Experimental Designs to Evaluate Crup Response on Adjacent Soil Mapping Units
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ABSTRACT

Soil mapping units are scaled representatives of naturally occur-
ring soil properties and serve as reference units for technology trans-
fer. To accurately evaluate the interactions between a given man-
agement practice and a range of 30il properties represented by a soii
mapping unit, wiloring uf the experimental design is required. This
paper identifies the design principles involved in setting up field
experiments tc compare the responses to different management
(rentments of crops grown on areas within different soil mapping
units, and suggests expeiimental designs for this purpose. Repre-
sentation of the entire soil mapping unit in the area studied is em-
phasized. Repetition of experiments across locations. vears. or both
is recommended if the inferences sre to apply to more than one
environment and if a test of the main effect of the area represented
by the soil mepping 'init is desired. Procedures for designing a series
of experiments and unalyzing the resulting data are discussed.

SOIL SURVEYS in the USA are conducted by the Na-
uonal Cooperative Soil Survey program. Lead-
ership for this program is provided by the Soil Con-
servauon Service and the results are published as
county or scil-survey-area reports. Each soil-survey
report contarns a sotl map that has areas delineated
and identified as soil mapping units. Each soil map-
ping unit encompasses a range of soil properties, and
identification includes the taxonomic name(s) of the
predominant soil(s) in that unit. This taxonomic iden-
ufication is usually a soil series name.

A great deal of confusion can result when the same
name 1s used for the soil mapping unit and the soil
series (Cline. 1977). This confusion should be avolded
by the proper use of terms. A soil series :s a concept
that is defined by a rigid range of soil pedon proper-
ues. The sotl mapping unit. however, being a reduced-
scale map representation of nature. does not conforn
to the same range «.f soil properiies. A soil mapping
untt includes pedons with the properties of other se-
nes identified in the map-unit description but not in
the map-unit name. Soil mapping units often are
nained as types and/or phases of a series: thus. their
properues are more specific than the enure range of
properties that define the taxonomic soil senes. The
soil seres exists only as a definition, No expernimental
site can possibly contain the entire range of soil prop-
erties defined by a series name. Therefore. no field
experiment can be conducted on a soil senes. Field
experimentation can only be conducted on represent-
ative occurrences »f soils. with some naturally occur-
nng spatial vanability. In the absence of detailed char-
actenzation of the soils within the expernimental site
that could establish the actual range of soil propertics
present. the mapping-unit name is the most nform-
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ative and practical icentification of the soil properties
at an expenmcmal Site.

Soul Mapping Unurs

So‘il mapping untts depict segments of the natural
continuum of soil properties in the landscape and sel-
dom conform 1o field or property-ownership bound-
anes. For this reason. 1t is imporiant to know if they
should be managed :n a similar manner or if separate
management practices need to be used on each soil
mapping unit (or certain groups of them) occurring in
the sams field. Management practices. in a broad
sense. might t~clude cultural practices, crop vareties,
sotl tertiiity amendments. and pest-control practices.

‘The task, then. becomes to design experiments
within a field (or fields) to compare the different soil
mapping units with respect 1o crop management re-
spouse. The feature of this experimental situation that
presents chailenges for the expernimental design spe-
cialist is the systematic occurrence of sotl mapping
units, sinpped across the field. This stripping pre-
cludes true replication of the sotl-mapping-unit factor,
which is a requirement for the estimation of a valid
expenmental error for the sotl-mapping-unit effect. {1
1S necessary to evaluate the Crop response to manage-
ment over the entire range of soil propertics of each
mapping unit within a field so that the results may
have generahty. The need for generality also implies
carrving out the experiment in more than one location
(or vear) because one location may not contain the
complete range of properties of the soil mapping unit
or the chmatic conditions within which it occurs.
Also. the location may have an interaction with the
environment over time. and i1 is useful to assess this
effect when studying treatment-response patterns.

Sou Varabihiry

Vanability within soil mapping units is assumed
but poses no particular problem: 1t occurs in many
experimental situattons. and is also encountered by
the farmer operating on the experimental unit. We are
benefitted by the stabilizing effect of averaging-plots
have a range of soil properties and the vield and cer-
tain other responses are averaged over a number of
planis per plot.

Scienttfic vahdity requires that randomizaion, rep-
licatton. and local control be Incorporated 1nto any
design adapted 1o this particular application. Also, we
wish to comply with the general expertmental design
principle of choosing the simplest design that will do
the job. which often results in a convenient layout for
field operations.

EXPERIMENTAL DESIGNS

We will describe three designs. all of which involve
a factonal arrangement of treatment X soil mapping
unit. In the analysis of data from these designs, our
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interest lies in estimating the main effects of soil map-
ping unit and treatment, the interaciton between these
factors, and the experimental error(s). Our emphasis
should be on estimating relationships rather than on
simply performing hypothesis tests. Hypothesis tests
provide a guide abous how estimates should be made.

Each of the three designs described 1s a vanant of
a split-plot design. One unique feature of split-plot
designs 1s that. in the analvsis of vanance. there is
more than one experimentai error term. L.e., one for
each plot size. For an ordinary split-ploi design. there
are two errors—error(a) for the mamn plot factor and
error(b) for the subplot factor. For a design that has
the plots for one factor stripped honzontally across
the vertical strips for another factor. there are three
ervor terms vecause there are three plot sizes—a ver-
tical-stnp plot. a honzontal-stnp plot. and an n-
tersection plot for the interaction between the two
factors.

The three designs described here may be used for a
vanety of different soils investigations. Treatments
could consist of levels of ferulity. management. or ul-
lage factors. One of the designs that involves treat-
ment staps across the field lends itself 1o treatments
that require large equipment and consequently long.
large plots (e.g.. tillage treatments). This design might
be used 1n erosion/productivity research for compar-
Ing crop response to treatments on areas of the field
having different erosion classes. In this case. one
would apply to the erosion classes the principles de-
veloped here for the soil mapping units.

A General-Purpose Design

First. we will describe a general-purpose design that
ts appropnate for most field situauons in which treat-
ments are to be applied to more than one soil mapping
unit, [t1s especially useful in cases where the soil map-
ping units have a patchy distnbution. A senes ¢f ran-
domized-black expenments are laid out within each
of the soil mapping units 1n the field. Expenmental
design. number of replications. plot size. and all other
conditions are controlled as much as is tzasible from
one sotl mapping unit to the next so that a combined
analysis of vanance will be possible. Each soil map-
ping unit will have one or more separate randomized-
block experiments located 1n such a way that the ex-
periments and the replications represent the different
soll-property conditions within the mapping unit. A
held ciagram of the lavout of an experiment according
to Design | 1s shown 1n Fig. 1.

We are assuming here that two separate expen-
ments have been run within ezch soil mapping unit,
one 1o sample the edge of the unit and one 1o sample
the middle. There are precision and mechanical-con-
venience advantages to grouping the replications into
1wo separate experiments rather than having six scat-
tered replications within the mapping umt. 7he latter
layout. however. might be more representative of the
enure soil mapping unit. The combined analvsis of
vanance for this example is given in Table |. For the
testing patterns shown 1n this table and in Tables 2
and 3 it1s assumed that soil mapping unit (SMU) and
treatment (T) are fixed effects but that expeniments
(Expt.) and replications (Rep.) are random effects.

The expected values of the mean squares shown in
Table | for this set of model assumptions provide 3
guide as to how the tests of significance should be
carried out. The test for the main effect of SMU is nor
valid in the combined analysis ovr; the mapping units
because the soil mapping units per se have not beep
randomly allocated and replicated. but the T effect
and T X SMU effect tests are valid and are tested
with (Expt. in SMU) X T. Treatments mayv be com.
parcd within SMU, but the companson of SMU
within T is not valid.

In the analvsis of variance, (Expt. in SMU) X T
may be pooled with error to form an error having 45
degrees of freedom if there 1s no evidence of an (Expt.
it SMU) X T interaction. A preliminary test of the
tvpe suggested by Bancroft (1964) for the sigaificance
of (Expt. in SMU) X T may be used to decide if pool-
ing 1s justified. A test of (Expt. in SMU) X T is made
at the 0.25 significance level and, if (Expt. in SMU)

Table 1. Analysis of variance for data from a location in which
freatments have been assigned to plots according to Design 1 (ex-
periment and replicate are random effects; soil mapping unit and
treatment are fixed effects).

Source df MSt Expected value of MS
Soil mapping unit (SML) 1 SMU o = todrs
~ fajs + e}

Experiment (E) in SMU 3 E(SMU) o = igkusy v Moy,
Replications (R) in E in SMU 12 R[E(SMU)] o = tad,ps,
Treatment (T) 3T o! = rapng +
T « SMU 6 TXSMU o + rojyy, +~ erfly
(EmSMUY X T 9 E X T(SMU) 2 + rojqs,
Residual Jo RESIDUAL o°
Total (corrected for mean) n
Levels of:

Soil mapping unit =3

Expenment e~

Repilication r=13

Treatment = d

t MS = mean square. Testing pattern for the above assumptions:
F{T) = (MS for TV[MS for E X T (SML)
FAT X SMU) = (MS for T x SMUN[(MS for E X TISML)]
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Fig. 1. Field diagram showing layout of an experiment according to
Design t. There are three soil mapping units, two experiments
per soil mapping unit, three replications per experiment, and four
treatments.
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X T 1s significant. one would not pool. Otherwise,
pooling would be justified. _

For another set of model assumptions regarding
fixed and random effects, one would write out the ex-
pected values of the mean squares under that assuined
model and revise the testing pattern accordingly.
Schultz (1955) and Steel and Tormie (1980) offer prac-
ucal guidelines for writing out expected values of
mean squares.

Designs That Involve Strips Across
Soil Mapping Units

At sites where there are complicated patterns of soil
vanation. Design | should be used. In cases where the
soil-mapping-unit vanation pattern 1s less compl:-
cated. tnere are two possible split-plot configurations
that could be used. Mechanicallv, 1t 1s often conven-
lent to layv nut stnips across the soil mapping units

Tatle 2. Analysis of variance of dats for Design 2 assuming complete
balance (strip is o random effect: soil mapping unit and treasnent
are fixed effects)

Expected value of MS

Sourcr df MSt
Stnp (R) s R a® = tak, = sla
Soil Mapping Unit (SMU) 2 SMU i = lojy ~ rdi
Errorta) 10 R < SMU  o° ~ o)
Treatment (T) 3 T ot ~ rii
T < SMU 6 T xXSMU ¢ ~ mj
Ercortb) 45 T xR x a’
SMU

Total {corrected for mean) 71
Levels of:

Strips r=6

Sail mapping unnt s=13

Treaiment =3

t M5 = mean square. Testing pattern for the above assumptions:
Fi(T) = (MSfor TMS for T < R < SMU)
FA(T < SMU) = iMS for T X SMU(MS for T < R x SML)
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Fig. 1. Field diagram showing layout of Design 2. There are six
strips (replications), laid out across three soil mapping units. and
four treatments.

etther for replications or for treatments 1n expenments
of this type. The following discussion will center on
the wavs in which the strips should be laid out and
how the treatments should be applied within (or 10)
them.

Design 2 15 a stnpped spht-plot design in which the
stnips are the replications and the whole-plot factor 15
the sotl mapping unit. levels ot which are svstemat-
cally strnipped across the replications. Essentially. this
1s the same design as that described by Cochran and
Cox (1957, p. 305-306). which they called o sphit-plot
design with svstematic arrangement ot the treatments
applied to the whole units. Plots are marked off within
a sotl mapping unit within each strip and subplot
treatments are randomly assigned. A diagram of this
arrangement 1s shown in Fig. 2.

In order 1o represent the complete range of each soil
mapping unit within the location being studied. 1t 15
tmportant that the stnns cover the range of charac-
tenistics that occur within each of the soil mapping
units at that location. This is not always the strategy
that will result in the best precision on the two main
etfects and the interaction. but the need for full rep-
resentation of the range within each ot the soil map-
ping units offsets the need for ¢ high degrae of preci-
sion. In cases where the precision 1s limiting. it may
be .inproved by increasing the number of replications.
bv improving experimental technique. or by using the
opumal plot size or shape. The stnos may be placed
systematically across the field. The svstematic place-
ment will be easy to implement and will also provide
a representauve sample of the soil mapping units in-
volved.

One variant of Design 2 1s to provide eight strips
and then randomize treatments according to two {atin
squares per soil mapping unit. giving a total of six
laun squares. This would give more precis.on but
would be slightly more complicated and result in less
flexibility.

The analysis of variance of data for Design 2. as-
suming complete balance ot six strips. three soil map-
ping units. and ltour treatments. 15 shown 1n Table 2.

Some highlights of the analvsis (assuming that the
treatments are randomly allocated to the suhplots) are
as follows:

I. The whole-plot analvsis 1s made invalid by the
systematic arrangement of the whole-plot factor
(SMU) within the replications (strips.)

2. The tests ot significance of T and the interaction
between T and SMU are valid and are made us-
ing errorib).

3. The systematic arrangement also affects the in-
teraction compansons. making the comparisons
of two SMU' at the same level of T invalid. How-
ever. the companisons of two T within the same
SMU (as discussed 1n no. 4 below) are valid.

4. If interacuion is significant. we “vill want to com-
pare treatments within each soil mapping unit.
It the treatments are quantitative levels of the
same factor. perhaps htuing a separate curve tor
each soil mapping unit using polynomial regres-
ston will be 1n order. An example of a set of such
curves showing response tc fertilizer rates for
three soil mapping units at a particular expen-
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mental location is shown 1n Fig. 3. Soil mapping
unit A has a completely different response
pattern. so one may wish to handle it separately
{rom a management point of view. [f the T are
qualitative. the appropriate compansans among
T within each SMU may be made using
contrasts.

In Design 3. the treatments are placed in sets of
parallel contiguous strips across the soil mapping unit
(with as many strips i1n a set as there are treatments).
The treatments are randomly assigned to stnps within
a set. which 1s a randomized complete black. For a

Mapping unit A

Mapping Unit 8

Yieldf

Manping unit C

L
Fertilizer Rate

Fig. 3. An example of a set of curves showing vield response 1o
fertilizer for three soil m:.pping units within a Held.
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given treatment strip, there is a possibility of treating
the entire stnp and then harvesting only the subplog
poruions of the strip for response data. Or. 1 the 501}
mapping units are wider. one mayv wish 10 treat only
the parts of the strip that correspond with the subplots
and then measure response data troin these treated
areas. Both the soil boundary area and the central pan
of the mapping unit should be represented anprox;.
mately 1n proportion to their relative arzas when lo-
caung the subplots within a sotl mapping unit within
a stnp.

The name for this design 15 a split-block desiga with
the treatments and soils being stripped across zach
other. See Federer (1955) for a description of the split-
block design. A diagram of this arrangement 1s shown
in Fig. 4. The analysis of vanance of data for Design
3. assuming complete balance. six sets (replications).
three soils. and four treatments. is shown in Table 3.

This design is easy to carry out mechanically and
would lend 1tself to situauons where long, large plots
are necessary (e.g.. ullage ezperiments).

Some important considerations concerning the
analysis (assuming that treatments are randomly al-
located to strips within a set) are as follows:

I. Because the soil mapping units are stripped
across the sets (replications), there is not a valid
test of the main effect of SMU.

2. Each main effect requires 1ts own error term in
the analysis of variance. and the interaction of
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Fig. 4. Field diagram showing layout of Des‘ign 3. There are six sets (replications). laid out across three soil mapping units. and four treatments

stripped lengthwise across soil mapping units within each replication.
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the two factors requires a third error term.
3. There 1s more precision on the interaction of T
and SMU than on either of the marn etfects.
4. The precision on T would be much less in this
configuration than in Design 2.
The interaction simple-effect comparisons are re-
stricted to compansons among T within SMU.
[t 15 not possible to compare SMU within T.

(> ]

Layout Specifications

Each field will present a unique set of conditions to
which expenimental layout must be adapted. [t 1s as-
sumed for this discussion that soil-property-distribu-
ton data are not available for the expernimental site.
The following are some general principles that will
serve as guides in the layout of experiments using the
designs described here.

Number of Replications

An estimate is needed of the coefficients of variation
calculated fror ..ch ofthe error terms in the analvsis
of vanance. These may be estimated from actual anal-
vses of data from previous expertments in similar
areas or from “educated guesses™ where data are not
available. Tables 2.1 on p. 20 and 2! of Cochran and
Cox (1957) can be used to estimate the number of
replications required for the stated precision ot each
main effect and interaction. once the desired size of
detectable differences and. in the case of significance
tests. the a level are determined. [f interaction 1s not
expected to be large and important. the number of
replications required for a given amount of precision
for mair-effect mean estimates is smaller than that
required for an equivalent amount of precision for
interaction mean estimaies due to the hidden reph-
cation anising from the levels of the other factor(s).
Another consideration in determining the number of
replications is the standard rule 1n experimental de-
sign that each estimated experimental-error term
should have a minimum of 10 degrees of freedom.

As many replications of any of these designs should
be run as 1s feasibie witl: the amount of ime and effort
available. They are not likely to be highly precise ex-
periments,

Location or Expertments in Desien |
! D

[t 1s not possible to be very specific in this discus-
sion about where to locate the expenments in Design
[. The stripped designs lend themselves to more ob-
jecuvity. e.g., in location of strips and expenimental
units within strps. [f a hmited number of expenmen-
tal sites are available per mapping unit. 1t 1s preferable
to use judgement as to their location rather than to
develop an elaborate scheme to select the experimen-
tal sites completely at random. Judgement selection
‘mplies choosing areas that best represent the buik of
the soil mapping unit. If considerable vanation exists
within a mapping unit. 1t 15 advisable to place indi-
vidual experiments on these separate areas. The edge
of the mapping unit as well as the middle area should
be represented. Mechanical convenience should be
taken into consideration when organizing and orient-

Table 3. Analysis of variance of d-ita for Design 3 assuming complete
batance (set is a random effect; treatment and soil mapping unit
are fixed edects).

Source df  MSt Expected value of MS
Set (R) S R Tasy T S0ar * flog
Treatment (T) T Tist = V0ay = ng}
Errorta) 1$ R«T Ther = Vdar
Soil mapping unit (SMU) 2 SMU Tiwr T ok, ~ 18}
Errorib) 10 R <« SMU Taor (O
T < SMU 6 T « SMU LITOER, [N
Errorte) 10 R«T« Jasr
SMU

Total tcorrected for mean) "1
Levels of:

Replication r=6

Treatment t =4

Soil Mapping Unit § =3

t AMS = mean square. Testing pattern for above assumpuions:
FuT) = (MS for TitMS for R < T)
FAT < SMU) = (MSfor T < SMUM(MS for R x T =< SML)

ing the experiments or replications within the field.
Precision of an individual expenment should be rnax-
imized. This implies that replications should be ho-
mogeneous within but they may differ from one an-
other.

Location of Strips in Stripped Experiments

After the number of strips has been determined ac-
cording to the number of replications {Design 2) or
the number of treatments and sets {Design 3). the de-
cision of where to place the stnips {or sets of strips)
should be made. The vanmation 1n soil properties
within a mapping unit at a particular site 1s usually
not known prior to the expeniment. In the absence of
such information. 1t 1s best to place strips (Design 2)
or sets of strips (Design 3) so that their distance from
one another 1s equal. [n this wav. the entire soil map-
ping unut 1s representatively sampled. The distance of
the first and last plots from the two side edges of the
held should be equal to the space between strips ( De-
sign 2) or sets of stnps (Design 3). For example. sup-
pose that the width of a field is 167.6 m and eight
4.57-m-wide stnps are to be laid out according to De-
sign 2. The combined width of the eight strips 1s 36.6
m. Therefore 1676 ~ 36.6 = 131 m 1s to be divided
among seven interstrip areas and two edge areas. The
width of the interstrip areas. then. 1s 131/9 = [4.56
m. As another example. suppose that the width of a
fneld 15 457.2 m and that six sets of four strips are (o
be laid out according to Design 3. Each plot has a
width of 549 m The combined width of all of the
strips 1s then 24 * 549 = |3].§ m. Therefore, 457.2
— 1318 = 3234 m s to be divided among the five
tnterstnp areas and two cdge areas. The width of each
of these areas s 325.4/7 = 16,5 m.

Location ot Plots within Strips—Desien 2

After the choice of the number of strips and their
location has been made. a diagram of the field should
be drawn to scale showing the location of the soil map-
ping units and the strips crossing them. The length of
cach strip as it traverses each soil mapping unit 1s then
measured with a ruler. The number of subplots within
a stnp 1n a soil mapping unit 1s multiphed by the

-~
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length of the subplot and this gives the total length of
the stnp within that sotl mapping unit that will be
occupted by the treatment subplots. Enough posiuons
are marked to accommodate the treatment subplots
with equal distances between them. The two end po-
sinons should be at the two extremities ot the soil
mapping unit within the strip 1n order to assure that
the probability of an edge being sampied will be 1n
proportion to the relauve areas ot edge and central
poitions of the mapping unit. Treatments are then
randomly assigned to the subplot positions using a
random-number table or a random-number generator
on a computer.

As «n example. suppose that we are setung up an
expenment according to Design 2. The length ot the
field 15 457.1 m. A length of 243.8 m of the first sinp
on the left occurs in SMU A, 121.9 m occurs in SMU
B. and 91.4 m occurs in SMU C. There are six T
subplots, each of which will be randomly assigned to
one of six subplots. each 9.14 m long. The combined
length of subplots in each SMU 1in the stinp 1s 9. 14 <«
6 = 54.8 m. The intersubplot distance 1n SMU A =
(243.8 — 34.8)/5 = 189.0/5 == 37.8 m. The intersub-
plot distance 1n SMU B = (121.9 = 34505 = |34
m. The intersubplot distance in SMU C = (91.4 -
54.8)/5 = 7.3 m. A separate randomization 1s then
applied to each mapping unit of the strip correspond-
ing to SMU A, B.and C.

The above process will need to be applied to cach
stnp individually, because the relauve lengths of map-
ping-unit segments will vary by strip. When all ot the
interplot segments have been calculated and the ran-
domization carried out. the field diagram mav be fin-
alized to show location of plots and the randomizauon
scheme. When the expenment 1s laid out 1n the feld.
the distances along each stnp can be paced to locate
the plot boundanes.

[t 1s important to use the procedures descnbed
above to formally lay out the plots on the strips and

assign the treatments to the subplots completely at
random with an objective randomization process in
order that no biases occur 1n the estumation of SMU.
T. or interacuon effects.

L wcation of Plots within Strips—Design 3

After location of the sets of strips for Design 3. a
diagram of the field shouid be drawn 10 scale showing
the locatton of the soil mapping untts and the sets of
stnps crossing them. The randomization of treatments
to stnps within each set 1s then carmed out using a
random-number table or random-number generator,
In most cases. the treatment will be applied to the
entire stnp. although only a portion of the strip will
be harvested tor expenmental purposes. The length of
cach stnp as 1t traverses each soil mapping unit 1s then
measured with a ruler. Four potental positions will
be marked off within each soil mapping unit. The two
end positions will be at the two extremities of the soil
mapping unit within the strip. All distances between
positions will be equal. For each soil mapping umit
within each stnp. the position at which the plot re-
sponse for that treatment will be taken s then ran-
domlyv chosen.

For example. suppose that the 'ength of the stnp for
T 1 on SMU A 1n the first set of strips 1s 121.9 m.
The plots are 9.14 m 1n length. Thus, 4 X 9.14 = 36.6
m will be reserved for possible experimental purposes.
The difference. 121.9 — 36.6 m will be divided equally
among three interposition increments, Le., (121.9 —
36.6)/3 = 83.3/3 = 28.4 m. The plot positions are
drawn to scale within the strip on the diagram and
one of the four positions is then selected at random
for measurement of the plot response. This process
will he repeated for each treatment 1n each set on each
sotl mapping unit. Again. one would want to finalize
the held diagram to show the location of sets of strips.
the randomization scheme. and the locauon of plots.
When the experiment 1s taid out i1n the field. the dis-

Table 4. Combined analysis of variance for an experiment conducted at four locations according to Design 1 with the levels of factors and

model assumptions as shown in [able 1 at each locaiion. Location is a random etfect.

Source df MST Expected salue of MS
Locaton (L) 3 L KRR T e TR 7411 1¢
Soul Mapping Unit 1SMU) 2 SMU a° = Man, \« - rlaj. -~ entoi, ~ elrf]
L o« SMLU 6 L < SMU 75 = 14 .. = Mdi g, T erlag,
Expenment (E)in L < SMU 12 E(L <« SMU) LR 7 I A T
Replicaons (Ry in En L« SMU 48 RIE(L « SMU)) AR T
Treattnent 4 T) 3 T a® = rayy (. - ersay, - erlsd
T<L Y T-<L gt = gy, - eriay
T < SMU 6 T « SMU o v raiy .~ eraiy, - el
T <L « SMU 13 T <L <« SMU LRI TS P T
T <EwmL <« SMU 36 T « E(L « SMLU) 07 = rdiy .,
Residual 144 RESIDUAL o’
Total icorrected for mean) 28°
Levels of:

Locauon =4

Soul mapping unit § =3

Experment ¢ =2

Replication r=1)

Treatment t =4

t MS = mean square. Testing pattern for above assumptions:
F(SMU) = (MS for SMUIMS for L « SMU)
FAL < SMU) = i(MSfor L « SMUWIMS for E(L + SML)Y
FATY = (MS for TVtMS for T ¢ L)
F(T <Ly =(MSforT « LIMSfor T < E(L <« SMUJ
FAT <« SMU) = (MSfor T « SMUWVMS for T < L « SML)

FIT <L <SMU) = MSfor T « L <« SMUMMS for T « E(L < SMLUY
FIT « E(L « SMU)} = (MS for T < E(L « SMU}/(MS for RESIDUAL)
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tances along each strip can be paced to locate the plot
boundarnes.

Multilocation and Multiyear Asyects

It is possible to adequately sample the range in soil
charactenistics within a location. But a location with
one or two delineations may not have the full range
of soil characteristics that exists within the soil map-
ping unit throughout the county or soil-survey area.
If generalizations about the treatments are to be made
over an area larger than a single location. the exper-
iment should be conducted at more than one location
or delineation of the same soil mapping unit. A side
benefit to this is that it provides a vahd test of the
SMU main effect. The design and all cultural factors
should be standardized for the entire seres of loca-
uons. although any one of the three designs discussed
here could be used.

Sample locations should be selected to represent the
range in properties that occurs within the mapping
units so results can be extrapolated to a larger area. If
resources permit the sampling of onlv a limited num-
ber of locations, judgement selection of locations
should be practiced. If resources perm1t a larger num-
ber of locations. randemized selection of locations
would be approprniate.

In most cases. location may be considered a random
rather than a fixed effect. For our purposes. the as-
sumptions made about the other effects are the same
as 1n the single-location analysis.

An analysis of vanance for an experiment con-
ducted at four locations (L) according to Design | with
the levels of factors shown in Table 1 at each location
1s shown 1n Table 4. In addition to the tests done for
a single location. the interaction of SMU and T with
L is also of interest. Tes:ing patterns that are inferred
from the expected values of the mean squares are
shown at the bottom of Table 4. The test of SMU 15
a conservative one—the degrees of freedom for the
error mean square tor . X SMU arz only six. Tests

Table 6. Combined analysis of variance for an experiment conducted
model assumptions as shown in Table 3 at each location. Location i
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of T and of the various interaction involving T are
more powerful.

A combined analysis of varance for an expenment
conducted at four locations according to Design 2 with
the levels of factors shown in Table 2 at each location
1s shown in Table 5. Again. the test for SMU lacks
power, bu; those involving T are more powerful.

A combuined analysis of vanance for an expenment
conducted at four locations according to Design 3 with
the levels of factors shown in Table 3 at each location
1s shown 1n Table 6. For this combined analvsis. there
are three pooled error terms. which result tro . pool-
ing each of the three errors in Table 3 across locations,
These are used for testing the interactions of T. SML.

Table 5. Combined analysis of variance for an experiment conducted
at four locations according to Design 2 with the levels of factors
and model assumptions as shown in Table 2 at each location.
Location is a random effect.

Source daf

Location {L)

Expected value of MS
o = tel = stai,,

-~ retaf
tai ~ stok,,,

MSt

()
(end

[

(=

=

=

=
Q
.

Replications (R) in L

Soil Mapping Unit (SML) 2 SMU o' = 1o} = rtais = Ird}
L < SMU 6 L xXSMU o - roi = nof,
Erroria) 40 R X SMU(L) o* = 10}
Treatment {T) 3T @’ ~ oy + I8}
TxL 9 TxL of - ritaty
T x SMU 6 T XSMU o ~raiy + ity
TxL xSMU 18 TxLXx ot~ rojg
SMU

Errorb) 180 ERRORD o
Total (corrected for mean) 287
Levels of

Location =4

Replication r=6

Soil Mapping Unit =3

Treatment t =4

t Tesung pattern for above assumptions:
FISMU) = (MS for SMUWIMS for L < SMU)
F(L ¥ SML) = (MS for L < SMU[MS for R x SMU(LY
F(T) = (MS for Ti(MS for T < L)
FAT <X L) = (MSfor T < Li(MS for ERRORD)
FAT < SMU) = (MSfor T « SMUWMIMS for T < L < SMU)
FAT <L <« SMU) = «MSfor T < L < SMUWMS for ERRORbD)

at four locations accurding to Design 3 with the levels of factors and
s 2 random effect.

Source df MSY Expected value of MS
Location (L) ) L ThsT, T Rpy. ~ Baa, - rStef
Replications (R}an L 20 R(L) ChstL. ~ 1903,
Treatment4T) 3 T GkstiL. T Vhy. — riapp — rls8}
L<T 9 L<<T ThsrL T $0Rr - rsoiy
R < T(Ly 60 R <« T(L) Thst " Ty,
Sail Mapping L'nits (SMU) 2 SMU Thene. = (Gav, ~ roi, ~ rid}
SMU x L 6 SMU < L TRt T (Ghu,, — Mo
SMU « R(L) 120 SMU < R(L) Ohar ~ (They
SMU x T 6 SMU < T Thsti. ~ raiyy - ridl,
SMU <L < T 18 SMU <L < T Thgra, ~ roiy
SMU « T < R(L) 40 SMU < T < R(L) Ghste.
Total (corrected for mean) 87
Levels of:
Location =4
Repiication r=6
Treatment r=d
Sail Mapping Unit s =)

t MS = mean square. Tesung pattern for above assumptions:
FAT) = (MSfor TV(MS for L X T)
FAL < T) » (MSfor L X TY|MS for R < T(L))
F(SMUj = (MS for SMUY(MS for SMU x L)
F(SMU x L) = (MS for SMU < L)/JMS for SMU < R(L}Y
F(SMU x T) = (MS for SMU < TW(MS for SMU X L « T)

FISMU x L <« T) = {MS for SMU x L x T)/[MS for SMU * T < R{L)|
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and T X SMU., respectively, with L. In tum. T is
tested by the mean square of T X L, SMU is tested
by the mean square of SMU X L. and SMU X T 1s
tested by the mean square of SMU X L X T.

Table 7 presents a combined analysis of vanance
for an experiment conducted at four locations for
three vears (Y) according to Design 2. with levels of
factors and model assumptions for each location-year
(L-Y) the same as in Table 2. The unusual feature of
this configuration is that, under the assumed model.
synthetic error terms must be constructed tor the tests
for SMU., T. and T X SMU. These are linear com-
binations of three mean squares (MS). For example.
for testing SMU, the error term s obtained by adding
the MS of L X SMU 1o the MS of Y X SMU and
then subtracting the MS of L X Y X SMU. An ap-
proximation from Satterthwaite (1946) 1s then used
for finding the approximate degrees of freedom of the
denominator of the F-ratio:

(MS, = MS, = MS,)
(A\ISI):/df| e (le:):/dfz - (A\lS\’:,/df]

To tllustrate the use of this formula. suppose we
wish to find the approximate degrees of freedom tor
the hinear combination of varances that 1s used to test
SMU in the analysis of vanance given 1n Table 7. The
degrees ot freedom for the three mean squares are 6,
4. and 12, respecuvely. Substituting these into the
dbove formula. the df,,, 1s obtained as tollows:

dfdcnom =

SOIL $CT SOC. AM. J.. VOL. 54, MAY-JUNE 1990

dfdcnom = [NiS(L X SMU)
+ MS(Y X SMU) = MS(L X Y x SMU)J?
AIMS(L X SMU/61 ~ [MS(Y X SMU)J 74
L MS(L XY X SMUF/12Y

The results. of course. depend on the particular set
of mean squares obtained tor a specific set ot data.
Calculation of the denominators in the F-ratio tor the
Frtestsof Tand T X SMU would be done 1n a similar
manner. Again. there 1s the possibility of pooling cer-
1ain interaction terms tn this combined analysis 1n a
manner simtlar to that discussed for Design |. Ban-
croft’s (1964) preliminary test of significance would be
usetul in deciding whether or not pooling 1s justified.

In interpretation of anv of the analvses of vanance
{Tables 1-7) 1t 1s useful 1o calculate means for those
main effects and i1nteracuons that are imporant. Us-
ing a computing package. one would usually calculate
means for all main effects and interactions as part of
the analysis of vanance process. and then use only
those that pertain to the particular significance pattern
for that data set. For example. if there is no interaction
between SMU and T. the T main effect means should
be used for making recommendations from the 2x-
periment because they are stable and have more gen-
erality than the interaction means. Significance of an
interaction between these two factors. on the other
hand, implies that the interaction means should be
plotted. and possibly that soil mapping units should

Table 7. Combined analysis of variance for an experiment conducted at four locations for 3 yr according to Design 2 with levels of factors
and model assumptions for each location-vear as shown in Table 2. Location and year are random effects.

Source df MSt Expected value of MS
Location (L) 3 L a = e\ = ok, ~ rilof, = rseyot
Year (Y) 2 Y gt ~ ta} = Hohyy, ~ rstaty =~ Irstad
Lxy [ L~xY o + g5 - Stod,y, ~ rstof,
Replications (Ryin L ¥ Y 60 RIL < Y) o = 1o} = Stoduy
Soil Mapping L'mit (SMLU) 2 SMU o = o} - rlef,y ~ Irtaiy ~ ryois ~ ImA{
L < SMU 6 L < SMU o° = tod = rtef,s ~ rMyais
Y x SMU 4 Y < SMU i = tad ~ rtaf,, ~ Inai,
L <Y xSMU 12 L x Y x SMU o' = tod ~ rlof,s
Errorta) 120 R XSMUI(L xY) o ~ (gl
Treatment (T) k] T o' = rsaty, — riyoy ~ risoty, = risyd}
TxL 9 TxL 0° = oty - ryoy
Ty 6 TXY o' = riotyy - rlsat,
TXxL<XY 18 TXLXY o'~ rigty,
T x SMU 6 T x SMU a' = ratiy, — oty T o, = il
T X L < SMU 18 T XL XSMU ot = raiLy, T Mo,
T x Y <« SMU 12 T XY X SMU = roigy, - rlovy,
T <L XY <SMU 36 T <L XY <SMU 9 = rateas
Errorth) 540 ERRORb o*
Total (corrected for mean) 863
Levels of:
Location =4
Year y=13
Replication r=6
Treatment t =3
Soil Mapping Lnit 1 =3

t MS = mean square. Testing pattern tor above assumptions:

F(SMU) = (MS for SMUY(MS for L < SMU = MSfor ¥ < SMLU - MSforL ¥ Y < SMU)

F(L x SMU) = (MS for L < SMUY(MS for L < Y < SMU)
FLY ¢ SMU) = (MSfor ¥ « SMUMMS for L < ¥ < SMU)

FIL <Y X SMU) = (MSforL <= ¥ < SMUV[MS for R <~ SMU (L < Y}
F(T) = (MSfor TW(MSfor T <= L - MSforT <Y - MSforT <L xY)

FIT <L) = (MSforT x LyiMSforT <L *Y)
FIT XY) = (MSforT x Y/UMSfor T < L < Y)
FIT <L X Y)=(MSflorT < L < Y)¥iMS5 for FRRORb)
FiT

SMU) = (MSfor T <« SMUWVIMSfor T X L « SMU = MSforT < Y = SMU = MSfor T X L x Y < SMU)

FAT
F(T

Y ¥ SMMU) = (MSfor T X Y X SMUYiMSforT XL « Y x SMU)

<
x

FAT X L X SMU) = (MSforT <L <SMUVWiMSfor T <L « Y < SML)
x
XL XY XIMU = (MSfor T XL xY < SMUN(MS for ERRORb)
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be grouped for averaging purposes into those that
have similar response patterns.
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Corn Root Distribution and Yield Response to Subsoiling
for Paleudults Having Different Aggregate Sizes

M. J. Vepraskas*® and M. G. Wagger

ABSTRACT

Chisel plowing loosens dense root-restricting lavers within 0.25
m of the soil surface, while subsoiling can be used to routinely loosen
dense layers down to a depth of approximately 0.45 m. Selecting
one tillage method over the other to maximize vield is problematic
because the lower depth of a root-restzicting layer is often difficult
to determine precisely if the layer contains structural aggregates,
We hypothesized that the ability of roots to penetrate dense soil
layers is related to the size of aggregates in the dense layers. There-
fore. this study compared root cistributions for chisel plowed and
subsoiled tillage treatments and related them to soil properties and
corn (Zea mays L.) grain yield for soils having dense layers that
varied in their aggregate size. Yields and root distributions were
determined for the two tillage treatments on eight Typic and Arenic
Paleudults. Each site had a dense. high-strength soil laver below
the depth of chiseling. Subsoiling significantly (P = 0.10) increased
vields over chisel plowing at five sites. At four of these sites. the
propurtion of roots berween depths of 0.3 and 1.0 m in the chiseled
reatment was low (<(0.20) due to the root-restricting laver extend-
ing below the depth of chiseling. Although all sites had pan-like
layers, which were characterized on the basis of bulk-density and
cone-index measurements, only layers whose ped meanweight di-
amerer was <1.2 mm rasulted in root proportions being <0.20 in
the chiseled treatment. These virtually nonaggregated layers also
tended to heve low amoun:s of plant-available water (<0.12 m! m-?).
To adequately characterize root cestricting layers that reduced yield
in these soils, some measure of subsurface aggregation or a corre-
lated property such as plant-available water or texture had to be
evaluated along with bulk density or cone index.

DENSE SOIL LAYERS such as tillage pans are com-
monly found in the coarse-textured. well-
drained Udults of the southeastern USA (Campbell et
al.. 1974: Cassel. 1981: NeSmith et al.. 1987). These
dense layers often restrict root development and re-
duce yields. particularly during dry vears (Kamprath

M.J. Vepraskas. Dep. of Soil Sctence. Box 7619. North Carolina
State Unmiv.. Raleigh, NC 27695-7619: M.G ‘Wagger. Dep. of Crop
Science. Box 7620. North Carolina State Univ . Raleigh. NC 27695~
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Mar. 1989. *Corresponding author.

Published tn Soil Sc1. Soc. Am. J. 54:849-854 (1990)

et al.. 1979). Depth and thickness of the dense lavers
vary. but the most root-restrictive ones form from 0.2
1?)60.4 m deep (Maaerman, 1985; Vepraskas et al.,
1986).

Chisel plowing is commonly used for corn (Zea
mays L.) production in part of the Southeast to disrupt
these pans when their depth is shaliow (i.e.. <0.25 m)
(Naderman, 1985). In-row subsoiling 1s used to a
depth of approximately 0.45 m when restnictive lavers
are deeper. Determining the depth of layers that re-
strict root growth in coarse-textured, nonaggregated
soils can be done using penetrometers (Bowen, 1981

-Campbell et al., 1974; Taylor, 1974). Dense soil lavers
that are aggregated have not been studied extensiv:ly,
and hence their effect on root growth and yield are
generally not known.

Vepraskas and Wagger (1989) examined the rela-
tonship between corn root abundance and cone index
(CI) for chiseled and subsoiled treatments in seven
Paleudults having dense layers. Root abundance was
measured as either a root-length density (cm root/cm?
soil) for soil cores. or as a number of roots per unit
arca for observations made on soil pit walls. They
found that the Cl/root-abundance relationship vaned
with soil depth and clay percentage. Diagnostic CI val-
ues. defined as those CT values where subsotiling would
reduce CI and increase root abundance. were esti-
mated for soil depths below the depth of chiseling. The
effects of subsoiling on root development 1n the entire
profile and on svield were not addressed.

Subsoiling’s effect on vield for a given soil depends
both on the soil's physical properties and rainfall. In
addition to having a root-restnicting laver, the soils
where the largsst vield increases from subsoiling are
found have sand or loamy sand Ap honzons that re-
tain low amounts of plant-available water (Campbell
etal.. 1974; Vepraskas et al.. 1987). Given these phys-
ical conditions. the size of the vield increase produced
by subsoiling depends on the amount and uming of
rainfall and irmgation. For example. Porro and Cassel
(1986) compared corn yields for subsoi!2d and disked-
only treatments on a Norfolk loamy sand (Typic Pa-
leudult) with a ullage pen. They found that during a
dry vear the relative vield increase produced by sub-
soiling, compared with disking, could range from [5%
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