment in 1962 and 1963 Total porosity 2 on- 

Preplanting 

Plow-disk-harraw- - - - - - 

Plow- - - - - - - - - - - - - - - - - 
Untilled - - - - - - - - - - - - - -  

Data are from experiment 1963-M34 and may include residual from respective tillage treatments in experiment 
1962-M34. Values in the table have a standard error of 0.030 inch. 

Sept. 20 
(end of 

1962 
season) 

Inches 
3.71 
4.36 
4.22 
3.96 
3.05 

Postplanting 

Cultivated ---- - - - - 
iNoncultivated - - - 

Cultivated -------- 
Noncultivated- - - - 
Noncultivated ---- 

soil type, soil management history, and moisture 
content a t  tillage time account for much of this 
failure to achieve similar magnitudes of total 
porosity or random roughness from a specified 
preplanting and planting tillage. Append~x table 
14 shows that the tillage experiments were con- 
ducted on a number of soil types and that there 
w?s a variation in crop man ement history and 
sol1 moisture content a t  time o ? tillage. Although 
the number of experiments is not sufficient for 
a complete accountmg, trends in the effect of these 
management factors can be evaluated. 

In each of the experiments listed in appendix 
table 14, random rou hness index and total 
porosity were est~imat etf on each of three re- 
planting tillage treatments: (1) untilled, (2) p f' ow- 
disk-harrow and (3) plow. The measurements in 
all of the experiments were taken on the untilled 

!Pillage treatment in 1962 and 1963 

treatment prior to tillage and within n week 
following tdlage on the plow and plow-disk- 
harrow treatments. 

In figures 3, 4, and 5, the total porosity and the 
random roughness index are each plotted as d e  
partures (three per experiment) from their respec- 
tive experiment mean value. The experiments 
for the Barnes-Aastad, Kranzburg-Poinsett, and 
Ni~ollet~Webster soil associations are plotted in 
fi ures 3, 4, and 5, respectively. The method of k p otting is similar to superimposing values from21 
experiments on the same coordinates by alinmg 
so that the experiment mean values of total porosi- 
ty coincide on the ordinate and random roughness 
on the abscissa. 

General separation of tillage methods is shown 
on the abscma. Thus, about three ranges of 
random roughness occurred, corresponding to un- 

Apr. 26 
(before 

1963 
tillage) 

Inches a 
3.42 
3.11 
3:48 
3.08 
3. 13 

Random roughness index on- 

Preplanting 

Plow-disk-hal-row- - - - - - - 
Plow- - - - - - - - - - - - - - - - - - 
Untilled - - - - - - - - - - - - - - - -  

Postplanting 

Cultivated---- - - - - - - t Noncultivated- - - - - - 
Cultivated--- - - - - - - - 
Noncultivated- - - - - - 
Noncultivated ------ 

May 14 
(after p r e  
planting 
tillage) 

Inches 
4.02 
3.67 
4.40 
3.98 
3.13 

Apr. 24 
(before 
tillage) 

Inches 
0.25 
0.20 
0: 34 
0.28 
0.19 

June 17 
(after 
first 
culti- 

vation) 

Inches 
0.57 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
0.66 

--------------.--------------- 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

June 17 
(before 

first 
culti- 

vation) 

V n c h e s  a 
3.84 

4.28 
---------  
- --------  

May 29 
(after pre- 
planting 
tillage) 

Inches 
0.53 
0.51 
0. 68 
0.54 

July 5 
(after 

second 
culti- 

vation) 

Inches 
0.44 

0. 52 

June 14 
(before 

first 
culti- 

vation) 

Inches 
0.25 

0.41 

Se t. 20 
grid 
of 

season) 

Inches 
0.26 
0.19 
0.36 
0.25 
0.19 

Sept. 29 
(end of 
season) 

-- 
Incherr a 

3.64 
3.23 
3.98 
3.93 
3.14 

June 18 
(after 
first 

culti- 
vation) 

Inches 8 

3.74 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  

4.18 

- - - - - - - - -  

July 1 
(after 

second 
culti- 

vation) 

Inches a 
3.50 

4.07 

- - - - - - - - -  
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suggest that when the and harrowing decrease total porosity. The 
1.0 (the pfint of plastic causes for the relation between soil moisture con- 

mcrease total tent a t  tillage time and the resulting porosity are 
being investigated further. 

0.4 0.6 0.8 1.0 1.2 

P, AT TILLAGE 

Pw AT LOWER PLASTIC LIMIT 

FXQUEE 7.-Moisture ratio of the soils of Barnes-Aastad 
soil association at time of tillage and change in interrow 
porosity resulting from disking and harrowing the 
freshly plowed surface. Total porosity changes are 
differences between values for plow and plow-disk- 
harrow treatments; a positive value indicates greater 
total porosity in the plow than in the plow-disk-harrow 
treatment. 

SUMMARY AND CONCLUSIONS 
Total porosity and random roughness were 

estimated for the area between 40-inch corn rows 
(the interrow). These estimates were developed 
and tested in tillage experiments conducted on 
Barnes-Aastad, Nicollet-Webster, and Kranzburg- 
Poinsett soil associations in western Minnesota 
and eastern South Dakota. The tillage treatments 
were chosen to give a wide variation of total 
porosity and random roughness. The total poros- 
ity is the inches of porosity per initial 0- to 6-inch 
layer of soil, and random roughness is an index of 
the microvariations of elevation of the soil surface 
in an interrow area where there are no directional 
tillage tool marks. 

Large and statistically s i d c a n t  differences in 
total porosity occurred between a freshly plowed 

and a plowed-disked-harrowed interrow area. 
The freshly plowed surface had a greater porosity 
in the majority of trials. However, the op osite 

c ?I result was observed consistent1 in the Kranz urg- 
Poinsett and in some cases in t e Nicollet-Webster 
and Barnes-Aastad associations. Much of the 
difference in porosity resulting from the freshly 
plowed and plowed-disked-harrowed treatments 
was explained by the soil moisture content a t  
till e time in relation to the moisture content a t  

"gl the ower plastic limit. Diskin and harrowing 
decreased the porosity when pe rf ormed on soil in 
the friable or harsh range of consistency, but in- 
creased the porosity when performed on soil in the 
plastic range of soil consistency. Hence, in row- 
crop tillage the interrow total porosity cannot be 
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completely spec5ed by the tillage operation, but 
is greatly affected by the soil type and soil rnoisk~re 
content a t  tillage time. 

The random roughness following replanting E tillage was usudy  associated with t e type of 
tillage treatment. There was evidence that the 
previous crop affected the random roughness of 
the plowed interrow areas but did not significantly 
affect the random roughness of the ploweddisked- 
harrowed interrow areas. Frquentr , the random roughness index value 
for spnng-p owed interrow areas and the interrow 
areas that were spring plowed, disked, and 

harrowed was not different from the value for 
untilled soil at the end of the growing season. 
This agreement occurred in two growing seasons 
during which the two tillage treatments were each 
sequentially the same. Usually the total porosity 
resultin from these treatments was eater than 
the t o t i  porosity of the untilled so. f at the end 
of the growing season, but at the end of each 
growing season there was little difference between 
treatments involving spring plowing. In an 
investigation consisting of two years of tillage 
following alfalfa, two seasons of the same tillage 
did not give additive effects on total porosity. 
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OHC INCH 

E 
FIGURE %-Microrelief meter scaleboard-and-measuring-pins unit. 
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NOTE. SCALE 6QbRn 2 4 x 3 7 ~ 3  
ALUM FLAT MEET. 
SCALE W N E D  ON FACE 
w STENCIL MU%RS 

hauan 10.-Microrelief meter scaleboard. 
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Minn-34 Plot 20 July 13, 1962 

Mean 9.00 Parallel sigma .8482885 Perpendicular sigma .3184191 Rstio 2.6640628 

Parallel means ----- - ---- - - -  - - - - - -  - - --  - - -  8.76 10.16 10.07 8.99 8.82 9.70 9.94 9.65 9.39 8.46 { 8.62 9.27 10.01 9.89 8.46 7.26 7.58 8.30 8. 51 8.14 ( 
Perpendicular means- - - -- - - - - - - - - - - - - - - - 8. 84 8. 86 9. 31 8. 90 8. 93 9. 12 8. 84 8. 68 8. 98 8. 61 

8.44 8.85 9.06 9.12 8.91 9.34 9.50 9.85 8.93 8.89 

No. chases between 10 and 90 percent undersize 69 Std. error among logs ,10374 

MAX ABS DIFF= .02619 Rsndom roughness= .934 Y= -6.65546+3.27739(~) 

FRACTION 
UNDER 

EST FRACTION 
UNDER 
0.07631 
.08459 
.09279 
. 10100 

CLASS 
1 
2 
3 

LOG NFU EST NFU 
0.05530 
.06779 
.08027 
.09276 

F'IQURE 11.-Typical printout of information from a single set of 400 height readings (computer program "Program 
Tillage"). 
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I CLASS 
FRACTION 

UNDER 
EST FRACTION 

EST NFU UNDER LOG NFU 

I 

FIGURE 11.-(Continued) Typical printout of information from a single set of 400 height readings (computer 
program "Program Tillage"). 



POROSITY AND ROUGHNESS OF INTERROW ZONE 
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GURE 12.-Graphical representation of calculation of standard deviation among logarithms of height (data from appendix 
fig. 11). 
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Experiment 
number 

1963-1------------ Alfalfa-brome--------------- 
1963-2--- - - - - - - - - _ Alfalfa-brome- - - - - - - - - - - - - - - 
1963-3 ------------ Corn ----------------------- 
1963-4 ------_-----  Corn . . . . . . . . . . . . . . . . . . . . . . .  
1963-5 ------------ Corn . . . . . . . . . . . . . . . . . . . . . . .  
1963-6 -----_------ Corn . . . . . . . . . . . . . . . . . . . . . . .  
1962-L1- - - - - - - _ - - Alfalfa-brome- - - - - - - - - - - - - - - 
196242- - - -- - - --- Alfalfa-bmme- _ _ - _-  - _ - - - - - - - 
196~-Ll---------- Corn------------_---------- 

TABLE 14.-l&perimentQl editions for the 26 tillage experiments inmlmng estimation of total poro&y and 
random roughness 

NICOLLET-WEBSTER ASSOCIATION z 
Soil texture 2 

i 

Previous year's crop 

i 

Clay 
content 

Clay loam - - - - - -  - - - -  - - -  - - - - -  
Sandy clay loam - - - - - - - - - - - -  
Clay loam - - - - - - - - - - - - - - - - - -  
Clay loam ------------------  
Sandy clay loam - - - - - - - - - - - -  
Clay loam - - - - - - - - - - - - - - - - - -  
Sandy clay loam- - - ---------  
Sandy clay loam- - - - - - - - - - - -  
Sandy clay loam - - - - - - - - - - - -  

BARNES-AASTAD ASSOCIATION 

KRANZBURG-POINSETT ASSOCIATION 

Moisture content 2 

1963-10 -----------  
lS63-11----------- 
1963-12 -----------  
1963-13 -----------  
1963-14 ----------- 

P, 8 at  
time of 
tillage 

Percent 
24.6 
22.6 
25.4 
24.9 
23.5 
24. B 
23.9 
24. 5 
21.1 

1963-15 -----------  
1963-16 -----------  
1963-19----------- 
1963-20----------- 
1963-21----------- 
1961-M34 ---- - - - - - 
1962-M34 --------- 
1963-M34 --------- 
1962-23----------- 
1962-24 - - - - - - - - - - -  
1963-25----------- 

I I I I I 

Experiments identified by a letter and a number after the year were in corn, and total porosity and random roughness 
estimates were made throughout the growing season. Experiments identified by numbers only after the year had no 
crop and estimates were made only cnce-after simulated planting. See page 21 for further discussion of experimental 
conditions. 

Clay content, texture, and moisture contents observed from samples of the 0- to &inch soil layer. 
J Pw is percent of water by weight. 

Determined by rolling out into wire as described by Baver (I). 

Pw s of 
lowe! fz:: 

Percent 
25. 8 
22. 1 
24. 3 
23. 2 
23. 5 
25. 0 
23. 1 
23. 1 
23. 1 

Alfalfa . . . . . . . . . . . . . . . . . . . . .  
Alfalfa . . . . . . . . . . . . . . . . . . . . .  
Alfalfa ---------------------  
Corn . . . . . . . . . . . . . . . . . . . . . . .  
Corn . . . . . . . . . . . . . . . . . . . . . . .  

Clay loam - - - -_ - - - - - - - - - - - - -  
Clay loam - - - - - - - - - - - - - - - - - -  
Loam---_-_----------------  
Loam---------------------- 
Loam----------------------  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Loam---------------------- 
Loam---------------------- 
Loam---------------------- 
Loam----------------------  
Loam----------------------  
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24.5 
27. 3 
32. 4 
29. 9 
24.6 
21. 5 
22. 3 
24.8 
22. 8 
27. 3 
12. 1 

Oata-sweet clover - - - - - - - - - - - -  
Oatssweet clover ------------ 
Alfa l f s - - - - - - - - - - - - - - - - -_ - - -  
Alfalfa-------_----_-------- 
Alfalfa--------------------- 
Flax-alfalfa- - - _ - - - - - - - - - - - - - 
Alfalfa ----  - - - - - - - - - - - - - - -  
Corn . . . . . . . . . . . . . . . . . . . . . . .  
Alfalfa----------_---------- 
Alfalfa . . . . . . . . . . . . . . . . . . . . .  
Alf&a----_----------------  

- 

29. 0 
28. 2 
30. 2 
30. 7 
30- 7 

38. 1 
39.2 
34.2 
34.3 
34.1 

Silty clay loam - - - _ _ - - -  
Silty clay loam - - - - - - - - - - - - - -  
Silty clay loam - - - - - - - - - - - - - -  
Silty clay loam - - -_-_-_- - - - - -  
Silty clay loam - - - - - - - - - - - - - -  

29.0 
28.1 
30.6 
31.8 
29.5 


