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Abstract:
Long-run economic analysis and examination of the problems associated with SOM maintenance over
an extended planning horizon is the focus of this paper. The question addressed is what are the most
profitable cropping systems that farmers could use without significantly impairing the productivity of
their land.

Economic analysis of varied frequencies of fallow is accomplished through determination and
comparison of optimal net returns as a function of long-run SOM levels. A “balancing equation” is
developed to estimate the long-run proportions of SOM for each cropping system. The proportions
estimated can be interpreted as “reasonable estimates” on an absolute level, but in a relative sense they
have a fairly solid empirical base. The primary interest of this study is a relative measure. Results of
this study demonstrate that maximization of short-run net returns has a rather modest effect on long-run
SOM levels, and that higher frequencies of fallow yield higher net returns but sacrifice long-run SOM.
The potential effect of wind erosion was examined in an “add on” context, and it was concluded that
erosion was relatively unimportant among the choices of cropping systems which are feasible for the
study area. 
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ABSTRACT

Long-run economic analysis and examination of the problems associated with SOM 
maintenance over an extended planning horizon is the focus of this paper. The question 
addressed is what are the most profitable cropping systems that farmers could use without 
significantly impairing the productivity of their land.

Economic analysis of varied frequencies of fallow is accomplished through determina
tion and comparison of optimal net returns as a function of long-run SOM levels. A “bal
ancing equation” is developed to estimate the long-run proportions of SOM for each crop
ping system. The proportions estimated can be interpreted as “reasonable estimates” on an 
absolute level, but in a relative sense they have a fairly solid empirical base. The primary 
interest of this study is a relative measure. Results of this study demonstrate that maximi
zation of short-run net returns has a rather modest effect on long-run SOM levels, and that 
higher frequencies of fallow yield higher net returns but sacrifice long-run SOM. The 
potential effect of wind erosion was examined in an “add on” context, and it was con
cluded that erosion was relatively unimportant among the choices of cropping systems 
which are feasible for the study area.
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INTRODUCTION

Mucli interest has recently developed in the area of soil conservation and its effect on 

crop yields in the United States Great Plains and Canadian prairies. This is an issue that has 

been severely neglected by agricultural and natural resource economists for the last two to 

three decades (Burt, 1981, p. 83). The most obvious reason for this neglect is the view that 

technological advances (i.e., fertilizers, improved crop cultivars, new farm implements, etc.) 

in farming systems have allowed the agricultural producer to place less emphasis on soil 

resources.

In north central Montana there is a vast area of dry land farming country which has 

become known as the “Triangle” area (Figure I). It is the broad sweep of the Great Plains 

from the Bear Paw mountains on the east, to the Rocky Mountains on the west. Its form is 

roughly that of a great triangle, with its apex south at Great Falls and with its sides spread

ing wide until they form a base line of about 130 miles along the Canadian border.

Mo n t a n a

Figure I . The location of the Montana “Triangle.”
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The topography of north central Montana is similar to that of many other sections of 

the Great Plains. . . .

It is a country of inspiring distances, with broad level prairies broken here and 
there by gently rolling hills. Near the slopes of the mountains to the east and 
west are areas of rough grazing land, and near the northwest corner from the 
Sweet Grass hills left lesser peaks that may be seen from great distances. (Wilson,
1923,p. 8)

The soils of this region are predominantly Mollisols-Apidisols which vary in fertility,

and range in texture from loamy sands to silty clay loams and clays (Montagne et ah,

1982). These soils are among the most fertile soils in the U.S. and Canada. However,
\

because of low uncertain rainfall, wind erosion, water runoff and saline seeps, crop yields 

vary greatly from year to year. Yields are highly dependent not only on stored soil water 

and growing season precipitation but also on the presence of soil organic matter (SOM). 

The high correlation of SOM with total nitrogen content in the soil enable soil scientists 

to cite SOM as a measure of overall productivity of the soil (Allison, 1973).

As a result of these problems, the practice of stubble mulching farming was devel

oped and adopted in the 1930s to limit soil erosion (Zingg and Whitfield, 1957). Stubble 

mulching is the managing of plant residues on a year-round basis in which harvesting, tilling, 

planting and cultivating operations are performed in such a way as to keep protective 

amounts of vegetative material on the surface of the soil until the time of seeding the next 

crop (USDA, 1983, p. 3). Crop-fallow rotation, leaving half of the cropland in summer- 

fallow, became standard cropping practice throughout the north central “Triangle” region 

as a result of moisture problems for wheat and barley production. In recent years, the fre-' 

quency of fallow has been determined in a flexible manner to insure more effective soil 

water use and to reduce saline seep problems (Brown et ah, 1982).

The intent of this thesis is to examine the question of what are the most profitable 

cropping rotations (he., frequencies of fallow) that a farmer could implement without 

seriously depleting the productivity (SOM) of their land. Analysis of long-run implications
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of various cropping strategies upon SOM content in the north central triangle region of 

Montana and the associated economic and physical consequences is necessary to answer 

this question. Nitrogen fertilizer, plant available water and wind erosion, jointly with the 

cropping system, play important roles in determining long-run amounts of nitrogen released 

from SOM and available for plant utilization. Nitrogen fertilizer also plays a part in deter

mining the amount of residue incorporated into the soil. Crop residue is the raw material 

from which organic matter is produced.

One might ask, why is SOM important and why might the producer be concerned 

with the long-run effects of present cropping strategies upon SOM? Buckman and Brady 

(1969) state that SOM has a high capacity to hold water and nutrient ions. Small amounts 

of SOM thus augment tremendously the soil’s capacity to promote "plant growth. The 

inherent capacity of soils to produce crops is closely and directly related to their organic 

matter and nitrogen content (Buckman and Brady, 1969, p. 158).

The initial step in this analysis, following this section, is a brief review of the relevant 

literature pertaining to the long-run dynamics of SOM. Measuring the effects of summer- 

fallow on SOM is the intent of the third section. A “balancing equation” is presented to 

estimate the long-run dynamics of SOM. The potential gains from the application of 

dynamic programming (DP) are discussed in the fourth section, as is the feasibility of 

applying DP. A framework for a deterministic approach is set up to approximate a stochas

tic process describing the dynamic behavior of SOM. The trade-off between net returns and 

SOM is presented and discussed in the fifth section. The actual application of the “balanc- - 

ing equation” to data from the Highwood bench, located near the southeast edge of the 

Triangle area, is also contained in this section. Effects of different cropping strategies, in 

terms of maximizing (I) relative net returns and (2) relative long-run levels of SOM are 

estimated and discussed. The sixth section examines the influence of wind erosion upon 

SOM and is immediately followed by a summary and conclusions.
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A BRIEF REVIEW OF THE LITERATURE

Although there is a rather large accumulation of literature on the general, non-quanti- 

tative short-run effects of cropping systems and tillage methods on SOM dynamics, there is 

a paucity of literature addressing their long-run effects on SOM and/or economic conse

quences. Therefore, neither summary nor .review of this literature on the short-run effect 

ofcropping systems will be attempted, but rather focus will be on long-run economic analy

sis and problems associated with SOM maintenance over an extended planning horizon. 

Two bulletins published by the U.S. Department of Agriculture in the states of Washington, 

Oregon and Idaho are used as a base for this study.

The authors of the first bulletin (USDA, 1960), Horner, Oveson, Baker and Pawson, 

summarize soil management experiments conducted over approximately 40 years at six 

experiment stations in the Pacific Northwest wheat region. The physical effects of various 

cropping practices upon yield, SOM and erosion in the Palouse wheat-pea region of eastern 

Washington and western Idaho are discussed. The extreme variance in the slope of the land '

seems to be the only major factor that differs from characteristics of the Triangle area in., 

Montana.

The authors of the second bulletin (USDA, 1961), Pawson, Brough, Swanson and 

Horner, examined the effects of various cropping systems on soil productivity in the wheat- 

pea Palouse area of the three states. “Present obtainable net income” was used to deter

mine the most profitable cropping systems that farmers could use “without significantly 

impairing the productivity of their land.” Findings of the study indicated that farmers 

could adopt systems that would maintain productivity of the soil better than the prevailing
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wheat-pea system. Also, high or higher net income could be produced under the new price 

and cost conditions considered.

The first of these two bulletins provided the Palouse wheat-pea area data upon which 

to begin initial analysis of the Triangle area. The second bulletin provided a framework for 

this study. The basic purpose of the second bulletin was to answer the question “what are 

the most profitable cropping systems that farmers can use without significantly impairing 

the productivity of their land?” This identical question is posed in this study of the Trian

gle area of Montana. Evaluation techniques in terms of net returns analysis are identical. 

SOM level analysis differs in that econometrics and simple algebra are used to evaluate long- 

run data from the Triangle area. Analysis is taken a step further by evaluating the relation

ship between net returns and long-run SOM levels.

The Palouse study differs by addressing the implications of agricultural policy upon 

various cropping systems. This study addresses the question of wind erosion and empha

sizes the need for attention to the long-run aspects of cropping systems and their effects on 

net returns as well as SOM.
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MEASURING THE EFFECTS OF SUMMER-FALLOW ON SOIL 
ORGANIC MATTER-AN EQUATION TO CAPTURE 

LONG-RUN DYNAMICS

Nitrogen is the most important nutrient affecting yields of grain (USDA, 1960, 

P- 960). With high levels of available nitrogen, moisture usually becomes the limiting factor. 

This is especially true for the Triangle area of Montana where average rainfall ranges from 

12 to 14 inches per year. Therefore, the relationship of moisture to available nitrogen is 

basic in regard to the effect of different cropping strategies on the yield of grain.

This logic can be carried one step further to argue that nitrogen content, and available 

soil moisture play major roles in determining the SOM produced and/or lost under various 

cropping strategies. However, to completely evaluate the impact of various cropping strate- ' 

gies upon SOM, one must also examine the effects of summer-fallow.

Since plant materials (i.e., straw residue) usually contain 40 to 45 percent carbon on a 

dry weight basis, and plant materials are the raw material from which organic matter is pro

duced, carbon loss appears to be an appropriate variable to examine. There is a unique 

relationship between carbon and nitrogen present in a soil which is often referred to as the., 

carbon/nitrogen ratio. This ratio usually differs according to major soil types. For the 

Palouse wheat-pea area'of Washington, as well as the Triangle area of Montana, the ratio is 

about 10 to I. This implies that for every one unit (i.e., pound) of nitrogen there is a natu

ral balance of ten units (i.e., pounds) of carbon also in that soil. Because of this unique 

relationship, additions of any crop residue, including roots, stubble or other substances, 

can be expected to contribute to the SOM supply in the soil only insofar as the carbon/ 

nitrogen balance remains present in the soil. The soluble nitrogen, which has not been lost 

by leaching or assimilated by crops, will combine with carbon in the same rate (ratio) in
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which it occurs in SOM. Crop residues incorporated into the soil do not become a part of 

SOM until the loss of carbon by decomposition has been sufficient to make the resulting 

product approach this ratio. Excess carbon in the added organic matter is lost rapidly as 

carbon dioxide.

The relationship between carbon dioxide evolution and nitrate-nitrogen accumulation 

has an important bearing on the function of nitrogen in the transformation of organic 

residues to SOM. Analysis of this relationship in terms of the carbon loss associated with 

the excess amount of nitrogen mineralized, over and above that for continuous cropping 

caused by summer-fallow operations, is a major objective of this section. Such a measure 

in units of residue carbon will allow a comparison of various cropping systems with respect 

to their long-run effects on SOM indirectly through net residue quantities produced and 

the rate of decay of SOM.

To analyze the long-run effects of various frequencies of summer-fallow on SOM, esti

mates of the extra amount of nitrogen mineralized during the fallow year, the quantity in 

pounds of SOM in six acre inches of soil, and the carbon/nitrogen ratio at the test site need 

to be determined.

Eight years of experimental data were gathered by Paul L. Brown of the USDA Agri

cultural Research Service in the Triangle area of Choteau County, Montana. The data con

sists of crop yields (1970-77) and straw (1972-77) from rotations of (I) wheat-barley 

(W/B), (2) wheat-fallow (W/F), and wheat-barley-faliow (W/B/F) under 0, 30, 60 and 90 

pounds per acre nitrogen fertilizer levels. This data are used with the following regression 

model to address the nitrogen mineralization intensity of summer-fallow.

The following equations were constructed to approximate the amount of excess nitro

gen mineralized during the fallow period. The GeneralizedNonlinear Least Squares (GNLR) 

regression program, designed and written by Oscar R. Burt enabled estimation of the yield 

equation (#1), from which the mineralized nitrogen equation (#2) and the plant available
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water equation (#3) were constructed. The numbers in parentheses are estimated standard 

errors

Y = -8983-238.6N + .7312N2 + 4939W-487.4W2 + 93.45NW-.2379N2W
(2552) (47.2) 0176) (1145) (123) (19.4) (.0484)

-5.144NW2 + (2092-1003X4 )X6 (I)
(1.90) (984) (302)

N = X7 + (53.03-2.125X5)X6 • (2)
(11.6) (.697)

and

W = .2104Xi + .5458X2 + .2439Xa - (3)
00349) (.0378) (.0524)

where,

y -  wheat grain plus straw yield (pounds/acre)

N = the sum of applied fertilizer nitrogen and extra amount of nitrogen mineralized 

during the fallow period (pounds)

W = plant available water (inches)

X1 = fall soil water (inches)

X2 -  October !-April 15 precipitation (inches)

X3 = April 16-June 30 precipitation (inches)

X4 = November !-April 15 precipitation (inches)

X5 -  April i -August 31 lagged precipitation (inches)

X6 = fallow dummy variable (I if land in summer-fallow, otherwise 0)

X7 .= applied fertilizer nitrogen (pounds/acre).

The adjusted coefficient of determination (R2) equals .986, the standard error of the esti

mate (SEE) equals .0767. The SEE can be interpreted as a 7.67 percent measure since the 

regression equation was estimated with a multiplicative disturbance. The last term in Equa

tion (2) is interpreted as the extra amount of nitrogen mineralized (N) during the fallow
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period, and is conditional on a given, exogenously determined, amount of precipitation 

available to the wheat crop. The standard error for N in (2) with X5 as its long-run mean 

(9.24 inches/year) is 6.4 pounds per acre and the associated value of N in excess of fertilizer 

sources is 33.

The last terra in the yield equation (I) adjusts yield for the effect of summer-fallow; 

note that winter precipitation is less effective when the land has been in summer-fallow. 

The remaining yield equation terms form a general polynomial in N and W of second degree 

plus third degree interaction terms. The terms NW, N2W and NW2 are interactions which 

jointly reflect the nonadditivity of the net effects from nitrogen and water. The polynomial 

form for the response surface is justified by Taylor’s formula of elementary calculus; any 

analytic function can be approximated by a truncated polynomial containing a sufficient 

number of terms (Chiang, 1974).

The general nature of the data is that of pooled cross sectional experiments over time. 

Initially, this situation of pooled experiments over time would appear to lend itself to non

linear regression techniques and an error components model structure similar to that dis

cussed in Kmenta (1971, p. 514). The time series and cross sectional pooling would gener

ate a compound error term of the form eit = Ui + vt + wit, where i and t denote the experi

mental treatment and year, respectively. Cross sectional or experimental error is represented 

by Ui (mean zero, variance a^). Time series error is represented by vt (mean zero, variance 

a |) , and random variation due to experimental error for a given time and location is repre

sented by wit (mean zero, variance o^). Experimental treatment, which is comprised of 

the level of applied nitrogen (0 to 90 pounds) jointly with planting on stubble or summer- 

fallowed land, is the cross section portion of the classic cross sectional/time series analysis. 

The empirical results suggested that the variance of treatment and time series components 

were essentially zero and that eit approximates the classic properties of the regression
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model. Therefore, parameters of the model were estimated under the assumption of a dis

turbance with the classic properties.

The second element necessary to estimate the long-run effects of various frequencies 

of summer-fallow on SOM is the measurement of pounds of SOM in six acre inches of soil. 

This can be determined in the following manner: One acre of soil encompasses 43,560 

square feet. With a bulk density of 1.0, each square foot of soil weighs 62.42 pounds. 

Therefore, (62.42)(43,560) equals 2,719,015 pounds per acre. A six inch depth with the 

same bulk density would weigh half as much or 1,359,508 pounds per acre. At the Triangle 

experimental site, south of Fort Benton, Montana, bulk density of the soil is 1.45; there

fore, 1.45(1,359,508) equals 1,971,286 or approximately 2,000,000 pounds per acre for 

the surface six inches of soil. This is the figure that will be used throughout the rest of this 

study when referring to the Triangle experimental test site data.

Combination of the extra amount of nitrogen mineralized during the fallow year, 

measurement of pounds of SOM in six acre inches of soil, and the carbon/nitrogen ratio of 

10:1 at the test site enable construction of a “balancing equation” to estimate the effects 

of various frequencies of summer-fallow on SOM. The steady state equality (balance) of 

new material entering the SOM is expressed in pounds of carbon per acre. Carbon entering 

SOM annually is some fraction of total residue added to the soil. It is assumed that root 

mass is approximately equal to the straw produced (1.0) and that one quarter (.25) of the 

roots are in the top six inches of soil, which gives a total residue proportion of 1.25. Also, 

the proportion of straw and roots which is carbon by weight is estimated at 40 percent 

(Allison, 1973). Letting Sw be annual pounds of straw per acre produced under continuous 

cropping, the amount of carbon in the residue produced and incorporated in the top six 

inches of soil equals Sw(1.25)(.40).

If X is the proportion of SOM surviving into the next year, I-X is the proportion lost. 

The amount of carbon in the SOM of one acre can be calculated as the weight of the soil
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times the proportion of SOM divided by the coefficient 1.724. This coefficient expresses 

the proportional relationship between organic matter and carbon in a soil. The proportion 

of organic matter in a soil is 1.724 times as great as the carbon content (Buckman and 

Brady, 1969, p. 152). Therefore, the balancing equation can be written,

fS^(1.25)(.40) = (1-X)(W.X/1.724) (4)

where f  is some unknown fraction of the residue carbon which is transformed into SOM 

per year; W is the weight of six acre inches of soil and X is the proportion of SOM (%SOM/ 

100) existing in the steady state.

Ideally, one would treat f and X as unknown parameters to be estimated from data 

and X would then be determined as a solution to the above equation, which must hold in 

the steady state. No such data are available for the Triangle area of Montana under study. 

In fact, such data are rare because SOM measurements must be taken over a long period of 

time, at a single site to provide accurate, meaningful data. Published data for unfertilized 

grain and straw yields for the Palouse wheat-pea area discussed earlier were analyzed to 

provide approximations of f and X for the Montana Triangle. These data were a set of 

smoothed SOM measurements for varying periods of times and intervals within the periods 

at several fairly homogenous sites (USDA, 1960). The sites did exhibit considerable varia

tion in SOM levels.

The “balancing equation” for a steady state can be applied to the Palouse area data 

under continuous wheat to estimate the factor f. In Holtz and Vandecaveye (1938, p. 161), 

the authors state that 2700 pounds of straw is approximately that amount associated with 

35 bushels of unfertilized grain. Earlier in the tex t they present average unfertilized yields 

under continuous wheat as 19 bushels, and wheat-fallow as 43 bushels (Holtz and 

Vandecaveye (1938, p. 148). Therefore, proportionality can be assumed between grain and 

straw to determine (19/35)(2700) = 1466 pounds of straw for continuous wheat and 

(43/35)(2700) = 3317 pounds of straw for wheat planted on fallow. These two figures are
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rounded off to annual averages of 1470 pounds and 1660 pounds for continuous crop and 

crop-fallow, respectively.

According to Holtz and Vandecaveye (193 8), the top six inches of dry soil at the 

Palouse site weighs 1,640,000 pounds. Regression results run on SOM changes for this 

Palouse data area suggest that the steady state proportion of SOM (X) is 1.62% for contin

uous wheat with no nitrogen fertilizer. From this regression, the point estimate of X was 

.990, thus I-X equal to .010 is used; so the “balancing equation” for continuous unfertilized 

wheat in the Palouse region is,

(.40)(1470)(1.25)f = (.010) (1,640,000) (.0162)/!.724 

where f equals .21. The primary concern here is a relative measure that can be applied on 

summer-fallow soil versus continuously cropped soil. This could be handled by an adjust

ment in straw or “f ” (the amount of carbon transformed into SOM) on the left hand side 

of the above equation, or adjustment of I-X (the proportion of SOM lost) on the right 

hand side. Adjustment of the left hand side is equivalent to changing the intercept in the 

difference equation,

%Wj = a + X%W^_i , t = 1 ,2 ,3 , . . .  (5)

whereas, adjustment to the right hand side changes the slope, X. The percent organic mat

ter in the top six acre inches of soil, represented by %W, differs from X in Equation (4) in 

that %W represents the short-run. In the limit, as t approaches infinity %W will approxi

mately equal X for specific long-run cropping systems.' Parameters a and X represent 

unknowns for the intercept and slope respectively. Since summer-fallow is believed to be a 

major accelerator of carbon loss (i.e., SOM loss) an adjustment in (I-X) of the balancing 

equation is more logical. Therefore, to examine a change in the proportion of SOM surviv

ing into the next year (X), it must be assumed that the factor f on the left hand side of the 

balancing equation remains unchanged.
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It should be noted that the slope on %W in the difference equation is probably a little 

larger than the proportion of SOM which survives from one year to the next. Therefore, 

the difference equation (5) could be written as,

= (a +|8%Wt_i) + , t = I, 2, 3 ,. . . (6)

where the term in parenthesis is newly added SOM digested from residue and j3 > O reflects 

the positive effect of SOM on crop yields. The proportion of SOM already in the soil which 

survives another year is X. This equation could also be written as,

%Ŵ. = a + p %W|_q, t = I, 2, 3, . . .

where ju = j3 + X. The separate parameters, j3 and X, are not identified for statistical estima

tion. It has been assumed that j3 is negligible (p. approximately equals X) in specifying the 

balancing equation for the steady state. The statistical estimate from the Palouse for con

tinuous wheat gave p = .010. Holding f = .21, using Sw = 1660 instead of 1470, and an 

empirical estimate of the long-run proportion of SOM for wheat-fallow (referred to earlier 

in Equation 4 as X) equal to 1.08 percent, the balancing equation representing the Palouse 

wheat-fallow steady state is,

(.40) (1660) (1.25) (.21) = (1-X)(1,640,000)(.0108)/1.724 

where (I-X) = .0170 versus .010 for the continuous wheat rotation. The differential in 

I-X is (.0170 -  .010) or .0070 which is a measure of extra turnover of SOM when the land 

is in summer-fallow half of the time. To acquire the appropriate differential for a year of 

summer-fallow, .0070 is doubled to .0140.

The procedure that follows will provide insight into whether this differential is reflec

tive of empirical data for the Triangle area of Montana. Based on soil tests taken March 

1983, the test plot soils, contain .159 percent nitrogen. Multiplying this percent by the 

pounds of soil in six acre inches of test plot soil yields 3100 pounds of nitrogen per six 

acre inches of soil. With a Palouse area differential rate of turnover of SOM in a year of
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summer-fallow approximated at .0140, it can be inferred that (.0140) • (3100) or 43 

pounds of extra nitrogen from summer-fallow are mineralized on six acre inches or soil 

containing 3100 pounds of nitrogen if the rate of decay parameters are the same as for the 

wheat-pea area. Tire Triangle area regression presented on page 8, which is based on plant 

available nitrogen, predicted an average of 33 extra pounds of nitrogen mineralized due to 

summer-fallow.

The extra amount of nitrogen estimated to be available to the wheat crop after a year 

of summer-fallow is comprised of two components, (I) extra nitrogen mineralized as a 

result of mechanical activity during the summer-fallow (i.e., tillage), and (2) extra nitrogen 

carried over to the following season, as a result of nothing being grown on the land the 

previous summer. This nitrogen would have been mineralized without the additional tillage. 

Part of the first component is probably lost into the atmosphere (denitrification), and pos

sibly some through leaching during unusually wet years. If these losses were exactly 

matched by the second component, the extra amount of nitrogen available to the wheat 

crop after a year of summer-fallow, this would equal the amount of nitrogen mineralized 

from SOM. This estimate of nitrogen mineralized from SOM is the measure of primary con

cern. Therefore, this implies that the statistical estimate of 33 pounds per acre of mineral

ized nitrogen could be biased in either direction. The bias is conjectured to be relatively 

small compared to the point estimate.

The relationship between carbon dioxide evolution and nitrate-nitrogen accumulation 

has an important bearing on the function of nitrogen in the transformation of organic 

residues to SOM. .Nitrate-nitrogen accumulation in the soil is largely a byproduct of SOM 

decomposition (Holtz and Vandecaveye, 1938). Since the carbon/nitrogen ratio of SOM in 

the Triangle area is around ten to one, plant residues returned to these soils will not become 

a part of SOM until the loss of carbon by decomposition has been sufficient to make the 

resulting product approach these ratios. These considerations suggest that the estimated
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figure of 33 pounds per acre might be biased upward because it was obtained by pooling 

data across levels of nitrogen fertilization from 0 to 90 pounds. It is, however, interpreted 

here as appropriate for the situation of no nitrogen fertilizer. Note that the estimate of 33 

pounds was estimated indirectly through wheat yield responses.

To determine an appropriate differential in I-X for unfertilized continuous crop versus 

unfertilized wheat-fallow at the Triangle experimental site, one could simply divide 33 

pounds extra nitrogen mineralized, by 3100 pounds of nitrogen in the top six acre inches 

of soil which equals .0106; the differential for a year of summer-fallow. Thus, assuming 

I-X equals .010 as determined from Palouse data for unfertilized continuous crop in Mon

tana, and dividing the Triangle area differential by two for land in summer-fallow half the 

time, I-X would equal .010 + .0053 or .0153 for wheat-fallow. Empirical results reported 

later use these two estimates of 1-X, i.e., .010 and .0153.

However, it must be noted that the Palouse area data base involves fields of various 

slopes and results of the data analysis are for slopes averaging about 15 percent or more 

(USDA, 1960, p. 2). These slopes would tend to cause high water erosion, thus making 

total wind and water erosion much higher than average at the Triangle test site.

To compensate for this higher wind and water erosion one could assume 2 percent 

SOM as a long-run equilibrium (X) for the Triangle area for unfertilized continuous crop 

and keep X = .99 (i.e.,. I-X = .01), although the change in the proportion of SOM surviving 

into the next year (X) is probably larger for Montana because of lower temperatures and a 

shorter growing season.

An appropriate f value for the Triangle area can be determined by assuming an equilib

rium level of SOM equal to 2 percent. The following equation for unfertilized continuous 

cropping uses empirical data from the experimental site,

(.40)(1573)(1.25)f = (.010) (2,000,0000)(.02)/1.724
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with the solution f equals .30. As with the Palouse estimation, f is held at .30 for unfertil

ized wheat-fallow as well. The long-run proportion of SOM is determined for wheat-fallow 

as

(.40) (1797) (1.25) (.30) = (.0153) (2,000,000) (X)/1.724

The X value for equilibrium SOM for the Triangle area unfertilized wheat-fallow rotation 

equals .0152. Annual average residue under the three different rotations of fertilized and 

unfertilized straw are listed in Table I.

Table I. Straw Yields for Wheat and Barley Production in the Triangle, Highwood Bench 
Area of Montana.

Straw Yields (Ibs/acre)
Experimental Data: Straw without nitrogen fertilizer 

1972______ 1973 1974______ 1975
W/F 1631/0 4440/0 5337/0 3713/0
W/B 803/ 1660/ 1654/ 1955

875 1310 1298 3007

Experimental Data: Straw with nitrogen fertilizer
W/F 1740/0 5840/0 6220/0 5115/0
W/B 1426/ 4030/ 4021/ 4989/

1387 1770 1759 3830

1976 1977 Mean
3414/0 3026/0 3594/0
1802/ 1021/ 1483/

2098 1146 1622

6301/0 5264/0 5880/0
5613/- 2098/ 3696/

3009 1764 2253

Averages: Unfertilized Straw (per acre)

W/F 3594 pounds 
W/B 1483/1662 pounds

Averages: Fertilized Straw (per acre) .

W/F 5080 pounds 
W/B 3696/2253 pounds

Annual Averages (per acre)
WF 3594/2 = 1797 pounds 
WB (1483 + 1662)/2 = 1573 pounds 
B 1622 pounds

Annual Averages (per acre)
WF 5080/2 = 2540 pounds 
WB (3696 + 2253)12 = 2975 pounds 
B 2253 pounds

It should be noted that the nitrogen content of wheat and barley straw was assumed 

to be homogeneous across all rotations discussed. The effect of nitrogen fertilization levels 

on the nitrogen content of straw was not considered because of the lack of information on
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composition of wheat and barley straw under various levels of nitrogen fertilizer and crop 

rotations.

Experimental grain and straw yields for the Palouse area were from unfertilized test 

plots. Initial straw residue yields used in the Triangle area were also from unfertilized plots, 

for consistency of analysis with the Palouse data. However, final long-run equilibrium SOM 

levels determined with straw yields were based on different fertilization rates for the various 

crop rotations. Fertilization rates on the selected rotations were 60/0 and 90/30 pounds of 

nitrogen fertilizer for (W/F) and (W/B) rotations, respectively. Average estimates for grain 

yields' per acre from simplified two-year rotations of wheat-fallow (WF), wheat-barley (WB) 

and barley planted on wheat stubble (B) were determined as 52, 34 (wheat only) and 34, 

respectively using regression techniques on the Triangle experimental yields from all four 

fertilization levels 0, 30, 60 and 90 pounds.
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A QUANTITATIVE MODEL-THE DYNAMIC STRUCTURE 
OF SOIL ORGANIC MATTER

The following methodology could be effectively applied to test the hypothesis that 

below a certain percent frequency of fallow (e.g., 50 percent), there is little difference in 

the long-run equilibrium level of SOM if nitrogen and the other fertilizer applications are 

near optimal for that short-run profit maximization. The following analysis provides insight 

into the relative magnitude of differences of long-run equilibrium SOM levels implied by 

various cropping systems. Dynamic programming (DP) would be an appropriate analytical 

model for a problem of this nature (Bellman, 1957). Burt (1981) stated that construction 

of a model involves determining a set of state variables which encompass sufficient infor

mation on the decision process. When the variables assume given levels at a point in time, 

the history of the decision process is almost completely subsumed for purposes of optimal 

decisions in the future. Soil organic matter appears to play a major role in crop production 

in north central Montana. Implementing dynamic programming involves looking for an 

optimum way to maintain an adequate level of SOM, through the criterion of maximizing 

the present value of expected returns over an infinite planning horizon. SOM changes are 

very slow in the short-run and eventually approach an equilibrium that remains fairly con

stant through time (to infinity). The present value of expected returns from SOM is maxi

mized subject to decision variables such as nitrogen and phosphorus fertilizer levels, recrop 

or fallow, crop seeded, et cetera.

This maximization process can be illustrated in a simplified deterministic framework 

where SOM is the only state variable,

00 ->
Max 2 G(Xt , Ut) / ( l+ r ) , t  = 0, 1,2, . . .

-» -> t=0
H O > ^  I )

(7)
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subject to,

Xt = Xm  + f(Xt_2,Ut) or Xt -  Xt_t -  f(Xt_j, Ut)

where,

U = a vector of decision variables 

X = a scalar measure of SOM 

, r = the discount rate (real) .

t = time

f(Xt_ I ,Ut) = the functional relationship which quantifies changes in SOM 

G(Xt ,Ut ) = annual expected net returns

The constraint equation expresses the scalar measure of SOM, Xt , where Xt = Xm  +

f(XM , Ut ). One can assume f(XM , Ut) = -5 Xt_j + g(Ut ) where the functional quantifi-

cation of changes in SOM f(Xt_t , Ut ), equals a loss (negative change) in SOM, -5 Xm  ,

plus the function expressing the change in SOM with respect to all decision variables, 
—̂

g(UM ). The proportion of SOM surviving into the next year, X, can be defined as being 

identically equal to (1-5), which implies Xt = XXm  + g(Ut). With this definition, the 

steady state can be expressed at Xt = Xm  which is identically equal to X, and Ut is 

identically equal to U for all time periods, t. The steady state implies that SOM remains at 

a constant level for all current and future values of t and all decision variables approach 

one specific steady state vector as well. Thus, X = (I-X)X + g(U) which is identically
—X

equal to XX + a, where a is set equal to g(U). Given values for a and X, one finds that X = 

aZ(I-X); the long-run SOM level (X) is equal to some constant input of straw residue (a) 

divided by the proportion of SOM that is lost from one year to the next (1-X).

The values for X and a in particular were initially determined with the Palouse data. 

In the next section Triangle area values for these parameters will be determined and inte

grated into the balancing equations for continuous crop and wheat fallow rotations. It is
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important to keep in ipind that the differences between relative values are what is impor

tant here. The absolute values are riot meant to be applied directly, they only serve as 

starting points for evaluation.

As a result of this steady state phenomenon, the rather slow, smooth evolutionary 

stochastic process of random SOM changes from year to year can be approximated quite 

well by a deterministic model. In the following DP model, one could consider the nonsto

chastic approach as an approximation to a stochastic Markov chain framework (Rorres and 

Anton, 1979, p. 81). The nonstochastic DP model corresponding to (7) is

V^(X) = Max [G(X,U) + (1/(1 +r)) ^ ( X  + f(X,U))] , (8)
u

where Vn(X) is expected returns from an n-stage process (n years in the farmer’s planning 

horizon) when an optimal decision rule is followed in the future and the initial state is X.

The solution to the above recursive relationship in Vn(X) can be obtained by applica

tion of the principle of optimality. According to Bellman (1957),

an optimal policy has the property that what ever the initial state and initial 
decision are, the remaining decisions must constitute an optimal policy with 
regard to the state resulting from the first decision.

Iterations on this function starting with n = 0, 1 , 2 , . . .  solve the empirical problem and.

yield an approximation to an optimal policy in the form of a vector function U = F (X )

where F (X ) represents the optimal decision as a function of the state X. In the discrete

approximation, the function F (X ) would be a scalar and yield an optimal choice for each

X. There is a steady state (equilibrium) level of SOM, say X*, which is approached in a

probabilistic sense as the optimal decision rule is followed in perpetuity.

Because of the small change in the level of SOM from year to year, the variance in '

SOM levels caused by random phenomena in the decision process would most likely not be

very large. Consequently, the variance around the steady state X would be almost trivial
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with respect to practical economic considerations. A priori reasoning suggests a small vari

ance in SOM levels even with a time horizon of only a decade or so when a given decision 

rule is followed and the initial SOM state is not far removed from the long-run equilibrium 

associated with that decision rule. In a deterministic model, the steady state SOM, X*, is 

a single value which is approached in a nonstochastic time path as the optimal decision rule 

is followed (Cooper and Cooper, 1981).

For any arbitrary decision rule, denoted by a function 0(*), a steady state value of X 

would be associated with each 0(*), say a value X'. A functional relationship between X' 

and 0(*) cannot be written, nor is X' unique because many different functions 0(*) could 

easily yield the same value of X'. Nevertheless, this abstract correspondence does exist 

between the decision rule function 0(*) and the steady state SOM level.

In a simplified deterministic framework, SOM is the only state variable upon which 

decisions are made. Unfortunately, the only data available for the experimental site were 

measurements taken in 1983 after completion of the experiment. This eliminates the pos

sibility of effectively applying dynamic programming. However, the analysis of equilibria 

for various decision rules (i.e., cropping rotations) can still be used to guide economic 

decisions related to SOM without formulating and solving a formal dynamic optimization 

model.

To carry out this analysis of equilibrium SOM levels for various cropping rotations the 

following section contains a presentation and discussion of rotations with varying frequen

cies of fallow. The rotations are evaluated (I) in terms of economic efficiency based on a 

criterion of maximizing short-run profits for given annual rates of SOM loss, and (2) with 

respect to steady state SOM levels, using the balancing equation presented earlier.
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TRADE-OFF BETWEEN NET RETURNS AND 
SOIL ORGANIC MATTER

Discussion thus far has been in regard to the physical aspects and effects of various 

crop rotations upon SOM. Analysis could encompass only the maximization of long-run 

SOM, however, without an economic perspective, such an analysis would be incomplete. 

An economic perspective consists of net returns analysis through determination of gross 

returns and production costs for wheat, barley and summer-fallow production.

Determination of gross returns is quite simply, price received per bushel multiplied 

by the number of bushels yielded. Grain prices used were $4.74 per bushel and S3.06 per 

bushel for wheat and barley, respectively. Each of these prices is an average of the price 

received by farmers in Montana, measured in 1983 dollars for 1970-81, published in the 

Montana Agricultural Statistics (volumes XI to XVII).

Production costs presented in Table 2 are from Montana State Cooperative Extension 

Bulletin No. 1140. Operations listed are meant to represent the average machinery comple

ment and sequence of operations for a producer in the Triangle area.

The difference between gross returns and production costs is net returns. Production 

costs are based on variable costs, the “user cost” component of fixed costs for machinery 

and interest on operating capital. Net returns include the cost of 0, 30, 60 and 90 pounds 

of nitrogen at 25 cents per pound, for fallow, barley after wheat, wheat after fallow, and 

wheat after barley, respectively. Evaluation of net returns implies evaluation of the eco

nomic efficiency of various rotations, based on the criterion of maximizing short-run net 

returns or profits. Maximization of short-run profits under the constraint of a given annual 

rate of SOM loss, delineates a set of efficient crop rotations.
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. Table 2. Gross Returns, Production Costs and Net Returns for Wheat and Barley Produc
tion in North Central Montana (per acre basis).

Gross Returns:
fallow - $0.00 WB = $161.16
WF = $246.48 B = $104.04

Production Costs:
fallow = $32.84 WB = $75.49
WF = $70.27 B = $73.77

Net Returns:
fallow = -$32.84 WB -  $63.17
WF = $161.21 B = $22.17

Detailed Production Costs:
Fallow Operations:

toolbar (5 times over field) 24.59
harrow (I time over field) .14
rodweeder (2 times over field) .31
tandem disk (I time over field) 5.72
miscellaneous expenses 1.54
interest on operating capital .54

Cost of fallow S32.84

Winter Wheat After Fallow Operations:
rockpicker (with small tractor) 9.43'
drill 12' shovels 21.83
sprayer Sk 400 gallon 2.98
combine D140 HP 28.51
miscellaneous expenses 4.67
interest on operating capital 2.85

Cost of winter wheat after fallow $70.27

Winter Wheat on Barley Stubble Operations:
identical to Winter Wheat After Fallow plus $5.22 for

rodweeder and sweeps equals $75.49

Barley on Wheat Stubble Operations:
toolbar (with tractor) 4.92
harrow and rodweeder .30
rockpicker 9.43
drill 12' shovels 21.26
sprayer Sk 400 gallon 2.98
combine D140 HP . 28.51
miscellaneous expenses 4.79
interest on operating capital 1.58

Cost of Barley on Wheat Stubble $73.77
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To physically evaluate optimal SOM levels in conjunction with maximization of net 

returns, one must first look back at the previously discussed balancing equation. The equa

tion can be used to evaluate different crop rotations based on residue by varying the left 

hand side (pounds of straw) and holding the factor f (the fraction of residue carbon which 

is transformed into SOM) at .30 (see page 15). This fraction is the previously estimated 

proportion for the Triangle area. The general form could be written as

. (.40)(pounds of straw)(1.25)(.30)(1.724)
2,000,OOO(I-XR) - X R , R - 1 , . . . 1 0  (9)

where “pounds of straw” is weighted by the frequency of wheat after summer-fallow, 

wheat after barley, and barley after wheat; (1-XR), the proportion of SOM lost, is weighted, 

by the relative frequency of fallow and crop for a unique rotation denoted R, and X is the 

associated steady state for SOM.

Under the assumptions and analysis of the balancing equation for the Triangle area, 

I-X was previously approximated as .0153 for an alternate wheat-fallow rotation in wheat 

or fallow half of the time, and .010 for a wheat-barley rotation in wheat or barley half of 

the time. Since the difference in I-X for these two rotations is .0053, the differential 

between a year of summer-fallow and a year of wheat-barley would be 2(.0053) which 

equals .0106. The appropriate value for I-X during a fallow year would be .010 + .0106 or 

.0206. Multiplying .0106 by the 3100 pounds of nitrogen in six acre inches of Triangle 

area results in 33 pounds of residual nitrogen. This is consistent with Triangle area regres

sion results where at mean climatic conditions, the estimate of extra plant available nitro

gen is 33 pounds per acre with a statistical standard error of 6.4 pounds per acre. The pro

cedure used forced this consistency with respect to estimated mineralized nitrogen.

Letting W and I-W be the frequency of fallow and crop, respectively, for an arbitrary 

rotation, the formula for I-Xr is,

I-Xr = W(.0206) + (I-W) (.010) (10)
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In Equation (9), the relative values across rotations depend only on X and pounds of straw; 

the factor f cancels in a relative measure. It is assumed that X is the same for a year of 

either wheat or barley. It is also assumed that the f and X values determined for unfertilized 

grain and straw are the same for fertilized plots. The amount of old SOM, or “matured” 

SOM, affected by cropping practices or tillage methods is identical regardless of additions 

of new straw or fertilizer. Fertilizer applications will affect the breakdown of straw into 

more mature SOM as will various tillage practices. However, new straw and fertilizer 

applications will not affect the amount of old SOM mineralized.

Assumptions previously made about SOM formation and losses imply that under 

various cropping systems only the frequency of fallow affects' the rate of loss, and the 

quantity of residue only affects the rate of new SOM formation. Thus the following analy

sis of Triangle area experimental data is a fixed rotation approach where the only relevant 

consideration is the relative frequency of wheat, barley and summer-fallow.

The set of rotations in Table 3 was delineated from all possible rotations based on the 

criterion of-maximizing short-run average annual returns, for a given frequency of fallow. 

Three basic reasons made it possible to delineate the following twelve rotations. First, the 

rate of decay of SOM is affected by the frequency of fallow only, regardless of rotation. 

Second, the formation of SOM is affected by residue added, regardless of rotation. And 

third, there is a strong correlation between high net return rotations and high residue 

producing rotations for a given frequency of fallow (rate of decay of SOM). This correlation 

is shown in Figure 2.

To insure accurate construction of the following fixed rotations, five agronomic con

siderations were imposed. The first consideration is that winter wheat cannot be planted 

immediately after winter wheat because of residue, seed bed, pest and weed problems. 

Second, winter wheat gives superior grain and straw yields compared to spring wheat. 

Third, barley is more effective than spring wheat as a crop to plant after winter wheat
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Table 3. Physical and Economic Evaluation of Various Cropping Rotations of the Triangle 
Area in North Central Montana.

Frequency of 
Fallow and 
Rotation

Proportion 
of SOM Lost 

from Year 
to Year 
(!-Xr )

Long-Run 
Proportion 

of SOM
(XR)

Weighted
Residue

(pounds)

Net Returns 
($) per 
Acre

Proportion of 
Wheat & 
Barley (%)

WF WB
.50 WF .0153 .0215 2540 $64.2 1.00 .00
.45 9 (WF)WB .0148 .0226 2584 62.0 .90 .10
.43 6 (WF)WB .0146 .0230 2602 61.1 .86 .14
.40 8 (WF) 2 (WB) .0142 .0239 2627 59.9 .80 .20
.35-7 (WF)S(WB) .0137 .0252 2671 57.7 .70 .30
.33 2 (WF)WB .0135 .0257 2685 57.0 .67 .33
.30 3 (WF) 2 (WB) .0132 .0266 2714 55.6 .60 .40
.29 4 (WF)3 (WB) .0131 .0269 2726 55.0 .57 .43
.17 (WF)2 (WB) .0118 .0310 2830 49.8 .33 .67
.13 (WF)S(WB) .0114 .0325 2866 48.1 .25 .75
.07 (WF) 6 (WB) .0108 .0350 2913 45.7 .14 .86
.00 WB .0100 .0385 2975 42.7 .00 1.0

because it helps break the life cycle of disease organisms. Fourth, there is a limited market 

in the Triangle area for alternative crops such as oil seed crops. Fifth, data is not available 

on winter wheat yields after a crop of barley has been planted on summer-fallow. The end 

result of all these considerations and assumptions led to the set of rotations presented in 

Table 3.

To evaluate each of these rotations, appropriate Xr values for the long-run propor

tion of SOM are determined through the use of Equation (9) and pounds of straw residue 

for fertilized WF and WB rotations. Equation (10) is used to determine a I-Xr value which 

is weighted by ..the frequency of fallow and crop. For example, one could consider a rota

tion that has a fallow proportion of one half, and, from Equation (10) calculate (1-XR), 

and using 2540 pounds of straw (wheat-fallow rotation from Table I), Equation (9) yields 

the following result:

(.40)(2540)(1.25)(.30)(1.724)
— .02152,000,000 (.0153)



0 39 0

O O 
i—I

I

4hO
g

• H
+->I-,O
§•
£

r

. 0 3 6 0 

. 0 3 7 0 

. 0 3 6 0 

. 0 3 5 0 

. 0 3 4 0 

. 0 3 3 0 

. 0 3 2 0 

. 0 3 1 0  

. 0 3 0 0 

. 0 2 9 0 

. 0 2 6 0 

. 0 2 70  

. 0 2 6 0 

. 0 2 5  0 

. 0 2 4 0 

. 0 2 3 0 

. 0 2 2 0  

. 0 2 1 0

frequency of fallow

. 0 0 0
0 4 0  4 5  5 0  5 5  6 0  6 5

Net Returns (1983 dollars)
Figure 2. Monotonic relationship between long-run proportion SOM and net returns for the Triangle area.

to-o



28

The remaining eleven rotations shown in Table 3 were determined in the same manner 

using average straw yields from fertilized plots instead of unfertilized plots. It is assumed 

that this equation applies directly to fertilized as well as unfertilized plots and that fertil

ized plots more closely approximate actual cultural practices of the Triangle area wheat 

and barley producers.

The set of SOM proportions given in Table 3 can be interpreted as “reasonable esti

mates” on an absolute level, but in a relative sense they have a fairly solid empirical base. 

Again, it should be noted that the primary interest of this study is a relative measure.

Note that as frequency of fallow decreases, net returns decrease as well, while long- 

run SOM increases. Figure 2 illustrates this monotonic relationship between estimated long- 

run SOM and net returns, given the frequency of fallow.

What does this monotonic relationship imply? It is evident that there is a trade-off 

(inverse relationship) between frequency of fallow and proportion of SOM. However, the 

difference in the proportion of SOM between 50 and 13 percent fallow is 6.39 pounds of 

nitrogen. This figure was determined by calculating the difference between amounts of 

mineralized nitrogen for high and low frequencies of fallow. First, the amount of carbon 

in- the top six acre inches of soil was determined by multiplying the two SOM proportions 

(X) by 2,000,000 pounds, then dividing by the conversion factor for percent SOM to per

cent carbon (1.724). Second, the pounds of nitrogen as a stock were determined by divid

ing by the C/N ratio (10/1). Third, multiplication by (1-X^) for the respective rotations 

gave the flow components. The difference in flow components for the high and low levels 

of SOM multiplied by the price of nitrogen fertilizer ($.25 per pound) gives the implied 

value of the extra SOM in the steady state on an annual basis. The equations for wheat- 

barley and wheat-fallow rotations are (((.0385)(2,000,000)/l.724)/10)(.010) = 44.55 and 

(((.0215)(2,000,000)/!.724)/10)(.0153) = 38.16, respectively. The difference in nitrogen 

flow equals 44.55 -  38.16 or 6.39 pounds. This implies a $1.60 per acre per year difference ■
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in net returns for the two extreme frequencies of fallow (13% and 50%). A frequency of 

summer-fallow less than 13 percent is of little practical interest because an occasional year 

of summer-fallow is needed for weed control; 12.5 percent implies one year out of eight in 

summer-fallow.

One could propose that the difference is insignificant, and therefore the producer 

need not consider SOM in his or her cropping strategy. However, the comprehensive role 

of SOM in crop production should be kept in mind since it involves much more than just 

providing a flow of nitrogen to the crop. The inherent capacity of soils to produce crops 

is closely and directly related to SOM which is responsible for the stability of soil aggre

gates, storage and release of organic phosphorus, and many other functions which affect 

plant growth.

Since the rate at which carbon is lost from the soil increases very rapidly as the organic 

content is raised, the maintenance of SOM at a high level is not only difficult, but also 

expensive (Buckman and Brady, 1969, p. 159). It would be unwise, therefore, for the pro

ducer to try holding SOM at a level that maximizes only yields. As can be seen in the pre

vious figure, increasing the long-run SOM level decreases average annual net returns. And 

as discussed earlier, the relative difference between long-run SOM levels is small enough 

that the producer might not stray too far from adequate SOM levels by maximizing net 

returns, not SOM content. If the traditional wheat-fallow rotation were followed with 

short-run optimal nitrogen fertilization, equilibrium SOM would be about 34% less than if 

summer-fallow were limited to an average of one year out of eight (1-2.15/3.25 = .34). As 

mentioned earlier, zero percent summer-fallow is not feasible for this area due to pest and 

weed problems. SOM must exceed some minimal level necessary to maintain reasonably 

good soil structure which maintains permeability and surface aggregates resistant to wind
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erosion. An important empirical question is whether the equilibrium state under a wheat- 

fallow rotation exceeds this minimal level. If this equilibrium is near the estimate of two 

percent given in Table 3, there would appear to be no major concern.
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WIND EROSION AND ITS IMPACT UPON SOIL ORGANIC MATTER

Wind erosion exceeds five tons per acre per year on 23 percent of the U.S. cropland 

(Miranowski, 1984, p. I). Specifically in Montana, more than 1.3 million acres are in con

dition to blow with potential damage figures being high because snow cover in eastern 

Montana either blows off or melts and the surface does not usually have enough crop resi

due to keep erosion in check {Great Falls Tribune, 11 March 1984, p. I). Moisture and 

crop residue conditions vary greatly throughout the state.

Examination of wind magnitude data, published in USDA Agricultural Research Ser

vice, Agricultural Handbook 346, by Skidmore and Woodruff (1968), provide insight into 

the wind erosion prone months of the year for the Triangle area. In Great Falls, Montana, 

for example, wind magnitudes on average reach their highest level during the months of 

November through February and are at a minimum during July through September. Under 

a wheat-fallow rotation, stubble and snow cover the field during the winter before summer- 

fallow, but the soil is vulnerable during the summer when a large portion of stubble has 

been worked into the soil. A typical stubble-mulch fallow operation in a crop-fallow rota

tion can reduce residue as much as 40% due to toolbar use alone (Fenster, 1977, p. 39). 

Even if a producer were continuously cropping, the field would also be prone to wind 

erosion, just after September planting, before seedlings sprout and snow cover forms. Dur

ing this period the field has minimal stubble cover due to seedbed preparation and is quite 

susceptible to strong winds. Because of the short growing season in Montana, a spring grain 

is usually grown after a winter wheat crop and the soil is susceptible to wind erosion during 

the spring when winds are fairly intense. Table 4 lists relative wind magnitudes expressed
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as the capacity of wind to cause erosion on unprotected soils, for selected stations in Mon

tana, as well as Oklahoma and Texas. Oklahoma and Texas are listed to suggest that other 

wind prone areas could also suffer problems in terms of high soil loss just before planting 

(USDA, 1968). Underlined figures in the table are months with particularly high wind 

magnitudes relative to the remainder of the year.

Table 4. Relative Magnitudes of Wind Erosive Forces for Selected Stations in Oklahoma, 
Texas and Montana.

Month
J F M A M J J A S O N D

Oklahoma City, OK — 1949-53 
1028 1043 1338 1273 1099 927 538 606 543 691 809 940

Tulsa, O K -  1949-53
396 379 573 504 331 271 198 217 162 236 293 329

Corpus Christi, TX — 1949-53
563 525 697 643 504 391 391 301 173 208 398 398

Lubbock, TX -  1942-45; 1950-56 
308 438 640 546 456 428 178 145 209 204 293 385

Great Falls, MT — 1950-55
1189 1283 876 828 732 732 407 469 522 837 999 1315

With the intent of comparison of SOM losses among cropping versus summer-fallow, 

this discussion leads one to a rather equivocal situation. Summer-fallow is highly suscepti

ble to wind erosion, which implies depletion of SOM; however, the magnitude of SOM 

depletion could be the same or even greater with continuous cropping due to the fact that 

the field is usually fairly exposed prior to and immediately after planting, and therefore, 

unprotected during the highest and intermediate wind magnitude months of the year. In 

the winter wheat regions of Montana one might infer that wind erosion loss is almost 

identical for both continuous crop and crop-fallow rotations, and is therefore not a crucial
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decision factor when planning a crop rotation. This discussion is, however, completely 

erroneous if one were referring to spring wheat.

Further examination of actual wind erosion can be roughly approximated through 

partial use of a wind erosion equation published in a 1983 Iowa State University, Center 

for Agricultural and Rural Development Report (CARD). This CARD report contains 

more detailed descriptions of the erosion equation factors than the brief summary presented 

in this paper. The equation is written as,

E = f ( I \  K', C', L', V )

where E is the “potential average annual erosion” in tons per acre per year (T/A/Y). I ' is 

the soil credibility index in T/A/Y, which is classified by soil type series and soil texture 

classes. The Triangle area soil is in a Gerber series and a silty clay loam texture class. After 

discussion with Gary Tibke of the USDA-SCS, Bozeman, Montana office, the wind erodi- 

bility index for this area was determined to be 86.

The remaining factors in the wind erosion equation adjust the erodibility factor to 

account for the characteristics of a particular field. K' is a “soil ridge roughness” factor. A 

ridged surface will reduce the wind velocity above the soil surface and trap eroding soil 

particles between ridges. The Triangle area K' factor is between .7 and .8 (semi-ridged) as 

compared to 1.0 for a smooth surface.

C' is a “climatic factor” which accounts for the influence of wind velocity and sur

face soil moisture on the potential of wind erosion. The Triangle area C' factor is 90.

L' is a factor taking into account the “median unsheltered travel distance across the 

field.” The width and orientation of the field (with respect to the wind direction) both 

influence this factor. Wind barriers and the preponderance of wind in a prevailing direction 

influence this factor as well. For the Triangle area L' is assumed to be 300 feet, which, 

according to Tibke, is a standard measure for this area.
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V' is a factor for the “vegetative cover in small grain crop equivalents.” Vegetative 

cover reduces wind velocity at the soil surface. Standing vegetative cover is more effective 

in reducing soil losses than flat residue. With the aid of Table 5 and a rather general assump

tion that the Triangle area straw yields are approximately equal, pound for pound, to “flat 

small grain residue,” one could roughly approximate soil loss from wind erosion in tons per 

acre per year. Using the previously averaged Triangle area wheat straw annual yields of 

1797 and 1573 pounds for the unfertilized wheat-fallow and wheat-barley rotations, 

respectively, one can see that these values far exceed the table.

Table 5. Soil Loss from Wind Erosion (E) in Tons Per Acre Per Year, January 1981.

(L)
Unsheltered 

Distance 
in Feet

C — 90
Surface -  K = 0.8 1 = 3 8
(V) -  Flat Small Grain Residue in pounds per acre

. 0 250 500 750 1000 1250 1500
10,000 27.4 22.9 16.8 11.1 6.0 2.3 0.9

8,000 27.4 22.9 16.8 11.1 6.0 2.3 0.9
6,000 26.6 22.2 16.3 10.7 5.7 2.2 0.9
4,000 24.7 20.6 15.0 9.8 5.2 2.0 0.7
3,000 23.0 19.8 14.4 9.3 4.9 1.8 0.7
2,000 22.0 18.2 13.1 8.5 4.4 1.6 0.6
1,000 18.1 14.9 10.6 6.7 3.3 1.2

800 16.4 13.5 9.5 5.9 2.9 1.0
600 14.2 11.6 8.1 4.9 2.4 0.8
400 11.9 9.7 6.6 4.0 1.9 0.4
300 9.8 7.9 5.4 3.1 1.4 0.3
200 6.8 5.4 3.5 2.0 0.8
150 4.5 3.5 2.2 1.2 0.5
100 3.2 2.5 1.5 0.7 ■
80 2.3 1.8 1.1 0.5
60 1.4 LI 0.6
50 1.0 0.6
40- - 0.8 0.5
30
20
10
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Under nitrogen fertilized levels, which are near optimal for short-run profit maximiza

tion, annual average straw yields were 2540 and 2975 pounds per acre for winter wheat 

planted on summer-fallow and barley planted on wheat stubble, respectively. According to 

Table 5, the amount of residue remaining at the end of the summer-fallow period should 

be great enough to prevent serious wind erosion, particularly following winter wheat 

planted on summer-fallow the previous year.

To get an idea of the effectiveness of straw residue in preventing wind erosion, one 

could examine the annual rate of erosion associated with, say, 500 pounds per acre of resi

due. Table 5 interpreted with (L') equal to 300 and residue equal to 500 gives a soil loss 

of only 5.4 tons per acre. According to Tibke, 5 tons per acre is the maximum soil loss per

mitted before wind erosion is considered a potential danger to production. Note that 500 

pounds is 13 percent of 3969, the amount of residue produced from fertilized barley 

planted on previously fertilized wheat stubble. Since wind velocity is relatively low during 

the summer months and stubble from stubble-mulch farming retains a significant propor

tion of the residue throughout the year, it would appear that summer-fallow would be 

quite neutral with respect to wind erosion. The add-on effect of wind erosion appears to be 

insignificant for the Triangle area.
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SUMMARY AND CONCLUSIONS

The results presented in this paper on the relative differences in net returns and pro

portion of SOM resulting from different crop rotations in the Triangle area of north central 

Montana, enable examination of economically feasible cropping rotations (Te., frequencies 

of fallow) and their resulting long-run SOM levels. Relying on rather specific assumptions 

presented in the text, the decision of a Triangle area wheat and barley producer was per

ceived as a rational attempt to maximize his or her long-run average net returns.

The initial analytical framework proposed, to determine a solution to the question of 

what are the most profitable cropping rotations that a farmer could implement without 

seriously depleting the productivity (SOM) of his or her land, was dynamic programming. 

Estimation of an optimal long-run cropping strategy could be determined with dynamic 

programming, provided a sufficient amount of data were available. Unfortunately, the criti

cal set of data for the Triangle area does not exist.

Simulation models for SOM dynamics were examined as a possible solution to the 

data problem. The models considered were either too detailed for available information 

from the experimental site, or weak in terms of credibility and accuracy. Therefore, an 

alternate approach was taken.

Data on SOM levels in the Palouse area of Washington, Oregon and Idaho were used 

to determine benchmark estimates of parameters for relatively long-run SOM level analysis. 

Fairly reasonable extrapolations were made to the Montana Triangle area from this Palouse 

data to implement an analysis of limited data from the Triangle area experimental site. The 

key assumption made here was that the Triangle area is similar enough to the Palouse area
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that an estimate of the rate of turnover in SOM in Palouse soils could be extrapolated to 

those in the Triangle area.

A set of optimal net returns and long-run SOM levels for given frequencies of fallow 

(Table 3) were derived through the use of statistical methods and simple algebra. The 

potential effect of wind erosion was examined in an “add on” context, and it was concluded 

that erosion was relatively unimportant among the choices of cropping systems which are 

feasible for the study area.

Results of this study demonstrate that maximization of short-run net returns has a 

rather modest effect on long-run SOM levels, and that higher frequencies of fallow yield 

higher net returns but sacrifice long-run SOM. The extra losses of SOM are within economic 

and agronomic limits which would appear not to threaten long-run productivity of the soil. 

This conclusion would seem to persist into the future unless there was some drastic change 

in land usage. The introduction and implementation of no-till farming, leaving the straw 

stubble standing on the field after harvest and planting, would reinforce this conclusion. 

No-till farming utilizing chemical summer-fallow would decrease even further any detri

mental effects of summer-fallow upon SOM formation including wind and water erosion 

as well as aeratiomof the soil through mechanical actions of tillage.

This study is intended to add to the development of interest in a long term analysis of 

the potential effects of various crop rotations upon long-run levels of SOM. With more and 

more attention being paid to present SOM levels and a fairly recent concern for these levels 

declining, valuable insight would be obtained from the continued study of SOM levels and 

their effects upon crop yields, production costs and net returns. Considerable agronomic 

experimentation over an extended time period is needed to estimate straw and grain yield 

responses. Data on factors influencing the formation of SOM need to be collected, such as 

precipitation, temperature, straw and grain yields under varying nitrogen fertilizer rates, 

consistent planting dates for crops, and many other factors.
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The approach used in this study could be applied to other regions if data for compara

ble analysis were available. Economists and agronomists need to work more closely together 

to collect data that is required for productive, meaningful analysis.
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