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ABSTRACT 


Soil mapping units are scaled representAtives of naturally occur-
ring soil properties and serve as reference units for technology trans­fer. To accurately evaluate the interactions berwten a given man-
agement practice and a range of soil properties represented b a soiimapping unit, tailoring of the experimental design is required. This 

paper identifies the design principles involved in seting up field 
experiments to compare the responses to differernt management
trentments of crops grown on areas within different soil mapping
units, and suggests expeimental designs for this purpose. Repre-
sentation of the entire soil mapping unit in the area studied is em-phasized. Repetition of experiments across locations. years. or both
is recommended if the inferences Pre to apply to more than one
environment and if a test of the main effect of the area represented
by the soil mapping imit is desired. Procedures for designing a series
of experiments and analyzing the resulting data are discussed. 

OIL SURVEYS in the USA are conducted by the Na-3 tional Cooperative Soil Survey program. Lead-ership for this program is provided by the Soil Con-
ser,,ation Service and the results are published ascounty or scil-survey-area reports. Each soil-survey
report contains a soil 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 thepredominant soil(s) in that unit. This taxonomic iden-tification is usually a soil series name. 

A great deal of confusion can result when the same name is used for the soil mapping unit and the soilseries (Cline. 1977). This confusion should be avoided
by the proper use of terms. A soil series :sa concept
that is defined by a rigid range of soil pedon proper-
ties. The soil mapping unit. however, being a reducf d-scale map representation of nature, does not conforn, 

to the same range (,fsoil properties. A soil mapping
unit includes pedons with the properties of other se-

rie, identified in the map-unit description but not in
the map-unit name. Soil mapping units often are

named as 
types and/or phases of a series: thus. theirproperties are more specific than the entire range of
properties that define the taxonomic soil series. The

soil series exists only as a definition. No experimental
site can possibly contain the entire range of soil prop-erties defined b, a senes name. Therefore. no field 
experiment can be conducted on a soil series. Fieldexperimentation can only be conducted on represent-
ative occurrences of soils, with some naturally occur-
ring spatial variability. In the absence of detailed char-
actenzation of the soils within the experimental sitethat could establish the actual range of soil properties
present, the mapping-unit name is the most inform-
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ative and practical icentification of the soil properties 
at an experimental site. 

Soil .[apping L'nls 

Soil mapping units depict segments of the naturalcontinuum of soil properties in the landscape and sel­
dom conform to field or property-ownership bound­aries. For this reason. it is important to know if theyshould be managed ,n a similar manner or if separate
management practices need to be used on each soilmapping unit (or certain groups of them) occurnng inthe same field. Management practices. in a broad sense, might 'clude cultural practices, crop varieties.
soil "ertiiitv amendments, and pest-control practices.The task, then. becomes to design experiments
within a field (or fields) to compare the different soilmapping units with respect to crop management re­
sponlse. The feature of this experimental situation thatpresents challenges for the experimental design spe­cialist is the systematic occurrence of soil mapping
units, stripped across the field. This stripping pre­cludes true replication of the soil-mapping-unit factor,which is a requirement for the estimation of a validexperimental error for the soil-mapping-unit effect. itis necessary to evaluate the crop response to manage­
ment over :he entire range of soil properties of eachmapping unit within a field so that the results mayhave generality. The need for generality also implies
cari-ing out the experiment in more than one location
(or year) because one location may not contain thecomplete range of properties of the soil mapping unit or the climatic conditions within which itoccurs.
-Also. the location mav have an interaction with theenvironment over time. and it is useful to assess thiseffect when studying treatment-response patterns. 

Soit Iariabiltrv 

Variability within soil mapping units is assumeo
but poses no particular problem: it in manyoccurs
experimental situations, and is also encountered bythe farmer operating on the experimental unit. We arebeneitted b the stabilizing effect of averagng-plots
have a range of soil properties and the yield and cer­tam other responses are averaged over a number of

planis per plot.


Scientific validit% requires that randomization, rep­lication, and local control be incorporated ito any

design adapted to this particular application. Also, we
wish to compl. with the general experimental design

principle of choosing the simplest design that will dothe job. which often results in a convenient layout for
field operations. 

EXPERIMENTAL DESIGNSWe will describe three designs, all of which involve 
a factorial arrangement of treatment × 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 interacuon between these 
factors, and the experimental errors). Our emphasis
should be on estimating relationships rather than on 
simply performing hypothesis tests. Hypothesis tests 
provide a guide about how estimates should be made. 

Each of the three designs described is a variant of 
a split-plot design. One unique feature of split-plot
designs is that. in the analysis of variance, there is 
more than one expeinmertai error term. i.e.. one for 
each plot size. For an ordinary. split-ploL design. there 
are two errors-errorla) for the main plot factor and 
error(b) for the subp!ot factor. For a design that has 
the plots for one factor stripped horizontall. across 
the vertical strips for another factor, there are three 
er'or terms because there are three plot sizes-a ver-
tical-strip plot, a horizontal-strip plot. and an in-
tersection Dlot 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 fertility, management. or til-
lage factors. One of the designs that involves treat-
ment st.ips across the field lends itself to treatments 
that require large equipment and consequently long,
large plots (e.g.. tillage treatments). This design might
be used in erosion/productivity research for compar-
ing crop response to treatments on areas of the fieldhaving different erosion classes. In this case. one 

would apply to the erosion classes the pnnciples de-
veloped here for the soil mapping units. 

The expected values of the mean squares shown in 
Table I for this set of model assumptions provide a 
guide as to how the tests of significance should be 
carried out. The test for the main effect of SMU is not 
valid in the combined analysis ovr: the mapping units 
because the soil mapping units per se have not been 
randomly allocated and replicated, but the T effect 
and T × SMU effect tests are valid and are tested 
with (Expt. in SMU) X T. Treatments may be corn­
pared within SMU, but the comparison of SMU 
,vithin T is not valid. 

In the analysis of variance, (Expt. in SMU) X T 
ma. be pooled with error to form an error having 45 
degrees of freedom if there is no evidence of an (Expt.
in SMU) X T interaction. A preliminary test of the 
type suggested by Bancroft (1964) for the sig:iificance
of(Expt. in SMLU) X T may be used to decide if pool­
ing is justified. A test of(Expt. in SMU) X T is made 
at the 0.25 significance level and, if (Expt. in SMU) 

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

Source df .NSt Expected value ofMS 
Soil mapping unit (SMUJ) 2 SMU -

rra45, -eri 
Experiment (E)in SMU 3 EISMU) d - "-Replications (R)in E inSMU 12 R[E(SMU)l a,'Treatment (T) 3 T -,'.,ro *," 
T SMU 6 T XSMU -' er.j, 
lE inSNItU) X T 9 EXT(SMU) s rai.,., 

A General-Purpose Design 
Rssidual 
Total (corrected for mean) 

3o 
71 

RESIDUAL u" 

First. we will describe a general-purpose design thatis appropriate for most field situations in which treat-
Levels of: 

Soil mapping unit r - 3 
ments are to be applied to more than one soil mapping 
unit. It is especially useful in cases where th! soil map-
ping units have a patch,, distribution. A senes cf ran-
domized-block experiments are laid out within each 
of the soil mapping units in the field. Experimental 
design. number of replications, plot size. and all other 
conditions are controlled as much as is feasible from 

Expenment e ­ 2Replication r ­ 3 
Treatment , - 4 

t MS - mean square. Testng pattern for theabove assumptions: 
F(T)- 0MS forT/[IS for E x T(SNIU)j 
F (Tx SMU) - (MS for T SMLU)[IMS forE K TISMUI) 

one soil mapping unit to the next so that a combined 
analxsis of vanance will be possible. Each soil map-

R,,11 
, 9 soil Mapping Unit A n R1RiIl 

ping unit will have one or more separate randomized-block experim ents located in such a way that the ex-
penments and the replications represent the different 
soil-property conditions within the mapping unit. A 
field diagram of ihe layout ofan experiment according 
to Design I is shown in Fig. I. 

We are assuming here that two separate experi-

11 

ni 
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nI 
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Mapping Unit B 
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ments have been run within e2ch soil mapping unit, 
one to sample the edge of the unit and one to sample
the middle. There are precision and mechanical-con-
venience advantages to grouping the replications into 

R U c 

two separate experiments rather than having six scat­
tered replications within the mapping unit. The latter 
layout. however, might be more representative of the 
entire soil mapping unit. The combined analysis of 
variance for this example is given in Table 1.For thetesting patterns shown in this table and inTables 2tesing attrnsasuedhw si t i g andinTables2 
and 3 it is assumed that soil mapping unit (SMCU) and 
treatment (T) are fixed effects but that experiments 

Fig. I. Field diagram showing layout of an experiment according to 
Design I. There are three soil mapping units. two experiments 
per soil mapping unit, three replications per experiment, and four 

(Expt.) and replications (Rep.) are random effects. treatments. 

'p 
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X 	T is 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 sqtidres under that ass'trniedmodel and revise the testing pattern accordingly.
Schultz (1955) and Steel and Tome (1980) offer prac-
tical guidelines '-or writing out e'tpected values of 
mean squares. 

Designs That Involve Strips Across 
Soil Mapping Units 

At sites where there are complicated patterns e'soi
variation. Design I should be used. In cases where the 
soil-mapping-unit variation pattern is less compli-cared. tnere are two possible split-plot configurations
that could be used. Mechanically. it is often conven-
ient to lay out strips across the soil mapping units 

Tatle 2. .A'zaiysisof variance o data ror Design 2 assuming completebalance (strip is j'are fixed effects) 	random effetm soil mapping, unit and trta-.,nent 

Strp (RI 5 	 ,,- ,,-,,Soil Mapping 	 nit 2 MU.SUtS : 	,,
Treatmet (T) 
 3 	T < SM 

T ,SIU 	 6 T x SNIU "-,ErroSbM 45 r x R x 

Totai (corrected for meanl 71 

Le,,eis of: 
Strips r - 6 
Soil mapping unit s - 3Treatment r -	 4 

t\SF Ti - -
mean square. Testing pattern for the aboc AsSiumptons:ISIS for TI/ISIS for r x R < SNIUi

FT S -UIIS."S for T 	 XSMUI/IMSSM for < R SNI 

T43 T2 Tlexibilitv. 
Soil 

mapping 
T. T4 T2 

T 

" 

An - -ping 7 
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Fig. 2. Field diagram showing layout of Design 2. There are sixstrips (replications). laid out across three soil mapping units. andfour treatments, 

either for replications or for treatments in experiments
of this type. The following discussion will center on
the ways in which the strips should be laid out and
how the treatments should be applied within (or to) 
them. 

Design 2 is a stripped split-plot design in which the
strips are the replications and the whole-plot factor is
the soil mapping unit. levels of which are s"stemati­
call. stripped across the replications. Essentially. this 
is the same design as that described by Cochran and
Cox (1957. p. 305-306), which they called a split-plot
design with systematic arrangement of :he treatmentsapplied to the wkhole units. Plots are marked off.within 
a soil mapping unit within each strip and subplottreatments 	are randomly assigned. Adiagram of this 
arrangement is shown in Fig.-

In order to represent the complete range of each soil
mapping unit within the location being studied, it is
important 	 that the strp covtr the range of charac­
teristics that occur within each of the soil mapping
units at that location. This is not always the strategythat will result in the best precision on the two main
effects and the interaction, but the need for full 	 rep­resentation 	of the range within each 	of the soil map­
ping units offsets the need for a high degree of preci­sion. In cases where the precision is limiting, it maybe ,reprovedby increasing the number of replications. 

bv improving experimental technique. or by using theoptimal plot size or shape. The strips may be placed 
systematicallv across the field. The systematic place­
ment will be easy to implement and will also provide

a representative sample of the soil mapping units in­volved.

One variant of Design 2 is to provide eight strips 
and then randomize treatments according to two latin 
squares per soil mapping unit. givinglatin squares. 	 a total of sixThis would give more 	 precision butwould be slightly more complicated and result in less 

The analysis of valiance of data for Design 2. as­
suming complete balance of six strips. three soil map­

units, and fbur treatments, is shown in Table 2. 
highlights of the analysis (assuming that the 

are randoml. allocated to the subplots) are 

I. 	The whole-plot analsis is made invalid by the 
arrangement or the whole-plot factor(SMU) within the replications (strips.) 

2. 	 The tests ot'significance oft and the interaction 
T and SML' are valid and are made us­

3. 	The systematic arrangement also affects the in­
teraction comparisons, making the comparisonsof two SMIL'at the same level ofT invalid. How­
ever, the comparisons of two T witlin the same 

(as discussed in no. 4 below) are valid.4. 	 If interaction is significant. we '.ill want to com­
pare treatments within each soil mapping unit.If the treatments are quantitative levels of the 
same factor, perhaps fitting a separate curve foreach soil mapping unit using polynomial regres­
sion will be in order. An example of a set of such curves showing response tc fertilizer rates forthree soil mapping units at a particular exper­
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mental location is shown in Fig. 3. Soil mapping
unit A has a completely different response
pattern, so one may wish to handle it separately
from a management point of vieew. If the T are 
qualitative, the appropriate compansons 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 in a set as there are treatments).
The treatments are randomly assigned to stips within a set. which is a randomized complete block. For a 

Mapping unit A 

Mapping Unit B 

Manang unitc 

Fertilizer Rate 
Fig. 3. An example of a set of cur',es showing .ield response to 

fenilizer for three soil m:.pping units within a field. 

SI T T 

Soil i 
Mapping...... 


Unit 
A 

Soit
 
Mapp ng
 

Unit
 
B
 

Mapping 

given treatment strip. there is a possibility of treating
the entire strip and then harvesting only the subplot
portions of'the strip for response data. Or. if the soil
mapping units arc wider, one may wish to treat only
the parts of the strip that correspond with the subplots
and then measure response data froin these treated 
areas. Both the soil boundar area and the central part
of the mapping unit should be represented arproxi.
mately in proportion to their relative ar~as when lo­
cating the subplots within a soil mapping unit within 
a strip.

The name for this design is a split-block design with 
the treatments and soils being stripped across eachother. See Federer (1955) for a description ofhe split.block design. A diagram of this arrangement is shown
in Fig. 4. The analysis of variance 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 andwould lend itself to situations where long, large plots 
are necessary (e.g.. tillage e.periments).

Some important considerations concerning the 
analysis (assuming that treatments are randomly al­located to strips within a set) are as follows: 
1.Because the soil mapping units are stripped 

across the sets (replications), there is not a valid 
test of the main effect of SNIU. 

2. 	 Each main effect requires its own error term in
the analysis of variance, and the interaction of 

T3 

4T 2 

Set l Set 2 Set 3 Set4 Set 5 Set 6Fig. 4. Field diagram showing layout of Design 3. There are six sets (replicationsi. laid out across ihree soil mapping units, and four treatments

stripped lengthwise across soil mapping units within each 
 replication. 

L4 
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the two factors requires a third error term. 
3. 	 There is more prec:-sion on the interaction of T 

and SMU than on either of the main effects. 
4. 	 The precision on T would be much less in this 

configuration than in Design 2. 
5.The interaction simple-effect comparisons are re-stricted to compansons among T within SMU. 

It is not possible to compare SMU within T. 

Layout Specifications 
Each field will present a unique set of conditions to 

which expermental layout must be adapted. It is as-
sumed for this discussion that soil-propert.-distribu-
tion data are not available for the experimental site.
The following are some general principles that will 
serve as guides in the layout of expenments using thedesigns described here. 

.VNumber o tRephcations 

An estimate is needed of the coefficients of variation 
cAlculate ro need of the rroerminthe aalsscalculated fror _.ch of the error terms in the anahsis 

of variance. These may be estimated from actual anal-
yses of data from previous experiments in similar 
areas or from "educated guesses" where data are notavailable. Tables 2.1 on p. 20 and 21 of Cochran and
Cox (1957) can be used to estimate the number of
replications required for the stated precision of each
main effect and interaction, once the desired size of
detectable differences and. in the case of significance
tests, the a level are determined. If interaction is not
expected to be large and important, the number ofreplications required for a given amount of precision
for main-effect mean estimates is smaller than that
required for an equivalent amount of precision for
interaction mean estimates due to the hidden repli-
cation arising from the levels of the other factors),
Another consideration in determining the number of
replications is the standard rule in 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 is feasible wit;- the amount oftime and effort

available. The. are 
not likely to be highly precise ex-
perments. 

Location oitExperiments in Design I 
It is rot possible to be very specific inthis discus-
Sion about where to locate the expeiments i Design 

I. The stnpped designs lend themselves to more ob-
jectivilty. e.g., in location of strips and expenmentalnrofexperimen-untsWthnstrpnterstp 
tal sites are available per mapping unit. it is 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 bulk of
the soil mapping unit. If considerable ,anation exists
within a mapping unit. it is 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-

FOR EVALUATION ON.ADJ kCENT \4 \PPING UNITS 845 

Table 3.Analysis of variance of lita for Design 3assuming complete
balance (set is a random effect. treatment and soil mapping unitare 	 fixed erfects). 

Source 'fl Mst Expected ,alue of SS 
Set 'R - , - , -R,,
Ireatmeni Ti 3 	 T , - riErorta 	 I. R r ,T,,,d,,-
Soil 	 mapping unit tS51L 2 	SIU ji, - o -r 
Erroribi 10 R 5,11 

s 
J, - tai. 

T ' SMI 6 T . S1 ' ,t - r.,
Erroricj 10 R KT it 
Total 'corrected for meant 1 SMLU 

Le~el! of
 
Treatment
Replcatmn - 6-4 

Soil Mapping Unit - - 3 
IS - mean squre. Testing pattern for iose Assumptions: 

F T - ens for TintS for R uTI 
FIT ,(SMU - CIS for T S.,ILI/IMS for R x TIk SMLUI 

ing the experiments or replications within the field. 
Precision of an individual experiment should be max­
imized. This implies that replications shouldona-be ho­o 
mogeneous Wihin but they may differ from one an­
other 
Locaion i p5

L rps n Stripped E.vpernnents


After the number of strips has been determined ac­
cording to the number of replications IDesign 2) or
the number of treatments and sets (Design 3). the de­
cision of where to place the strips (or sets of strips)
should be made. The variation in soil properties
within a mapping unit at a particular site is usually
not known prior to the experiment. In the absence of
such information. it is best to place strips (Design 2)
or sets of strips (Design 3) so that their distance from 
one another is equal. In this way. the entire soil map­
ping unit is representatively sampled. The distance of
the first and last plots from the two side edges of the
field should bc equal to the space between strips (De­
sign 2) or sets of strips (Design 3). For example, sup­
pose that the width of a field is 107.6 m and eight
4.57-m-wide strips are to be laid out according to De­
sign 2. The combined width of the eight strips is 36.6 
m.Therefore 16-.t - 36.6 = 131 m is to be divided 
among seven interstrip areas and two edge areas. The 
width of the interstrip areas, then. is 131/9 14.56= 

m. As another example. suppose that the width of a 
field is 457.2 rn and that six sets of four strips are tobe laid out according to Design 3. Each plot has a 

wdth of 5.44 m The combined width of all of the
 
strips is then 24 , 549 = 131.8 m. Therefore. 457.2-	 131.8 = 32..4 in is to be 	disided among the fiveareas and two edge areas. The width of each 

ed5.4/- m.o 	 these areas is 3 =46.5A 
Lcation oftP,, tzstibia .Strips-Desitn2 

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
each strip as it tra%erses each soil mapping unit is then
measured with a ruler. The number of subplots within 
a strip in a soil mapping unit is multiplied b. the 
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length of the subplot and this gives the total length of assign the treatments to the subplots completel. at 
the strip within that soil mapping unit that will be random with an objective randomization process in 
occupted by the treatment subplots. Enough positions order that no biases occur in the estimation of SMU. 
are marked to accommodate the treatment subplots T. or interaction effects. 
with equal distances between them. The two end po- L 'catonotPlots tlithin S:rips-Destgn 3 
sitions should be at the two extremities of the soil 
mapping unit within the strip in order to assure that 4fter location of the sets of strips for Design 3. a 
the probability of an edge being sampled will be in diagram of the field should be drawn to scale showing 
proportion to the relative areas of edge and central the location of the soil mapping units and the sets of 
portions of the mapping unit. Treatments are then strips crossing them. The randomization of treatments 
randomly assigned to the subplot positions using a to strips within each set is then carned out using a 
random-number table or a random-number generator random-number table or random-number generator. 
on a computer. In most cases. the treatment will be applied to the 

-\s an example. suppose that we are setting up an entire strip. although only a portion of the strip will 
experiment according to Design 2. The length of the be harvested for experimental purposes. The length of 
field is 45-. 1 m. A length of 243.8 m of the first strip each strip as it traverses each soil mapping unit is then 
on the left occurs in SMU A. 121.) m occui in SML" measured with a ruler. Four poteitial positions will 
B, and 91.4 m occurs in SMU C. There are six T be marked off vithin each soil mapping unit. The two 
subplots, each of which will be randoml., assigned to end positions will be at the two extremities of the soil 
one of six subplots. each 9.14 m long. The combined mapping unit within the stip. All distances between 
length of subplots in each SMU in the strip is 9.14 < positions will be equal. For each soil mapping unit 
6 = 54.8 m. The intersubplot distance in SML A\ = within each stinp, the position at which the plot re­
(243.8 - 54.8)/5 = 189.0/5 := 37.8 m. The intersub- sponse for that treatment will be taken is then ran­
plot distance in SML' B = (121.9 - 54.S) 5 = 13.4 domly chosen. 
m. The interwubplot distance in SML' C = (91.4 - For example. suppose that thelength of the strip for 
54.8)/5 = 7.3 m. .A separate randomization is then T I on SMU A in the first set of strips is 121.9 m. 
applied to each mapping unit of the strip correspond- The plots are 9.14 m in length. Thus, 4 X 9.14 = 36.6 
ing to SMU A. B. and C. m will be reserved for possible experimental purposes. 

The above process will need to be applied to each The difference. 121.9 - 36.6 m will be divided equally 
strp Individually, because the relative lengths of map- among three interposition increments. i.e.. (121.9 ­
ping-unit segments will var. by strip. When all of the 36.6)/3 = 85.3/3 = 28.4 m. The plot positions are 
interplot segments have been calculated and the ran- drawn to scale within the strip on the diagram and 
domization carred out. the field diagram ma% be fin- one of the four positions is then selected at random 
alized to shov location of plots and the randomization for measurement of the plot response. This process
scheme. When the experiment is laid out in the field. will he repeated for each treatment in each set on each 
the distances along each strip can be paced to locate soil mapping unit. A\gain. one would want to finalize 
the plot boundaries. the field diagram to show the location of sets of strips.

It is important to use the procedures described the randomization scheme. and the location of plots.
above to formally lax out the plots on the strips and When the expenment is laid out in the field, the dis-
Table 4.Combined anal.sis of variance for an experiment conducted at four locations according to [)esign I with the levels of fa-tors and 

model assumptions as shown in [able I at each locaion. Location is a random effect. 

Source df Expected ',alue%ISt of \iS 

LocationiL 1 3 L o-, , to , ertt 
Soil Mapping L nit iSNIL 1 2 SI tai - i - ertoi, er- ere
 
L - S5L 6 L k SNIL ,- a , - rtayl , -era
 

Eperment Ei in L SML 12 EiL S L, - a4 t, r.iT
 
Replications R) in F in L - SMU 48 RI L S L*)il a - ,
 
Treatment ITi 3 T a- - rai t. - eriai, - erl$sCT 
T L 9 T L a" ra 1 - ersot 

6 SNLI - 1i,T SML T a" -. rai , era;,, - r 

T K L , SM: I8 T * L S L - ra;,1 erah,
 
T , E in L , SMU 36 T E L - SML) a: -r, i
 
Residual 144 RESIDLL a-

Total icorTected for meant 28" 

Levels of: 
Location I - 4 
Soil mapping unit f - 3
 
Experiment e - 2
 
Repl:cation r = 3
 
Treitment I - 4
 

t MS - mean square. Testing pattern for above assumptions. 
F iSMtI - (MS for SMNI/NIS for L , SMLl) 
FiL < SNU) (,NIS SNIU'I/IS for E(L SNIL il- for L 

F IT) - IMS for T)iMS for T I L)
 
F IT " L) - (NIS for T I L/IMS for T E(L SNIL )I

F IT < SMU - (MS for T " SMU)/%IS forT , L , SL
 
FIT L SIUI - MS for T • L K SMUO.NIS forT , E(L SMLlI
 
F [T E(L I SMU) - IMS for T < E(L .SML;)I/(MS for RESIDUALI
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tances along each strip can be paced to locate the plot
boundanes. 

Multilocation and Multiyear Asgects 
It is possible to adequately sample the range in soil

characteristics 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 valid test of theSMU main effect. The design and all cultural factors 
should be standardized for the entire series of loca-
tions. 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 only a limited num-
ber of locations, judgement selection of locations 
should be practiced. If resources permit a larger num-
ber of locations, randomized selection of' locations 
would be appropriate.

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

An analysis of variance for an experiment con-
ducted at four locations (L)according to Design I with 
the levels of factors shown in Table I at each location 
is shown in Table 4. In addition to the tests done for 
a single location, the interaction of SMU and T wvith
L is also of interest. Tes:,ng patterns that are inferred 
from the expected values of the mean squares are 
shown at the bottom of Table 4. The test of SMU is 

conservative one-the degrees of freedom for the 
error mean square for L X SMU are only six. Tests 

of T and of the various interaction involving T are 
more powerful.

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

A combined analysis of variance for an expement
conducted at four locations according to Design 3 with 
the levels of factors shown in Table 3 at each location 
is shown in Table 6. For this combined analysis, there 
are three pooled error terms, which result fro . pool­
ing each of the three errors in Table 3 across locations.These are used for testing the interactions ofT. SMIU. 

Table 5. Combined analysis of variance for an experiment conductedat four locations according to Design 2 with the levels of factors
and model assumptions isshown in Table 2 at each location. 
Location is arandom effect. 

Source 	 df NISt Expected value of NIS 

Loction IL) 3 L Mo- IUL 
Replications (R)in L 20 R(L) - talL, 
Sod Mapping Unit SMU) 26 LSMIU"xSMU a - ro-- rL x<SM U a il rri 

ErroLtm 40 R X SMUL) I I',-
Treatment I3 T S-L r r Ird
 
T ( L 	 9 T < L a-, - Wai'tTT X< L<SMIUSMU 6 , sNuiS TT xL,-, . '-- ro~j ro-

SMIU 
Errortb) 180 ERRORb u,
 

Total icorrected for mean) 287
 
Leels of:
 

Location I - 4
 
Replication r 6
Soil Mapping Unit -I 3 
Treatment t - 4 

F iSMU )- \IS for SM MS forL "uSMnt
 
F(L I SML) - iMS for L < SMU)/IMS for R x SMNL'tLI
 
FIT)- (MS for TIIS for r K L)
 
FIT x L) - IMS for T -1 LiMS for ERRORb)F IT < SMU) - iMS for T SML/IMS for T "1L ( SMUt

F iT e L ,' SMNL I MS r , L , SMU'I(MS for ERRORb)
I for 

Table 6. Combined analysis of variance for an experiment conducted at four locations acctording to Design 3 with the levels of factors and 
model assumptions as shown in Thble 3 at each location. Location is a random effect. 

Source 

Location tLI 

Replications (R in L 
Treatment IT) 
L < T 
R TILl 
Soil Mapping Units iSMU) 
SMU < L 
SMU ' RILI 
SMU T 
SMLU < L < T 
S\IL' T - RILi 

Total (corrected for mean) 

Levels of: 

df MSt Expected alurofMS 
103 L - k r - t - rsta" 

20 RILi ­

3 T 
 S - :RTL - ritI - rIsejt 

9 L ' T AST.L,- 'il - 1if 

60 R IL) af ,ttL- iI 
2 S.IL Ot -T ta',t - - rlrej
6 S,,IL < L O:STt -

4 

- L 
120 SMU K RILi 'Ihtt - taR L
 

6 SML' < T , - rt
 
18 SML" K L K T aiSTI - T
 

40 SMU < T "rRILI stt
 

287 

Location / - 4 
Replication r - 6 
treatment r - 4 
Soil Mapping Unit i - 3 

t	NS - mean square. Testing pattern for above assumptions:
F (T)- IMS for TI/IMS for L <T)
F IL K T) (MS for L x T)/IMS for R < Tri,)l
F (SMUi - IMS for SM'U)/(MS for SMU x L)
F iSMU x LI - IMS for SMU L)/IMS for SMU < RiL)K 

F ISMU X T) - (MS for SMU x Ti/IMS for SNIU X L ' T)

F iSMU x L < Ti - (XIS for SMU X L < T)/[MS for SMU 'v T < R(L)
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and T X SMU. respectively, with L. In turn. T is dfdeom = [MS(L X SMU)
 
tested by the mean square of T X L. SMU is tested + MS(Y X SMU) - MS(L X Y x SMU)]:

by the mean square of SMU X L. and SMU X T Is
 
tested by the mean square of SMU X L X T. /6 MS0Y × SIL')]/i 

Table 7 presents a combined analysis of variance - [MS(L x Y X SML:)]:'121
for an experiment conducted at four locations for The results. of course. depend on the particular set 
three years (Y) according to Design 2. with levels of of mean squares obtained for a specific set of data. 
factors and model assumptions for each location-year Calculation of the denominators in the F-ratio for the 
(L-Y) the same as in Table 2. The unusual feature of F-tests of T and T X SMU would be done in a similar 
this configuration is that, under the assumed model. manner. Again. there is the possibility of pooling cer­
synthetic error terms must be constructed for the tests tain interaction terms in this combined analysis in a 
for SMU. T,and T x SMU. These are linear com- manner similar to that discussed for Design 1.Ban­
binations of three mean squares (MS). For example. croft's (1964) preliminary test of significance would be 
for testing SMU,the error term isobtained by adding useful in deciding whether or not pooling is justified. 
the MS of L X SMU to the MS of Y X SMU and In interpretation of anv of the analyses of vanance 
then subtracting the MS of L X Y X SMU. An ap- (Tables 1-7) it is useful to calculate means for those 
proximation from Satterthwaite (1946) is then used main effects and interactions that are important. Us­
for finding the approximate degrees of freedom of the ing a computing package, one would usually calculate 
denominator of the F-ratio: means for all main effects and interactions as part of 

(MS, MS - .IS)' the analysis of variance process, and then use only
dfId.om = IblS,)-/df, - (MS,):/df - (MS,)-"'df, those that pertain to the particular significance pattern

- 2 for that data set. For example, if there is no interaction 

To illustrate the use of this formula. suppose we between SN4U and T. the T main effect means should 
wish to find the approximate degrees of freedom tor be used for making recommendations from the .x­
the linear combination of variances that is used to test penment because they are stable and have more gen-
SNIU in the analysis of variance given in Table 7.The erality than the interaction means. Significance of an 
degrees of freedom for the three mean squares are 6. interaction between these two factors, on the other 
4. and 12. respectively. Substituting these into the hand, implies that the interaction means should be 
above formula, the dfdnom is obtained as follows: 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 foreach location-year as shown in Table 2. Location and year are random effects. 

Source df MSt Expected ,alue of MS 

Location iLI 3 L V - to: ,- rita ­l joil, rsm.o' 
Year IY) 2 Y a- - toj - t.),- rst1f - Irsto 
L x N 6 L a - ia - ro' t, rstaL 

Replications (R)in L "YV 60 RiL " Y) - tlo - i Vt, 
SoilMapping Unit iSMU) 2 SMI a-- to:- rroj - IrroI, - rryaL, Irr is 

L x SMU 6 L SNU 0; - Ia. - rf.s - raLs 
V x SMU 4 NV SMU rio, - Irr,. 
L < V x SMU 12 L Y xX SMU - - rrut 
Errorlat 120 R X SMU (L x Y) u: ita, 
Treatment IT) 3 T a - ref t1. - rSYOt - rlsuhl - r441 
T ( L 9 T K L a; rsait - h 
T K Y 6 T x V -a t - rho j 
T x L < 18 T X L x Y a:- rjoi
T SMU 6 T X SNU a' - i -L r/ou~, - r)', rylgis 
T L ( SM' 18 T x L x SMU C- roi -nrit, 

T Y < SMU 12 T < Y X SMiU a- ra'o,, - rhtI, 

T < L Y < SML' 36 T < L x V - SMU r raL I 
Erroribi 540 ERRORb 

Total (corrected formean) 863 

Levels of:
 
Location I- 4
 
Year y,- 3
 
Replication r- 6
 
Treatment t - 4
 
Soil Mapping Unit I- 3
 

t MS - mean square. Testing pattern Iorabove assumptions:
F ISMU) - (MSfor SMU)/IMS for L < SMU - MS for V SML' - MS for L x Y < SMUI 
F (L x SMUI) - (Is forL < SMUL')MS for L 'K Y ' SMUI 
F IN' SMUI) - (MS for Y w SML'I/IiS for L < Vr SML') 
FIL x Y x SMU) - IMS for L Ns ( SMUI/IMS for R ' SMIU IL X Y)J
F IT) - IMS for TI/IMS for T '<L - MS for T < V - MS for T < L < Y) 
F IT < L) - IMS for T ( LI/IMS for T < L Yl 
F IT < Y) - (MS for T x V)/(MS for T < L X Y) 
FIT < L X Y) - IMS for T x L KY)/1N3for FRRORb) 
F (T x SNIU) - IMS for T x SMU)/(MS for T , - V SML NiS for T x < SMIU)< L SMU MIS for T N. - x L Y 
F IT < L x SMtJ) - iMS for-T K L K SMUVIiMS for T < L VN ,SML) 
FIT y"' SNIU) - IMS for TX Y X SMI/IMS for T < L e N < SMU) 
FIT X L x Y x .MU) - (MS for T X L x Y < SMU/IMS for ERRORbi A 
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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 la,,ers within 0.25 

m of the soil surface, while subsoiling can be used to routinel] loosen 
dense layers down to a depth of approximately 0.45 m. Selecting 
one tillage method over the other to maximize kield is problematic
because the lower depth of a root-rest-:icting layer is often difficult 
to determine precisely if the layer contains structural aggregates,
Wkehypothesized that the ability of roots to penetrate dense soil 
layers is related to the size of aggregates in (he dense layers. There-
fore, this study compared root .istributions for chisel plowed and 
subsoiled tillage treatments and related them to soil properties and 
corn (tea 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 layer below 
the depth of chiseling. Subsoiling significantly (P = 0.101 increased 
ield over chisel plowing at five sites. At four of these sites, the 

proportion of roots between depths of 0.3 and 1.0 m in the chiseled 
treatment was low (-0.20) due to the rootrestricting layer etend-
ing below the depth of chiseling. Although all sites hd pan-like 
layers, which were characterized on the basis of bulk-density and 
cone-index measurements, only layers whose ped meanweight di-
amerer was _l.2 mm re'sulted in root proportions being -0.20 in 
the chiseled treatment. These virtually nonaggregated layers also 
tended to hpve low amoun~s of plant-available water (<0.12 ml in1).
To adequately characterize root ,estricting 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 densir, or cone index, 

ENSE SOIL LAYERS such as tillage pans are corn-
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. parti,7ularly during drvyears(Kamprath 
M.J. Vepraskas. Dep. of Soil Science. Bo, '19. North Carolina
State Univ.. Raleigh. NC 27695-7619: M.G Wagger. Dep. olCrop
Science. Box 7620. North Carolina Stae Univ . Raleigh. NC 2'695­"620. Contnbution from the Dep. o"Soil Science. North Carolina
State Unix. Paper no. 12060 o1 the Journal Series of the NorthCarolina Agnc. Res. Serv.. Raleigh. NC 27695-601. Recei.ed 6Mar. 1989 Correspondng author. 

Published in Soil Sc. Soc. Am. J.54:849-854 (1990) 

et al.. 1979). Depth and thickness of the dense layers 
vary. but the most root-restrictive ores form from 0.2 
to 0.4 m deep (Naoerman, 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 is used to a
depth of approximately 0.45 m when restrictive layers
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 layers
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
 
Vepbskas n Wr (o 89 eand the re

(CI) for chieled and subsoiled treatments in seven 
Paleudults havingdaense layers. Root abundance was 
ma ed s h a roo- lay e nst (cmndance was 

measured as either a root-length density (cm root/cm3 
soil) for soil cores, or as a number ofroots per unit 
area for obser",ations made on soil pit walls. They
found that the C[/root-abundarce relationship varied
with soil depth and clay percentage. Diagnostic C[ val­
ues. defined as those Ci values where subsoiling 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 in the entire

profile and on .ield were not addressed.
 

Subsoiling's effect or, yield for a given soil depends 
both on the sot!*s ph.sical properties and rainfall. In
addition to having a root-restricting layer, the soils
where the largest yield increases from subsoiling are
found have san or loamy sand Ap horizons that re­
tam low amounts of plant-available water (Campbell
et al.. 1974; Vepraskas et al.. 1987). Given these phys­
i(al conditions, the size of the yield increase producedby subsoiling depends on the amount and timing ofrainfall and irrigation. For example. Porro and Cassel 
(1986) compared corn yields for subsoi! -d and disked­only treatments on a Norfolk loamy sand (Typic Pa­leudult) with a tillage pan. Thev found that during adr,' year the relative yield increase produced by sub­
soiling, compared with disking, could range from 15% 
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