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Abstract:

Rating soils based on their crop productivity capabilities is a potentially useful tool that can allow
researchers to predict crop yields on a regional basis. Unfortunately, rating systems or indices have
been hindered by (1) difficulties in quantifying soil properties and (2) by interference from outside
variables such as management, climate, and site variables.

In order to address these problems, 184 field experiments conducted from 1 968 to 1 982 were selected
throughout the dryland plains of Montana for evaluating selected soil morphological, classification,
climatic, and site variables in relation to small grain yield. All sites chosen for study were at "optimal"
management conditions in terms of fertility, weed and pest control. Data were analyzed by multiple
stepwise linear regressions to identify variables related to yield.

Important soil morphological variables that were related to small grain yield included available water
holding capacity (r=+), deep depth to Cca horizon, generally coarse, subangular blocky structure in the
Cca horizon, and to a lesser extent, fine texture. Dry consistence of Cca was also positively correlated
with yield in most cases, due to its positive correlation with deep depth to Cca, fine texture, and well
developed structure in the Cca horizon. Other variables that were important to small grain yields in
Montana included rainfall Cr=+) and spring soil water stored from 0 to 120 cm (r = +). Rainfall,
available water holding capacity, Cca dry consistence, and spring soil water from 0 to 122 cm
accounted for 44% of yield variation, statewide.

Data were also subdivided by crop type (winter wheat, spring wheat, and barley) and by geographic
location (north-central, southeastern, northeastern Montana, and Gallatin-Madison county area) for
regression analysis. For crop subfiles, all yields depended on rainfall (r=+); spring wheat to the greatest
extent and barley the least. For location subfiles, southeastern Montana was the only area without soil
morphological variables appearing in its regression, suggesting that water factors were more limiting
for this area.

A soil productivity index (SPI) was generated for 52 soil series considered in the study, with the "best"
yielding soils in Montana (such as the Bozeman silt loam) having high available water holding capacity
and relatively deep depths to Cca horizon. When SPI values were combined with water variables and
crop type, 45% of yield variation was explained. Further soil productivity studies are needed to explain
more yield variation.
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ABSTRACT

Rating soils based on their crop productivity
capabilities is a potentially useful tool that can allow
researchers to predict crop .yields on a regional basis.
Unfortunately, rating systems or indices have been hindered
by (1) difficulties in quantifying soil properties and (2)
by interference from outside variables such as management,
climate, and site variables.

In order to address these problems, 184 field
experiments conducted from 1968 to 1982 were selected
throughout the dryland plains of Montana for evaluating
selected soil morphologlcal classification, climatic, and
site variables in relation to small grain yield. All sites
chosen for study were at "optimal" management conditions in
terms of fertility, weed and pest control. Data were
analyzed by multiple stepwise linear regressions to identify
variables related to yield.

Important soil morphological variables that were related
to small grain yield included available water holding
capacity (r=+), deep depth to Cca horizon, generally coarse,
subangular blocky structure in the Cca horizon, and to a
lesser extent, fine texture. Dry consistence of Cca was
also positively correlated with yield in most cases, due to
its positive correlation with deep depth to Ceca, fine
texture, and well developed structure in the Cca horizon.
Other variables that were important to small grain yields in
Montana included rainfall (r=+) and spring soil water stored
from 0 to 120 cm (r=+). Rainfall, available water holding
capacity, Cca dry consistence, and spring soil water from O
to 122 cm accounted for 44% of yield variation, statewide.

Data were also subdivided by crop type (winter wheat,
spring wheat, and barley) and by geographic location (north-
central, southeastern, northeastern Montana, and Gallatin-
Madison county area) for regression analysis. For crop
subfiles, all yields depended on rainfall (r=+); spring
wheat to the greatest extent and barley the least For
location subfiles, southeastern Montana was the only area
without so0il morphological variables appearing in its
regression, suggesting that water factors were more 11m1t1ng
for this area.

A soil productivity index (SPI) was generated for 52
soil series considered in the study, with the "best"
"yielding soils in Montana (such as the Bozeman silt loam)
having high available water holding capacity and relatively
deep depths to Cca horizon. When SPI values were combined
with water variables and crop type, 45% of yield variation
was explained. Further soil productivity studies are needed
to explain more yield variation.
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CHAPTER 1
INTRODUCTION

Researchers in Montana, as well as other parfs of the
world, have recognized a need for determining relationships
between gross soil physical propérties and crop production.
By knowing how various soil variables influence crop
production, soil scientists can determine the "soil

productivity" or how much a crop can physically yield for a

specific soil type. Once productivity factors are known for

many soil series, researchers can then construct a soil
productivity index (SPI) of ;oils for their particular area.

S30il productivity index values are a potentially useful
tooi that can allow researchers to predict crop productivity
on a regional basis. This tranéfer of "agricultural
technology" can in turn allow growers fo tailor their crops
to their particular soils. Other applications for using SPI
values include aiding economists in determining potential
values of soils ‘and aiding in identifying productive laﬁds
for general land use planning and agricultural preservation
policies.

SPI values can be detérmined for most dryland small
grain production areas Qf Montana since soil properties are

well documented in county soil surveys for a majority of
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Montaca's grain production areas.‘ However, quantification
of soil properties"is essential in order to derive SPI
values and consequently compare one soil type to another.
Since many soil characteristics do not easily 1ehd
themselves to quantitative interpretations, researchers and
SCS personnel have had difficulty in quantifying soil
productivity for Montana's dryland grain production areas.

Specific prbblems'of guantification that:have faced
researchers involve the qualitative nature of soil
properties themselves. Many soil parameters can influence
yields in subtle, indirect hays and are interreiated, making
cause and effect relationships of soil properties to yield
difficult to determine. Difficulties in qqantifying soil
productivity are also partially due to crop yields being
a product of variocs management, genetic, and climatic
factors as well as soil properties. In Montana, where the
dryland production areas are semi-arid, yearly moisture
difierences become especially critical characteristics
that can.influence soil productivity values.

This study addresses these problems of quaatifying soil
productivity. Specific objectives of this study include:

(1) to identify a few selected soil morphclogical,.soil
classification, field site, acd soil-climatic parameters
that may be important to smali grain yields in Montana.

(2) to take into account management variability of

growers by tsing existing yield data from experiments with
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"highest attainable yields" in terms of fertility, weeds,
and pest management. |

(3) to employ an existing information base (from
county soil surveys and field experiments) to ascertain Sgll
propertles that _may influence grain yield. :

(). to quantitatively examine cause and efféct
relationships between important variables and small grain

yields, employing multiple regression techniques and

correlation matrices.

(5) finally, to determine if these quantitative

relationships can be useful for constructing a "soil
productivity index" model for Montana's dryland grain

production areas.




"CHAPTER 2
LITERATURE REVIEW
Approaches of_ Quantifying Soil Productivity

One of the first attempts to quantify soil productivity
was made by Storie in 1933. In his original index scheme,

he .chose a multiplicative model, examining surface texture,

slope, profile morphology (depth), and other modifying

factors such as pH and degree of wetness. Although Stofie's
model presented guantitative relationshipé between soil
properties and crops; his ratings were based soley on/soii
characteristics. Huddleston (1983) called this approach an
"inductive method" of indexing soil productivity; that is,
soil productivity ratings" are constructed ©based entirely
oh inferences about effects of soil properties on the yield
(and growth) of plants". This approach was commonly taken
during the 1930's‘and early 1940's by researchers.

After World War II howevér, Huddleston notes that the
"deductive approach".became more popular among researchers.
This method is currently used in every modern SCS soil
survey in the form of yield tables.. Unlike the inductive
methqd, the deductive approach bases,éoil producti;ity

entirely on comparisions of yield data from different soil

types. Presently, reésearchers employ three methods of

SRR 5 O § O S, VAU SO
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collecting data for determining soil productivity: (1) using

questionnaires to survey producers, (2) compiling existiné

data from farm records or expériment station results, and
(3) actually collecting yield data on a small plot basis
(0Odell, 1958). By far, small plot data collection is the
most precise method but pérhaps‘the most costly.

One major iimitation in using.the deductive approach
however is that crop yields not only reflect soil
properties but climatic, managément and biological variables
as wéll. In order to aécounﬁ for these variables,

researchers have tried sequential sampling (Olsen, 1981).

When using sequential test plots, the experimenter

deliberately samples plots on different (or sequential)
soils within the same field (usually in a moisture catena).
This method can essentially hold climatic, managément, and
Biological variables fairly constant.

In Montana, Burke (unpublished data, 1982) sampled

sequentially on three different soil series in order to show ,

yield differences'of winter wheat on no-till, minimum till
and conventional summer fallow tillage in northcentral
Montana. Results indicated that the Ernem series yielded
much less (33 bu/ acre) than either Tanna or the Linnet-Acel
complex regafdless of tillage practice (see Figure One).
Since the Ernem soil was much shallower than either Tanna or
Linnet—Acel{ lower yieids were possibly. influenced by Ernem

having the lowest water holding capacity.
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(1977) over a large area (western Alberta). For a large
data base or a large area, multiple regreésion'techniques
have also been employed En determining important soil
properties that influence yield aﬁd in evaluating how soil
properties interact with each other (Allgood and Gray,
1978). Using a multiple regression model, Karéthangsis et
al. (1980) noted that 17 to 74%-of the variation of grain
yiela was explained by soil variables on plots distributed
worldwide.

Sopher and McCracken (1973) have caﬁtioned, however,
that multiple regression analysis can produce moaels that
are unrealistic. ‘They stressed that misuse of régression
mbdels can occur in two forms: "(1) drawing conclusioné from
a saﬁple not representative of the population studied, and/
or (2) literally interpreting the valﬁes of regression
coefficients that are derived from highly correlated
independent variables". The first misuse can be éliminatgd
by replicating samples adequately in time and space. The
second misuse is harder to alleviate since "independent"
variables in soil-plant relationships are usually highly
correlated, forcing coefficients to bé correlated (ﬁqt
additive) also. This is of no qonsequence; Sopher and
McCraken state, if the model is used soley as a predictor

tool but should not be used to make cause and effect

interpretations of variables unless correlations are taken.

into account. They suggest éonstructing a correlation

+

| L | Py S— 11




8
- matrix and eliminating (or combining) those variables that
are highly correlateﬁ. This technique is used in the
present study. More will be said about these
"multicollinearity effects" in the Materials and Methods

section.
Soil_ Morphological, Climatic, and Site Influences_on Yield

§gil_Mgnpnnggiggl_Igriablg§

The étate of soil physical factors, such aé texture,
stfucture, bulk density and consistence can affect small
grain yields in various ways. Soil téxture indicgtes the
relative proportions of the priméry soil separates (sand,
silt, and clay) in a soil. In terms of crop growth, soil
texture can affect yields indirectly by affecting soil
strengh, pore size, air, water and soil temperature.(Dedong
and Rennie, 1967). Sopher and McCraken (1973) reported that
an increase in clay. for North Carolina soils correlated
negatively with corn yield, while sand correlated
positively with corn yield and silt correlated negatively
(although only slightly) with yield. The negative response
of increased clay to yield was attributed to higher clay
amounts occurring in areas with boorer drainage. For drier
areas, Allgood and Gray (1978) reported that clay in
Oklahoma soils had a poéitive correlation with wheat yield
while sand was neéatively correlated‘(alﬁhough only

slightly), suggesting that finer textures may be more
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beneficial to grain yield in ﬁhét semi~arid area. In
general, the Soil Sqrvey Sfaff (1971) has rated sandy loams,
loams, and silt loams as being the best textures for growing
crops while coarser and finer textured soiis rate lower;

Soil structure denotes the 'arrangement or the
orientation of primary particles into secondary particles,
thus indicating the distribution of micropores and
macropores. In terms of crop growth, structure influences
yield since roots penetrate partially by growing through
existing voids and pqrtially by moving aside soil particles
(Taylor, 1974). Thus, roots tend to find structural
weaknesses following voids even in rigid soil systems. With
soils that are not highly structured and have high sdil
strength (i.e. few pores), roots must move sqbstantial

quantities of soil in their path which can reduce the

N

plant's growing capacity.. )

Similar to structure, bulk density is a direct
measufement of the amount of pore space that is available
for water and air movement. . Plant response to increased
bulk density (compactidn) can vary with soil type, plant
spécies, climate'and stage of development (Rosenburg, 1964).
Specifically, Ferguson (1983) ﬁotes that the greatest
compaction can occur in systems in which: (1) the soil
particlés cover a broad spectrum of sizes so that small

particles can fit nicely between larger partiqles, (2) high

surface areas and swelling clays (montmorillonite) dominate,

LAl - | A
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(3) swelling type cations (Na+) dominate, (4) a water
conﬁeht that minimizes cohesion and friction exists.

In terms of soil productivity, Rosenberg (1964) noted
that increasing bulk density may increase mechanical
impedance, reduce aeration, and'alter water availability and
heat flux by decreasing pore space.

High bulk densities, however, may be beneficiél to
crops, particulariy on sandy soils.‘ For sandy loam soils,
Rashid et al..(1976) reported that increased bulk denéity
actually raised fhe water retention capacity of the soil by
presumably reducing macropores (which do pét strongly hoid
gravitational water). Excessive compaction may be harmful
“however. Veihmeyer and Hendrickson (1948) dehonstrated that

all plants tested couldn't penetrate soils with bulk

density values of 1.9 g/cc or more. In Montana, bulk density -

problems due to compaction of cropland are not apparent up
to 1.7 g/cc (Hayden Ferguson, personal communication).
Soil .consdstence. is essenfially an integrated
measurement of bulk density, structure, and texture of a
particular soil. It ié determined by measuring soil
resistence 'to crushing and its ability to be molded or
changed in shape. Soil.Survey Staff (1971) has chosen a
moist consistency of "very friable" as the most suitable
consistence for crop production. -A firm or hard dry
consistence is rated as poor and commonly imblies slow

permeability (Veeh, 1981).

Ll ok




Ll

11

In addition . to soil physical aspects, grosé
morphdlogical properties such aé soil depth, available’water
holding capacity and‘depth to- calcium carbonate horizon also
are important factors of soil productivity. Bennet and
others (1980) noted that deep soils correlated highly with
high wheat yiel@s, apparently due to increased available
water holding capacity.. " Rapid stress to plants occurs on
shallow soils with low water holding capacities which are
subjected fo greater climatic evapotrénspirationdemandthan
deeper soils (Richie, 1981). Soil Survey Staff (1971)
recommends that a soil depth of 30 inches or greater is
needed for good overall crop productivity.

In Montana, most agricuitural soils haQe calcium
-carbonate accumulation, or calcic horizons, within their
profiles (Montagne et al., 1982). This accumulaﬁion of free
lime may negatively affect plant growth. Mortvedt (1976)
postulated that high free lime levels méy cause stunted
growth as a result of P and micronutrient immobilization as
well as serious ammonia volitalization losses in cases of
improper N ferfilizer management.‘ On a worldwide scale,

Karathanasis et al (1980) noted that the lowest-grain yields

were oberved on highly calcareous soils (and on soils with a

pH lower than 6.0). In northern Montana, Munn and others
(1982) observed that percent CaCO3 was highly negatively
correlated with spring wheat yields on Scobey-Kevin complex,

but more so on the Kevin soil than the Scobey soil. This




12
was explained by the fact that Kevin had its calcie horizon
closer to the surface. They also postulatéd'that the
shallower calcic horizons may have induced P deficiency
and ﬁhus lowered yield for Kevin soils compared‘with

Scobey soils.

§Qil:§limajig_laniabi§§

Variables that affect soil water and soil temperature
can affect crop production'as well. Lack of soil water,
for example, can critically. stress plants and result in less
growth and yield. Richie (1981) states that plant stress
can be caused by either (1) a deficiency of water in the

root zone within the soil and/ or (2) excessive atmospheric

water demand from leaves.

Researchers have measured water stress of piants
indirectly‘by estimating potential evapotranspiration (PET)
which is primarily deterﬁined by wgather factors such as
temperature, net radiation,_h&midity and wind velocity
(Penman, 1956). As a result, PET can essentially be used as
a measure of water use where soil‘water is not limiting
(i.e._irrigéted wheat). In general, a higher PET rate
occurs when weather is warm and dry which can deplete
available soil water -and decreaéé root penetration (Hsiao
and Acevado, 1974).

In qutana, a semi-arid state, dryland grain production
areas are often subjedted to limited water situations during

the growing season. Thus, PET estimates are not appropriate
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for estiﬁating water under these cohditions and, instead,
researchers have measured: or estimated actual
evapotranspiration (or AET) for semi-arid- soils. For
estimating AET, one needs to understand how the water-
dynamics of the soil-plant-atmosphere system relates to the
available water helding capacity of the soil, its depletion
and replenishment (Richie, 1981). Generally, as AET
decreases, soil water decreases.

To take into account both atmospheric demands and soil
water supply, Denmond and Shaw (1962), using PET and AET in
an equetion, calculated the relative ET as follows:

AET

PET

= relative ET.

When AET/PET < 1, there is a general decline in relative ET
with time. If either AET decreases (soil water decreases)
and/ or PET increases, relative ET slows down and the plant,
ceases to assimilate CO,. Richie (1981) has noted that when
relative ET is less than one, PET becomes less important in
semi-arid areas as factors éffecting water transport from
soil to plant become more important. He also states that
variations in soil water deficiences (AET) are the major
cause in year to year variations in yield.

Precipitation during the growing season ﬁsually is
beneficial to crop yield in that it increases soil water
available for plant use. ~Runge and Odell (1958) found that

water above normal precipitation was especially beneficial
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on corn in Idwa approximately one‘month before anthesis. 1In
contrast, Karathanasis etal. (5980) foundlthat seasonal
rainfall had a low significance or.a slightly negative
effect on wheat yield on a worldwide scale (apparently due
to leaching of nutrient anions). For semi-arid areas,
however, precipitation has positive effects on small grain
yields. Brengle (1982) noted that for eastern Colorado, all
land types that produce wheat yields well/above the cost of
production were.found in areas that receive more than 380 mm
precipitation annually. Thus, total amount of precipitation
becomes more cfitical perhaps up to a point. Karathanasis
did note that wheat yields increased with ‘increased water up
to 350 mm and then decreased on a worldwide basis.
Apparently, Karathanasis concluded, the distribution of
rainfall dﬁring the critical growth stages appeared to be
more important than total amount of precipitation except at
'the lower end of the precipitation scale. |

Soil tempefature,also can influence plant yield. Willis
and Power (1975) reported that increasing soil temperature
decreases water Qiscosity and surface tension while
increasing'hydraulic conductivity.ﬂ Thus an increase in soil
tempefature can increase the water flow in a particular
soil. |

Soil temperatures can also affect crop gfowth and yield
directly. Nielsen (1974) notes that optimal yields for

barley usually occur at 18 C, while wheat yields are
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optimized at 20 C. Power et al. (1970) however noted that
yield poteptial of barley may decrease with an increase in
root temperature due to higher.teﬁperatures hastening
maturity. |

'In terms of crop yields, Black (1970) observed on
eastern Montana soils that winter wheat yields were very
dependent on-soil temperature and soil water during May,
suggesting that higher early temperatures are critical for
producing good yields. Runge and Odell (1958) found that
"both precipitation aﬁd maximum daily temperature 50 to 74
days before and 14 to 30 days after full tassel on corn
explained up to 67% of the yield variability from 1903 to
1956.

Site Variables

" Site qharacteristics or local topography can influence
crobs indirectly by affecting soil‘propefﬁies or conditions
which influence yield. Soils with south-facihg aspects, for
example, receive greater solar energ&, resulting in higher
soil temperature and a drier overall groﬁing season than
soils with north-facing aspects. fhe latter have more soil
water during the growing season, greater organié matter, and
genérally.thicker soil depth (Montagne et al., 1982).

Slope angles and slope positions by themselves also

affect soil properties which can influence yields. Soils on"~

convex positions tend to be shallower (due to more erosion

influence) than concave-position soils which tend to

LYl
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accumulate more soil water (Montagne et al., 1982). In terhs
of slope angle, Furley (1971) reported that high
correlations exist between soil properties and slope angle
on convex portions of slopes but relationships of soil angle
and properties on concave areas were much poorer. On
calcareous soils studied, Furley reported that convex slope
"angles were directly positively related to pH while
negatively related to organic carbon, nitrogen, and silt and
clay on convex slopes. Consequently, slope angle‘does
affect values of certain soil properties with most of the
changes occuring on convex slopes as oppoéed to concave

slopes.
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.CHAPTER 3
MATERIALS AND METHODS

Plot_Selection and_Sampling

One hundrgd and eighty fouf field experiments were
conducted between 1968 and 1982 oﬁ 123 sites throughout the
state of Montana (see Figure 2 ). Of these 184
experiments, 182 were fertility field plots conducted by
researchers from various Montana State Agficulture
Experimental Field Stations (MAES) and recorded in MAES
" Annual Reports. In addition,.these field experiménts were
utilized in Veeh's thesis (1981) for predicting K response
based on selected soil propérties. The two remaining field

experiments were conducted in 1982 by the "Integrated Pest

Management" team (Nissen and Juhnke, 1983). Appendix A

lists the locafions of each site and the number of
experiments per site. |

Plot selection for this thesis was based on the criteria
that (1)'weed§'and disease problems were adequately
controlled so as not to influence grain yields and, (2) that
fertility levels of N, P and K wére adequate so as to not
limit yields. Thus the highest yields recorded by
researchers that corresponded to a particular plot were

considered "highest attainable yields"™ in terms of
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fertility, weed, éhd disease control. Field experiments
where severe drought was apparent were also included in this
study if water data‘were recorded for that particular site.
In this way, management and climatic variables were at least
partially accounted for.

For collecting physical soil data, S50ils were sampled
as near the center of the old experiment sites as possible,
as explained by Veeh (1981). Core samples, from a Giddings
probe, were divided into plow layer (Ap) horizon, B horizon
(based on structural.and textural differences. induced by
clay accumulation) and a "Ccé" horizon whére strong reaction
occurred with dilute hydrochloric acid. For the IPM sites,
one pit was dug on the convex -slope and one for the
concave slope for eacﬁ sife, and analyzed separatelj.
Since yield data for the IPM sités were averaged on both
convex and concave slopes, soil sample data were likewise

averaged for each site.
Variable Selection_and Measurement

Listed in Table 1 are the variables considered in this
study and used in multiple regression and correlation
analyses. This-sectibn will expléin in detail how variables
were measured and, wheré appropriate, how variables were

coded.
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Agronomic Data

Agronomic data considered for analysis were type of

crop (V03) and the grain yield (V06). Year of the

experiment (VO4) was also included in the regression

analysis in order to detect yearly trends of other variables

(climatic variables, for example).
Coded values for crop type are shown in Table 2 and are
ordered from winter wheat (highest test weight) to barley

(lowest test weight).

Table 2. Coding Scheme for Crop Type

Crop type Coded valué
winter wheat 1
spring wheat 2
barley 3

Yield data (in kg/ha) were recorded from annual reports

listing the highest yield (average of 3 or 4 reps) for that
particular field plot at a particular fertility level. For
. the IPM plots, fertility rates were considered. adequate so

one average value was recorded for each plot.

Soil Morphological Variables

IDry consistence measurementé were recorded for'A, B, and
Cca horizons, if present (V08 TO V10). Actual measurements
of dry consistence were obtained using a penetrometer (CL-
700: Soiltest, Inc.) which measures the force needed to

crush an unconfined‘ped (in kg/cmz). . This method was
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favored by Veeh (1981) because of its more quantitative:

(less subjective) approach as opposed to assigning values
(i.e. "hard" to "loose"). Using the penetrometer, Veeh
recorded values (which are employed in this study) from fiveé
peds of uniform size‘and thickness from each horizon and
averaged these values for each horizon. _

Bulk density measurements by the clod method (Blaék,
1965) were recorded for each site. The average value from
three large peds for each horizon was used in the analysis

(V11 to V13).

Soil structure values (V14 to V22) were obtained from

either field observation or (in most cases) from the soil

series description that corresponded. to a particular site:

(see Appendix A). In an attempt to quantify soil structure
descriptions, coded one-digit numbefs were used for érade,
size, and type for each horizon to reflect the ﬁrend from
weak to  -strong, fine to coarse, and wide or angular

peds to small round peds'(see Table 3).

Table 3. Coding Scheme for Structure.

e o . e e G S e G e S Ve Sme G G A G e S P Gy T e e vy M Y e P G P S R M0 S G e M G S e e e S S —

weak 1 fine 1 platy 1
moderate 2 medium - 2 " prismatic 2
strong 3 coarse 3 columnar 3
' angular

blocky 4

subangular
blocky 5
granular 6
. massive 7
single grain 8
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Each horizon has fﬁreé.values for structure; one each
for grade, size, and type. For structure typé,_some values
were not applicable for particular horizons. For example,
Ap structure type values were reéorded as either 1,4,5, or
6; for the B horizon, 2,3,4, or 5; and for the Cca horizon
2,4,5, or 7. Thus a "high™" stru;ture type value for the Cca
horizon would indicaﬁe a massive structure (7) while a high
structuré type rating for the Ap horizon would indicate a
granular structure (6) and a subangular blocky structure (5)
in the B horizon.. It is important to distinguish structure
type valugs in this way when examining correlation
relationships with yield. |

Textural class (V23) refers to the texture dominant at
the surface of a given soil and is usually associated with
the soil series name. The values were taken from either
soil series descriptions or hand textured in the field for
sites not classified. The coding scheme used for textural

class'in the anélysis appears in Table 4, where the lowest

value corresponds to coarse texture and the highest value to -

fine texture. ) . -

Table 4. Coding Scheme for Textural Class.

Textural class " Coded value
fine-sandy loam 1
loam 2
silt loam 3
silty clay loam 4
5
6

clay loam
clay

I I 1
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Soil surveyors use textural family to denote the
dominant texture in the control section ih the brofile
(usually the B horizon if argillic). The name itself is
derived from the classification name at the family levéi.
Table 5 shows the coding scheme of the textural family with

values increasing from coarse to fine.

Table 5. Coding Scheme for Textural Family.

Coarse-loamy 1
Fine-loamy 2
Fine-silty -3
Fine (montmorillonitic) y

Other soil morphological variables that were considered

in this study were depth to Cca or carbonate layer (V27),

thickness of B horizon (V26), available water holding-

capacity (V53), and soil depth to pafalithic or lithic
contact (V54). Depth to Cca and thickness of B horizon were
field measured, and available water holding capacity (AWC)
and soil depth were estimated from soil series descriptions.

Table 6 and 7 show the coding scheme for AWC and soil depth.

€

Table 6. Coding Scheme for Available Water Holding

Capacity.
Cm Coded value
low 0-13 1
~ medium 13-18 : , 2
‘high " 18-25 3
very high >25 4
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Soil Classification Variables
Soil classification variables refer to those parameters
that can be derived from either the soil series name or the

particular classification given for a series. In most

cases, the soil series (and hence its classification) was-

determined by researchers from MAES Annual Reports. If not
found in the reports, however, the legal description 9f the
fertility plot was compared with the appropriate SCS county
soil survey to determine the-soil series of a particular
site. Some counties, particularly Hill end Liberty County,
have not been surveyed eo series (and classifications) for

these sites were not known (see Appendix'AL

\ ' -

Table 7. Coding Scheme for Soil Depth to Lithiec or
Paralithic Contact.

Cm Coded-value
shallow <50 0
deep 50-150+ 1

Cla551f1cat10n variables included in the study were
mean annual 5011 temperature (V32), temperature regime
(V33), and moisture regime (V39). Appendix B shows the

category of moisture regime and temperature regime for each

" series considered in the analysis. In addition, textural

class and textural family are also displayed in Appendix B
for each series.

Soil temperature and moisture regimes were coded as

‘shown in Tables 8 and 9, respectively, with temperature

N
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regimes coded from cold to warm and moisture regimes from
wet to dry. These regimes were obtained from the

classification names as explained by Veeh (1981).

Table 8. Coding Scheme for Temperature Regime.

Temperature regime Coded value
Cryic 1
Frigid 2
Mesic 3

Table 9. Coding Scheme for Moisture Regime.

Moisture regime Coded value
Udic 1
Ustic 2
Ustic-Aridic 3
Aridic-Ustic 4

Site Variables.
~Site variables considered in the study include aspect
(V30), slope percent (V29), latitude (V31), elevation (V26),
and geographicel location (V25). Aspect and slepe percent
variables were recorded in the field whiie taking core
sampies. Latitude, elevation, and geographical location
were obtained from topographic maps and legal description

for each site.
Two of the variables, éspect and geographieal location,
were entered as coded values. - Figure 3 shows the coding
scheme for aspect in which a number from one to eight was

assigned to correspond with azimuth degrees (Veeh, 1981;

L L
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Schaff, 1979). Although somewhat limited in determining
north-south relationships, this scheme does allow east-west
interpretations with east genefally being a low value and
west being a high value; |

Geographical location, the secdnd coded variable, was
used in the analysis in order to separate plots into areas
‘of more uniformity. Although somewhat arbitrary, these
areas were separated on the basis of how clo$esites were to
one another, groﬁing seasoﬂ differences; and differences in

general climatié conditions.. Figure 4 shows the four areas

delineated for the state of Montana. A number (1-4) was

assigned as the coded value for this variable. Note that
most of the spring wheat was in location 2 and 3, most of
the barley was in location 1, and most of the winter wheat

was in location 4.

315-360°=

N
o \
210-315° = 7 '\

| 225-270° = 6 .,
Vd

Coding Scheme

for Aspect

’ N
180-225° =] 135-180°

3

Figure 3. Coding Scheme for Aspect.

1.
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Soil-Climatic Variabies

Soil-climatic variables are considered here to be those
parameters that are influenced by year to year "growing
condition" variability. The variables considered for
analysis are rainfall (V38){ available spring soil water
(V40-V52), soil temperature (V34-V36), potential
evapotransbiration (V55), and length of frost-free season
(V56).

Rainfall’(in cm) was recorded from MAES Annual Reports
for plots that had rainfall data. The value used in the
analysis was that of total rainfall during the growing
season (spring planting to harvest) without regard for
distribution throughout the growing season. For winter
wheat experiments, researchers began fecording "growing
seasoﬁ" rainfall as early as posible in the spriﬁg when they
seeded nearby spring wheat and barley sites.

MAES researéhérs also recorded soil temperature readings
during the growing season, mostly in Locatiqns y and_1.
Average monthly temperatures were.recorded and put into the
analysis. | |

Spring soil water ﬁas also observéd‘by many MAES
researchers and recorded for most of the sites used in this
study. However, some water values were recorded as
available water (cm) while others were caléulated and
recorded as total water (cm); that is, available water plus

water held at gkeater tensions than at wilting point. In

b,

1
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order to intfoduce only one value per plot into the‘
analysis, I estimated available water by converting total
water values into available water values bj using the.
"doubling rule" wheré: |

Total water = Field Capacity Water (FC)

Water held at wilting point (WP) = FC / 2

Plant Available Water = FC - WP
For the IPM sites, available soil water in the spring was
estimaﬁed using the Brown Moistufe Probe (Brown, 1960).

Once all-water values were converted to spring available
water, I subdivided these vélues;.(1) total spring availablé
soil water (VMO), (2) spring available soil water in
increments of 30 ¢cm of the 5011 profile down to i83 em (V41-~
V46), and spring available soil water on a cumulative soil
profile bases to 183 em (V47-V52) . In addition, on plots
where both rainfall and soil water values were recorded, I
included total available water fof the growing season (that
is, rainfall plus soil available water). Variables 57
through 59 in Table 1 indicate total available water for the
growing season (rainfall plus available spring soil water)
at varyiﬁg profile depths.

Soil water values were divided into these variables iq
order to detect relaﬁionships between'rainfali.énd various
depths of soillwater and also to see which water
relationships relate the best to grain yields.

Potential evapotranspiration (PET) is a climatic

variable that was considered for analysis which can indicate
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radiant energy demand on smail grains. PET values were
recorded by overlaying a plot location map on an éyerage
annual PET map of Montana (Caprio, 1973) and thén recording
the corresponding average annual PET. In order to more
accukétely estimate PET for a particular year for a plot in
question, I adjusted above or below the average annual PET
based on nearby experimental weather station evaporative pan
records. In this way, PET more nearly reflected that

specific year's weather pattern than did the average PET.

PET measured in this fashion is very approximate and is not

as precise as relative ET measurements (which ﬁere not
“available).

The length of the frost-free season was esfimétéd in a
similar maﬁner as PET. Using the Average Frost-Frge Season
Map of Montana (Caprio, 1965), I recorded the average frost-
free season days fdr a plot in queétion and then adjdsted
above or below this average depending on the number of
frost- free days recorded for that particular year (based on
nearby experiment weather station records). Thus, frost-
free season length is also a very apprgximate'ﬁeasurement
since planting dates may not have exactly coincided with

frost-free season length.
Statistical Methods

All the variables considered for analysis (in Table 1)

were put in an SPSS stepwise multiple linear regression
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program (Nie et al., 1975) which also computed useful
Pearson correlations for the variables considered.
Appendix_C presents all raw data that were entered into the
program.

As indicated in Table 1, many plots had missing soil
temperature, spring soil water, and rainfall data. Since
the analysis of R2 values and the interpretation of
significant F-values should be based on the number of éites
with complete data, most regressions were run by excluding
or restricting soil temperature, spring soil water, or
. rainfall variablés at various times. Six Dbroad categories
of regressions with restrictions were run as follows:

(1) Regressions including all cases restricting
temperature, rainfall, and water variables
(total possible cases = 184).

(2) Regressions including cases with rainfall only
(excluding temperature and  soil water
variables). (total possible cases = 123).

(3)  Regressions including cases with soil  water
only (excluding temperature and rainfall
variables). (total possible cases = 114).

() Regressions including cases with both - rainfall

and soil water variables (temperature
variable excluded). (total possible cases = 83).

(5) Regressions including cases.with both rainfall
and soil water variables except V57 to V59
(temperature variables excluded). (total

possible cases = 83).

1

1(6) Regressions including cases with all variables
(n = 42; considered for statewide cases only).

Within each of the above categories, regression runs were.

divided into subfiles; one for the statewide case, one for




33
eééh location (1-4), and one for each erop type for a total
of 8 subfiles.
For all regfession runs, I allowed a maximum of 5
variableé to enter each regression eqﬁation. With more than

5 variables the contribution of»additionél variables to

predict yield was low and multicollinearity problems began .

to develop (thaf is, 1later variables that entered the
equation were dependent on earlier variables). Tﬁg level
of statistical significance (p =.05) for each regression
equation was determined from standard.F—ﬁables (ott, 1977).
Appendix D.presents the regréssions cémputed by SPSS,
totaling 190 possible regressionslto analyze.

To make inferenées on variable relationships with yield
and correlations with other variables, it was desirable to
reduce the 190 regression equations into one or two "best"
equations for statewide cases and each subfilé. "Best"
equations were developed by subjecting all  stepwise
equations to the following criteria:

(1) Variables in the equation could not be
significantlygcﬁrrelatéd (p =.05) to each other (i.e.no
multicollinearity problems). Thus, later variables that
entered the equation (5 or less) that were correlated to
earlier ‘variables were eliminated. Multicollinearity
reductions were desirable to make cause and effect

interpretations more reliable.




34

(2) Variables left in the equation had to either be
directly related to yield or make a contribution to
variables in the correlation matrices that were directly
related to yield. This was done to assure that variables in
the equation had some physical function to yield rather than
just being an extra statistical variate to complete the
equation.

(3) For some equations, variables that wefe direétly
correlated to yield (p =.05) in the correlation matrices
were not entered during the stepwise process. In these
cases, regressions were rerun including variables that
weren't considered the first time and then tested for Sig-
nificance at p =.05. These equations also appear in Appendix
D with the SPSS runs under the heading "Extfa Runs™.

() Eor small sample sizes (n < 20), variables
allowed to enter the.equation were restricted to 1/5 the
sanple size as suggested by Tabachnick and Fidell.(1983).
Ihis was done because more cases need to be pfesent.than
variables or the regression solution becomes perfect, and
therefore meaningleSs. For cases where n < 5, a few
regressions for location 2 and 3 weré thrown out (see
Appendix E).

After subjecting all equations to criteria 1 through 4,
five to six "bestﬁ regression equations were chosen fqr each

subfile (one "best" equation for each category). ‘Appendix V
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shows these equations for each category and for each
subfile.

(5) Next, in order to pick 6ne "best" equation for
each subfile, équations in Appendix E for each.suﬁfile were
compared using "adjusted R2 values". Adjusted R2 values
were needed for comparisons because thé number of cases (n)
and variable number varied from regression to regression. I
éalculated'an adjusted R® as suggested by Seber (1977) in
which: |

RZ adjusted = 1- [1-R2] [n/(n-p)]
where n is the number of cases and p is the number of
parameters (number of variables plus 6ne for the
coefficient). The regressions with the highest édjusted R2
per subfile were picked for detailed study.in the Results
and Discussion section.

As a final check to see if, indeed, the variables in the
"best" equations were representative of the population in
qﬁestion, Pearson correlation matrites were employed to
identify variables that were significantly correlated
directly with yield (significance at p = .05). For each
subfile, matfices that were considered included:

(1) correlation matrix without temperature, rainfall
and water variables.

(2) correlation matrix with rainfall and without
temperature and water variables.

(3) correlation matrix with soil water and without
" temperature and rainfall variables.
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(4) correlation matrix with both rainfall and soil
water and without temperature variables.

(5) correlation matrix with all variables included
(statewide subfile only). ' :

Matrices were categorized for each subfile in this manner
because many plots had missing soil temperature, sp}ing soil
wéter, and rainfall data (see Table 1). Appendix F shows
the correlatioh_matrices associated with thev"best" equation
variables that where chosen based on criteria one through
five. |
Once all the correlations were determined, variable
occurrence frequencies for all categories were calculated as
follows: |
# of times variable was correlated with yield
% freqUenCy = ——meo oo
# of times variable was allowed in matrices
The variable occurrence frequencies are shown Appendix G.
Variable occurence frequency values were compared’with
corresponding "best"™ regression variables for statewide
cases and.each suﬁfile in the’Results and Discussion
section. This was done in order to determine if:variables
in the best equation were important only for that particular.
sample size or (if the variable‘s frequency was high), if
the variable was more representative of the population in
- question. If, for example, a variable entered the "best"
equation for the winter wheat subfile but its frequency of

occurrence (in relation to winter wheat yield) was only 25%,

the particular variable may not be very important for’

deiin
S
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winter wheat. Thus, interpreting important variables that
were related to grain yield was facilitated by employing

both regression techniques and correlation matrices.
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CHAPTER 4
RESULTS AND DISCUSSION
Identifying Important Variables

All Locations and Crops (Statewide)

The "best" regression equation for all locations and
crops includes rainfall,. availaﬁle water holding capacity,
dry consistencé of Cca horizon, and spriﬁg soil water to 122
ecm as variables (Table 10). All variables were positively
correlated to yield. Rainfall (V38) contributed the most
toward grain yield, accounting for 16.3% of yield variation.
Available water holding capacity (V53) éontributed almost as

much as rainfall, accounting for 15;7% of yield variation

Table 10. "Best" Regression for Statew1de Cases (n = 83).

Var# Var. Name B R R? change
V38 Rainfall - - +55% 163 .163
V53 Available water holding

capacity +236% .320 . 157
V10 Dry consistence Cca +303% ,400 .O8Q
V50 Spring soil water

(0 to 122 cm) +37% 471 .071

(constant) A . +186
Adjusted RZ = .437
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and dry consistence of Cca (V10) and spring soil water to
122 cm (V50) accounted for 8.0% and 7.1% of yield variation,
respectively.

Rainfall was not only directly correlatea with yieid
'but also correlated with total seasonal available water
variables (see Table 11). This is expected since rainfall is
a major component of these variables. Iq addition, rainfall .
was also positively cofrelated with year, indicating that
later years in the study (pafticula}ly 1982) were wetter
than earlier years of the study.

Available water holding capacity or AWC, the second
variable in- the "best" equation, was not only correlated
directly with yield but also with morphological, site, and
classificatioﬁ parameters as weli. Soil depth was highly
correlaped with AWC (r = .92; AppendixF1). ‘Other
morpholoéical variables that were correlated with high AWC
included coarse, strong structure in the B horizon which

' may facilitate greater AWC compared with massive or weak .
structure (which also may have less macropore space). Also
" correlated with AWC was fine texture in the subsoil,
suggesting that more water could be held in the subsoil of
%oils with high clay content.
‘Iﬁ term§ of site variables, available water ho;ding
capacity was correlated with location (see Tablé 1),
indicating that southeastern soils of Montana (location 4)

had higher water holding capacities than northcentral
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Montana (location 1) for the sites considered. In addition,
higher MAST and drier moisture regimes (r=+) also

correlated with higher AWC values, but this was probably due

to higher AWC, MAST, and dry moisture regime values all'

corresponding to southeastern Montana sites.

Table 11. Varlables Related to "Best" Variables; Statewide.

"Best" ‘Other Varlables Cor. (r) % Freq.**
Variable with "bestn"#
Rainfall 1.00 100%
total avail. water C
variables - + 100%
year + ' 100% -

Avail. Water
Hold. Cap. 1.00 80%

soil thickness + 80%
structure grade B + 20%
structure size B + 40%
textural family + 20%
location + 100%
MAST + 20%
moisture regime + 60%
temp. (April) + 100%
Dry Const. Cca . ~1.00 80%
dry const. Ap + 100%
dry const. B + 20%
textural class + .20%
textural family + 20%
frost-free season length + 60%
Spring 8011 Water
(0-122) 1.00 40%
other spr. soil water
variables + ~60%
total available water
for growing sea. + 100% -
elevation. + 40%
latitude - 100%

¥ see Appendlx F1 for correlation values.

¥% ¢ values refer to frequency occurrence of variables
directly related to yield.: See Appendix G1 for
% freq. occurrence from matrices.
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In terms of soil-climatic variables, AWC was correlated
positively(with soil temperature during April (see Table
11) whicﬁ in itself is important to plant growth, since
higher temperatures in April should speed up seed
germination and/or seedling growth.

Dry consistence of Cca, ﬁhe third variable in the "best®"
equation, was directly correlated with yield and with dry
consistence of Ap and dry consistence of B. 'At first, a
positive correlation between yield and dry coneistence Cca
seems puzzling since one usually assumes that high dry
consistence values imply a harder so0il which is generally
less favorable for plant growth., However, from Table 11,
dry consistence Cca appears to be élso correlated with fine

texture (r = +), which suggests that more water (and

cations) are retained for plant consumption. Thus for these

particuiar sites, a high value for dry consistence may imply
fine texture rather than a "hard" soil.

From Appendix F1, dr& consistence Cca was also
correlated with coarse, strong subangular blocky structure
in the Cca horizon (+V20, +V21, -V22) which, together with
fine texture, may indicate greater water availability and
iefiltration. Finally, dry consistence Cca was positively

correlated with a longer frost-free season (Table 11),

aithough this correlation was lower than texture and Cca

blocky structure correlations with Cca dry consistence.

This indicates that dry conéistence may be more influenced
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by texture and structure in the Cca than length of growiné
season.

The final variable in the "best" équation, spring soil
water to 122 cm, 'was correlated -with most of the other
spfing soil water‘variables in Table 11 as well as yield.
In addition, high levels of spring soil water wére related
to higher elevations and lower latitudes, suggesting that
most of the soils with‘more_adequate water in the spring
occurred in the souﬁhern part of the state but at higher
elévations (where perhéps more winter précipitation had’
occurred). .

‘Other variables that were not related to the "best"
equation variables but were directly correlated with yield
included (see Appendix G1) crop . type (-V03)'and_ soil
structure type of the B horizon (+V19). Since these
variables weren't related to ény of the "best" equation
variables, one can assume that they are less 1mportant in
accounting for the varlatlon of graln yields.

Overall, it appears_that both rairnfall and.- available.
water hoidiné éabacity were eqﬁally the mos@ importanﬂ
variables to grain yield (R2 = .163 and .157, respectively),
followed by dry consistence of Cca <R2-= .08) and spring
soil water to 122 em (R2 = .071). I would consider fine
texture and coarse, subangular blocky.structure also
importanﬁ for overall gréin yields'since these variables

influenced both available water holding capacity and dry
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consistence of Cca as well as being directly correlated with

yield.

Subfile: Winter Wheat (Statewide) ’

The "best" regression equatiop for winter wheat
experiments includes total available water to 122 em, depth
to Cca, structure size of the Ap, and available water
holding.capacity as "best" variables (Téble 12). A1l
variables were positively correlated with yield. Of tﬁe
four variables in the equation, total available water for
the growing season to 122 cm (V585 contributed the most
toward winter wheat yield accounting for 26.5% of yield
variation. Depth to Cca accounted for about 11% of yield
variation, and structure size of Ap (V15) and available
water holding capacity. (V53) both accounted for

approximately 4% of yield variation.

Table . 12. "Best" regre551on for winter wheat cases (n=62).

Var.# Var. Name B RZ R2
' change

V58 Total avalable water (122 cm) +45% 265 .265
Va7 Depth to Cca : ' +20% ,373  .108
Vi5 Structure size Ap +218% 411 .038

V53 Available water holding' :
capacity _ +126 450 .039
(constant) . 4610

Adjusted R? = ,1402
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Total available water to 122 cm (TAW) was correlated with
rainfall and various spring soil water variables (Table 13).
In addition, TAW- was positively correlated with year
indicating again,that later years were probably wetter than
the earlier years studied. TAW was also correléted with
dry consiste@ée of Ap. Similar to dry consistence Cca, dry
donsistence‘:Ap was also positively related to yield,
perhaps due to dry consistence measurements being related
again to fine texture (which can contribute to higher water
holding capacities).

The second variable in the "best" equation,_depth to
Cca, correlated positively with dry consistence Qf Cea (see
Table 13). This implies that dry consistence Cca may be
positively associated with yield due tp deepér calcic
horizons for winter wheat cases rather than being
associated with finer texture (as was postulated for
statewide cases).

The third variable in the equation, structure size of
the Ap horizon, correlated positively with yield, indicating
that coarse struéture increased yields. ‘However, Ap
structure size had a frequency occurrence less than 50%
’and was not related to any other variable (see Table 13).
This suggests that structure size Ap may be an important
variable for this particular sample but'perhaps not very

important for winter wheat in general.

U 50 T Y G AP
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Table 13. Variables Related to "Best" Variables;
Winter Wheat.’
"Best" Other Variables Cor. (r) % Freq.¥*¥
" Variable with "best"#
Total Avail. Water
for Growing Seas.

(to 122 cm) , 1.00 100%
rainfall + 100%
spring soil water

variables + 100%
year + 100%
dry const. Ap + 100%
Depth to Cca 1.00 50%
dry const. Cca + 75%
Structure Size Ap = mm-emmm—eea- 1.00 25%

Avail. Water '
Holding Cap , ' 1.00 75%
soil thickness o+ 75%

spring soil water .

(0-122cm) + 100%

" % see Appendix F2 for correlation values.
¥%¥ 9  vyalues refer to frequency of variables directly
related to yield. See Appendix G2 for % freq.

occurrence from matrices.. : . .

Available water holding capacity, the fourth variable,
correlated positively with soil depth (see Table 13). AWC
was also correlated again with greater spring soil water to
122 cm. As shown in Appendix F2, AWC was also correlated
with finer texture (+V24) in the subsoil, granular structure
in the Ap horizon (+V16) and massive structure in the Cca
horizon (+V22), indicating that in addition to soil depth)
texture and structure play an important role in .the water

holding capacity of the soil.
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OverallZ total available water for the growing season
appeared to be the most importanﬁ variable for winter wheat
yields followed by the depth to the Ceca horizon.‘ Unlike
statewide cases, total available water for the growing
season and debth-to bca éppeared‘to be more important to

winter wheat cases than available water holding capacity.

Subfile: Spring Wheat (Location 1 and 3)

The "best" régressioﬁ equation for spring wheat
experiments included rainfall KV38) as the only "best"
variable, accoﬁnting for 77.3% of spring wheat yield
variation (Table 14). The influence of other variables may
not have been detected, since the number of casés was only

14,

Var. # Var. Name B R  R2
) Change
V38 Rainfall +86% 773 .T73
(conétant) _ +892 '
‘ Adjusted R® ' = .689

Rainfall appeared to be a fairly independent variable,
being correlated 6nly to total available water variables and
total spring soil water (Table 15).

Other variables that were correlated with spfing wheat

yields directly but not in "best" regression (see Appendix




b7
G35 include some morphological variables (VﬁO,V21,V54),
site variables (V25,V18,V31), and classification variables
(V32,V33). However, their frequencies were only 25%,
indicating their cprreiations: weren'f as important_és
rainfall. Water variables (V41,V47 to V49) and length of
frost-free seasoh (V56) were-more'important (with
frequencies of 50%) but were also not related to rainfall.
Table 15. Variables Related to '"Best" Variable;

Spring Wheat.

"Best" Other Variables Cor. (r) % Freq.¥#
Variable : with "best"¥
Rainfall 1.00 100%
total spring soil '
water + 50%
total avail. water
variables : + . 100%

# see Appendix F3 for correlation valués.

®#% % values refer to frequency of variables directly
related to yield.. See Appendix G3 for % fregq.
occurrence from matrices. '

For the spfing wheat "best" equation,. the adjusted Re
value (.677) was much higher than for all crops or winter
wheat R? values (.437 and .402, respectively). Perhaps
spring wheat yields were more sehsitive to rainfall phan
winter wheat (or when compared with all three crops
combined). Another consideration is that although the R
value for spring wheat was adjusted, the value may still be

slightly inflated_beéadse the number of spring ‘wheat cases

was relatively small (n = 1%4),
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Subfile: Barley (Location 1, 3. and., 4)

Two "best" equations were chqsen from barley experiments
since their adjusted R%'s were almést_identical (Table 16).
In both equations, structure type of the Cca (V22)
contributed the most toward yield, accounting for
approximately 46% of yield variation. Its relationship
. Wwith barley yield was negative, indicating that subangulaf
blocky s;ructure positively influenced yield while massive
structure did not. The second vafiable'in both equations,
structure size of the B (V18) accounted for approximately
21% of yield variation and was poéitively correlafed Qith
yield suggesting that coarse structure in the B horizon
related to high yields. |

The third variéble in equation 1, structure sizefof the
Cca (V21), also contributed to yield (8.7%) althdugh ifs
coefficient wésn't significant at p = .05, meaning that V21
didn't add muéh t6 the equation. Structure size Cca was .
also negatively correlated with yield indicating that small
structure size in Cca contributed to higher yields.

For equation 2, its third variable, available total
water for the growing season to 90 cm (V59), accounted for
9.5% of yield variation. However, its coefficient wasn't
significant (p = .05), indicating available total water for

the growing season didn't add much to the equation. It was

positively correlated to yield.
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- Structure type Cca was positively correlated with

struéture size Ap indicating that soils with massive Cca

Table 16. "Best"™ Regressions for Barley Cases.

EQUATION 1 - cases with soil water only (n=19)

Va2 - Structure type Cca ~475% LAU455 455

V18 Structure size B +441* 655 .200

Va1 Structure size Ceca , -372 .TH2 .087
(constant) +4674

Adjusted R2 = .673

EQUATION 2 - cases with soil water and rainfall (n = 13)

va22 Structure type Cca ~-438% 467 L8467

Vi8 Structure size B ' +310% ° ,682 .215

V59 Available water for -
growing season (to 90 cm) +63 CTTT .095

(constant) | +2552
: Adjusted RS = ,666

ST M S M S G e e e e s e G S e e G R e S e S e G S e e e S e S T e e e Tt e e o S v G W B e e e S = e e e S

structure tended to have coarse structure in.the overlying
Ap horizqn (Table 17). Implications of this for yield are
uncertain. From the cbrrelation matrix (Appendix F4),
structure type Cca was also negatively correlated with
variops spring soil water vériables‘(-VHO'to -V42,-Vﬂ8,-

V49), indicating that subangular blocky structure in Cca




50
(versus massive structure) had higher spring soil water
levels. This may influence high barley yields althbugh it

was not directly correlated.

Table 17. Variables Related to "Best" Variables; Barley.

"Best" Other Variables Cor. (r) % Freq.#®¥
Variable with "best"#
Structure Type Cca 7 _ ' 1.00 50%
structure size Ap + 50%
Structure Size B 1.00 50%
structure grade B + 25%
structure type B + 25%
avail water hold cap + 50%
Structure Size Cca : 1.00 50%
structure size Ap . o+ 50%
Total Avail. Water
for Growing Seas.
(90 cm) - : 1.00 - 100%
rainfall + 100%

¥ see Appendix FU for correlation values.

#% % values refer to frequency of variables directly
related to yield. See Appendix G4 for % freq.
occurrence from matrices.

Structure size of B, the second variable in both "best"’
~equations, was highly correlated with structure grade B (r
= +) and‘structure type B (r = +), indicating that coarse,
strong subanghlak blocky structure relates.to high yields of
barley (Table 17). In addition, structure size B was corre-
lated positively .with available water holding capacity.

Structure size Cca,. the thitd variable in equation 1,

was not directly correlated with yield (Appendix G4) nor was

it correlated with any other variable directly relatéd to
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yield except structure siée Ap. Thus structure size Ceca is
probably not as important as-structure type of Cca or
structure size B in terms of barley yield.

Availabie water for the growing season to 90 cm, the
third variable in the second equation, was difectly
correlated to yield for 100% frequency, indicating that it
was an important‘ variable but accounted for a smaller
variation of yield compared with structure type Cca and
structure size B. As expected, it was also related to
rainfall.

Another variable that was direct;y reléted to yield
(with freqencies at least 50%), but not included in the
regression equation was length of growing season (see
Appenaix G4). Although length of growing season was
probably an important variable, it acéounts for a very smail
amount of yield variation since it was not introduced into
the equatioq.

Overall, structure type.of Cca was probably important

‘to yield (for both equations) not only because of its direct

relationship with yield but also because of its relationship .

to spring water variables as well (see Appendix F4).
Although not as important as Cca structure type, structuré
size B is probably important in that doarser, blocky
structure in the-B horizon:inflpenced high yields. Also
structure size B was_éorrelated with available water holding

capacity, which may ailso play an important role in
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producing barley yields. Equation 2 is perhaps better fhan
equation 1 for explaining barley yield since tofél avaiiable
water in equation 2‘was frequently more directly related to
yielﬁ (100%) than structure size Cca in equation 1 (50%).

For barley cases, tﬁe adjusted R2 value (.666) was only
slightly lower than for spring wheat (.689) and much higher
than either of the R? values for winter wheat (.402) or
statewide cases (.437). Compared with winter wheat and
spring wheat cases; water variables were less important to
barley sites while structure variables (in Cca and B) and
water holding capacity were more important to barley cases.
This may be due to barley generaily being more drought
resistant than the wheats, and hénce }ess dependent on
rainfall and épring soil water.

To sumﬁarize crop subfiles, all yields depended on
rainfall; spring wheat to the greatest extent and barley
perhaps the least. Available water holding capacity and
various structure variables were important for winter wheat
and barley but not for spring wheat, pérhaps because spring
wheat yields were so dependent on rainfall. Depth to Cca
appeared more important for wintér wheat than fbr‘spring
wheat or for barley.
SubfllgL_mgthcgntral_MQnLgna_Kngailgn_ll

winter wheat, spring wheat,. barley
The "best" regression equation for northcentral Montana

includes available total water for the growing season to 122
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cm, cfop type, dry consiStence of Cca, and soil depth (Table
18). but of the four variables, available totéllwater for
the growing season to 122 cm (V58) contributed the most
toward yield, accounting for, 34.4% of yield variation. Crop
type '(V03) and dry consistence 9f(Cca(V10) both aécouﬁted
for approximately 13% of yield variation. Finally, soil~
depth (V54) accounted for 9.2% of yieid variation., All
variables were positi&ely correlated with yield except crop
type (implying that winter wheat géherally yielded more

than barley).

Table 18. "Best" Regression for Location 1 cases (n = 27)

G G e s e e O m G e TS B G G e e e S S S e Gah ek G S Giw Gmy Gvv Gme Gme GEe Gwn G O G S e Gev G G e S S s G = T G S G Se S Awe

Var.# Var. Name - , B - R° RZ
~ : change
V58 Available total water : |
for growing sea.(0-122cm) +38% 344 .34y
V03 Crop type - ' : -376% 480 . ,136
V10 Dry consistence Cca YO .613. .133‘
Y5 Soil depth © +274% 705 .092
(constant) +389

.Adjusted RZ = .651
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Available total water to 122 cm was correlated directly
with yield and as expected, with rainfall and other spring
water variables that were associated with yield (Table 19).

In addition it was also positively correlated with year.
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Crop.type, the second variable in the "best" equation,
was negatively correlated with structure grade B and
strucfure size B, suggesting that winter wheat sites were
assopiatéd with streng, coarse structure in the B horizon
while barley sites had weak, fine structure. This may
account for winter wheat out-yielding barley, although
there are also inherent differences between winter wheat and

'barley.

Table 19. Variables Related to "Best" Variables; Location 1.

"Best" Other Variables Cor.(r) % Freq.¥¥
Variable ' with "best"# :

Avail. Total Water
for Growing Sea.

(0-122cm) 1.00 100%
rainfall + 100%
spr. soil water variables + ~80%
year + 50%

Crop Type ' . 1.00 : 25%
structure grade B - 75%
structure size B - 75%
Dry Const. Cca 1.00 259%
So0il Thickness 1.00 25%

avail. water. hold. cap. +
structure grade Ap , +.
structure type Ap + 25%
structure grade B +
structure size B +
moisture regime +
¥ see Appendix F5 for correlation values.
%% % values refer to frequency of variables directly
related to yield. See Appendix G5 for % fregq.
occurrence from matrices.

‘Dry consistence of Cca, the third variable to enter the

"best" equation, was directly correlated to yield but not
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correlated significantly with any othér variables (see Table
18 and Appendix F5). In addition, dry consistence Cca had a
low frequency (25%) indicating that it is probably an
important variable for this particular sample only and not
for northcentral Montana in general.

Finally, soil depth or thickness was correiated with
yield as well as being highly correlated with available
water holding capacity (r = .99). Other variables that soil
thickness porrelated with included coarse, granular
structure of Ap (r = +); strong, coarse structure in the B
horizon (r = +); and drier moisture regimes (r = + .97).

' From Appendix G5, other variables that had at least 50%
occurrence but were not generated in the equation included
structure type B (+V19) and various spring water variables
(+V48, +VU49). Their absence in the "best"™ equation,
however, in one form or another indicates that these
variables probably aren't as important as the variables

included within the equation.

Subfile: Gallatin-Madison County Areas (Location 2);
Winter wheat '

Two "best" equations'were chosen since their_adjusted R
values were identical (Table 20). From equation i, dry
consistencé of B (V09) contributed the most toward yield,
accounting for 69.7% of yield variation. Following V09,
depth to Cca (V27) accounted for 14.9% of yield's yériation

and PET (V55) accounted for 4.2% of yield variation. Both
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V09 and V27 wefe positively correlated with yield while V55
(PET) was negatively correlated with yield.

For the second equation, bulk .density of the Ap horizon
(V11) was the only variable'genefated, accounting for 89.2%
of yield variation. V11 was also negatively correlated with
yield, indicating that lower surface bulk aensity for

location 2 sites was beneficial for yields.

Table 20. "Best" Regression for Location 2 cases.

Var.# Var. Name _ B R2 R2

temperature variables (n = 13).

V09 Dry consistence B +619#% 697 .697
vat Depth to Ceca : C +19% 8146 .149
V55 PET -29 .888 042

(constant) +3004

Adjusted RZ = .85l

EQUATION 2 - cases including soil water and excluding

rainfall, soil temperature variables (n = 8).

V11 Bulk density Ap ~-758T7* .892 .892
(constant) +15109

Adjusted R = .856

Dry consistence of B was correlated directly ﬁith yield
for 50% of the correlation matrices considered (Table 21).
Dry consistence of B was also correlated with dry

consistence of Ap indicating that, in general, soil profiles




57

had either high or low consistency throughout the profile.
Possible reasons for dry consistence B being correlated to
yield may be due to its correlation with strong, granular
structure in the Ap horizon (+V14,+V16) (see Appendix VI5).
In addition; dry consistence B was positively correlated
with higher elevation apd.yea? from Table 21, which were
both correlated with high pfecipitation. Thus, the
contribution of dry consistence to yield may be due to its
relationship with s;ructure in the Ap or to its association
with increased elevation and later years.

Depth to Cca, the second variable in equation 1, was
directly correlated with yield, -:all correlations
considered. It was negatively correlated with bulk density
of A and B (from Table 20) but positively correlated with
bulk density Cca, indicating that deeper calcic horizons had
less pore space than the overlying Ap and B. Also, deeper
calcic horizons tended to have strong, coarse structure
with high consistence but no set corrglation with type of
Cca structure. Perhaps, high dry consistence values were .
again correlated with strqng, coarse structure. In
addition, deeper calcic ﬁorizons were associated with wetter
(udic-ustic) moisture regimes (r = =) sugge§ting greater
rainfall (and consequently more leaching of calcium
carbonate_to deeper depthsvover a léﬁg period of time). All
of thesé'correlatiohs help explain why a deeper calcic

horizon may be related to high yield.
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The third variable in equation 1, PET, was negatively
correlated directly to yield, indicating that the hot. or dry
growing seasons yielded 1€S$ than cool, moist growing
éeasons, PET,: itself,“had:a.frequency of only 25%,

suggesting that it wasn't very important compared to other

variables in equation 1.

Table 21. Variables Related to "Best" Variables; Location 2.

"Best" Other Variables ' Cor. (r) % Freq.#%

Variable with "besth"#¥

Dry Const. B 1.00 50%
year + 50%
dry const. Ap. + 50%
elevation -+ 50%

Depth to Cca . 1.00 100%-
dry const.Cca + 100%
bulk density Ap - 50%
bulk density B 25%
bulk density Cca 25%

+
structure grade Cca + "~ 50%
structure size Cca +

moisture regime 25%

Pot. Evapo. = =  —ceccccmceeaeaa 1.00 - 25%
Bulk Den.. Ap 1.00 50%
o dry const.B - 25%

dry const. Cca - 100%

bulk density Cca - 25%

depth to Cca - 100%

avail. water hold.cap. - 25%

moisture regime + 25%

# see Appendix F6 for correlation values. X

#¥% 9 values refer to frequency of variables directly
related .to yield. See Appendix G6 for % freq.
occurrence from matrices.

From equation 2 in Table 20, bulk density of Ap was

negatively correlated with yield as well as with dry




59

consistence of B and depth to Cca; two variables that were
generated in equgtion 1. In addition, bulk density Ap was
also associated with dry consistence Cca (r = -), bulk
density Cca (r = =), moisture regime (r = f), and available
water holding capacity (r = -). Thus, it appears that an’
increase in surface bulk density decreasés available water
holding capacity, is associated with shallow depth to
carbonates, is in a drier moisture regime and yet aésociated
with lower dry consistence in the underlying B and Cca
horizons.

Note that water variables did not appear in any of these
correlations and ﬁere not correlated with any of the "best"
equation variables. Perhaps water variables are correlated
with elevation and year but not very strongly. Apparently,
rainfall and spring soil water were not as important for
sites in this: area of the state where soil physical
properties.dominated. Since the sites for these particular
years had adequate rainfall and spring 5011 water (i.e. no
drought years), water levels weren't limiting:to yield.

Overall,yboth equations in Table 20 have variables that
were highly correlated with each other as well as with
yield. Consequently, both equations were equally adeguate
in explaining yield variation in the Gallatin-Madison
County areas. Soil,morphologicai variébles (bulk density,

depth to Cca, dry consistence B) appeared to be more
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important to yields in this area than rainfall or spring
soil water since water was not limiting.
Subfile: Northeastern Montana_(Location 3);_

winter wheat, spring wheat, barley

The "best"™ regression eduation for northeastern

Montana includes only one variable; structure t&pé of Cca
(V22), which accounts for 72.2% of §ie1d,Varia£ion (Table
22). V22 was negatively correiated'with yield, indicating
that subangular -blocky structure féther than maésive

structure helped increase yields in location 3.

Var. # Var. Name B R2A R change
v22 Structure type Cca T -B01E LTT2 .T22
(constant)' - +5483

% significant at p = .05 .

Depth to Cca was highly cbrrelated'td structure tybe
Cca (r = -.89, Appeﬁdix G7) indicating that subangular
blocky structure in the Cca horizon was associated with
deeper calcic horizons (Table 23). Tﬁis also suggests that
soil matrix (or CaCO3) translocation to the calciq horizon
has taken place. It appears that.only depth of Cca had an
occurrence frequency of 50% while the other variablés

(including structure type Cca) had frequenciés of 25%. This

indicates that perhaps none of the variables were really:
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very reliable in explaining the variation of'yield ih north—
~eastern Montana except for depth to Cea.

Year of plot was alsofdirectly correleted to yield (as
implied in Table 23).. Since year was also correlated
negatively with structure type Cca, perhaps plots that were
sampled in the earlier years might have had. more massive

structure.

Table 23. Variables Related to "Best" Variable; Location 3.

————————-————_——__-——-—_——_———_—_—_-—_—————:——_——_—————————_-—

"Best" Other Variables Cor. (r) % Freq. ##

Variable . with "best"*

Structure Type Cca 1.00 25%
year - 25%
depth to Cca ' - 50%

# see Appendix F7 for correlation values.

¥t % values refer to frequency of variables directly
correlated to yield. ,See Appendix GT of % freq.
occurrence from matrices.

Overall, it appears that perhaps both depth to .
carbonates and structure type Cca were important to yield
althoughlonly structure type Cca appears in the "best™"
equation. Similar to location 2, location 3 yields were not
weil correlated to either rainfall or spring soil water,

indicating that water was either not limiting or soil

characteristics in these areas were more important.

Subfile: Southeastern Montana (location 4):
winter wheat, barley :

The "best"® equation for southeastern Montana includes

available total water for the growing season. (122 cm) and
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slope (Table 24). Available water for the growing season to
122 cm (V58) contributed the most to yield, accounting for

26.7% of yield variation. V58 was positivley correlated with

yield. The second variable, slope (V29), was negatively'

correlated with yield and accounted for 9.1% of yield

variation.

Var.# Var. Name B R2 R
change
V58 Available water for
'growing season (122 cm) +47% 267 267
Va9 Slope -257% ,358 .091
(constant) +2482

Adjusted RZ = .313

Total available water for the growing season (V58) was

correlated directly to yield with a frequency of 100%,

indicating that it is & reliable variable. for southeastern

Montana (Table 25). V58 was also correlated with rainfall

and various spring soil water variables (which were also

correlated with yield). In addition, V58 was slightly
correlatea with dry consistence Ap (r =,29), suggesting a
. higher clay content associated with high consistence in Ap
might aid in holding spring soil water.

Slope, the second variable in the equation, was directly

(negatively) correlated with yield, suggesting that lower -
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yields occur on steeper slopes. Slope was also negatlvely
correlated with length of frost-free season, 1nd10at1ng that
sites with greater slopes had shorter periods of frost-free
days. Other factors that correlated wifh-incfeased slope
but were not correlated with yield themSelves-(see Appendix
G8) included a decrease in dry consistence in B (-V09), é._
decreased bulk density in B (-VTZ),‘shallower depth to Cca
(-V26,-V27), eastern aspects (-V30) and decreased PET (-
V55). All of these factors may have contributed to yield

indirectly by being related to slope.

Table 25. Variables Related to "Best" Variables; Location 4.
"Best" Other Variables Cor.(r) - % Freq.¥##
Variable with "best"#
Total Avai. Water °

for Growing Sea.

(122¢m) ‘ _ 1.00 100%
dry consist. Ap + 50%

rainfall : L+ 100%

sprlng soil water variables + ~60%

Slope 1.00 50%
frost-free season length - 75%

# see Appendix F8 for correlation values. °
¥% % values refer to frequency of variables directly
related to yield. See Appendix G8 for % freq.
occurrence from matrices.
Overall, total available water for the growing season
seemed to be the most important variable in terms of grain
yield in southeastern Montana while slope‘appears to'be

less important. 1In constrast to location 2 and 3, water

variables appeared to be more important for southeastern
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Montana than soil morphological variables; indicating
water's limitation to the area. Also, ad justed R2 for area 4
was considerably lower than for other locations (as well as
statewide cases), suggesting that perhaps unmeasufed
climatic variabiiity and management practices may be more
important factors in this location than in other locations.
This-seems plausible since experimental sites were more

widely separated in location 4 than in other locations.

Relating Soil Series to Soil Productivity

In the preQious section, I'evéluaté& important variables
that can contribute to "good" érowing conditions of small
grains in Montana. In this section,‘I will evaluate the
usefulness of these variables for constructing.a soil
productivity index (SPI) for soil series used for field
experiments (see Appendix B). Unlike the first sectiqn, I
will be concentratipg only on mérphological, sbil
classification variables which can be difierentiated based

on soil series descriptions by themselves.

" Process

To determine SPI values for each soil series studied on
a statewide basis, I employed available water holding
capacity and dry consistence of Cca,;since these variables
were generated in the "best" equation in Table 10,

Available water holding capacity by itself, was put into a
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equatioh to generate initial SPI values using the following
.équation:
Y = 2474.8 + 173.2(Avail. Water Hold. Cap.)

for 154 experiments. Y values were converted to relative
SPI values by assigning 100 to soils with the hlghest Y
va;ue (and thus the highest available water .holding
capacity). These values are shown in Table 26-to Table 29.
Available water holding qapacity by itself, accounted for
approximately 3% (R = .027) of yield'variation.

To include dry consistence of Cca into an SRi equation,
dry consistence values had to be converted into
morphological variables that could be distinguished from

soil series descriptions. This was done because, although

dry consistence déscriptions are given in many soil

descriptions, the readings in this study were measured in
Kg/cm2 while also representing other mérphological
characteristics. Morphological variables that were direcﬁly
correlated with yield and direcfly correlated with dry
cénsistence Cca but not correlated with AWC (see Appendix
F1) were depfh to Cca, textural class, strpcture size Cca,
and a classification variable, temperature regime. Thus,
these variables represented dry consistence Cca's
relationship with yield without correlating with AWC.

SPI values using AWC and dry consistence Cca variables

were generated using the following equation:
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160.1CAWC)

12.5 (depth to Cca)

36.4 (structure size Cca)
12.8 (textural class)
43,0 (temp. regime)

Y = 2095.6

L+ + + +

Y values. were converted tq relative SPI values by assigning
100 to spils with the highest Y value.” If a particular
soil series had more than one Y value due to field variation
of depth to Cca and structure size Cca, vaiues were
averaged. Within this equation, available water holding
capacity accounted for 2% of yield variation while dry
consistence of Cca accounted for 4.6% of the variation
(depth to Céa = 3.8%; structure size Cca = .U4%; téxtural_
class = .3%; and temperature regime = .06%) for a total of

6.6% of yield accounted for.

Results

SPI values are shown in Tab;es 26 through 29; initial
SPI values derived from AWC only and final SPI values
derived from AWC and dry consistence-Cca variables.

If ohg were to "grade".soil productivity potentials in
northcentral Montana, "good" soils (80-89 range) would
include Joplin, Danvers, Coffee Creek, Scobey, Gerber,
Kevin, Mérias, and Evanston for finai SPI values (see Table
26). If considering just AWC SPI values, all soils would be
rated "excellent" (90 to 100). However, because of varying
depths to Cca, all soils were rated lower for SPI values
based on AWC + dry consistence Cca than SPI values based "

solely on AWC.




‘ 67
Table 26. Northcentral Montana SPI Values (Location 1).

]

]

]

1
Joplin ! 95 88
Danvers i 95 84
Coffee Creek) 95 82
Scobey i 95 82
Gerber i 95 - 81
Kevin i 95 81
Marias | 95 . 80
Evanston H 95 - 80

. ,

I
Pendroy ' 95 .78
Williams i 95 76
Rothiemay i 95 76
Brockway i 95 75"
Telstad i 95 75
Judith ! 89 75
Cargill | 89 73
Winifred | 89 71

1

For the Gallatin and Madison County aréa (see Table 27);
Bozeman soil rated "excellenﬁﬁ due to its high water holding
capacity and'relative deep depth -to Cca horizon, while
Amsterdam rated "good", Manﬁattan "fair" (70-79), and
Evanston7 in this case, "poor"‘(60—79), although all have

excellent. water-holding capacities.

Table 27. Gallatin-Madison Area SPI Values (Location 2).

. Gt VS e G Wt G Gme B v W S e B G S G G G SR T B S S G S S A e S S S G A G G G G S G TS e S S e W G G s B G

T S S G e e T S e G T e i e S OB M G U G Gm B G Gan G G S P G G S G S SN S S S G G e S G SR W e dme e e W B e e

Bozeman 100 100
Amsterdam 100 82

Evanston

|

]

]

]

Manhattan | 95 ' 78

] .

{

|
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Martinsdale, Dooley, Williams, Evanston, and Vida rated
"good", while P;rshall and Chérry rated "fair" for north-
eastern Montana (Table 28). Cﬁerry rated fair because of a
shallow Cca horizon while Parshall's rating Qas due to a
combination of iimitng water holding capacity and shallow

Cca (which is part of the dry consistence Cca variable in

this case).

Table 28. Northeastern Montana SPI Values (Location 3).

Martinsdale | 95 88
Dooley i 95 88
Williams i 95 86
Evanston { 95 : ‘85
Vida | 95 - - 84
1
I
Cherry | 100 78
Parshall | 89 75
. 1
1

From Table 29, Lonna, Farland, Savage, Kremlim, and
Williams soils rated excellent (90-100) while Wormser rated
as "poor" (<K70).

Overall, Bozeman rated fhe best soil for growing small
grains while Evanston (in Madison County) and Wormser rated
the least conducive to small grain production; However,
Evanston rated 80 in northcentral Montana and 85 in north-
.eastern Montana suggesting that perhaps depth to Cca varied
since depth to calcareous_matgrial for Evanston may range

from 8 to 20 inches (from established series description).
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This brings up the-problem bf acbounting for morphological
variability ‘within the soil series. Pekhaps Evahs£on SPI
values should be averaged if large discrepancies exist and
may also point up a need for narrower range in this

characteristic for soil classification purposes.’

Table 29. Southeastern Montana SPI values (Location 4).

Savage ! 95 96
Kremlin | 95 94
Lonna ! 100 92
Williams | 95 92
Farland | 100 90
]
. i
Fort Collins| 100 87
Marias | 95 - 87
Chanta ! 89 86
Kobar ! 95 85
Danvers i 95 84
Floweree | 100 83
Vanstel- i 100 81
Gilt Edge | 95 83
Havre | 95 - 83
Shaak E 95 _ 80
!
Thurlow i 95 79
Yamac | 95 79
Tanna | 84 79
Edgar | 95 78
Richfield i 95 77
Wages | 95 76
Vona | 89 75
Chama | 89 74
Marvin | 89 T4
Absarokee | 8y 72
Bainville | 84 71
Degrand i 89 70
t
Wormser 5 84 68
1
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Despite variability problems.within a particular soil
series, SPI values can be é useful tooi for,prédiéting gmall
grain yields in Monfana. For land use planﬁers, SPI values
‘(such as the ones generated in Tables 26 to 29) indicate
average expectatidéns' of cfop productivity for.a particular
soil.

In conjunction with climatic and crop factors, SPI values
caﬁ potentially aid growers in predicting crop yields for a
particular year as well as a particular soil. A "first
approximate" SPI-climatic-crop type model is expressed in
the following equation: ' |

Y = 4038.5 + 18.6(Xq) + 59.0(X5) - 106.7(Xz)
+1.8(Xq # X3) - 5043.5(%,) + 1267.20%,2)

where: :

= small grain yield (kg/ha).

= SPI value based on AWC and dry consistence

Cca. ’ |

rainfall (cm).

spring soil water to 122 cm (cm).

crop type (1 = winter wheat; 2 = spring wheat;
3 = barley). : :

X1*X3 = interaction of SPI and spring soil water

to 122 cm.
X42 = curvilinear function of crop type.

—

Y
X
X
X
X

2
3
Y

This equation accounted for 45.7% of yield variation,
‘similar to the "best" equation for al; crops and locations
in Table 10. Based on individual "RZ change" value§,
rainfall accounted for 14% of yield variation, SPI/spring
soil water interaction 16.8%, crop ﬁype (both linear and
curvilinear functions) 7.7%, spring soil water by itself
6.6%, and SPI by itself 0.5%. Thus, an interaction between

SPI and spring soil water to 122 ecm is an important
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relationship to small grain yields pérhaps due to spriné
soil water being related to available water holding capacity
(pérticularly for shallow soils).

| As an example of using this equation for a management
tool, one cooperator had both Marias (87 réting) and Wormser
(68 rating)"soils on his property in Golden Vailey County.
Table 30 shows a hypothetical situation‘whefe one growing
season is wet (25 cm of rainfall during the growing season)
and one is dry (5 cm of fainfall during the growing season)

for varied spring soil water values.

Table 30 Hypothetlcal Example - Yield Predictions.

- G . - - - v

S0il Series spr. soil water ' wet year'“ dry year

(0-122 cm) (25 cm) (5 cm)

‘Marias e e T 3964 2774
Wormser 12 # | 3190 - 2010
‘Marias 20 # 353 3173
Wormser 13 ##% | 3206 2026

A S e M G e S G ey Gur v e e e G Gve Gwv G G GER e GEe Ges N Ban e e S e SN Gm G S G far e See S Oue G G G Pdn Gve G G S S GE G G S Smd e .

# spr. water somewhat limiting.
#% spr. water not limiting; Wormser water holding capacity
limiting.
In this simple représentation, soil productivity is
noticeably influenced by water values; either spring soil
water, rainfall or both. It would be difficult to project a

yield goal without accounting for water variables. Marias

in a dry year (2774 kg/ha or 3173 kg/ha) and Wormser in a
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wet year.(3190 kg/ha or 3206 kg/ha) would appear to yield
very similarly giVen different spring soil water conditions.

Although SPI values have been generated for specific,
s0il series in this study, their usefulness to growers may
be limited since, by themselves, they accounted for only 5%
of yield .variation. Combining SPi values with selected
water variaﬁles and crop types (that were coﬁsidered in this
study) accoupteh for 45% of yield variation; better than 5%
but not high enough for prediction purposes. Thus, these SPI
values are presently not very useful to individual growers

although with increased information, they may become useful.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

One hundred and eighty four field experiments conducted

from 1968 to 1982 throughout the dryland plains of Montana -

were selected for evaluating soil morphological, soil
classification, soil—plimatic and site variables in relation
to small grain yield. Data were obtained from Montana State
University Agriculture Experiment'Station records and
corresponding county soil survey }eports. All sites chosen
for study were at optimal fertility and controlled for weeds
and diseases, thﬁs \minimizing variation from general
management inputs. Data werenanalyzgd by multipie stepwise
linear regressions. -

Within the regression process itself, the data were
subdivided from total statewide cases into subfiles by crop
type (winter wheat, spring wheat, and barley) and by four
" geographical 1ocations4(northcentra1,rsputheastern, north-
eastern Montana, and Gallatin—Madisoh'area). "Best"
regression equations were chosen for each subfile (as well
as statewide cases) from a possibié‘190 eqﬁaﬁions using
criteria to éliminate multicollinearity associations. Fpr
each regression, a corresponding cdrrelation;matrix and

frequency table were employed to assist,in determining if
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"best" eduation variables .were important variables-to
yield. "Best" variables with high frequencies of occurrence
froh matrices were usually fegafded as important variables
in terms of yield.

In examining soil-climatic'variébles; rainfall, spring
-s80il water, soil temperature, potentiai evapotranspiration,
and length of frost-free season variables were considered.
In equations where it appeared, rainfall was positively
correlated with yield, indiéating that increased rain during.
the growing season caused higher yields. Rainfall was
usually also correlated with year, suggesting that later
years of the study were wetter tﬁan earlier years.

Similar to rainfall, spring soil water variables were
all positively corfeléted with yield. The most frequent
spring soil water variable to appear in the equations was
spring soil water from 0 to 122 cm, rather than any
particular smaller depth incremedt. |

Soil temperature was only considered for statewide cases
since temperature data were missing for a majdrity of the
plots considered. Although not in ﬁhe "best" equation, soil
temperature in April correlated with yield positively,
suggesting that warm temperaturés in the early'spring were
beneficial to seed germination and seedling growfh aétivity.

Potential evapotranspiration (PET) was negatively
correlated with yield in Gallatin-Madison County areas

only, suggesting that this area had high evaporative demands
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on small gréins for those particular years studied.’
Overall, PET wésn’t an important variable éompared with
other variables in the analysis.

Length of frost-free season, the final soil-climatic
variable considered for analysis, was correlated positively
to yield; specifically to barley and spring wheat. Hence,
barley and spring wheat may be more éensitive to lengfh of
growing season than winter wheat. -

In examining soil morphological variables, dry
éonsistence, bulk- density, structure, texture, depth to Ceca,
thickness of B, available water holding capacity, and soil
depth or thickness.variablés were all considered in the
analysis.

Available water holding capacity (AWC) was positively
correlated with yield for all crops. In addition, AWC was
consistently highly correlated with soil fhickness,
suggesting that deeper soils have a greater water holding
capacity. Other reasons for correlations Between high AWC
and high yields may be due to greater AWC being related to
coarse, strong structure in thé B horizon; .strong, éfanular
structure in the Ap horizon (allowing'water entrance into
the profile) and finer texturé in the éubsoil (which would
allow for greater water storage).. Available waﬁer holding
capacity was also correlated-positively with spring soil
water for winter wheat cases.

Favorable structure in terms of its relation to yield
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was usually strong, coarse granular sﬁructure in the Ap
hbrizon; strong, coarse subangular blocky structure in the B
horizon; and coarse, strong angular structure in the Cca
horizon. These types of structures facilitate greater water
infiltration and water uptake by plants, and may relate ta
- greater crop root penetration.

Depth to Cca (or calecic) horizon was positively

correlated with yield. In addition, depth to Cca-wés always
highly correlated with fhickness of B since the Ap horizon
thickness was fairly cénstant for all sites (8 to 10 cm).
Deeper éalcic horizons are probably beﬁeficial to yields
because excessive CaCO3 at thelsurface'can tie up R and
various micronutrient anions. Shallow Ceca layers also may
indicate a particular site gets or retains less rainfall (in
the long term) and, therefore, may indicate a dry site.
Shallower Ccé horizons may also be related tb eroded sites
which wouid have less organic matter.
| Fine texture at the surface and in the subsoil were both
positively correlated with small grain yield, suggesting
that finer ﬁemtﬁre in Montana is beneficial to yield;
perhaps in holding more water and cations. However, texturé
was not as important to yield by itself, compared with
available water holding capacity, structure, dépth to Cca,
and dry consisfence values.

Dry.consistence variables of Ap, B, and Cca horizons

were all generally positively correlated with yield. This
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seems puzzling at first since one tends to think that high
dry consispence readings from a penetrometer would imbly
hard soils with "less than optimum" conditions for plant
~growth. However, a majority of high readings were
correlated to_either coarse, strong structure and/or fine
textures and deeper Cca horizons. This suggests that
strong, dry consistence readingé may indicate structural énd
textural trends more than indicating "hard" soils.

Bulk density appeared.in the "best" equation in
Gallatin-Madison County area where lowef bulk densities
of Ap faciiitated higher yields. However, higher bulk
densities of B and Cca of these same soils }elated to higher
yields (although only sligﬁtly), but most of these bulk

densities were in the 1.20 to 1.40 g/cm3‘range indicating

that increased bulk density in this case wasn't detrimental.'

In examining site variables, geographical area,:

latitude, elevation, slope, and aspect variables were
included in tﬁe analysis. In terms of geographic area,
yields from southeastern Montana were greater -than those
from.the northcentral portion of the state. Similarly,
higher'yields occurred at southern latitudes, suggest}ng
that climatic factors were more severe iﬁ the northern part
of the state.

Slope was negatively correlated with yield in south-
eastern Montana only, indicating that steeper slopes yielded

less. This may be due to steeper slopes being associated
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with shallower Cca, shorter growing seasons, and eastern
aspects since all of these variables were also'negativley
correlated’with slope. Watep rhnoff may also be a factor in
reduced yields on'steeper slopes. Overall howevéf, slope was
not correlated_éﬁroﬁgly'with yield, perhaps since slopes
ranged from only 0% to 9%.

Similar to slope, elevation wasn't very cri?ical to
yield 'in most anes although it was slightly corrélated
positively with winter wheat and barléy yield in north-
central Montana and the Gallatin-Madison coﬁnty area. The
relationship between elevatién and yield might be due tb
higher winter precipitation for higher elevations, since
elevation was also positively correlated with spring soil
water for some cases.

In examining soil classification variables, temperature
regime, moisture regime, and mean annual soil femperature
(MAST) variables were considered in'phis study. Overall,
none of these vériables éontributed very muéh to yieid
variation relative to soil-climatic and mo?phdlogical
variables. Howéver{ in cases when these vériables were
correlated with yield (aithough slightly), they all
correlated poéitively; Thus, higher MAST, mesic
temperature; and drier moisture regimes appéared'to be
related to higher &ields, usually however by being

associated with othef beneficial variables.
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Besides soil reléted variables, crop type as'a variable
was also considered in this study. Winter wheat produced
higher yields than spring wheat and barley. Rainfall

- appeared to be more important to spring wheat than winter

wheat or barley suggesting that barley and ﬁintér wheat may‘

.have been more drought tolerant of drought escabing.

For‘ dryland small grain production in Montana, the
stafewide "pbest" equation ( Y = 186 + 55(rainfall) +
236(available -water holding capacity) + 303(dry‘con$istence
of Cca) + 37(spring soil water from 0 to 122 em) sums up the
contribution of the most impértant variables that were
related to yield in this study. High dry consiétence Cca
readings were correlated with coafse, strong §tructure,
fine textured'soil, and deeper depths to Cca for most cases.
Thus, for this particular study, dry consistence readings
integrate positive variables into one vélue rather than

indicating simply that soils are "hard".

From the "best" statewide regression equation, a soil

productivity index was geherated for éll soil series
considered in the study. Generally, the "best" soils in the
state (such as the Bozeman silt loam) were ones with high
available water holding capacities and deep depths to Cca
hbrizons.~ About 45% of yield variation was accounted for
wﬁenfsoil‘productivity index.values wgfe.combined\with water
variables and crop type, This percent is rea;oﬁable since

many management, genetic, and climatic variables were left

VI . R § S
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out of the study. Future soil productivity studiés might
consider such variables as varieties, seeding rate, seeding '
- date, yield components and other pertinent agronomic data.
Rathef than recording total growing‘seasdn rainfall only,
monthly records of rainfall would be helpful to account for
dist}ibution of rainfall, adding information for yield
relationshibs with rainfall.

This study ﬁas demonstrated that quantitative
felationships between soil morphological, classification,
climatic, and site factors can be roughly determined from'
existing research data. Employing soil fertility research
plots with "good" management praétices can ‘narrow management
variability. Unfortunately, some field-related variables
such as temperature had many missing values, demonstrating
the need for a coordinated effort by soil researchers and
agronomists to poliect information for soil potentials work.
In addition, aithough this study concentrated on lineér
‘relationships between yield aﬁd soil-properties, curvilinéar
relationships would need to be explored for better modeling
"fits",

In short, more research is needed to‘evaluate soil
productivity for Montana's agricultural lands. A systematic
method foribbllecting long term performance data 1is
desirable for Montana to_éountefact yearly climatic
variability and management variability over a long period of

time. It is hoped that this study has helped in the process
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of determining soil productivity indicés for Montana's
dryland grain production areas by (1) pointing out a few
important variables for future soil productivity data
analyses, and.by (2) beginning the process of assigning

productivity values to soil series in Montana.
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APPENDIX A -

~SITE NUMBERS; COOPERATORS, COUNTY,
LEGAL DESCRIPTIONS AND SOiL SERIES
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COMPLETE DATA SET

FORMAT STATEMENT (CP6-SPSS)

INPUT FORMAT FOR VO1 TO V56

FIXED (F3.0,F1.0,F1.0,F2.0,X,F1.0,X,F4.0,29X,
3F2.1,X,3F3.2,X,9F1.0,F2.0,F1.0,X,F2.0,X,F2.0/
10X,F4.0,X,F2.1,F2.0,X,F4.2,F3.1,X,F1.0,X,F2.0,
X,F2.0,X,F2.0,F2.0,X,F3.1,F2.0,4X,F4.1,X,F3.1,
F3.1,X,F3.1,X,F3.1,X,F3.1,X,F3.1/ 17X,6FL.1,X,
F1.0,X,F2.0,X,F3.0)

("/" indicates end of line)

Refer to the next page.lnput format begins in
column 1. It ends for each card 2 columns before
the last column (with all number ones). The
column with all number ones represents
geographical location (V25), which is not part of
the input format above but is located elsewhere
in the data file. Refer to Table 1 as a cross
reference; it includes variable names, numbers,
and format for each variable.

_EXAMPLE;: 1st Line ____________Format_
V01 = 084 F3.0
vo2 = 1 F1.0
V03 = 1 F1.0
VoY = 68 F2.0
Vo5 = 1 F1.0
V06 = 3756 Fu.,0
V08 = 4.4 - Fz2.1
V09 = 3.9 F2.1
vi0 = 3.3 F2.1

etc.

INPUT FORMAT FOR V57 TO V59

V38 + V40

COMPUTE V57 =
COMPUTE V58 = V38 + V50
COMPUTE V59 = V38 + V49
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APPENDIX D

SPSS PRODUCED REGRESSIONS
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APPENDIX D1 - SPSS produced regressions;statewide cases
restricting temperature, rainfall,and soil water (n=184).

- e e e e s - A A e S S G B S e S G S S e e e S T e o St o e GUR P ST e S S S e G G S e e S G e v —

(1) Y= 2332 + 221(V53)* | 27.65% .131 883.9
(2)Y = 1682 + 233(V53)* +217(V10)* 20.69% .186 858.2

(3) Y = -1991 + 220(V53)* + 176(V10)*

+ 52(V0oy)* 15.97% .210 8471.7

(4) Y = 1476 + 236(V53)% + 199(Vi0)*
+ 59(VoW)* - 17(V55)% 13.68% ,217 837.2

(5) Y = -1828 + 1904(V53)% 4 214(V10)#% ;
+ 61(VOL)* - 16(V55)% e

+ 128(V18)* 12.25% .256 827.4
EXTRA RUN T
(6) Y = -1650 + 213(V53)% + 182(V10)#* -

+ 50(VO4)® = 127(V03) 12.78% .222 BU3.T

v A —— —— - - fn G Ay SR R M W S T G G S G0 G G e D G e e e S G e e R S G G S S e G S e o

¥ significance at p=.05.

APPENDIX D2v- SPSS produced regre551ons, statewide cases
including ralnfall data only excluding temperature and soil
water varlaFIes :(n=123).

F R2 SE
(1) Y = 2073;+%§§Z§§§3¥"""'“""'""'éiiééi"féé?”éé?fé
(2) Y = 156u¥ §9(v38)* + 213(V53)# 29.33% ,328 794.1
(3) Y = 848 i 57(V38)% 4+ 233(V53)%
%‘235(V10)* 25.49% .391 759.2
(4) Y = -36 wl BKVBS)* + 227(V53)#
+. 2@4(v10)* + 9(V56)% 22.42% 430 736.5
(5) Y = 225 u 53(V38)* + 211(V53)*
+;205(v10)* + 9(V56)* ‘
_;184<vo3)* 19.39% U450 725.7

—————————.—-—-o-n-u-——_—_———————__—_——-—-——_—_—————————__-—--—_——

# 51gn1flcant at p=.05
ﬂ“’*‘
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APPENDIX D3 - SPSS produced regressions; statewide cases
including soil water data only and excluding rainfall and
temperature variables (n=114).

(1) Y = 2262 + 241(V53)% 20.84% {57 894.1
(2) Y = 1380 + 249(V53)#% 4+ 289(V10)®  17.91% - ,243 850.5

(3) Y = 1246 + 247(V53)#% 4+ 275(V10)*
+ 56(Vhy)* 15.49% ,297 823.9

(4) Y = 835 + 229(V53)* 4+ 288(V10)*
+ U3(VEN)E 4 113(VH2)# 13.13% ,325 810.9

(5) Y = 264 + 219(V53)# 4+ 278(V10)# +
37(VaL)® 4+ 106(VH2)%* 4 1(V28) 11.47%  .347 801.4

¥ significant at p=.05

APPENDIX D4 -~ SPSS. produced regressions; statewide cases
including soil water and rainfall without temperature or V57
to V58 (n=83).

G e - Gmm e Mt M e M G e ew e M D AR e S G G i Gun A e G M R e R M e e S G S et G S W ST G

(1) Y = 2122 + 57(V38)* 15.77% .163  927.9
(2) Y = 1534 + 59(V38)# + 245(V53)*  18.79% .320  841.8
(3) Y = 684 + 55(V38)% + 263(V53)*

+ 277(V10) ¥ 17.26% .396  798.1
(4) Y = 186 + 55(V38)* + 236(V53)*

+ 303(V10)* + 37(V50)% 17.37% 471 751.6.
(5) Y = 469 + 57(V38)#% + 284(V53)#

~+ 294(V10)#* + 39(V50)*
- 251(V14)* 16.11% 511 727.2

¥ gsignificant at p=.05
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APPENDIX D5 - SPSS produced regressions; statewide cases
including soil water and rainfall variables (with V57 to
V59) without temperature variables.

(1) Y = 1551 + 50(V58)* 27.61% .254 875.9
(2) Y = 806 + 52(V58)# + 248(v25)% = 23.53% .370 809.8

(3) Y = 716 + 49(V58)#% 4+ 184(Va5)#
+ 149(y53)# ) 19.04% LU420 T782.3

(4) Y = =21 + 48(v58)%* +123(V25) :
+ 186(V53)#% 4+ 272(V10)*# . 18.61% .489 739.3

(5) Y = 269 + u49(v58)# 4 85(V25)
, + 2B0(V53)% 4+ 278(V10)% . - |
- 216(V14)* 16.41% .516 723.8 -
EXTRA RUN ,
(6) Y = 331 + 48(V58)* 4+233(V25)% -
+ 194(v08)* .

# significant at p=.05

APPENDIX D6 - SPSS produced regressions; statewide cases
including rainfall, so0il water, and soil temperature
variables (n=42). ’ '

(1) Y = 1656 + 50(V59)% 12.70%  .241 _ T45.6
(2) Y = 1995 + 42(V59)* - 36(V51)%  10.96% .350 693.5

(3) Y = 10058 + 47(V59)% - 69(V51)*
- 106(vo4) ‘ 8.u46% 400 679.9

(4) Y = 12988 - 15(V59) -~ 88(V51)#* -
. 145(V0o4)* + 63(V58)* 7.85% . 459 654.4

(5) Y = 12150 - 54(V59) - 85(V51)%
' 116(VO4) + 92(V58)% - B0(V36) 7.42%  ,508 632.9
EXTRA RUN
(6) Y = 1454 4+ 37(V59)% - 34(V51)%
+ 203(Vv08) , ) 8g.44 . 400 680.2
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APPENDIX D7 - SPSS produced regressions; winter wheat cases
restricting rainfall, soil water, and soil temperature
(n=121). )

(1) Y = 2579 + 159(V53)% 9.79% .076  793.6
(2) Y = 1923 + 157(V53)# + 227(V08)*%* 9.85% .143  767.4

(3) Y = 1617 + 173(V53)#% +218(V08)* + -
224(v12)# 8.59% .181 753.7

(4) Y = -1563 + 164(V53)% + 200(V08)*# |
+ 223(V12)% + uu(vos)* . 7.64%  ,209 T43.8

(5) Y = =-1130 + 180(V53)*.+ 190(V08)#
+ 285(V12)#% 4+ 54(V0oy)* o
= 185(V55)% . 7.38% 283 730.7

# significant at p=.05

APPENDIX D8 -~ SPSS produced regressions; winter wheat cases
including rainfall and excluding soil water and soil
temperature (n=86). :

- — e e P e e Svr SE e E S S e G SR S G e e G S R G G S G S S GER S S G e M G W me G EDe W G Shn G G G e G G A e e

(1) Y = 2471 +41(v38)* - 11.51%.  .121 778.1
(2) Y = 1731 + 45(V38)% 4 22(V27)# 11.57% .218  T738.1

(3) " Y = 1057 + 39(V38)% + 22(V27)#* - ,
+ 242(V08)* 10.7T#°  .283  T711.2

(3) Y = 663 + 42(V38)* + 20(V2T)*#

+ 249(V08)* + 151(V53)* ' 10.52% ~° 342  685.4 -

(5) Y = 619 + 40(V38)#* 4+ 20(va27)#
. + 225(V08)#* + 164(V53)* :
T+ 83(V21) ) g9,.25% .366 676.7
EXTRA RUN ’
(6) Y = -1465 4+ LO(V38)#* 4+ 20(V2T)*
+ 239(V08)%* 4 142(V53)*
+ 30(vou) 8.80% ,355 '682.8

¥ sjignificant at p= 05
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APPENDIX D9 - S3PSS produced regressions;
including soil water and excluding

temperature (n=82).

winter wheat cases

rainfall and soil

(1) Y = 2431 + 145(vu3)#
(2) Y = 1649 + 151(V43)¥* 4+ 258(V10)*

(3) Y = 1246 + 120(V43)#® 4+ 285(V10)*
+ 171(V53)#

1288 + 85(V43) + 270(V10)*%
+ 178(V53)% 4+ 3u4(VuL)

~
N
~
(a5
1

(5) Y = 1084 4+ T6(VL43) + 270(V10)*
+ 181(V53)% 4+ 34(Vuy) +‘192(V15)

EXTRA RUN

(6) Y = 599 + 104(VU43)#* 4+ 263(V10)#* 4+
165(V53)% + 112(V08)
+ 1(v28)

R2 SE

090 810.4
184  772.2
260 T40.3
289  729.7
319 719.4
303 . 727.9

*# significant at p=.05

APPENDIX D10 - SPSS produced equations;
including rainfall and soil water (without V57

excluding soil temperature (n=62).

winter

wheat cases

(1) Y = 2445 + 42(V50)*#
(2) Y = 1889 + 43(V50)¥ 4+ 43(V38)*
(3) Y = 1019 + 46(V50)¥ + 50(V38)*

+ 24(v27)%

(4) Y = 840 + 50(V50)% 4+ 45(V38)*
+ 21(V27)#® 4+ 229(V15)

(5) Y = 511 + 51(V50)% + 40(V38)*#

+ 16(V27)# 4+ 246(V15)*
+ 175(V10)

to V59) and
R SE

155 825.5
265 776.3
375 T22.3
415 704.5
453 687.8

# gignificance at p=.05
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APPENDIX D11 - SPSS produced regressions; winter wheat cases

including rainfall, soil water.variables (with V57 to V59)
and excluding 5011 temperature variables (n=62).

(1) Y = 1859 + 44(Vy58)% 21.61#% .264  770.1
(2) Y = 999 + 48(V58)* 4+ 23(va7)* 17.58% .373 716.9
(3) Y = 815 + 48(V58)* 4+ 21(va7)*

+ 214(V15) 13.49%  .411. 701.1
() Y = 610 + 45(V58)% 4+ 20(V27)*

+ 218(Vi5)* 4+ 126(V53) 11.62%  .450  683.9
(5) Y = 831 + U46(V58)% 4+ 20(V27)*%

+ 367(Vi5)% 4+ 192(V53)# . '
- 136(ve2)*% 12.26% .bh2? 642.,3

APPENDIX D12 - SPSS produced regressions; spring wheat cases
excluding rainfall, soil water and soil temperature
variables (n=23). '

(1) Y = 1460 + 41B(V21)# .. 5.19% .198 g24.4
(2) Y = 856 + 463(V21)* 4+ 130(V32)# T.34% .423 803.3

(3) Y = -1638 + 281(V21) + 221(v32)%
+ 954(V10)#* . 12.00% .650 637.9

(4) Y = -3749 + 323(V21)#* 4+ 234(V32)%
+ 889(V10)#* + 19(Vv56)* 12.36% .730 576.1

(5) Y = -816 + 299(V21)#* 4+ 241(V32)#
+ T07(V10)¥ 4+ 23(V56)# '
- 46(V55)* . 13.32% .T97 517.3

# 51gn1f1cant at p=.05
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APPENDIX D13 - SPSS produced. regressions; spring wheat cases
including rainfall . and excluding. soil water, soil
temperature (n=14). ‘ '

- o S G - G B S A S Gt e e et G e e e e D S S S G S G B M W G R AL S e o

Y = 892 + 86(Vy38)#% - °32,90%  ,733  602.7
(2) Y = 192 + 82(V38)* + 395(V25)%  145.85%  .893  398.6
Y

= 803 + 72(Vv38)%# 4+ 508(v25)%*
- 355(v24) B ,72% .926 347.4

(B) Y = =78 + 67(V38)¥ 4+ 521(V25)* :
-395(vay)# + 9(V56) ' - - 35.92% .94 326.8

(5) - Y = =1179 + 61(V38)#% 4+ 521(V25)#% . » »
Z732(V24)* 4 13(V56) + 1(V2B)  36.00%  .957  294.6

¥ significant at p=.05

\

APPENDIX D14 - SPSS produced regressions; spring wheat cases
inecluding soil water and excluding rainfall and 5o0il
temperature variables (n=13).

(1) Y = -1649 + 480(V4B)* 21.34%  .660  66M4.T.
(2) Y = -1981+ 570(V48)* — 234(V19)* 24.94%  ,833  488.4

(3) Y = -2314 + LOO(VAB)% — 210(V19)#
+ 433(V41) 24.19% . .890 418.5

(4) Y = =7 + 332(vu8)#* - 190(V19)*%
+ 447(V41)* - 31(V55) 24.50% .924 367.1

(5) ¥ = 4158 + 148(VA8) - 14L(VIQ)*

+ HON(VH1)® - B2(V55)%

+ 111(V32) 32.47% 959  290.5
EXTRA RON T
(6) Y = 1334 4+ HOT(VAB)* - BO(VS5)  12.95%  .721  630.9

____—-___—_——-___——.——_—-——_-——__—-———_—__-——_—_-—-.—_————-—————

¥ gsignificance at p=.05
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APPENDIX D15 - SPSS produced regressions; spring wheat cases
including rainfall, soil water variables (without V57 to
V59) and excluding soil temperature variables (n=9).

(2) Y = 247 + 67(V38)% 4+ 450(V25)*% .16.00% .842 321.6

(3) Y = 1931 + 40(V38)*¥ 4+ 514(V25)%
- 854(vV2h)# 67.10%  .976 138.0

(4) Y = 1464 + U1(V38)#* 4 587(V2a5)#
- 798(V24)# 4+ 105(V45)#* 146.39%  ,993 81.7

(5) Y = 1327 + 43(V38)¥ 4+ 584(V25)%
- T673(V2l) ¥ 4 83(VA5)
- u4(V18) 172.17%  .997  67.5

i significant at p=.05

APPENDIX D16 - SPSS produced regressions; spring wheat cases
including rainfall, soil water variables (with V57 to V59)
and excluding soil temperature variables (n=9).

(1) Y = 631 + 50(V59)% 7.00% .500 530.0
(2) ¥ = -159 4 58(VS9)* 4+ 375(V25) . 10.24%  .773  385.3

# significant at p=.05
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APPENDIX D17 - SPSS produced regressions;‘barley cases
excluding rainfall, soil water, and soil temperature
variables (n=39).

T o o o T B e B B e e e e e e e e e T - e S S G B e S . - —— — o o= —

TS O G e G G e e T S e e e G e e e . S S G G = S e G e e . A - - S e = e .

(1) Y = 2364 4+ 291(V18)#% 6.75%  ,155 1021.3
(2) Y = 29950 + 379(V18)% - 199(V22)% 6.75%  .273 - 960.3

(3) Y = -4537 + 357(V18)* - 184(V22)*
' + 102(V04) 6.20% <347 922.9

(§) Y = -6373 + 302(VI8)* — 230(V22)* :
+ 123(VOL)* 4 1113(V16) 5.05%  .373  917.8

(5) Y = —T575 + 319(V18)#* - 227(y22)#
+ 139(vo4)#%* 4 279(V16)* . ‘
_ 462(v14) 4.97% .429  888.5

EXTRA RUN
(6) Y = -5949 + 273(V18)#% + 113(VO4)¥* 5,91% C2uT 977 .1

# 31gn1flcant at p=.05

APPENDIX D18 - SPSS produced regressions; barley cases
including rainfall variables and excludlng soil water and
temperature variables (n=23).

(1) Y = 1555 + 95(V38)* 13, 43% .390 909.6
(2) Y =--111 + 93(V38)#% 4+ 13(V56)% 18.04% 643  T712.7
(3) Y = 441 4+ 58(V38)%* 4+ 16(V56)*

+ 336(V18)# 22.67%  .781 572.2
() Y = -5690 + 49(V38)* + 17(V56)*

+ 361(V18)% 4+ 3217(V11)# 26 .50% . 855 479.4
(5) Y = -6986 + 53(V38)% 4+ 19(V56)*

+ 390(V18)%* 4+ 4052(V11)#
- 2U4(Vo6)* 29.28% . 896 B17.6

# significant at p=.05
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APPENDIX D19 - SPSS produced regressions; barley cases
including soil water and excluding rainfall, soil
temperature variables (n=19).

———— A o - e - G e S - G S G e S e e S T B e e T e e e S G T S S S e S S R S e e Gm B e e e e

Regression step F R2 SE
(1) ¥ = 4351 - 476(ve2)*  14.21% 455  880.9
(2) Y = 4055 -515(V22)% +354(V18)* 15.19% .650 722.5°
(3) Y = 4674 - U75(V22)%* 4+ HU1(VIB)*

- 372(vV21)#* T4.,35% .7T42  645.8
(4) Y = 4306 - 511(v22)* + 389(Vi8)*

- 549(Va21)%* + 191(V16) 13.76% LT97 592.2
(5) Y = 4148 - 470(V22)%* + 427(V18)*

- 47a(v21) + 271(V16)*
- 383(Vv20). : 13.10% .834 555.3

— . Gn R Se B S e e e e e S e S e S B e S G S S G S e S o e G G G e A0 S R G S ST G S SR S B e B o S e

# significant at p=.05

APPENDIX .D2O - SP3S3 produced regressions; barley cases
including rainfall and soil water variables (without V57 to
V59) and excluding soﬂ.temperature (n=12).

Tt = G e et S G e Gw e S e e S A e e G G0 St Gar G G S ED G G B S O G P M S e @ e Ge S R e e S

(1) Y = 4119 - 455(V22)* 8.76% U6T 933.7
(2) Y = 2952 - 403(V22)*%* + 104(V38)% 12.64%  .730 690.6

(3) Y = 30639 - 413(V22)%* 4+ 129(V38)* '
' - 383(V0OL)# 28.80%  .915  416.25

¥ gsignificant at p=.05
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APPENDIX D21 - SPSS produced regressioﬁs; barley cases
including rainfall, soil water variables (with V57 to V59)
and excluding soil temperature variables (n=12).

—— A e e A M M S A S e e S e S G G o S e S S G S S S S e S e G v G e S S M e Gm S Gme G fem e G B B e o —

(1) Y = #4119 - 455(Vv22)* : 8.76% LU67 933.7
(2) Y = 4030 - 533(V22)#* + 388(V18)*¥ 9.65% .682 760.0

(3) Y = 5248 - 553(V22)%* + 353(Vi8)*
- 304(V23)*¥ 14.12% 840  569.9

6520 - U432(V22)% & LTL(V18)#
- 299(V23)% - 29(V55) 17.96% ° ,910 55,4

—~
=
~
<
i1

(5) ¥ = 7860 - 516(V22)¥ + SHT(V18)*
Z 287(v23) - 31(V55) — 279(VA1) 44.92%  .9TH  266.3
EXTRA RUN T
(6) Y = 2552 - 438(Vv22)%* + 310(V18) .
+ 63(V59) 9.28%  .TTT  675.5

¥ significant at p=.05

APPENDIX D22 - SPSS produced regressions; Location 1 cases
excluding rainfall, soil water. and temperature varibles

(n=T76).

v o o A e G S G G . Y— Gmn GEe G e e e i e e G SuE e . S b G G She Mt G S S M Y W W G G e G Gw B Gt @ S W e S S S Dee e e et e

()Y - 2173 4 270(V17)% | 15.07%  .169  889.7
(2) Y =-5574 + 252(V1T)# + 104(VO4)®  11.89%  .246  853:5

(3) Y = -6410 + 302(VIT7)¥ + 107(VO4)*
+ 264(V08)* 10.03%  .294  831.1

~7532 + 531(V17)#¥ 4+ 123(Voy)* ~ .
+ 261(V08)% - 206(V19) 8.u8% .324 819.6

~
=
~
<
1

(5) Y = -7861 + 526(V08)#% 4+ 132(Vo4)*
+ 225(V08) - 195(V19) - 58(V22)  6.99%  .333  819.6
EXTRA RON
(6) Y = -5962 + 232(VIT)* +. 100(V04)*
L aves) 8.68  .266 848.1

® 51gn1flcant at p=.05
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APPENDIX D23 - SPSS produced regressions; Location 1 cases

including rainfall variables and excluding soil water,
temperature variables (n=39).

(2) Y = -2059 + 103(V38)* 4+ 51(V55)%  23.19%  .563  614.7
(3) Y = -4904 + 103(V38)#% 4+ 43(V55)% '

+ 2173(V13)#* 2Q.58* .638 567.2
(4) Y = -5202 + 99(V38)* 4+ 37(V55)%

+ 2542(V13)% +-99(V29) . 17.37% 671 548.5
(5) Y = -5382 + 104(V38)% 4 39(y55)%

+ 2598(V13)#% 4+ 124(v29)* '

- 47(V30) 15.16%  .697  53L4.8
EXTRA RUN T

# gsignificant at p=.05

APPENDIX D24 - SPSS produced regressions; Location 1 cases
including soil water variables and excluding rainfall, soil
temperature variables (n=38).

(1) Y = 1190 + 301(va2)# : 10.91%  .233  777.3
(2) Y = 1184 4+ 244(VL2)¥* 4 185(V1T7)* 8.77%#  .334  734.4
(3) Y = 1842 4+ 243(va2)#* 4+ 238(V1T7)#

- 172(V22)*% 9.02% 443 681.3
(4) Y = 1909 + 244(VE2)% 4 557(V17)*%

= 156(V22)¥ - 277(V19)# 9.31%  ,530 635.0
(5) Y = 1888 + 528(Vh2)#® &+ 57TT(VIT)¥

- 160(V22)#® — 277(V19)# A
- 318(V43)*# 9.23%  .591  602.1

¥ gsignificant at p=.05
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APPENDIX D25 - SPSS produced regressions; Location 1 cases
including rainfall, soil water variables (without V57 to
V59) and excluding soil temperature variables (n=27).

Regression step F R SE

(1) Y = 1078 + 288(vVu2)%  9.57%  .277  747.9
(2) Y = 824 4+ 225(V42)# 4+ U6(V38)* '8.07%  .402  693.9
(3) Y = -372 + 188(V42)% 4 52(V38)*#

+u2u(vi0)® . 9.20% - .545 618.1
(4) Y = -728 + 102(V42) + 66(V38)# | |

+ 525(V10?* + 188(vs3)#% 13.71% L7114 501.6
(5) Y = =33 + 66(VU42) + 62(V38)%

+ 5U6(V10)* 4+ 158(V53)# '
- 346(V03)*% 15.86% . 790 439.0

APPENDIX D26 -~ SPSS produced regressions; Location 1 cases
including rainfall, soil water variables (with V57 to V59)
and excluding soil temperature (n=27).

O o G G - e B Gre G e S Or M G e e S M G S S e P G b b e G e vy S Aew Gne Ge e e G W S e e M S W M S B Rie S G S e e e

. g o B e o G e Gy B e e S i S S e e M e G B Y S ST e S S S G A M S e G G G M e G M S S B

(1) Y = 1002 + 50(V58)%* ' 13.12% 344 0 T12.1
(2) Y = 1832 + 43(v58)* - 432(V03)* 11.07% . 480 647.3
(3) Y = 798 + 37(V58)#% - 479(V03)#

+ H10(V10)* 12.15%  .613  570.3
(8) Y = 389 + 38(V58)% - 376(V03)* =
T OUT1(V10)® & 274(V5L)# 13.15%  .705 509.0
(5) Y = 233 + 56(V58)% — 397(V03)#* '

+ 548(Vi0)* 4+ 286(V5y)*
- 150(vuy)* 14.50% LT75 454 .6

% significant at p=.05
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APPENDIX D26 -~ SPSS produced regressioné; Location 2 cases
excluding rainfall, soil water and soil temperature
variables (n=13). :

(1) Y = 1404 + T789(V09)* 25.34% .697 600.3
(2) Y = 913 + 700(V09)* + 23(V27)* 27 . 42% . 846 449.4

(3) Y = 3004 +°619(V09)¥* 19(V27)*
' - 29(V55) 23.77% .888 403.8

(4) Y = -3523 + 482(V09)* 4+ 21(V27)#
- 26(V55) + 91(V04) 19.39%  ,906  391.2

(5) ¥ -1275 + 571(V09)¥* 4+ 18(V27)* ,
-32(V55) + 127(Vo4) - 3(va28) . 16.48*% .922 -382.8

¥ significant at p=.05

APPENDIX D27 - SPSS pfoduced regressions; Location 2 cases
including rainfall and excluding soil water, temperature
variables (n=10).

C(1) Y = 1409 + 860(V09)* | M7.30%  .855  425.1
(2) Y = 695 + 769(V09)¥ + 41(V26)¥  40.01%  .920 338.8

(3) Y = -16264 + 886(V09)* + 46(V26)* o ‘
+ 3607(V31) 33.20% - .943  307.6

(4) Y = =-175262 +1038(V09)* 4+
55.3(V26)#% 4+ 3856(V31)
- 192(V10) ’ 28.69% -~ ,958 288.8

# significant at p=.:05
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APPENDIX D28 - SPSS produced regressions; Location 2 cases

including so0il water and excluding rainfall, soil
temperature variables (n=8).

(1) Y = 15109 - 7587(V11)# 49.85%  .893  376.4
(2) Y = 14213 - THOT(VI1)#® + 554(V03) 31.27%  .926  342.3
(3) Y = 14278 ~ 8408(V11)¥* 4+ 656(V03)

+ 23(V55) 23.46%  .946  326.2
(W) Y = 11155 - T097(V11)* + 567(V03) 5 |

+ 23(V55) + 200(V13) 25.80%  .972  272.9
EXTRA RUN T

# 51gn1flcant at p=.05

APPENDIX D29 - SPSS produced regressions; Location 2 cases
including rainfall, soil water variables (with and without
V57 to V59) and excluding soil temperature (n=6).

¥ significant at p=.05
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APPENDIX D30 - SPSS produced regressions; Location 3 cases
excluding rainfall, soil water and soil temperature
variables (n=14). :

Regression step F R2 SE
(1) Y = -3976 + 63(V56)# TTTTTTTT9U50% a2 529.1

(2) Y = 2096 + 40(V56) - 5“(V55) 6.21% .530 506.9

(3) Y = 9867 + 9(V56) - 110(V55).
- 303(Vv19) 5.09% .605 487.8

(4) Y = 10059 + 16(V56) ~ 119(V55)
- 327(V19) - 187(V03) : 4,38% .656 479.8

(5) Y = 9998 + 14(V56) - 118(V55)
- 394(V19) - 261(V03) + 100(V30) 4.o04% JI1T 461.8

# significant at p=.05

APPENDIX D34 - SPSS produced regressions; Location 3 cases
including rainfall and excluding soil water, temperature

(n=7)

(1) Y = 5483 - 501(V22)* 13.01% .722  1497.8
(2) Y = 6824 - 511(V22)* - 475(V53) 17.15*_ .896 - 341.4

(3) Y = 6222 - 452(V22)% - 589(V53)#
+ 278(V08) 19.33% .951 270.5

e v . e S G o G S M e G e S W e e G e G Gen e S D M G E Gv M E G S S B G e e e e e e am =

# significant at p=.05




122

APPENDIX D32 . - SPSS produced regressions; Location 3 cases
including soil water variables and excludlng rainfall, soil
temperature variables (n=12).

o —— o - —— o - T = - e = - = e A e - Re e S AN G M A e Bt e e W e W A - ———

(1) Y = 5968 - 246T(V13)* 8.23%  .452  356.7
(2) ¥ = 6352 - 297TT(V13)#% + 234(V03)  5.50% .550  340.4

(3) Y = 7360 - 3095(V13)* + 287(v03) e
- Bu1(VIH) " 4.39%  .622  331.0

(4) ¥ = 6945 — 3004(V13)% + 334(V03) ,
o - 456(V14) + 14(V51) - 3.73 .680 325.0
(5) Y = 6916 - 2689(V1i3)#* 4+ 215(V03)

- 339(V14) + 29(V51) '
= 155(V42) © 4,04 71 297.6

# significant at p=.05

APPENDIX D33 =~ SPSS produced regressions; Location 3 cases
including soil water, rainfall variables (with and without
V57 to V59) and excluding soil temperature variables
(rizly) %%

¥ significant at p=.05
#% since n=4, R value (and regression) is essentially
meaningless. '
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APPENDIX D34 - SPSS produced regressions; Location 4 cases
excluding rainfall, soil water, and soil temperature
variables (n=73). ' '

T T T e S A e ST G A G e B e S e e N e e e e S - G e e e G = - T O - G G o - -

Regression step F R® SE
(1) 'Y = 1082 + 16(v56)% 5.14%  .067  778.8
(2) Y '= 1651 + 14(V56) - 119(V19) 4,53% .115 764, 3

(3) Y = 2264 + 11(V56) ~ 131(V19)# i
- 113(v29) 3.94% 148  775.1

(4) Y = 2373 + 11(V56) - 100(V19) ,
- 112(v29) - 53(V22) 3.30%  .163  754.1

(5) Y = 2625 + 12(V56) - 102(V19)
- 127(v29) - T4(V22) _
- 169)V03) 2.98¢% .182 750.9

T S RS A e e e 0 e e e e G T AR A O G S e e e S S 0 = B e e R e - A e B Ba = e . - o = e o= o S A A= o

# significant at p=.05

APPENDIX D35 - SP3S produced regressions; Location 4 cases
including rainfall and excluding soil .water, temperature
variables (n=61). .

—_____Regression step ' - F_____R2____SE
(1) Y = 2471 + 44(Vy38)*# 9.75%  .141  773.3
(2) Y = 1148 + B1(V38)% 4+ 11(V56)%  9.u2%  .262  723.3
(3) Y = —938 + 35(V38)% + 11(V56)% |

+ 1409(V11) S T.83% 292 714.7
(4) Y = =378 + 36(V38)#* 4 9(V56)%

+ 1336(V11) -69(V22) ' 6.50%. .317  708.0
(5) Y = =1335 + 32(V38)% 4+ 11(V56)*%

+ 1728(V11) - 113(v22)# _

+ 261(VINL)% | 6.34%  .366 788.6

S ) e G et Y G B Wad e G e G G e G S G EE M G S G S e S g G B B S S e S G S e S G e M e e M G M G S G S S =

# significant at p=.05
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APPENDIX D36 - SPSS produced regressions; ‘Location .ll cases
including soil water variables and excluding rainfall, soil
temperature variables (n=56).

(1) Y = 3544 - 236(V29)* 5.71% .096 835.0
(2) Y = 3385 - 220(V29)% 4 us5(vuhy)#* 5.52% 173 806.2
(3) Y = 3734 - 219(Vv29)#* 4+ 46(Vvhy)*

- 159(V19)*% 5.82%  ,251 TT4.1
(4) 'Y = 3662 - 246(V29)#% 4+ 54(VL4Yy)#*

- 275(V19)# 4+ 250(V18) 5.27#% .293  759.9
(5) Y = 3931 - 250(V29)#% 4+ 51(viy)*

- 317(V19)# 4+ 323(Vi8)#% - . .

*# significant at p=.05

-APPENDIX D37 - SPSS broduced regressions; Location 4
cases including rainfall, soil water variables (without |V57
to V59) and excluding soil temperature variables (n=46).

Regression step F Ro SE
(1) Y = 2401 + 49(V38)* 9.15% 172 8%u[o
(2) Y = 1100 + 46(V38)#* 4+ 10(V56)# 8.92%  .293 7?9.5
(3) Y = 1046 + 46(V38)* + 8(V56)* .
+ 28(V50). - 7.23% 340 761.8
(4) Y = 1748 + 43(V38)¥ 4+ 6(V56)
+ 34(V50)% - 204(V29) 6.58%  .391  TH1.0
(5) Y = 2378 + 44(V38)% 4 L(V56)
+ 35(V50)#% - 223(V29)*
- 92(V22) ‘ . 6.11%  .433  723.9
EXTRA RUN T T |
(6) Y = 2515 + 44(V38)#* 4+ 42(V50)%

- 258(Vv29)# .. T7.86% .360 750.8

# significanf at p=.05





















































































