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Abstract:
Many agricultural soils of Montana are "vulnerable" to erosion-induced productivity decline because
they are shallow and have rates of erosion exceeding 20 Mg ha^-1 yr^-1. As agriculture is vital to
Montana, it is important to be able to assess this susceptibility to erosion.
The University of Minnesota's productivity index (PI) model estimates soil productivity by
characterization of the soil rooting environment and evaluates a soil's "vulnerabilty" by simulated
removal of surface soil and by considering the soil properties: 1) available water-holding capacity, 2)
bulk density, and 3) pH. While the PI model has performed well in the Corn Belt (Pierce et al., 1984b)
and elsewhere (Rijsberman and Wolman, 1985), continued evaluation was required before its use
within Montana.
Evaluation of PI model performance by Montana State University's Earth Sciences Department using
the SOILS-5 data base for several Montana counties revealed a weak relationship between PI and crop
yield, however, this result may have been due to shortcomings of the SOILS-5 data base. Therefore,
soil and crop data collected in August and September, 1987 from four fields in Hill and Jefferson
Counties were used to evaluate performance and indicate appropriate changes that are needed in the
model's design for its use in Montana.
Results indicate that model performance can be improved through the addition of program statements
which consider the content and location of organic matter and CaCO3 in the soil profile. Productivity
indexes were generated first using the existing form of the model for each of the four fields sampled.
The regression of cereal grain yield against PI accounted for 65, 66, 65, and 1 percent of the. variability
(tv) in cereal grain yield within Fields 1 through 4, respectively.
Productivity indexes generated by the modified model were also regressed on cereal grain yield. The
resulting R^2 values for the four fields increased an average of 42 percent and accounted for 77, 69, 59,
and 75 percent of the variation in cereal grain yield within Fields 1 through 4, respectively. Moreover,
R^2 increased slightly (0.69 to 0.75) for. all fields collectively when field cropping history was
considered. The modified PI model shows promise and will be further tested using the SOILS-5 data
base for several Montana counties.
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ABSTRACT
Many agricultural soils of Montana are "vulnerable" to erosioninduced productivity decline because they are shallow and have rates of
erosion exceeding 20 Mg ha'1 yr'1- As agriculture is vital to Montana, it
is important to be able to assess this susceptibility to erosion.
The University of Minnesota's productivity index (PI) model estimates
soil productivity by characterization of the soil rooting environment
and evaluates a soil's "vulnerabilty" by simulated removal of surface
soil and by considering the soil properties: I) available water-holding
capacity, 2) bulk density, and 3) pH. While the PI model has performed
well in the Corn Belt (Pierce et al., 1984b) and elsewhere (Rijsberman
and Wolman, 1985), continued evaluation was required before its use
within Montana.
Evaluation of PI model performance by Montana State University's
Earth Sciences Department using the SOILS-5 data base for several
Montana counties revealed a weak relationship between PI and crop yield,
however, this result may have been due to shortcomings of the SOILS-5
data base. Therefore, soil and crop data collected in August and
September, 1987 from four fields in Hill and Jefferson Counties were
used to evaluate performance and indicate appropriate changes that are
needed in the model's design for its use in Montana.
Results indicate that model performance can be improved through the
addition of program statements which consider the content and location
of organic matter and CaCO3 in the soil profile. Productivity indexes
were generated first using the existing form of the model for each of
the four fields sampled. The regression of cereal grain yield against
PI accounted for 65, 66, 65, and I percent of the variability (Rr) in
cereal grain yield within Fields I through 4, respectively.
Productivity indexes generated by the modified model were also regressed
on cereal grain yield. The resulting R2 values for the four fields
increased an average of 42 percent and accounted for 77, 69, 59, and 75
percent of the variation in cereal grain yield within Fields I through
4, respectively. Moreover, R2 increased slightly (0.69 to 0.75) for. all
fields collectively when field cropping history was considered. The
modified PI model shows promise and will be further tested using the
SOILS-5 data base for several Montana counties.
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INTRODUCTION
Recent and historical evidence justifies the conclusion that wind
and water erosion can reduce potential soil productivity for many crops.
Natural erosion has shaped the soils of the earth since the beginning of
time.

Since the advent of agriculture, erosion accelerated by human

activities has often resulted in the Toss of precious topsoil and a
subsequent decline in the yield of crops.

In the older civilizations of

India, East Africa, China, and the Middle East, extreme cases of erosion
led to poverty, forced migration, and destabilized relations between
tribes and countries (Bentley and Leskiw, 1985).

Similarly in the

United States, the westward migration of the 19th century was partly due
to the depletion of eastern soils following nearly 150 years of farming.
Following the drought of the 1930s, which resulted in the
abandonment or conversion of thousands of acres of cropland, popular
attitudes toward land policy began to shift away from one of moving to
new frontiers to a conservation ethic.

In the years to follow,

worries

over declining soil productivity subsided as advances in agricultural
technology masked the deleterious effects of erosion.
In the 1970s, shifting world grain markets and investment in
larger farm machinery spurred U.S. farmers to cultivate, millions of
acres considered highly susceptible to soil erosion.

As the American

public began to see the limits of agricultural growth, researchers
renewed their efforts to quantify the relationship between soil erosion
and soil productivity, principally on the basis of data from major
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agricultural regions in the United States (Pierce et al., 1983, 1984a,,
1984b; Williams et al., 1983; Maetzold. and Alt, 1986; Timlin et al.,
1986).

One of the most notable attempts has been the Productivity Index

(PI) model developed by Pierce and associates at the University of
Minnesota.
The 1982 National Resource Inventory (NRI) reports average erosion
rates of 22 Mg ha"1 yr'1 on cultivated and non-cultivated cropland in
Montana (Soil Conservation Staff,, 1982).

Furthermore, many Montana

sqils are "vulnerable" to erosion-induced productivity decline due to
the prevalence of shallow agricultural soils.

The 1982 NRI estimated

that erosion control practices such as strip cropping, conservation
tillage systems, and better residue management were needed on 61 percent
of Montana's cropland (Soil Conservation Staff, 1982).

This estimate

was based on present erosion rates as derived from the Universal Soil
Loss Equation and the concept of soil loss tolerance (T). While this
estimate may be reflective of the need to remove some lands from
production (e.g., the Conservation Reserve Program), the targeting of
the most "vulnerable" soils may best be accomplished using the PI model.
Gerhart (1989) working with John Wilson in the Dept, of Earth
Sciences, Montana State University tested the existing form of the PI
model using the soils of Cascade County, Montana as reported by the
SOILS-5 data base.

R2 values for the regression of PI on winter wheat,

spring wheat, and barley yield were 0.29, 0.33, and 0.32, respectively
(Gerhart, 1989).

These relatively poor results indicated that

modification of the model might be necessary to improve PI model
performance.
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Researchers working in regions outside the Corn Belt have
sucessfully used the PI model by altering or adding model statements to
account for the response of crops to specific soil characteristics found
in their region (Rijsberman and Wolman, 1985).

Researchers in Montana

have identified several important production factors (Schweitzer, 1980;
Burke, 1984) which were not included in the PI model. Inclusion of these
factors may improve the PI model's performance within Montana.
The Productivity Index Model
The Productivity Index (PI) model estimates soil productivity by
characterization of the soil rooting environment.
model evaluates a soil's "vulnerability".

In addition, the PI

A vulnerable soil being one

which quickly becomes less favorable to crop growth as surficial
materials are removed.

The relationships in the PI model have been

derived and tested primarily in the Corn Belt with corn as the target
crop.

The model uses the USDA-SCS S O U S -5 data base and assumes that

the major effect of erosion is to change the soil micro-environment for
root growth and, consequently, crop growth.

The parameters considered

are available water-holding capacity (AWC), soil reaction (pH), and bulk
density (BD) with adjustments for family textural class and
permeability.

In addition, the model makes use of an idealized corn

root distribution to weight model parameters for a given horizon depth.
Erosion is simulated by the incremental removal of surface soil.

This

soil removal brings about a new combination of soil properties leading
to a potential change in the environment of the root system.
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The form of the model used to evaluate soil productivity was:
n
PI = 2 (Ai * Ci * Di * WFi)
i=l
where A i , Ci, Di are the sufficiencies of AWC, BD, and pH, respectively.
WF is the weighting factor representing an idealized rooting
distribution, and n is the number of horizons in the root zone (Pierce
et al., 1983).

The sufficiency of a soil property is a value between 0

and 1.0 derived from a response curve for root growth.

A sufficiency

of 1.0 is indicative of a soil with perfect sufficiency or no
limitations with respect to the given soil property.
USDA SOILS-B Data Base
The PI model was designed to use the SCS S0ILS-5 interpretations
data file containing soil property and interpretive information for soil
series of the United States.

SOILS-S is the only data base available to

run the PI model for all Montana soil series.
Data in S0ILS-5 are generally reported as ranges or classes of
values.

Therefore, S0ILS-5 data are imprecise.

This imprecision

influences testing (which also depends on the accuracy of yield
estimates contained within S0ILS-5) and the ultimate performance of the
PI model.
Validating Model Modifications
PI model research at Montana State University has had the goal of
obtaining some version of the PI model which can perform adequately
using the S0ILS-5 data base.

This study involves model testing and
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modification based on a small set of data which does not cover the full
range of Montana soil conditions.

Therefore, suggested changes to the

existing PI model contained in this thesis are subject to revision based
on findings of a more comprehensive future evaluation using the SOILS-5
data base.
Thesis Objectives
The objectives of this study were to: I) evaluate the performance
of the existing PI model using data collected within single fields in
which crop production and soil properties varied widely, 2) identify,
soil and site variables important to cereal grain production in Montana,
and 3) suggest modifications to improve the performance of the PI model
in Montana.
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LITERATURE REVIEW
This section reviews research findings in three areas: I) impacts
of soil erosion on.soil productivity, 2) soil properties important to
dryland cereal grain yield, and 3) properties of calcareous soils.
Impacts of Soil Erosion on Soil Productivity
Beginning in the 1930s, research in the Great Plains has provided
considerable evidence that soil erosion has reduced the productivity of
many soils.

Several approaches to study the impact of erosion on soil

productivity have been attempted including: I) the comparison of crop
yield on eroded versus non-eroded lands, 2) soil removal studies, 3)
rainfall simulator studies, 4) laboratory studies, and 5) computer
modeling.
Burnett et a!. (1985) discuss the difficulties researchers have
faced in attempting to isolate the effect of erosion on soil
productivity from the effects of cropping and technological advance.
The variation in erosion, climate, and soils within the Great Plains has
further confounded results.
Mathews and Barnes (1940) reported severe declines in sorghum
yields at Dalhart, Texas following wind erosion in the 1930s.

Fryrear

(1981), in studying the declines in sorghum yield at Dalhart and two
other sites in Texas, concluded that improvements in crop varieties and
cultural practices could not counteract the detrimental effect’s of
erosion on yield.
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Finnell (cited by Baver, 1951) attempted to evaluate the separate
effects of cropping and erosion on soil productivity in the Southern
Great Plains. The study reported wheat yields of 1.75 Mg ha"1 on new .
land, and 1.56 and 1.28 Mg ha"1 on land cultivated 6 and 27 years,
respectively.

Three percent of the declines were attributed to nutrient

losses by cropping and only four percent were attributed to erosion
effects.

The remaining percentage decline in yield was not explained.

Several studies in the Great Plains involve the removal of
variable thicknesses of soil to simulate loss by soil erosion.

It is

questionable whether simulated erosion can be compared to erosion due to
the differences in time scale and selectivity of the erosion process for
finer particles.
Burnett et al. (1985) summarizes a soil removal study begun in
1955 at Akron, Colorado on a Weld silt loam, a member of the fine,
montmorillonitic, mesic, Aridic Paleustolls.

Extreme, soil removal (up

to 38 cm) significantly reduced wheat yields while moderate removal had
no effect.
Olson (1977) studied the effect of topsoil, removal on corn
production of a glacial till soil in the Great Plains.

The removal of

30 cm of topsoil decreased yields, but further removal had much less
effect.
removed.

Treatment with Zn increased yields on plots having topsoil
Seedbed preparation, was difficult on exposed subsoils and

resulted in poor.seed germination and emergence.
Eck et al. (1965) and Eck (1968; 1969) reported reductions in
sorghum yield at all levels of topsoil removal (0, 10, 20, 30, and 41
cm) on a Pullman silty clay loam soil.

Furthermore, under limited water
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conditions, fertilizer did not restore the level of yield lost to
topsoil removal.
Massee and Waggoner (1985) report that soil erosion greatly
reduced wheat yields on deep, loessial soils in the Intermountain
region.

Reductions were attributed to reduced soil moisture,

infiltration, and nutrient levels, and increases in runoff during
fallow.

Added fertilizer did not fully replace lost topsoil.

Land leveling experiments in Montana (Reuss and Campbell, 1961;
Black, 1968) similarly indicate that, in general, crop yields are
reduced following, topsoil removal if the physical and chemical
characteristics of subsoil horizons are significantly different from
topsoil.

Although, differences in nutrient levels with depth can be

treated, restoration of the productivity of soils with deteriorated
physical condition is difficult.
Rainfall simulators offer an alternative to mechanized soil
surface removal and permit a degree of selective sorting of soil
particles.

However, this method does not allow for soil weathering

which can occur over time.

Furthermore, rainfall simulators are

cumbersome and time consuming to operate.
Experiments under controlled conditions in the greenhouse or in
the laboratory using soil cores can increase the number of treatments
studied.

With increased control of production factors, important cause-

effect relationships can be defined. However, conclusions made
concerning disturbed soils in a greenhouse setting must be field
validated.

9

While lo s ses of_topsoil bv erosion are m deXy— cons-idaicgd to reduce
soil productivity, especially where subsoils are less favorable to plant
V

growth, few studies have quantified the effect over a range of soils.

I

The National Soil Erosion-Soil Productivity Research Planning Committee

I

(Williams, 1981) outlined an approach for assessing the productivity of
soils in relation to long term soil erosion.

I

Their suggestions resulted

in a series of modeling efforts at several locations.
I

The two

approaches that have received the most attention are: I) the ErosionProductivity Impact Calculator (EPIC) developed by Williams et al.
(1984) and 2) the Productivity Index (PI) model developed by Pierce et
al. (1983) at the University of Minnesota based on work done by Kiniry
et al. (1983) at the University of Missouri.
EPIC is a process model which operates on a daily time step and

j

"

,

. consists of components which simulate erosion, plant growth, and related
processes, and economic components to estimate the cost of erosion arid
to determine optimal management strategies.

Numerous weather, crop,

tillage, and soil parameters are required as input to the model.
Like EPIC, the PI model considers changes in soil profile
.characteristics with depth.

I

In addition, the model examines a soil's

vulnerability or rate of productivity decline when subjected to.
simulated erosion.

The model is simple, easy to understand, uses the

SOILS-5 data base as input, and has produced adequate results.

Pierce

et al. (1984b) evaluated model performance by regressing PI against
estimated corn yields from county soil surveys and against Minnesota
crop equivalent ratings.

R2 ranged from 0.63 to 0.71 and was increased

by 26 percent (0.79 to 0.90) by excluding Histosols, frequently flooded
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and depressional soils, and soils with slopes exceeding 6 percent.

This

model has been successfully used and modified in several locations
outside the Corn Belt including Nigeria, Hawaii, Mexico, and India
(Rijsberman and Wolman, 1985).
Soil Properties Important to Dryland Cereal Grain Yield
While the PI approach has been successfully used outside of the
Corn Belt, model statements have often been altered or added to account
for the response of crops to specific soil characteristics found in
other regions.

Similarly, the use of the PI model for Montana soils has

required the examination of soil and other related factors which are
important to cereal grain yield in Montana.

Although numerous

measurements can be made to identify a minimum set of soil factors
necessary for the adequate performance of the PI model, the following
review concentrates on those already recognized as important by
researchers in dryland cereal grain production.
Gray (1965) found clay to be positively correlated with wheat
yield in Oklahoma suggesting that finer textured soils retain greater
amounts of plant available water given the specific pattern of rainfall
and temperature during the study years. Allgood and Gray (1978), in
designing a model to predict grain yield in Oklahoma, found water to be
the most limiting factor.

Their model predicted yield by considering

slope, clay percent, and organic matter content as they affected soil
moisture. Bennett et al. (1980) reported that soil depth was highly
correlated with wheat yield in New Zealand.

Soil depth is the most

important determinant of a soil's available water-holding capacity.
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In Montana, Schweitzer (1980) examined differences between Scobey
and Kevin soils which occur together on glacial till landscapes.
Average calcium carbonate equivalents in the Ap horizon were 0.66 and
4.40% for Scobey (depositional) and Kevin (erosional) soils,
respectively.

This difference in CaCO3 content was inversely related to

wheat yield, P, NO3-N, K, and organic matter content.
. Burke (1984) evaluated selected morphological, classification,
climatic, and site variables in relation to small grain yield in
Montana.

All sites sampled were considered under a high degree of

management in terms of fertility, weed, and pest control.

Multiple

stepwise regression identified available water-holding capacity and
depth to CaCO3 as the most important in predicting yield.
Cannon and Nielsen (1984) evaluated soil and site variables of
Mollisols under native range at 14 sites in Montana, Wyoming, North
Dakota, arid Alberta, Canada.

Using multiple linear regression they

concluded that depth of the mol lie epipedon was most indicative of long
term production.

Precipitation and depth to CaCO3 were also strongly

related to range production.
Larson (1986), in studying the influence of soil series on cereal
grain yield in Montana, found depth to CaCO3 and pH inversely related to
crop yield.

Furthermore, organic matter content was positively related

to crop yield.
AWC.

These properties were also highly predictive of P and
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Properties of Calcareous Soils
The calcareous nature of many agricultural soils in Montana is
primarily derived from sedimentary parent materials (soft black shales
and Tertiary valley-fill) of diverse origin and composition and/or from
wind deposited fine sand and silt (Montagne et al., 1982).
Soil Taxonomy (1975) defines a soil to be calcareous when added
cold HCl produces effervescence.

It does not specify a range in calcium

carbonate percentage necessary to be termed calcareous.

Smith (1986)

reports a lack of agreement between laboratory results and acid bottle
tests.

Soils which had no effervescence and pH values below 7.0 in KCl

in some instances had values of 0.02 to 5.0 percent calcium carbonate
equivalent by weight loss.

Carbonates located within peds and the

presence of dolomite, which exhibits a slow effervescence, may explain
this inconsistency.
Secondary accumulation of carbonates (CaCO3 and MgCO3) in soil
horizons results from: a) capillary rise and evaporation of water from
the surface, b) downward translocation and withdrawal of water leading
to precipitation of carbonates, and c) some combination of a and b above
(Smith, 1986).

.

Researchers in Montana (Munn et al., 1982; Larson, 1986) and in
other parts of the world (Spratt and Mclver, 1972; Karathanasis et al.,
1980) have demonstrated that the presence of carbonates in soils has a
deleterious effect on crop growth.

Several explanations have been

proposed but much disagreement remains.

The presence of an accumulation

of carbonates can have a dominating influence on many physical and
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chemical soil properties.

Among these soil properties are those

considered by the PI model: pH, AWC, and bulk density.
Calcareous soils are generally characterized as having pH values
near 8.3.

This can be explained by referring to a pure system of

calcium carbonate and CO2 in solution which is represented by the
following electroneutrality equation:
2 [Ca+2] + [CaHCO3"1"1] + [H+] = [HCO3"] + 2 [CO3"2] + [OH"]
Through a knowledge of the appropriate equilibrium relationships
and their formation constants, the above expression dictates a specific
pH for a given pC02 (partial pressure of CO2) (Lindsay, 1979).

For

example, a pure system under standard state conditions and at
equilibrium with atmospheric CO2 gives a. pH of 8.34. For a higher pC02
of 0.003, a commonly used value for soils in an unflooded condition, the
pH decreases to about 8.0.
The range of soil pH for calcareous soil systems is only partially
explained by differences in pC02. Increasing pC02 is only one of many
sources of protons in a soil system.

Furthermore, protons added to a

soil system either from carbonic acid or some other source may not
increase the pH Qf the bulk solution because of high cation exchange
capacity.

The particular chemistry of a calcareous soil, including the

purity of the dominating solid phase, clay mineralogy, amount of organic
matter, degree of base saturation, and the cation exchange capacity will
determine the specific pH value.
Soil reaction .is not a good indicator of the percentage of calcium
carbonate in a soil.

The soil pH will remain fairly constant so long as
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some minumum percentage, (approximately 1.0 percent) of calcium carbonate
is present.

While increasing percentages of calcium carbonate

theoretically will have no effect on pH, there may be a marked effect on
other soil properties important to crop growth.

Calcareous soils

containing significant amounts of calcium carbonate may affect the
fertility of the soil by decreasing the availability of phosphate and
various micronutrient anions.

Nutrient deficiencies may influence the

rooting pattern of crops.
Increases in soil bulk density influence growth of crop roots by
increasing mechanical impedance, and altering pore space distribution
and patterns of aeration and water transmission (Gill and Miller, 1956).
Bulk density values may not predict rooting distributions within
horizons of CaCO3 accumulation.

Roots penetrate the soil by displacing

soil particles or by following existing pores or channels (Aubertin and
Kardos, 1965).

However, pores and planes of weakness can be rare in

horizons where secondary CaCO3 has accumulated. Root penetration by
displacement of soil particles occurs when the turgor pressure of the
root tip exceeds soil strength (Taylor, 1974).

Soil strength decreases

as soil moisture content increases, although secondary CaCO3 may act to
maintain soil strength and inhibit penetration.
Available water-holding capacity (AWC) is generally considered to
be that water held in the soil between 0.033 M Pa and 1.5 M Pa
potential.

It is not known whether secondary CaCO3 will alter the

relationship of measured AWC and crop yield predicted by the PI model.
The depth to carbonates in a soil profile has been correlated with
the amount of water moving through the soil (Arkley, 1963).

Often
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calcareous phases of soil mapping units are located on higher, more
erosion-prone surfaces than corresponding noncalcareous phases.

These

soils receive equal amounts of precipitation but the calcareous phases
probably retain less.

Thus, carbonates may indicate a soil which stores

less water than its AWC would suggest.
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MATERIALS AND METHODS
Approach
Crop and soil data were collected from four fields in Hill and
Jefferson Counties, Montana for input to the PI model. Soil properties
recognized by the Minnesota model as well as those recognized as
important in Montana varied substantially within the selected fields.
Sampling within single fields minimized variability in climate and
management.

This micro-scale approach complimented PI model research

conducted by the Earth Sciences Department at Montana State University
on the county level with the SOILS-5 data base. Testing and improving
the performance of the PI model in Montana involved comparisons of the
predictive ability of the existing model and several altered versions
which accounted for additional factors important for cereal grain .
production in Montana.
Study Site Description
Location
The study of model relationships was carried out using data
collected along transects in four fields located within two Montana
farms: I) the Petersen Farm located northwest of Havre, in Hi 11 County
and 2) the Woodbury Farm, west of Three Forks in Jefferson County
(Figure I).

The two farms differed in terms of parent material, soils,

crop, and climate.
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Transects were located based on: I) observed heterogeneity in
nearly mature fields of spring grains (wheat and barley) using color
infrared aerial photography (an assumption was made that increased
heterogeneity indicated increased variability of soil properties), and
2) ground truth which attempted to assure that observed crop variability
was due solely to variation in soil properties.

It was recognized that

many crop areas will be nonuni form!y influenced by pests and diseases,
weeds, management, and micro-climate (e.g., hail and frost damage, and
lodging). Areas chosen for grain harvest were free of these problems.
Although.the PI model assumes optimum fertility, it is anticipated that
nutrient deficiencies were unavoidable, particularly in soils having a
calcareous plow layer.

1

Parent. Materials and Soils
The, two Havre fields have soils developed from glacial till over
the Judith River Formation.

This formation is made up of soft

interbedded sandstone, sandy shale, mudstone, siltstone, and shale
(Veseth and Montagne, 1980).

Soils at the two Three Forks fields are

developed from variable thicknesses of calcareous loess over the
Climbing Arrow Formation.

This formation is composed of olive, thick-

bedded sandy bentonitic clay and coarse sand with subordinate lightcolored siltstone, sandstone, conglomerate, and limestone (Robinson,
1963).

Figure 1. A digitized color infrared aerial photograph in four shades representing differences in yield on the Petersen
Farm. Yield values are averaged across three segments of Transect 2.
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The soil series which occur along each transect were identified
from USDA-SCS soil surveys and series names are given in Table I along
with the classification at the family level.

Thirteen soil series

classified in eight great groups of MoTlisols, Aridisols, and Entisols
were mapped within the four fields.

Soils differ primarily in texture,

rooting depth, organic matter content of the surface horizon, depth to
CaCO3 and quantity of CaCO3. Soil properties were sampled and determined
by procedures described later in this chapter.

Selected soil properties

along the four transects are shown for profiles in Table 2, and for Ap
and B horizons in Tables 3 and 4, respectively.
Table I.

Tr.

Mapped soil series along four transects in Hill and Jefferson
Counties, Montana.
Soil
series

Family Classification

Hill

Joplin
Hillon
Evanston
Phillips

Fine loamy, mixed Aridic Argiboroll
Fine loamy, mixed frigid Ustic Torriorthent
Fine loamy, mixed Aridic Argiboroll
Fine, montmorillonitic Borollic Paleargid

Hill

Telstad
Joplin
Gerdrum
Creed
Phillips
Elloam

Fine loamy, mixed Aridic Argiboroll
Fine loamy, mixed Aridic Argiboroll
Fine, montmorillonitic Borollie Natrargid
Fine, montmorillonitic Borollic Natrargid
Fine, montmorillonitic Borollic Paleargid
Fine, montmorillonitic Borrollic Paleargid

Jefferson

Yetull
Varney
Ethridge
Brocko

Mixed, frigid Ustic Torriorthent
Fine loamy, mixed Aridic Argiboroll
Fine, montmorillonitic Aridic ArgiboroTl
Coarse silty, mixed Borollic Calciorthid

Jefferson

Floweree
Brocko

Fine silty, mixed Aridic Haploboroll
Coarse silty, mixed Borollic Calciorthid

County

Table 2.

Tr.

Means and ranges of soil properties within profiles along
four transects in Hill (Transects I and 2) and Jefferson
(Transects 3 and 4) Counties, MT.
Root
depth

n
ave.

1
2
3
4

18
15
13
11

Table 3.

Tr. n

range

18
15
13
11

Table 4.

ave.

AWC

range

-- % ---

104
95
78
115

15
14
13
21

71-123
72-123
23-123
16-123

Horizon
depth

clay

28
17
27
6

0-48
0-48
7-48
0-26

CaCO3
equiv.
ave.

range

-cm-

------ % ---------

0-16
0-17
0-16
0-14

27 14-38
30 18-42
39 28-44
23 12-29

7-21
9-19
3-22
10-27

1.7 0.5-9.0
2.5 0.6-8.0
1.4 0.7-4.0
5.1 1.0-12

Organic
carbon

pH
ave.

range

ave.
—

6.8 5.8-7.8
6.9 5.5-7.6
7.2 6.3-7.6
7.2 6.2-7.7

range
g kg 1 —

10.4 5.7-20.7
10.5 5.7-17.2
5.9 1.8- 9.0
14.9 12.0-17.9

Means and ranges of soil properties within Bw and Bk horizons
along four transects in Hill (Transects I and 2) and Jefferson
(Transects 3 and 4) Counties, MT.
clay

ave. range

CaCO3
equiv.
ave.

range

Bulk
density

pH
ave.

range

-cm -- - - - - - - % - - - - - - - - —
18
15
13
11

range

Means and ranges of soil properties within Ap horizons
along four transects in Hill (Transects I and 2) and
Jefferson (Transects 3 and 4) Counties, MT.

Horizon
Tr. n . depth

1
2
3
4

ave.

- - - - - - - - - - - cm - - - - - - - - - - -

ave. range

1
2
3
4

Depth
to CaCO3

19-79
26-58
18-40
17-93

33
34
36
23

18-43
18-46
7-50
12-30

5.2 0.6-18.6
8.7 1,0-16.2
3.5 1.3-10.9
14.4 2.2-21.3

ave.

range

-- Mg m 3 —
7.2 6.0-8.2
7.6 6.2-8.0
7.7 7.2-7.8
7.9 7.6-8.I

1.51
1.49
1.42
1.36

1.37-1.78
1.34-1.65
1.25-1.60
1.28-1.52
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Climate
Long-term climatic data for the two farms were obtained using MAPS
(Montana Agricultural Potentials System), a geographic information
system developed and operated at Montana State University.
are shown in Table 5.

These data

Climatologically the two farms differed mainly in

the number of frost free days.

The apparent climatic similarity between

the two farms may be due to the compensating effects of elevation and
latitude.

That is, the higher elevational site was much further south

than the lower site.

The difference in the number of frost free days

could be due to local variations in topography.

The Three Forks area,

located at the northwest end of the Gallatin Valley, may draw cold air
from the surrounding higher elevations causing freezes to occur earlier
in fall and later in spring than occur in the Havre area.
Table 5.

Values of climatological parameters for the Three Forks and
Havre areas, Montana, 1988.*
Cimatplogical Parameters

Farm
location

Mean annual
precipitation

Frost free
days

Growing
degree days

-- cm --

Elevation
- m -

Three
Forks

25 - 41

90 - H O

2000 - 2400

1280

Havre

25 - 41

H O - 125

2000 - 2400

793

Data from the Montana Agricultural Potentials System (MAPS).
Grain Harvest and Soil Sampling
Plants were clipped at the soil surface from 1.0 square meter plots
along transects selected to represent the range of yield variability
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within the .four fields sampled.

Two fields of two-row barley and two of

spring wheat were sampled at the Petersen and Woodbury Farms,
respectively.

Crop variety names and numbers of plots per transect are

given in Table 6.
Table 6.

A total of 57 plots were sampled.

Location, ownership, crop, and number of plots along four
transects in Montana.
Numbers
of plots

Crop

Transect

County

Farm

I

Hill

Petersen

18

Lewis Barley

2

Hill

Petersen

15

Lewis Barley

3

Jefferson

Woodbury

13

Bronze Chief Spring Wheat

4

Jefferson

Woodbury

11

Newana Spring Wheat

Clipped plants were oven-dried and weighed to estimate above-ground
biomass.

Grain was obtained by threshing the heads and cleaning with an

air blower separator. Grain yields are shown in Table 7.
Soil horizons directly below the plots were sampled by removal of
three cores approximately 122 cm long and 3.2 cm in diameter using a
Giddings probe mounted on the back of a pick-up truck.

Following

removal of each soil core, horizons were identified using color and
other distinguishing properties (e.g., texture, effervescencej
structure). Horizon identification was facilitated by exposing some
profiles in small pits dug with a shovel adjacent to the sample plots.
The rooting depth of soil was recorded for each core based on presence
of roots, regardless of root age.

This depth was judged to represent

the historical or potential rooting environment.

The thickness of each
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horizon was measured and recorded.

A segment approximately 3.0 cm in

length was removed from each horizon and maintained intact for
determination of 0.033 MPa water content.

Sample core segments from 10

to 18 cm long from each horizon, excluding the Ap horizon, were
measured, dried, and weighed for bulk density determination.
Table 7. Individual plot grain yields along transects in Hill (Transects
I and 2) and Jefferson (Transects 3 and 4) Counties, Montana.
Transect
Plot no.

I

2

3

4

1.47
1.62
1.26
1.55
1.26
2.01
0.52
1.60
2.00
2.36
2.27
1.59
1.33

4.02
4.43
5.53
6.68
4.97
4.31
3.48
3.77
4.86
4.61
2.87

-- Mg ha 1 -I
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

2.03
1.76
1.46
2.35
1.79
2.20
. 3.54
4.35
3.91
3.60
4.03
2.65
2.02
2.34
1.79
1.05 .
0.75
1.20

3.26
2.39
2.77
4.48
6.72
2.62
5.50
3.55
1.82
2.79
1.21
2.93
2.67
3.49
2.32

The following properties were measured for each soil horizon:
percent sand, silt, and clay; family textural class; calcium carbonate
equivalent and effervescence class; pH; organic matter content;
available water-holding capacity; bulk density; and moisture content.
Depth of root penetration was also recorded.

Three topographic

variables were measured: slope position, gradient, and aspect.

24

Laboratory Procedures
Soil reaction (pH) was determined using a 1:2 ratio of soil and
0.01 M CaCl2 method (Peech, 1965).

This procedure has been shown to

reduce the influence of I) field applications of fertilizer or other
salts in the soil, 2) carbon dioxide content of the soil, and 3) uneven
moisture content at the time of sampling (Schofield and Taylor, 1955;
Soil Conservation Staff, 1983).
Soil bulk density (BD) was determined by the core method using the
dry weight and the estimated field-state volume of each sample under
moisture conditions at the time of sampling (Blake, 1965). To be
consistent with procedures prescribed by the National Soils Handbook
(Soil Conservation Staff, 1983) and the USDA-SCS Soils-5 data base, BD
determinations should be done at or near field capacity. . Soil water
content did vary between and within study sites at sampling time.

Soil

water content was reported for each bulk density determination.
Available water-holding capacity (AWC) was estimated by
measurement of the water-retention difference between 0.033 and 1.5 MPa
tension (Soil Survey Staff, 1967).

Intact core segments were placed on

a pressure-plate apparatus to determine 0.033 MPa water content.

The

segments were allowed to equilibrate and were removed after 24 hours.
The segments were weighed to obtain their moisture content.

A subsample

of the same core segments (92 cores) was ground and placed in retainer
rings to estimate the weight of water held at 1.5 MPa tension.
Following is the equation for the regression of 0.033 MPa water on 1.5
MPa:

1.5 MPa water = -3.19 + 0.60 (0.033 MPa water).

The R2 of this
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equation was 0.79. Permeability classes (saturated hydraulic
conductivity) were taken from official series descriptions.
Carbonates were determined by two methods: I)

gravimetric method

for loss of carbon dioxide (U.S. Salinity Laboratory Staff, 1954, Method
23b), and 2) qualitative evaluation of effervescence using 10 percent
HCl. Results of the former depend on the accuracy of weighing and the
degree to which carbon dioxide retained in solution is compensated for
by water vapor losses (Allison and Moodie, 1965).

The following four

effervescence classes were used for the second method: I)
non-effervescent, 2) slightly effervescent in which bubbles are readily
observed, 3) strongly effervescent in which bubbles form a low foam, and
4) violently effervescent in which thick foam "jumps" up (Soil
Conservation Staff, 1974).

These classes are in accordance with

official series descriptions.
Percent sand, silt, and clay were estimated by hand.

The

hydrometer method was used on a representative subsample (45 samples)
and differed from hand estimates by an average of 6% (absolute).
Statistical Methods
Reprogramming the PI Model to SAS
Those modules of the PI model that contain sufficiency
relationships were rewritten from PASCAL to SAS to more quickly evaluate
effects of model changes. Use of the SAS version of the PI model core
facilitated data input, statistical analysis, and model evaluation. This
streamlined approach made possible the search for statements which best
explained the variation in cereal grain yield.
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The new statements (variables) as well as the original three
variables were then used in a series of multiple regression models in an
attempt to explain yield variation more completely than with the
Minnesota PI values alone. Those models regressed as many as 22 primary
independent variables (Table 8) with the dependent variable (yield) in
each of the four fields, and in all four fields combined. The final
model incorporated an indicator or dummy variable, which accounted for
cropping history (0 if fallowed the previous year and I if recropped).
This last variable served as an indicator variable which separated the
entire data set into two groups. This setup was required to create the
situation where the effect of cropping history on yield could be
examined in conjunction with all the other variables that displayed a
statistically significant ability, by themselves, to explain yield
variation.
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RESULTS AND DISCUSSION
Evaluation of the Existing Model
The Minnesota PI model was run using soil data from plots for all
four transects.

Productivity indexes were generated for each plot and

regressed on corresponding crop yield using simple linear regression.
Figure 2 provides scatter plots of PI versus cereal grain yield from
plots along each transect.

Simple linear regression equations and

coefficients of determination (Rz) were calculated for each transect, and
collectively and are shown in Table 8.

In three of four transects PI

was fairly predictive of crop yield (average R2=O.65).
to crop yield in Transect 4 (R2=O.01).

PI was unrelated

PI was relatively poorly related

to crop yield when all plots were combined (R2=0;46). This relatively
poor overall relationship was in part due to differences among the four
study fields in macroclimate, crop species, and. management history.
This overall result was similar to results reported by Gerhart (1989) in
the Earth Sciences Department at Montana State University.

Gerhart

obtained a low R2 (0.32) by regressing PI on crop yields in Cascade
County, Montana using the SOILS-5 data base.
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TRANSECT ONE

TRANSECT TWO

Y IE L D (M g ha J

Y IE L D (M g ha )

0

0
0 O

0

0

0

0

.0
0

0.2

0.4

0

0

0.6

0.6

0.0
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TRANSECT THREE

TRANSECT FOUR

Y IE L D (M g ha )

Y IE L D (M g ha )

O

O

0.6

Pl

Figure 2.

0.7

0.8

0.9

0.7

0.8

Pl

Scatter plots of PI versus cereal grain yield for plots along
4 transects in Hill and Jefferson Counties, Montana using
the Minnesota PI model.

Outlying points were identified and evaluated in terms of existing
model criteria as well as quantity and depth of CaCO3 and organic matter
content.

These latter soil properties have been identified by

researchers as important factors influencing yield in Montana.

An

attempt was thus made to evaluate model performance by focusing on
deviant points.

Deviant points are those which are rated too low or too
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Table 8.

Simple linear regression equations and coefficients of
determination for four transects in Montana using the
Minnesota form of the PI model

Tran.

n

Model"

I
2
3
4
All

18
15
13
11
57

Y
Y
Y
Y
Y

=
=
=
=
=

-0.07
-0.96
0.26
3.56
-0.36

+
+
+
+
+

4.07
7.76
2.35
1.15
5.15

(PI)
(PI)
(PI)
(PI)
(PI)

R2

P

0.64
0.67
0.63
0.01
0.46

0.0001
0.0002
0.0012
0.8034
0.0001

" Y = yield (Mg ha"1); PI = productivity index
high with respect to points of similar yield.

This occurs when I) the

PI model inaccurately interprets the relationship of existing model
parameters and crop response, or 2) crop response is partialIy a
function of soil or site parameters not considered by the model.
Deviant points were generally accounted for via the latter explanation.
In Transect I, the four plots of greatest deviation from the
calculated regression curve were

5, 7, 25, and 28.

compared to those of similar yield.

These plots were

Plots 5 and 25 differed by having a

subsurface horizon with a bulk density considered by the model to be
root limiting, but yields measured on these plots were higher than
yields predicted by the model. Plot 7, which was rated higher in
productivity than crop yield indicated, had greater depth and greater
AWC than plots of similar yield.

However, by recognizing the relatively

shallow depth to CaCO3 at Plot 7 (18 cm to CaCO3 equivalent > 5
percent), PI would decrease and improve its overall fit with crop yield.
Plot 28 differed by having a lower AWC, but higher yield.

However,

during the 1987 growing season AWC may never have become limiting
because precipitation was well distributed.

30

Transect 2 had the strongest relationship of PI to crop yield
(R2=O.67).

Productivity indexes generated for Plots 5 and 33 were high

relative to the calculated regression curve.

These two plots were

compared to Plot 65 which had a similar yield.

Plots 5 and 33 were

shallower to CaOO3 (15 and 0 cm) than Plot 65 (32 cm).

Again, by

modeling depth to CaCO3 PI would decrease and improve its overall
relationship to crop yield.
The two most deviant points in Transect 3, Plots 7 and 33, had low
indexes relative to plots of similar crop yield.

These two plots had

soil horizons of high bulk density, fine texture, and low permeability.
As in Transect I, the sufficiency of bulk density calculated by the
model was relatively low despite the high yield response.

Values of

bulk density considered high by Minnesota's PI model do not appear to
have reduced or limited yield in these instances.

PI for Plots 7 and 33

could be increased by recognizing their relatively deep depth to CaCO3
(63 and 99 cm) and relatively high content of organic matter (1.37 and
I.48 percent, respectively).
The productivity indexes for the 11 plots along Transect 4 were
unrelated to crop yield (R2=O.01).
low sample number.

This can be partially explained by a

Despite the low R2, the indexes for six of eleven

plots correlated well with crop yield.
7, 8, and 11.

The five deviant plots are 4, 6,

Plot 4 had a low index and Plots 6, 7, 8, and 11 had high

indexes relative to the calculated regression curve.

Two horizons at

Plot 4 were deficient in AWC according to the Minnesota model (17 and
18% for the 0-14 and 14-55 cm depths, respectively). The third horizon
(55 to 100 cm) had high AWC (25%)

However, the PI model was not

31

designed to consider values of AWC greater than 20% (sufficiency=!.0).
Thus, total profile AWC was underestimated by the model.
An improvement in the relationship of PI to crop yield for Transect
4 would otcur by considering depth to CaCO3. Plots 6, 7, 8, and 11 all
had greater than 5% CaCO3 equivalent in the surface horizon.

This could

explain low crop yields measured on these plots.
Identification of Soil and Site Variables
Important to Cereal Grain Production in Montana
The diversity of soils in Montana and the Northern Great Plains are
a.result of the interaction of climate and living organisms acting on
geologic parent materials through time under conditions modified by
local topography (Jenny, 1980).

These soils are perceived in terms of

numerous chemical and physical properties which vary both with soil
depth and with lateral movement across landscapes.

These soil

properties influence the growth and yield of cereal grains.

Grain

yields, vary widely throughout Montana as well as within single fields
having uniform macroclimate and management.

Typically, large amounts of

soil and meteorological data are needed to fully explain yield
variation.
The following analysis attempts to identify some soil and site
variables important to cereal grain yield in Montana.

Following a

multiple stepwise regression analysis, selected variables and
productivity indexes were regressed against cereal grain yield to
evaluate potential improvement in model performance.
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Variables Generated
Table 9 shows the 23 soil variables that were generated.

These

variables were subdivided into: topsoil variables, profile variables,
weighted variables, and topographic variables.
Table 9.

Soil variables generated and analysed using stepwise multiple
regression.
Toosoil variables

Weighted variables

I)
2)
3)
4)
5)
6)

Clay in Ap
Sand in Ap
Silt in Ap
CaCO3 equivalent of Ap
pH of Ap
Organic matter content of Ap
content
7) AWC of Ap
8) Family textural class of Ap

I)
2)
3)
4)
5)
6)

Profile variables

Tooograohic variable

I) Depth to CaCO3 equiv. > 5 percent
2) Rooting depth
3) AWC

I) Slope position
2) Slope
3) Aspect

Clay
Sand
Silt
CaCO3 equivalent
pH
Organic matter
content
7) AWC
8) Family textural
9) Bulk density

Weighted Variables
Weighted variables were weighted according to data on the rooting
distribution of spring wheat subjected to low-frequency irrigation
(Proffitt et al., 1985).

A table of values was produced representing

the integral of the function (a third degree polynomial, R2=O.997) with
limits of zero and each one cm of depth.
To weight a particular soil property, horizon thicknesses were
transformed to the corresponding proportional area under the root
distribution function.

Values of a given soil property were multiplied
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by these area proportions.

The products were added to obtain one value

for the given soil property per plot along the transect.

This value was

then divided by the sum of the area proportions to negate the effect of
soil depth (Equation I).
Zpv

(Equation I)
2 P
where:
p = proportion of area under root distibution curve corresponding
to horizon thickness
v = value of soil property for given horizon
The above weighting procedure: I) generates only one value of a
given soil property per plot along the transect enabling this value to
be regressed against a single value of yield for the same plot, 2)
places more weight on those values of a soil property that are closer to
the surface where the root density is typically greater, and

3)

produces a weighted variable similar to the weighted indexes generated
in the PI model.

This last result allows an extension of the results of

this study to the modification of the PI model.
All Variables Together
Backward stepwise multiple regression was used to evaluate 22
variables in relation to measured grain yield at 57 points within four
separate fields.

Because a separate analysis of AWC and bulk density

was desired, profile AWC was not included in the analysis because its
calculation included bulk density values.

Therefore, weighted and
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topsoil AWC were used to study the effects of AWC on crop yield.
The results for single fields in Table 10, show that the variables
found significant at the 0.05 level were highly predictive of crop
yield.

Coefficients of determination (R2) for each transect were high

(0.97, 0.94, 0.97, 0.99).

The regression analysis resulted in a

different set of variables for each field.
selected for all four transects.

No single variable was

Four variables were selected for three

out of the four transects (aspect, weighted clay, weighted CaCO3
equivalent, and weighted bulk density) and four other variables were
selected for two out of the four transects (weighted silt, weighted AWC,
slope position, and rooting depth).
It was uncertain whether the regression equations for each
individual field shown in Table 10 are of value.

Multiple regression of

numerous variables, as was done in this study, often results in a high
R2 because added variables simply increase the mathematical fit of the
data (W. Quimby, personal communication).

It was also uncertain Why

some coefficients are opposite in sign to what is generally expected.
However, in some instances the sign of a coefficient, although
unexpected, can be explained.

For example, in Transect I a decrease in

AWC of the Ap horizon increases yield.

Decreases in AWC in the Ap

horizon may have been associated with coarser textured surface horizons.
Coarse textures increase infiltration of precipitation which might
otherwise be lost to evaporation.

I
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T a b l e 10.

Summary statistics for the regression of 22 soil and site
variables on cereal grain yield for four transects in Hill
and Jefferson Counties, MT.

Transect

I
R2
P
n

0.97
0.0001
18

2
0.94
0.0040
15

Independent
variable
Intercept
Weighted Silt
Weighted Clay
Weighted CaCO3
equivalent
Weighted organic
matter content
Weighted avail.
water capacity
Weighted bulk
density
Avail. water
capacity of Ap
Organic Matter
content of Ap
CaCO3 equiv. in Ap
Silt in Ap
Sand in Ap
pH of Ap
Depth to CaCO3
Rooting depth
Aspect
Slope
Slope position

3
0.99
0.0012
13

4

All

0.97
0.0001
11

0.64
0.0001
57

2.33

-0.08

Coefficient
-3.13
0.03

24.26

5.85

-0.21

-0.06

1.45
0.01
-0.10

0.97

-0.02

-0.08
-3.85
0.32

3.19
0.07

-16.51

-4.30

4.26

-0.27
1.55
-0.16
0.10
-0.04
1.56
0.26
0.23

-0.53
-0.24
1.15

0.06
-0.05
-0.13

-0.02
0.72

Three variables were selected as fairly predictive of crop yield
for all transects (R2=O.64).

These variables were: I) weighted CaCO3

equivalent, 2) weighted organic matter content, and 3) sand in the A p .
Weighted CaCO3 equivalent was also predictive of crop yield in three
single fields while weighted organic matter content was predictive of
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crop yield in two single fields.

Sand in the Ap was not predictive in

any field examined by itself.
Pl Model Variables
Ten variables which approximate the variables used in the Minnesota
PI model were used in a backward stepwise multiple regression analysis
and are shown in Table 11.

The relation of these variables to crop

yield was high for plots from Transects I and 2 (Table 12).

However,

these variables alone were moderately poor predictors of crop yield for
plots from Transects 3 and 4 (Table 12).
Table 11.

Variables used to approximate PI model variables in a
backward stepwise multiple regression analysis.
Toosoil variables
D
2)
3)
4)

Sand in Ap
Silt in Ap
Clay in Ap
Family textural
class of Ap

Weiohted variables
D
2)
3)
4)
5)

Available Water Capacity
Bulk Density
pH
Sand
Silt

6)
7)

Clay
Family Textural Class

Profile variables
I)

Root Depth

Soil Properties Selected For All Plots Together
The three variables selected following regression of 22 variables
across all transects (weighted CaCO3 equivalent, weighted organic matter
content, and sand in the Ap) plus other variables which are closely
related to them (depth to CaCO3 > 5%, percent CaCO3 of Ap, organic
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Table 12.

Summary statistics for the regression of approximat ed PI
model variables on cereal grain yield for four transects in
Hill and Jefferson Counties, MT.

Transect
I
R2
P
n

0.83
0.0001
18

2
0.80
0.0001
15

Independent
variable
Intercept
Weighted AWC
Weighted pH
Weighted BD
Weighted sand
Rooting depth

3

4

0.44
0.0016
13

0.39
0.004
11

Coefficient
161.80
4.76
-26.89

514.25
9.71
-38.28
-313.94
1.68

11.71
-49.22
0.16

matter content of Ap) and the PI model variables were evaluated by
regression analysis.

The results of this regression are shown in Table

13.
The addition of organic matter content and. secondary CaCO3
variables to Minnesota PI model variables generally improved the
relation of soil properties to crop yield.

In Transect I, additional

variation in crop yield was explained by weighted organic matter content
as compared to PI model variables alone (R2 increased from 0.83 to
0.87).

In Transect 2, only the model variables were significant at the

0.05 level.

In Transects 3 and 4, depth to CaCO3 increased R2 from 0.44

and 0.39 to 0.65 and 0.96, respectively.
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Table 13.

Sum m a r y statistics for the regression o f approximat ed PI
model variables plus other selected variables on cereal
grain y i e l d for four transects in Hill and Jefferson
Counties, MT.

Transect
I
R2
P
n

2

0.87
0.0001
18

0.80
0.0015
15

Independent
variable
Intercept
Weighted AWC
Weighted pH
Weighted organic
matter content
Weighted BD
Weighted sand
Depth to CaCO3
> 5 percent
Rooting depth
Weighted clay
Sand in Ap

3

4

0.65
0.0056
13

0.96
0.0020
11

Coefficient
5.92
0.19
-1.08

27.67
0.52
-2.06

5.30

-16.89
0.09

-3.13

27.59
-0.96

1.12

0.01

0.07
0.04
-0.28
-0.39

Soil Indicators of Cereal Grain Yield
Results of the stepwise multiple regression that included the
Minnesota model parameters, Ap horizon organic matter content, and depth
to CaCO3 are shown in Table 14.

These soil properties were identified

as important to cereal grain yield in the fields sampled. The regression
selected surface organic matter content as important in all four models.
Depth to CaCO3 was important in two of the four models.

The regression

of productivity indexes generated by the Minnesota model on cereal grain
yield (Table 8) resulted in R2 values of 0.64, 0.67, 0.63, and 0.01 for
Fields I through 4, respectively.

Results shown in Table 14 indicate
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that PI model performance could increase an average of 60 percent by
incorporating model statements which account for organic matter content
and some expression of the quantity and location of CaCO3 in the
profile.
Table 14.

Regression coefficients and summary statistics following
stepwise multiple regression of productivity indexes from the
existing model, organic matter content of the Ap horizon, and
depth to CaCO3 on cereal grain yield for four transects in
Hill and Jefferson Counties, MT.
Transect
I

R2
P
n

0.89
0.0001
18

0.78
0.0025
15

Independent
variable
Intercept
PI
Organic matter
content in Ap
Depth to CaCO3
> 5 percent

3

2

4

0.69
0.0015
13

0.75
0.0001
11

Coefficient
-0.35
1.67

-0.25
7.30

0.11
1.99

-1.19
2.43

0.96

-0.72

0.35

1.21
0.09

0.05

Topographic Indicators of Cereal Grain Yield
Among the three topographic variables considered, slope position
predicted yield the best. Strong relationships occurred between
topography and yields at three out of the four fields.

Table 15

summarizes the topographic variables significant at the 0.05 level for
each transect and for all fields together.
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Table 15.

Regression coefficien ts and summary statistics following
stepwise mu l t i p l e regression of t o pographi c variables on
cereal grain y ield for four transects in Hill and Jefferson
Counties, MT.

Transect
I
0.82
0.0001
18

R2
P
n
Independent
variable
Intercept
Slope
Aspect
Slope position

3

4 .

0.37
0.0272
13

0.78
0.0023
11

2*

15

Coefficient
-0.08
-0.16

1.06

3.36
-0.24

0.78

0.22

0.80

* No topographic variables met the 0.05 level of significance.
Suqqested PI Model Modifications
Addition of a CaCO3 Component
Table 15 shows model statements which were added to the PI model.
Percent CaCO3 equivalent for each horizon was used rather than depth to
CaCO3 in the soil profile. The model calculates a productivity index by
obtaining the product of soil property sufficiencies for each soil
horizon, and multiplying the products.

Therefore, the use of depth to

CaCO3 would have been inconsistent with the model's design.

However,

the use of percent CaCO3 accounts for both the CaCO3 content and depth
to CaCO3 because the PI model's table of weighting factors places more
weight.on values of secondary CaCO3 which are closer to the surface
where root density is greater.
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Table 16.

Statements added to the PI model to account for quantity and
depth of CaCO3 in each soil profile.
IF C03 <= 1.0 THEN E = 1.0"
ELSE IF 1.0 < C03 < = 21.4 THEN
E = 1.0 - 0.028 * C03
ELSE E = 0.40

(I)
(2)
(3)
(4)

PI =

(5)

(A * C * D * E * WF)

A, C, D, E, and WF indicate sufficiencies of AWC, bulk density, pH,
CaCO3 component, and a root distribution weighting factor,
respectively.
The sufficiency of CaCO3 was considered as another multiplicative
factor.

The sufficiency relationship for CaCO3 came from Transect 4.

Data on weighted profile CaCO3 from Transect 4 was strongly correlated
(R2=O.55) to cereal grain yield.

R2 for Fields I through 3 were 0.46,

0.27, and 0.00, respectively. The addition of percent CaCO3 equivalent
and organic matter content of the Ap horizon as independent variables to
the regression of PI on cereal grain yield had the greatest influence in
Transect 4 (increasing R2 from 0.01 to 0.75).

Also, the indexes

generated by the existing model were high for almost all profiles along
Transect 4 and were thus considered sufficient in the other three
factors considered. Yield was normalized by dividing all yields in Field
4 by the greatest yield sampled (8.34 Mg ha'1). Statement 3 in Table 16
is the resulting relationship.

Figure 3 shows the sufficiency

relationship for CaCO3.
The sufficiency of CaCO3 was not allowed to fall lower than 0.40
(Table 16, statement 4).

This assumes that the individual effect of

CaCO3 is to reduce average yield to a minimum of 40 percent of its
potential when other soil properties are at a high sufficiency.

In
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NORMALIZED CROP YIELD

WEIGHTED SECONDARY LIlVlE (%)

Figure 3.

Proposed sufficiency relationship for CaCO3 based on
values of weighted CaCO3 and normalized cereal grain
yield from plots along Transect 4 in Jefferson County,
Montana.

extreme cases of CaCO3 accumulation and induration the decrease in
potential yields will be much more.

However, the model should respond

well to such a case because the sufficiency of bulk density would
control the generated index.

The 40 percent level was derived by

considering the yields of those profiles having been rated high by both
the PI model (i.e. other soil properties are at a high sufficiency, at
least 0.60) and having the shallowest depth to CaCO3 within each field.
The average of these yields (i.e. PI > 0.60 and shallowest CaCO3 within
field) was 2.31 Mg ha'1. The Pi's associated with these yields for
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Fields I through 4 were 0.67, 0.62, 0.63, and 0.84, respectively.

The

average top yield for all four fields was 5.72 Mg ha"1. Therefore, the
individual effect of CaCO3 in the four fields was to decrease yield to
40 percent of the weighted maximum.
Also, values of CaCO3 equivalent Tower than 1.0 percent were
considered as zero due to lab technique (results of the gravimetric
weight loss procedure were not adjusted for weight loss through
evaporation of reagents) and the assumption that values below
approximately 1.0 percent would be too low to control proton activity
(W. Inskeep, personal communication).
Figure 4 shows scatter plots of PI versus cereal grain yield
following the addition of model statements for profile CaCO3. The
relationship of PI to cereal grain yield rose an average of 34 percent
and explained 72, 77, 62, and 39 percent of the variation in grain yield
in Fields I through 4, respectively.
Addition of an Organic Matter Component
The abundance and nature of soil organic matter has a profound
effect on many chemical and physical processes occuring in the root
zone.

Furthermore, where topography is a main controlling factor of

soil differences, organic matter content will have a high covariance
with several other soil properties important to crop growth. Generally,
the content of organic matter reflects the interaction of many factors
including soil type, previous cropping history, climate, cultivation
practice, and amount of fertilizers added (Newbould, 1981).
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Scatter plots of PI with added CaCO3 model statements versus
cereal grain yield for four transects in Hill and Jefferson
Counties, Montana.

Within the four fields under study, surface organic matter content
ranged from 0.31 to 3.58 percent.

Generally, surface organic matter

content of soils within rolling landscapes in Montana is expected to
increase from upper to lower slope positions, i.e. from ridge to
toeslope positions.

Table 17 shows mean organic matter content for each

of five slope positions for all four study fields.

Mean organic matter

contents ranged from 1.2% on the ridges to 2.7% on the toeslopes.
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Interactions of climate and topography may account for much of the
variation in organic matter encountered within the study fields.

The

amount of precipitation entering the soil profile at a given point is
influenced by aspect, slope, and slope position.

Lower hi!I slope

positions will accumulate upslope runoff which contributes to the
overall productivity and organic matter buildup.

Conversely, upper

slope positions may not benefit from all of the precipitation that
occurs since a portion may be lost to overland and subsurface flow.
These positions are more exposed to the drying effects of winds and may
experience greater evapotranspiration and crop stress.

Furthermore,

erosion of surface horizons and their content of organic matter by wind
and water is more likely to occur on upper slope positions.

The organic

matter that is lost from these upper slopes will tend to accumulate
locally at lower slope positions.

Thus, yield will generally be lower

on upper slope positions.
Several other soil properties important to crop growth were also
influenced by topography (Table 17).

Soils on lower slope positions

were generally deeper, had greater depth to CaCO3, and higher available
water-holding capacities than upper slope positions.

These data suggest

a general movement of water from higher to lower positions leading to
increased yield of cereal grains in lower positions.
The strong correlation of organic matter and cereal grain yield
(Figure 5) is due in part to the high covariance between organic matter
content and soil properties such as available water-holding capacity,
rooting depth, and depth to CaCO3 as well as the direct influence
organic matter has on several other important crop growth factors.
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According to Johnston (1981) organic matter influences: I) the retention
of extra water, 2) the supply of nutrients, especially N, and 3) soil
structure allowing roots to develop rapidly through the soil mass to
take up water and nutrients.
Table 17.

Cereal grain yield and selected soil properties for five
slope positions within the four study fields.
Soil Properties

Position

n

Yield
Mg h"1

Ridge
Shoulder
Backslope
Footslope
Toeslope

9
10
19
11
8

1.99
2.48
2.44
3.66
4.06

Available
Water
Capacity

Organic
Matter

c*
be
be
ab
a

---- %

—

1.2
1.5
1.7
2.0
2.7

9.9
15.3
5.2
18.7
17.6

b
b
b
b
a

Rooting
Depth

Depth
to
CaCO3

- - - - cm b
a
a
a
a

62
92
102
115
113

c
b
ab
a
a

IOb
lib
17b
30a
41a

Figures followed by a different letter indicate statistically
significant difference (p = 0.05) as differentiated by one-way
analysis of variance and Student Newman Keuls multiple comparison
test.
The model statements added to account for the variation in the
level of organic matter in Montana soils resulted in an increase in PI
as the organic matter content increased (Table 18).

Although this

implies that organic matter has a direct effect on crop growth and that
each increase in organic matter equates to a specified increase in
cereal grain yield, this cannot be supported by the literature.

Rather,

organic matter is an indicator of climate, topography, and soil
properties favorable to crop production.
Table 18 shows model statements which were added to the PI model to
account for the effect of organic matter content as an indicator of
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cereal grain yield.

With the addition of the CaCO3 component, the PI

model contained four (i.e. AWC, BD, pH, and the CaCO3 component) of the
many possible factors that could be considered in defining a soil's
productivity.

The PI function relating these four soil properties

remained multiplicative, thus any single factor that limits productivity
could control the generated index.

Unlike these four factors, organic

matter was included in the calculation of PI as an additive factor
(Table 18, statement 10).

Pierce et al. (1984a) regarded the presence

of organic matter as additive since a lack of organic matter does not
equate to low productivity when a high level of management including
adequate nutrient supplies is assumed.
Table 18.

Statements added to the PI model to account for organic
matter content.
IF E > 0.75 AND OM > 0.5 THEN"
F = 0.05 * OM
ELSE F = 0.00
IF F > 0.15 THEN F = 0.15

(6)
(7)
(8)
(9)

PI =

(10)

(A * C * D * E * WF) + F

A, C, D, E, WF, and F indicate sufficiencies of AWC, bulk density,
pH, CaCO3 component, root distribution weighting factor, and
organic matter, respectively.
Numerous attempts were made to arrive at a function which would
calculate F (value related to sufficiency of organic matter) for a given
level of organic matter within each soil horizon.

Following the

addition of the CaCO3 component, regression equations for PI on cereal
grain yield were considered for the fields individually and
collectively. The relationship between the organic matter content, of the
Ap horizon and the residuals of these models was poor and of no help in
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modifying the model.

The content of organic matter in the Ap horizon

was correlated against yield for each field and all fields collectively.
This was repeated following normalization of the data relative to the
highest yield in each field and the highest yield in all fields.

This

last correlation revealed a R2 of 0.64 (Figure 5).

NORMALIZED YIELD (%)

■ Pl < 0.50

O

Pl >= 0.50

ORGANIC UATTER CONTENT (%)

Figure 5.

Relation of the organic matter content of the Ap horizon to
normalized cereal grain yield from plots along four transects
in Hill and Jefferson Counties, Montana.
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Soil profiles which the PI model (with added CaCO3 component)
rated as the least limiting were next considered (PI of at least 0.50).
PI for these profiles explained little variation in cereal grain yield
(R2=O.16) indicating that the relationship of other important soil
properties to crop growth had been overlooked.

However, the organic

matter content of the Ap horizon was strongly correlated (R2=O.73) to
cereal grain yield (points designated by circles in Figure 5).

This

strong relationship indicates that organic matter serves as a good
indicator of the sufficiency of soil properties important to crop growth
other than pH, GD, CaCO3, and AWC. While the presence of organic matter
cannot have a direct effect on crop growth, organic matter within the PI
model indicates past productivity and the sufficiency of some
unidentified soil properties not included in the model.
The slope of the line representing soil organic matter in the Ap
horizon was 0.25 indicating a 25 percent increase in PI per percent
organic matter. However, since the PI model's approach is to calculate a
value of F for each horizon and sum these values for the profile, use of
the 0.25 slope caused the level of organic matter to be too influential
in the model. Therefore, a slope of 5 percent was chosen as reasonable
and was effective for levels of organic matter between 0.05 and 3.0
percent. F (organic matter sufficiency value) values were added to the
calculated horizon sufficiency only when the sufficiency of CaCO3 was
greater than 0.75 percent or when the percentage of CaCO3 was 9.0 (Table
18, statement 6).

It was not clear why this last condition was useful

since it applies to those horizons having both high amounts of CaCO3 and
organic matter.

The increased performance of the model with this
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statement suggests that high levels of soil CaCO3 are not offset by
increases in organic matter within the range of 0.05 to 3 percent.
The PI model with added CaCO3 and organic matter components
improved the relationship of PI to cereal grain yield an average of 12.4
percent as compared to the version containing only the CaCO3 component.
PI then accounted for 77, 69, 60, and 75 percent of the variation in
cereal grain yield within Fields I through 4, respectively (Table 19).
This was a 44 percent overall improvement as compared to the Minnesota
version of the PI model.
Table 19.

Simple linear regression equations and coefficients of
determination for four transects in Montana following the
addition of model statements accounting for secondary CaCO3
and the organic matter content of the Ap horizon.

Tran.

n

Model

I
2
3
4
All

18
15
13
11
57

Yield1
Yield
Yield
Yield
Yield

R2
=
=
=
=
=

0.07
0.16
0.39
0.60
0.44

+
+
+
+
+

3.79
5.89
2.43
6.98
4.35

(INDEX)2
(INDEX)
(INDEX)
(INDEX)
(INDEX)

0.77
0.69
0.60
0.75
0.35

P
0.0001
0.0001
0.0019
0.0005
0.0001

1 Yield expressed as Mg ha'1
2 INDEX = Productivity Index
Figure 6 is the scatter plot of PI versus cereal grain yield from
plots along all four transects following the addition of statements
concerning content and location of organic matter and secondary CaCO3.
The R2 for the resulting regression equation (Table 19) is 0.35 and
decreased from the R2 of 0.46 using the existing form of the model
(Table 8).
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Figure 6.

Scatter plot of PI versus cereal grain yield for plots from
four transects in Montana following final modification of
the PI model

PI of All Fields Together
Figure 7 is a single scatter plot of PI versus cereal grain yield
for all plots.

This plot reveals two distinct sets of plots associated

with field differences.

This may help to explain the poor overall

relationship of PI to cereal grain yield.

Plots along Transects I and 3

form one group and plots along Transects 2 and 4 form another.
Moreover, the regression equation intercepts are most similar for plots
along Transects I and 3, and Transects 2 and 4 (Table 19).
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Differences between these two groups of plots cannot be attributed
to crop species or climate.

For example, plots from Transects I and 2

were sampled within adjacent fields having the same variety of barley.
Furthermore, both farms received similar precipitation during the year
previous to crop harvest.

Long-term average precipitation for 1951-80

was 284 and 291 mm for the Havre and Three Forks sites, respectively.
The Havre and Three Forks sites received 116 and 100 mm in excess of the
long-term means, respectively.

CEREAL GRAIN YIELD (Mg ha )

.
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A
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Figure 7.

Scatter plot of PI versus cereal grain yield for plots along
four transects in Hill and Jefferson Counties, Montana. Note
the apparent grouping of plots from Transects I and 3, and
from Transects 2 and 4.

53

Differences in cropping history may explain decreased crop yields
relative to PI found in plots along Transects I and 3. Both these fields
were recropped for several years prior to grain harvest.

Fields

containing Transects 2 and 4 were fallowed the previous year.
Recropping may have depleted stored water and resulted in less
available water during the growing season.

Carlson (1988), during the

same year as this study, measured the relative yield on recropped versus
fallowed fields for 11 varieties of spring grains using a paired plot
design on fields near Transects I and 2. Yields on recropped plots
averaged 65 percent of fallowed plot yields.
The Minnesota PI model considers only a few of the many variables
which determine soil productivity.

The model does not consider

production factors which cause annual variations in crop yield but
attempts to assign a relative index of productivity to a soil based on
soil properties which are persistent in the long-term.

The model

assumes a high degree of management including equal availability of
stored water unless limited by soil condition.

The addition of model

statements concerning organic matter attempted to evaluate, in part, a
soil's water history, although the additional model statements could not
account for short term depletions of water.
PI should be a better indicator of long-term soil productivity
than the crop yields used in this study to test PI performance.
Unfortunately, crop yield is the only way the PI can be evaluated.
Sorting all plots into groups based on their recropping history may give
a more precise

evaluation of the performance of the PI model. Simple

linear regression equations and summary statistics for the Minnesota PI
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model and the final modified form of the PI model with consideration of
recropping status are shown in Table 20.

Grouping plots according to

their recropping history increased R2 for the Minnesota form of the
model and the modified form.
status as

Furthermore, by considering recropping

another independent variable the relationship of PI and

recrop to cereal grain yield was good: R2=O.69 and 0.75 for the
Minnesota and modified forms of the model, respectively.
Table 20.

Comparison of the simple linear regression equations and
summary statistics for the Minnesota and final modified
Montana forms of the PI model with consideration of
recropping status along four transects in Montana.

Tran.

Recropped

n

Model

P

R2

Minnesota PI model
I & 3 31
2 & 4 26
All
57

Yes
No
-

0.55
Yield=-O.13+3.70(PI)
0.53
Yield= 0.18+5.46(PI)
Yield= 0.83+4:47(PI)-I.41(Recrop)1 0.69

0.0001
0.0001
0.0001

Montana PT model
I & 3 31
2 & 4 26
All
57

Yes
No
-

Yield=-O.04+3.72(PI)
Yield= 0.29+6.48(PI)
Yield= 1.27+4.65(PI)-1.84(Recrop)

0.73
0.63
0.75

0.0001
0.0001
0.0001

1 Recrop equals 0 if fallowed previous year and I if recropped.
The Weighting Factor
The "look-up" table of weighting factors used by the modified PI
model remained unchanged from the original Minnesota version.

These

weighting factors are based on an idealized corn rooting distribution to
100 cm of depth (Pierce et al., 1983).
The use of weighting factors based on corn and which consider only
the upper 100 cm of depth was considered inappropriate for Montana. The
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predominance of cereal grains in Montana having significantly different
root configurations to greater depths led to the development and testing
of a new "look-up" table.

For example, spring grains in Montana

commonly root to 120 cm and winter wheat roots to 180 cm (Montana
Cooperative Extension Staff, 1985).
A wheat "look-up" table of weighting factors up to a 178 cm rooting
depth was developed based on the rooting distribution of spring wheat
subjected to low-frequency irrigation (Proffitt et al., 1985). Values
within the table represent the proportions of the integrals of the root
distribution function (a third degree polynomial, R square = 0.997) with
limits of zero and each one cm of depth. The proportion of the area
under the curve corresponding to the upper and lower depth (cm) of a
horizon is used to weight the horizon.
Each "look-up" table of weighting factors was tested previous to
and following the addition of CaCO3 and organic matter components to the
PI model.

In each case, the PI model performed as well or slightly

better when linked to the existing "look-up" table of weighting factors
as opposed to the wheat based table.

The functions describing both the

corn and wheat root distributions were similar in shape.

The primary

difference between the two tables of weighting factors was the depth
considered: 100 cm for the corn based table and 178 cm for the wheat
based table. Because soil sampling in this study occurred to a depth of
122 cm, use of the corn based table truncated the profile at 100 cm.
Furthermore, the corn based table weighted the surface horizons higher
than did the wheat based table relative to the subsurface horizons.
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Because the existing corn based "look-up" table of weighting
factors performed as well or better than the wheat based table, its
continued use is suggested.

However, support for the use of the wheat

based table may increase following further tests of the PI model in
Montana.
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CONCLUSIONS
Crop growth in Montana is partially a function of soil,
topographic, and cropping factors not considered by the Minnesota PI
model.

The content and location of CaCO3 and organic matter, variables

not considered by the model, are important factors for estimating cereal
grain yield within the fields studied in Montana.

Topographic

variables, especially slope position, are also related to cereal grain
yield within the fields studied.
Addition of statements accounting for CaCO3 and organic matter
increased PI model performance within single fields and for all fields
collectively when field cropping history was considered.
Productivity indexes evaluated over all fields were improved from
R = 0.46 using the original Minnesota model to R2 = 0.75 when CaCO3,
organic matter, and cropping history were included in the model. These
results suggest that the modified PI model is valid within Montana and
merits further evaluation on a county- or statewide basis.
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