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INTRODUCTION 

Topsoil exposed to rainfall when crops are produced on sloping land 

creates a major environmental problem in the United Sta tes. Runoff and 

the resulting soil erosion carries sediment and agricultural chemicals 

into public waterways . Besides polluting the waterways , the process also 

reduces soil productivity. Even with conservation efforts, including the 

creation of soil conservation [30] and land use laws regulating soil and 

water conservation, erosion of agricultural topsoil remains a problem 

and will likely require new and integrated policies set by national 

agencies. 

Soil Loss and Sedimentation From 
Agriculture 

I t was estimated that four billion tons of soil wash into the nation's 

waterways each year and that 75 percent of this total comes from agricul­

tural and forestlands [2]. The amount has increased since 1972 as "fence­

to-fence row" farming was practiced in response to high prices and exports 

and land retirement programs were relaxed. One effect of this soil loss 

from agricultural land is declining productivity. Taylor estimates that 

the three billion tons of soil eroded annually from agricultural and forest­

lands contain an average of 0.10 percent nitrogen, 0.15 percent phosphorous, 

and 1.5 percent potassium. These estimates imply an annual erosion loss 

of SO million tons of plant nutrients. Erosion also affects surface soil 

1 
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structure, reducing both the water infiltration rate and the water-holding 

capacity of the soil. 

Sedimentation, or the deposition of eroded soil in wate rways, is 

considered to be the nation's largest single water pollution problem. 

Sedimentation restricts barge transportation and reduces the storage 

capacity of man-made reservoirs. Also, sedimentation increases water 

treatment costs for cities and industries and reduces the value of water-

ways as wildlife habitats and recreational areas. 

Damages due to sedimentation have been greatly reduce~ by improving 

agricultural conservation practices in the past three decades. Improved 

cropland management practices can provide more effective control of soil 

erosion. Tee practices include land treatment practices, tillage prac­

tices, and the selection of appropriate crop sequences for rotation. 

Land treatment practices refer to contouring, strip cropping, and ter­

racing. Tillage practices encompass time, method, and the intensity of 

tillage and crop residue management. 

Recent devel opments i n agricultural land use and impacts 
on erosion and sedimentation 

Technological developments and price-cost relationships in U.S. 

agriculture have caused a gradual change in crop rotations during the 

l ast 30 years. Many farmers find continuous row cropping with one or two 

crops highly profitable under current technology. Commercial nitrogen 

fertilizers and pesticides have helped eliminate sod crops and small 

grains from rotations . This substitution of one technology for another 

increases erosion rates on sloping lands unless adequate land treatment or 

tillage practices are employed . 
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Soi l conservation practices including reduced tilla ge and terracing 

il from erosi·on under continuous r ow croppi ng. 
can protect the topso 

How-

i·ncurred by society in coping with sedimenta t i on 
ever, because the costs 

not incorporated into f arm production decisions , 
of public waterways are 

farmers do not adequately protect the i r soi l f rom eros i on . 
The resulting 

· f U.S. agricultural lands h as been partially 
decline in the productivity o 

· t · large applica t ions of fertilizer, and 
mas ked by higher yieldi ng crop va r ie ies , 

improved chemica l pest control practices. 
But some of t hese of f set ting 

·1 bl · the f uture because of 
factors may not be so effective or avai a e in 

the potential problems resulting from high energy prices. 

Increasing export demands 

The spurt in exports during the early 1970s encouraged a greater 

f PS Erosi·on i·ncreased accordingly. Th e greater row cr op 
acreage o row era . 

acreage was encouraged through the market as land retirement programs were 

abandoned and as high prices encouraged marginal l ands t o be brought i n to 

production. These potentials for soil erosion wil l remain unles s less 

favorable prices and government programs now a t hand can caus e a reversa_ 

of recent trends. 

The Soil Conservation Service estimates that more t han ha lf of t he 

· · d t' recently has been id l e or in fo rage crops since 
land c omi ng i nto pro uc ion 

the 19 30s and that about 60 million tons of topsoi l were lost fr om these 

· 1974 (28] More i'mportantly, the increasing 
previous ly idl e acres in . 

a creage of corn and soybeans means many more acres of land ar e subject t o 

potentially severe erosion losses (Tab l e 1). 
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Table 1. Change in harvested acreages of principal crops in the United 
States 

Crop 

Increasing crops : 
Wheat, · a l l 
Corn, all 
Soybeans 
Othersa 

Total 

Decreasing crops: 
Oa ts 
Barleyb 
Others 

Total 

SOURCE: USDA [31 ] . 

1969 

47. 1 
63.1 
41. 3 
77 .6 

229.1 

18.0 
9.6 

23.9 

51.5 

1974 

(million acres) 

65.5 
76.7 
52.5 
80.8 

275.5 

13.3 
8.3 

22.1 

43.7 

Change 

18.4 
13.6 
11.2 

3.2 

46.4 

-4.7 
-1.3 
-1.8 

-7.8 

a 
Cotton, hay, rice, sugarcane, peanuts, popcorn, dry beans, and 

tobacco. 

b 
Flaxseed, rye, sugar beets, sorghum (all), potatoes, sweet potatoes, 

and dry peas. 

Scarcity of energy and fertilizer inputs 

The days of inexpensive energy for agricultural production are 

limited. As recently expressed by Secretary of Agriculture Bergland, 

U.S. agriculture has developed a system heavily dependent upon petroleum 

and petroleum products (fertilizer, pesticides, t ) [l] e c. . Since oil 

supplies will be exhausted in the near future, the U.S. agricultural 

system is in jeopardy. Bergland also has warned that phosphate rock may 

last only for another 20 to 30 years at the present rate of use. Scarcity 

of such resources will assume greater importance if the productivity of U.S. 

agriculture continues to be depleted by excessive erosion of the topsoil. 
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Objectives of This Study 

. and growi ng environment al 
Greater export demands, resource scarcity, 

Thus, 
r
ates of soil e rosion of greater pub l i c concern . 

problems make high 

to 
improve the qua l i ty of the environment and to con­

society's pressure 

serve the land will likely intensify in the coming years. 
Pres s ur e fo r 

action by 
rather than relying on i ndi­

the Federal and state governments 

I n formulatin g and i mplementing 
1 act1·on is increasing. vidual vo untary 

d f cropland, i mport ant conflicts 
programs to reduce sediment yiel s rom 

Th
us, there is need for quant i tative informat i on 

need to be considered. 

P
ublic programs to cope with the problem 

concerning the formulation of 

f Ch Programs on agriculture. 
and the potential impact o su 

This study has two major purposes. 
The first is to generate trade-off 

between (a) 
the cost of producing the nation's f ood s upplies 

information 
db and a high level of 

and (b) the maintenance of a productive lan ase 

] have linked agricultural 
Previous studies (21, 22 environmental quality. 

f interregional linear programmi ng 
production and soil loss by means o 

These models have evaluated the potential impact of restr icting 
models. 

1 and national levels under 
soil loss from cropland at both the regiona 

m1·n1"mizing the total cost of producing and trans­
the single objective of 

porting food to the consumer. 
However, environmental quality h as become 

treated appropriately along with e conomic efficiency. 
a goal that must b~ 

for U.S. agriculture with a single goal in 
Thus, selecti on of programs 

sol ut ion which i s not an optima 
the objective function may produce a 

or efficient one in an overall sense. 
the study uses a t wo- goal ob j ect i ve 

To accomplish the first purpose, 
alternative social 

function in whi ch each goal is weighted t o represent 

6 

preferences. The relative weights or values for the goals are altered 

to obtain "pairs" which define a trade-off curve between food producing 

e f fi c i ency and soi l conservation. Six alternative "pairs" or trade-of f 

poin ts on t h e curve are analyzed and compared. The six solutions analyzed 

i n this study are referred to as Solutions 1 through 6. The first 

of these, Sol ut ion 1 , extends ongoing trends to the year 1985 and places 

no weight (value) on the soil erosion goal. For the remaining alterna­

tives, a set of non zero weights (values) is attached to both goals. The 

weights or values attached to the soil erosion goal imply an implicit 

value or cost to society for soil loss as a nonpoint source ' of pollution 

and can be interpreted as a tax imposed or subsidy (tax credit) paid to 

the farmer for farm conservation investments. 

The study analyzes and compares each "pair" in terms of reductions 

in soil loss, contributions to environmental quality, the cost involved 

in reducing the soil loss, and the implications of the conservation 

policies on the agricultural production systems. Each solution point on 

the trade-off curve represents an alternative to society and policy makers 

and indicates the amount of sacrifice in one objective required to achieve 

higher levels of the other objective. Information on trade-offs is a 

prerequisite to the selection of optimal programs for U.S. agriculture in 

wh ich the environmental problems are included. Since the eventual valua­

t ion of the soil loss in terms of tax credit or subsidy to farmers seems 

apparent, it is better for society to confront explicitly the choice of 

values and their implications for U.S. agriculture and the society. 1 

1 
There are two conservation bills before Congress. These bills support 

the idea of tax credit or subsidy to farmers for their conservation invest­
ments . The cost of the activities by one of the bills is about $1 billion 
annually by 1983 [29]. 
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The second major purpose of this study is to evaluate and analyze 

the alternatives in terms of their impacts on conservation and farming 

practices, land and other resources used in agriculture, soil loss 

levels, production patterns and farm incomes at the national and regional 

level. Further, associated with these "pairs," the study attempts to 

determine the shifts in regional comparative advantage, indicating which 

regions might be affected differently by the national impact. The result­

ing farming practices, land and resource use, and crop and livestock pro­

duction patterns can indicate possible shifts in cost of production and 

income. 

II. THE MODEL 

This section summarizes the method used and the construction 

of the multigoal linear programming model on which the analysis is based. 

The model has four parts: (a) the land and water resources available t o 

agriculture, (b) crop and livestock a ctivities for the transformation 

of these resources into agricultural commodities, (c) t h e commodity trans ­

portation network, and (d) the domestic and f ore ign demands for agr i cul ­

tural products. The model is solved for each alternative wi h the 

objective of meeting the demands for agricultural products in a manner 

to minimize simultaneously both (a) the cost of produci ng_ and transporting 

the nation's agricultural products and (b) soil losses f orm U.S cropland. 

Method 

Most linear programming studies of U.S. agriculture have optimi zed 

an objective function related to a single goal of e conomi c e fficiency . 

8 

If other social and environmental goals are not included, regardless of 

the fact that these goals are of positive importance to society, incomplete 

answers may result. As Hurwicz pointed out: 

... The mechanism designed under the influence of programming 
(~inear and nonlinear programming) theory dealt to a large extent 
wi th one-objective-function problems and thus failed to face the 
crucial issue of goal conflict. u4] . 

To simultaneously evaluate conflicting goals such as economic effi­

c i ency and environmental quality in agricultural production, requires a 

programming model that accounts for both goals. Hence, a single goal 

optimization model is replaced by the vector maximization p_roblem. 

Vector Maximization Problem 

A vector maximization problem arises when two or more real-valued 

objective functions are to be maximized (or minimized) over a set of 

feasible solutions. In the vector maximization problem optimality is 

replaced by the concept of efficiency. Given fl (x), f
2

(x), ... , fp(x) 

and gl (x), g
2

(x), ... , gm(x), which are real-valued functions on x in 

Rn, the formulation of the vector maximization problem may be stated as 

Maximize a vector-valued function 

F(x) = [ f
1

(x), f 
2 

(x) , f (x)]T ... ' p 

subject to 

g. (x) > 0 i 1, 2, ... , m 
1 -

x . > 0 j 1, 2, n 
J -

. . . , 

(1) 

(2) 

(3) 

where each component in F(x) is concave with respect to a convex set Xc Rn 

and each gi(x) is also concave. The region defined by the constraint 
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h f ' ble region i n deci s i on s pa ce 
set i n (2) and (3) i s known as t e eas i 

(Figure 1) . 
ff . • t set of poi nts , or an 

The problem identifies an e icien 

the s olut i on t o t he vect or maxi mization 
efficient vector x* within wh i ch 

problem lies. 
;s a s ub s e t of t he f e as ible region in 

The e f f i ci ent set i 

must lie on the boundary of t he 
objective space and eff i cient vectors 

feasible region. 

Preference 
Curve 

Effictent 
Set 

Figur e 1 . and be s t - compr omise solut ion, A, f or a 
Efficient set 
two- obj ective f unction pro bl em . 

The vector x* is eff i cient if there i s no othe r f easibl e ve ctor 

x** such that 

f (x** ) > f . (x*) 
i l 

f or all i = 1 , 2, · · ·, P 

f (x** ) > f . (x*) 
i l 

f or s ome i 

10 

Tha t is , x* is at l eas t as good as x** over all criteria and better than 

x** for at l east one component. The set of efficient vectors x* has 

di fferent name s in t he literature: Koopmans' efficient set [16] , Pa r eto­

optimal s e t [ 24], noni n f er i or set [361 , and transformat ion set [9] . 

Ef f i c i en t s et r epresent s the physical possibilit ies avai l able t o 

society . I t provides i n format i on about the sacri f ice of one goal t hat 

may be required to acheive higher levels of another goal. The pref e r ence 

curve presents society as order i ng combinations of net benefits f or the 

two goal s. The preference curve generally is convex to the origin 

(Fi gure 1) and a t any point on it, society is indifferent t o the combina­

t i on of the goal s. 

The optimal so l ution, characteristics of single- objective problem, 

can be obtained f or a vector maximixation problem only by introducing 

the preference curve of soci ety or the policymaker into the solution 

process. The optimal alternative wil l be at the tangency of the highest 

a t tainable preference curve with the feasibl e set. That is, the optimum 

i s on t he boundary of the f eas ible set. The optimal so l ution po i n t A 

i n Figure 1 can be cl assifi ed a s t h e "best-compromise" solution [3]. 

Solution Techniques for a Vector Maximization Problem 

In recent years a great deal of effort has been devoted to the 

development of s olution techniques suitable for solving vector maximum 

problems (15 , 26 , 27] . Pri ce classifies these techniques as: (a) prior 

we igh t i ng of obj ectives, (b) expl oration of the solut i on space, and (c) 

goal progrannni n g (25 l . 
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Prior weighting of objectives 
conditions identifying the 

employs the Kuhn-Tucker This method 

O
f solutions of X* [17]. 

efficient set 

The Kuhn-Tucker condition says 

funct i ons f
1

(x) ... , f p(x) can 
maximum for several concave 

that a vector ts 
choosing appropriate constan 

"scalar" maximum by 
be transformed into a 

1 ·zation as stated in (4) : 
1 for sea ar1. wi s, 

(4) 

Maximizing 
i ndividual objectives will 

this linear combination of the 

Zeleny [371 specified the conditions 
generate an efficient solution. 

X,,.Rn det1.· ned 
mpty Polyhedron -­as requiring a none 

for efficient solutions 
A so l ut i on x* to ( 4) 

I n b \ and given wi > 0 [371. by x = x/xsR; Ax~ 
a multiplier µ ~ 0, s uch that 

1.·f and only if there exists 
i s efficient 

Ax*~ b 

µA+ wF(x) = 0 

= 0 

(5) 

(6) 

(7) 

µ(Ax* - b) 
• The convexity 

for an effici ent so lution. 
These conditions are necessary 

and the contraints ensures that ef-
h ObJ·ective functions condition on t ~ 

dominated by a combination o f other points . 
ficient points will not be 

f llows di rect ly from 
Cohon and< Marks defined a constraint method that o 

The constraint method attempts 
the Kuhn- Tucker condi t i ons in (6) [81 -

f (x), and allows allot e 
of the components of F(x), say r 

to maximize one 

components to vary. 
Rewriting (6) we have 

w f (x) + 
r r 

p 
I w. f. (x) 

J J j=l 
j ;t r 

+µA= 0 
(6. a 

12 

and since the relative values of thew . 's are of significance, the rth 
1. 

objective can be selected as the numeraire objective, 

Hence, (6,a) becomes 

p 

i.e., w = 1. r 

f (x) + E w.f.(x) + µA= 0 
r j=l J J 

(6.b) 

j:/r 

The condition in (6.b) implies that the efficient set of solutions can 

be derived by solving the problem: 

Max f (x) 
r 

Subject to xsX 

all j :/rand j = 1.2, ... , p 

where 8. is a lower bound on objective j. Using selected values for 8. 
J J 

for all j the efficient set can be derived. 

Exploration of the solution space 

(8) 

(9) 

The exploration of solution space method is described separately by 

Benayoun et al. [4] and Geoffrion et al. [13]. The method, as described 

by Benayoun, is a sequential exploration of the solution space with the 

decision maker. The first step in the Benayoun process requires the 

computation of an optimum solution for each individual objective function. 

Then a "compromise solution" is obtained by minimizing the weighted sum 

of deviations from each individual optimum. The decision maker analyzes 

this compromise solution and compares it with his "ideal solution. " If 

this compromise solution is only partially satisfactory he then specifies 

how much he would relax the value of each objective function to obtain a 
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new solution. 
until the decision maker accepts 

The procedure is repeated 

a solution. 
space as described by Geoffrion et al. 

Exploration of the solution 

[35 J An initial solution to 
d the Frank-Wolfe algorithm · 

[131 is base on 

the foll owing problem is obtained; 

... ' 

subject to xsX 

f (x)) 
p 

( 10) 

not known but is assumed to 

Wh
ere the utility function (U) of (10) is 

f the deci­
original utility function o 

be a quasi-concave, nondecreasing 

The decision maker reacts to 
sion maker. 

this solution by assigning 

th kth solution point. 
to the ith objective function at e 

weights 

weights w~ are defined as 
l. 

k 
w. 

l. 

i=l, . . • ,p 

These 

(11) 

in (11) are then used to compare the 
The weights 

solution x* by solving 

(12) 

Max 

(13 . 

Subject to xsX 

This is known as the 

" The second step in this 
"direction-finding problem. 

determining an optimal solution 
method involves 

lem 

tk of the step-size prob-

(14 '\ 

14 

The first step (the direction-finding problem) determines the "best" 

direction dk (based on a local linear approximation to the decision 

maker's utility function) in which to move away from xk. At the second 

step, the analyst derives the values of the various functions for 

0 < t < 1, and shows these to the decision maker. The decision maker 

determines the amount ( t) of movement in this direction which maximizes 

his utility in the region of the restriction of the overall problem. This 

defines a new operating point xk + 1 , and the procedure is then repeated [ 13 ]. 

Goal programming 

Goal programming was first developed by Charnes and Cooper [7]. 

This method minimizes the weighted absolute deviations from selected tar­

gets for each objective. Lee [18] formulates the general goal program­

ming model as 

p 
(d+ Min E + d~) 

k=l k 
(15) 

Subject to xsX 

+ -
fk (x) - dk + dk = bk k = 1, 2, 3, .. . p (16) 

+ 
xk, dk, dk > 0 

where d+, d represent deviations from the kth goal and bk represents the 

level of the kth goal that the decision maker wishes to attain. A major 

problem in goal programming is the original ranking of conflicting goals. 

The decision maker determines the relative importance of each goal by 

where assigning priorities as in (17), 

dk = (x* - xk) and O < t < 1 
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where Pk reflects the importance assigned to deviations from t he pre­

viously selected levels of t he vari ous objective functions . 

(1 7) 

Evaluation of the techniques 

Each of the methods described will gi ve acceptable solutions to t he 

multigoal problem. The prior weighting and constraint methods are t he 

derivation of ' the efficient set. A best-compromise solution within the 

set is then de t ermined by the policy maker's subjective pre f erences. 

As Cohon and Marks (81 pointed out, for f ewer than t hr e e goa ls , prior 

weighting and the constraint methods are especially practical for pub lic 

policy problems because it is possible to explicitly display the trade-

offs between conflicting goals as in Figure 1. However , these methods 

have their limitations. The pr i or weighting method requires t h e scala r -

ization of F(x) using subjective criteria supplied by the decision maker. 

The analyst using the constraint method has to choose the levels 8 . and J 

may very well select a combination of 8. 's for which no solution exists, 
J 

Finally, when there are more than three goal s , the number of so l ut ions 

required to obtain the efficient set increases exponentially wi t h the 

number of goals. 
Explorat i on of the solution space and goal programmi ng is attra c tive 

s i nce they allow interaction with t he decis i on maker's judgement on each 

solut i on . However , for these methods, solution will b e uns ucces s ful 

if the decision maker is not completel y consistent i n his j udgement at 

each point. These techniques are general ly effici ent in handling the 
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problems in the private sector where priorities and targets are clear 

ua s are involved in the decision-and well-defined and where fewer individ 1 

making process. 

Formulation of the study using th - e prior weighting t e chni que 

This std u y empl oys the prior weighting technique for the following 

reasons: (a) this technique is computationally easier for large models 

because it reduces pro em to an equivalent scalar-the multiple-goal bl 

ec ive problem soluable by valued obJ. t • linear programming pa ckages and 

(b) this study concentrates on deriving the efficient set, (the trade-off 

function between the goals). To find the best-compromise solution, 

the trade-offs between alternatives society needs information about 

implied by the trade-off function. The prior weighting technique pro-

vides this information without requiring society's pref erence function. 

For this study, the goals of () . a minimizing production and transformation 

costs and (b) soil erosion are combined in a single b o jective function with 

the assignment of explicit weights to each goal (see pages 31 and 32 for 

a description of each goal). The a priori specification of a vector 

of weights, w, indicating the relative importance of each objective, 

yields a composite linear objective function. The efficient set of 

solutions can be generated repeatedly optimizing this function as the 

weights are parametrically varied. 

The general description of the multigoal problem with p goals can 

be specified as follows: 

Min F = ex (18) 



17 

(19) 
Subject to Ax..'.:. b 

X > 0 

C is a p x n matrix and xis an n x 1 vector. 
where Fis a p x 1 vector, 

A is an m x n matrix, and bis an m x 1 vector. 

goals, the problem in (18) is lyzes two 
T 

Since this study ana-

(20) 
Min F =. [Fl(x), F2 (x)) = Cx 

The constraint set defined in (19) on 
where C is n?w a 2 x n matrix. 

t nd the objective function 
Rn is assumed to be a strictly convex se a 

n . t 
The constraint set on R maps in o 2 in (20) on R is strictly concave. 

2 
the possible region defined by F _on R. 

to (20) can be obtained by 
The generation of the efficient set 

function in (20) into a scal ar-
£ rm1·ng the vector-valued objective 

trans o 

valued function in the following manner: 

Min 
2 
L 

i=l 
w. f. (x) 

1 1 

(21) 

where thew. 's are the relative 
1 

weights assigned to each objective (all 

w. > 0), 
1-

w. 'sin (21) will yield a t r a de-o ff 
Systematically varying the 1 

curve between the goals. 

i n (21) indicating the re l ative i mportance of 
The choice of weights 

Thus, the technique can b e used 
the objectives implies relative prices. 

defined in different units, such as production 
for ob j ective functions 

d ·n soil erosion. 
costs in dollars and pollution measure 1 

the goals can be given a weight o f 1 . 
indicates, one of 

As Candl er [6~ 

Then, t he c t he 

relative to this "numerari e" goa l. 
goal weights have significance 

This 

1 the "numerarie" goa l . 
study defines the cost goa as 

Hence , he weig ts 
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assigned the soil loss goal can be interpreted as the pollution cost o f 

a ton of eroded soil to society. By systematically varying the weight s 

ass i gned the soi l loss goal, the study traces out the efficient set of 

solutions for the problem. 

The schematic in Figure 2 illustrates the framework for a hypothet i ­

cal multi-goal model with two producing areas aggregated to form one 

market region. The schematic also shows how the objective function i nte r ­

acts with the rest of the model via the goal accounting restraints 15). 

The objective f unction in the schematic includes two nonzero entri es, 

one f or each of the two goal functions. The entries w
1 

and w
2 

refer 

respectively to the weights the study attaches to the soil loss goal and 

the cost of production and transportation goal. The multi-goal program­

ming illustrated in the schematic yields an efficient set of solutions 

to the problem for any level of w
1 

and w
2

, the relative weights assigned 

to each goal. 

Six solutions were made in this study and each corresponds to a 

di f ferent pai r of weights. Each efficient solution or "pair" on the 

trade-off curve (presented in the next section) is obtained by assigning 

a hypothetical set of relative weights (or values) to the conflicting 

goals described above. End points on the curve are derived by minimizing 

only the cost of production or minimizing only soil erosion, respectively. 

Since the study assumes the cost of production goal as "numerarie," each 

intermediate "pair" is obtained by assigning these alternative weights 

to the soil erosion goal. The set of alternative weights employed in 

this study is zero, $2.50, $5.00, $10.00, and $20.00 for the soil erosion 

goal and 1 for the cost of production goal (1 per $1.00 of cost). 
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Regiona l Delineation and Specification 
of the Model 

The study uses an interregional linear programming model for the 

U.S. agricultural sector and i t is one of the series being developed under 

I SU- RANN (Iowa St ate University- Research Applied t o National Needs) . The 

model is defined with a set of regions consistent with the natural re-

sources, the produc t i on possibilities, and the interregional interaction 

of U.S. agriculture. The major resource restraints are the regi onal 

availability of cropland by qual ity class, water , and nitrogen. The 

model incorporates regional demand restraints for crop and livestock 

commodities. The activities a re defined on a regional basis to stimulate 

crop and livestock production possibilities , fertilizer and water purchases 

and to provide for t he transfer of resources and commodities to meet the 

demands . The model i s solved s uch that the overall cost of the agricultural 

bill (cost of producing and transporting farm commodities) and soil losses 

f rom cropland are minimized, satis fying the resource and demand restri ct i ons. 

Regions of the Model 

The model i s based on four different sets of regions. They are, respec-

tively : (1) the data collection regions within which the data base for 

the model is collected, (2) producing areas within which the production 

activities of the model are determined, (3) the market regions within which 

the demands fo r agricultural products are defined, and (4) the reporting 

regions for aggregating the results. 

The data collection regions, Figure 3, are built on county approxi-

mations of the major land resource areas which are used by the Soil 
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Conservation Service, Uni ted States Department of Agriculture. The 

regions deli neate the land of the United States into 156 areas based on 

domi nant soil t ype and management characteristics. Appropriate sets of 

weights are us ed to t r ansfer data from data collection regions into the 

produci ng regions . 

The produc ing areas, Figure 4, are the 105 regions which are derived 

f rom the Wat er Resource Council 's 99 aggregated subareas consistent with 

the agricultural pa tterns found in the aggregated subareas. The crop 

production sector and the land base of the model are defined within these 

. 
r e gions. The water supplies are defined in producing areas 48 to 105 in 

the Western United States. Continuous producing areas are aggregated i nto 

the 28 market regions shown in Figure 5. The market regions in the model 

function as both a demand and a transportation center. The metropolitan 

centers identified in each market region are the links in the transpor­

t ation sector of the model. Livestock production is defined at the market 

region level. 

Finally, t he s e t of reporting regions shown in Figure 6 is formed 

f or the purpose of reporting the findings. 

Major Sectors of the Model 

The following subsections outline the data sources used and the int er­

regional interactions involved in the model. 

The l and sector 

The land base of the model was built from the Conservation Needs 

Inventory (CNI) [11). The inventory reports acres of land by use and by 
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agricultural capability class. There are eight major capability classes 

in the CNI. Classes II through VIII are further subdivided to reflect 

the most severe hazard which prevents the l and from being avai lab l e for 

unrestricted use. The subclasses reflect susceptibil ity to eros ion (e), 

subsoil exposure (s), drainage problems (w), and climatic conditions 

preventing normal crop production (c). 

The land defined in 29 capability c lass-subclasses in the CNI is 

aggregated from the county level to the 105 producing areas for each of 

the dryland and irrigated uses. These 29 class-subcl asses are then aggre-
. 

gated to give the five land quality clas s es of the land base in this model 

(Table 2) . 

Table 2. Five land quality classes aggregated from the Conservation 
Needs Inventory 

Land Class 

1 
2 
3 
4 
5 

The crop production sector 

Inventory Class-Subclasses 

I, IIwa, IIIwa 
rest of II, III, IV, all of V 

Ille 
IVe 

VI, VII, VIII 

The endogenous crop production sector includes alternative production 

activities for barley, corn, corn silage, cotton, legume and nonlegume 

hays, grain sorghum, sorghum silage, soybeans, sugar beets, oats, and 

wheat in rotational combinations. These production activities specify 

different crop sequences and tillage and conservation practices for irri­

gated and dryland cropping methods on each land class in producing areas. 
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These crop activities produce the commodities needed to meet livestock 

and consumer demands when the nitrogen, land, and water resources defined 

in the model are used. 

The crop sequences used in the model are taken from the rotations 

indicated in the Soil Conservation Service Questionnaire [201 for the Land 

Resource Areas. Each rotation is then combined with one of four conser-

vation practices: straight row cropping, contouring, strip cropping, or 

terracing. Each crop management system is completed by adding one of three 

tillage practices: conventional tillage with residue removed, conventional 

tillage with residue left, or reduced tillage. 

Because o f space limitations the large data sets representing crop 

yields and costs on each land class for each crop and cultural practice 

are not listed here. Their basis is explained elsewhere [20] and the tapes 

containing them are available at the Center for Agricultural and Rural 

Development, Iowa State University. 

The soil loss sector 

Gross soil loss represents the average number of t ons of soil l eaving 

the field per year. The soil loss calculation for each c r op production 

activity is made through the use of the Universal Soil Loss Equation [34 ) . 

This equation provides a procedure for computing the expected average 

annual soil loss from alternative land practices on a particular acre of 

land: 
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where A is the predicted soil loss in tons per acre per year, 

R is the average rainfall erosion index per year, 

K is the soil erodibility factor, 

L is the s l ope l ength factor in feet, 

s is the slope gradient factor, 

C is the cropping management factor which relates to a particular 

crop rotation and tillage practice, and 

Pis the erosion control practice factor which relates to the 

conservation practice. 

This soil loss equation can be used to predict soil losses under alterna-

tive production techniques on various types of soils. For further detail , 

see Wischmeier and Smith [34] and the Soil Conservation Service (SCS) sour-

ces [21). ricu tural land in the West, a so1·1 loss For the ag · 1 equation has 

not been developed. An alternative procedure is developed f or the esti-

mation of soil loss in this region [23). The conservation practices which 

can be used for each land class . in each region have been defined b Y the Soil 

Conservation Service [20 231 ' . These practices are defined only for soils 

which will support them. 

The livestock sector 

Dairy, hogs, beef cows, and beef feeding activities are defined at 

market regional level. These activities simulate production possi­

bilities in each market region and create an intermediate demand for the 

the 

feed connnodities. Livestock rations are formulated to permit endogenous 

substitutions between roughages, grains, and roughages and grains. Hence, 
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rat ion for livestock in each 
the model endogenously selects a l ea s t - cost 

consuming region . the manure produced by this sector can 
The ni trogen i n 

b t he cr op product ion activities . 
be utilized as a fertil i zer y 

h l i ves tock sector' see [20 l . 
detailed informa t i on about t e 

Water sector 

For 

. • t he Western United 
The water sector defines water availabili t y i n 

St ates i n producing regions 48 to 105. 
This s e ct or also included activi -

transfer O f water between producing r e gions. 
ties fo r the 

mat i on about this sector can be obtai ned elsewhere (10 ] . 

The demand sector 

Further infor-

the Product i on o f t he endogenous commodi­
The demand sector requires 

f demand for food and f iber, 
t ies to be consistent wi th projected levels o_ 

net exports, 

nonfood uses 

livestock f ood r equirements, and industrial and exo genous 

[20). Domestic demands are based on the OBERS 1985 projec-

tions [ 32, 33] • 

d t h OBERS E' (high) Export Levels which 
Export demands are base on e 

1 trade conditi ons during 197 1-
reflect substantial changes in internationa 

d h t exports are increased by 7 , However, corn, soybeans, an w ea 

the OBERS E' (high) projections, 
48, and 3 percent, respectively, ove r 

Addi t ional detail s · refle cting experience of t he last few years. 

d Sector Can b e found elsewhere [33 ] . 
about the deman 

f J. ections c omplete. 
lTh OBERS E' (high) Export levels were a set o pro ~-

e d conducted by t h e Center for Agr ~ 
fo r the Nat i ona l Wa t er Assessment stu y C · 1 They wer , 

f the Water Resources ounc i • 
cul tural and Rura l Devel opment or . ed i n recen t yea~s. 
l ow relative t o expor t level s which have been exper i enc 
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The transportation sector 

The transportation routes are defined between each pair of contiguou s 

regions. These routes are measured by the distance between the metropol-

i t an cent ers i n each market region. Over each route, two activities a re 

de f i ned for each commodity , one for shipment in each direct i on [20 ], 

Time horizon and uncerta inty 

Eval uation of policy impact alternatives within the l imitations of 

the model requires that a sufficient time horizon be specified to al l ow 

f or the implied adjustments to mate r ialize. 

uses 1985 as the year of projection. 

For this reaso~ , the analysis 

The study assumes "normal weather" for 1985. Demand conditions used 

have a lready been explained. The supply and demand conditions are pro­

jected in a deterministic manner. The weather (and hence, total supplies) 

and exports (and hence , total demands ) have stochastic characteris t i cs 

rel ated to c l imatic variables in both the United States and the world. 

Hence , the outcome in 1985 may not be the same as the "average conditions " 

assumed for the study . The degree of uncertainty surrounding prices and 

yields may prevent f armers in adjusting to the extent that the following 

normative analysis supposes. The analysis is normative in the sense that 

i t does not predict wha t f armers will do; instead, it determines what pro­

duc t ion and resource use patterns if the conditions assumed prevail and 

i f t he objective funct i on i s optimized relative to the restraints of the 

model. 
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III. ANALYSIS OF RESULTS 

Six linear programming solutions, each based on a different level 

of cost attached to a soil loss goal, were completed f or this analys i s.
1 

The number of solutions is minimal for an analysis of this type but is 

believed to be adequate to give important insight into the impact and 

trade-off s between the conflicting goals. 

The programming solutions generate quantitative trade-off i nfo rmation 

between cost efficiency in producing food and soil loss control. Policy­

makers can determine a point along the curve which corresponds to society's 

preference information . Also, to accomplish the decline in gross soi l 

loss s pecified by each "pair" on the curve, each solution reflects changes 

in land use patterns, resource use levels, farming and conservation prac­

tices, agricultural income, and food prices at the farm level . The data 

are presented at national and regional levels . Initially, comparison is 

made of alternative "pairs" on the trade-off curve and the impacts of 

weights (values) for soil erosion goal on cost of production in U.S. agri ­

culture and on per acre soil loss from cropl and . Then, in f ollowing sec­

tions, comparisons are made of the production pattern , resour ce use, and 

farm income under the alternative solutions . 

1
solution 6 (minimum soi l loss solution) provides the end point of 

the trade-off function in Figure 2. However, it s results are not appl i ­
cable to the real wor ld because production c osts do not enter into the 
optimization. For this reason t he results of Solution 6 are not pre­
sented. 
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The Trade-off Curve 

The trade-off function between (a) the cost 
of production and trans-

portation and (b ) soil erosion from cropland · F. 
in igure 7 is ob tai ned by 

solving the model using a series of a pr1· 0 r 1· weights for the soil loss 

goal in the model. 
The numbered points correspond to the s ix solutions. 
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production and transportation, given t he resources, the technology, and 

the demands for agricultural products specified in the model. 

Solution 1 , (upper point in Figure 7) is derived under the assump­

tion of a zero weight for the soil erosion goal, i .e., only the cost of 

production and transportation goal is minimized. Solut ions 2, 3, 4 and 

5 (points in Figure 7) are derived by assigning the f o llowing respective 

weights to the soil erosion goal: $2.50, $5 .00, $10,00, and $20.00. The 

unit of activity f or the soil erosion goal is one ton so the assignment 

of these weights or values is equivalent to assigning a cost per ton of 

soil eroded. To obtain Solution 6 in Figure 7, the soi l erosion goal is 

minimized, i.e., the cost of production goal is given zero weight in the 

solution. 

As indicated by the shape of the trade-off curve, start ing from 

point 1, substantial improvements can be made in the conservation or 

environmental goal without great sacrifice in production costs for U.S . 

agriculture. The curve then "bends sharply" between points 2 and 5, 

indicating that beyond point 5 large sacrifices are made in the cost of 

production for small improvement in the conser vat i onal goal. 

The situation portrayed in Solution 1 is one where farmers would 

adopt the most profitable cropping plans based on continuous row cropping 

and commercial fertili zer as a cheaper source of nitrogen than l egumes. 

When continuous row cropping is used with straight- row farming, protect ion 

against erosion on sloping fields is minimal. Interregionally, produc tior, 

patterns develop according to regional comparat i ve advantage regard l ess 

of soil erosion hazard. For example, cotton and soybeans are produced iP 
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t he South Atlantic region even though the land is highly susceptible 

to erosion. When society attaches a value to soil eroded from the fields 

(even a relative small amount as in Solution 2), i t is not profitable to 

continue to use erosive fa rming practices on slop ing land because net 

returns decline; the eroding soil has a cost attached to it. Some of the 

most erosive land is taken out of row d crop pro uction in regions where 

problems are severe. Erosion hazards in some regions are overcome by 

proper tillage practices and rotations including hay · h crops or, in ighly 

erosive cases, by terracing. E h h vent oug it is more costly, terracing 

becomes profitable because it permits row croppi·ng while arresting erosion. 

Conservation depends to a lesser degree on a large f acreage o relatively 

less profitable forage crops. 

However, beyond point 5, small reductions in total U.S. soil loss 

entail large increases in production costs as it becomes costly to imple­

ment terracing and other conservation practices on the extremely marginal 

lands which were not cropped in previous solutions. Additionally, pro-

duction costs increase rapidly because of interregional adjustments in 

crop production patterns. For example, cotton and soybean production 

shifts away from the South At l antic · region to regions in the West having 

higher production costs. Thus, the shape of the trade-off curve in Figure 

7 beyond Solution 5 implies that society would have to make a sizable 

sacrifice in one goal in order to minimize the other goal. 

If a high level of environmental quality is preferred, then minimiz-

ing only the soil loss goal greatly i·ncreases f costs o production. Con-

versely, if society is only interested in economic efficiency in U.S. 
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agriculture, then minimizing only cost of production results in high 

rates of soil erosion from U.S. cropland. The intermediate solutions 

indicate a "corner" on the trade-off curve between the goals . Although 

information on the preference function is not available to reach the 

optimal solution, the decision maker could notice quite easily, for 

example, that without other data it might be more sensible to choose 

Solutions 2 or 3 over other solutions in which there are large decreases 

in the amount of soil eroded in return for some small increases in cost 

of production. 

As Meisel [19] has pointed out, wi th t h e informat ion provided on the 

trade-off curve, the decision maker need not j ustify his choice in terms 

of a relative weighting of the two goals but only in terms of localized 

trade-off between alternative solutions. 

Alternative solutions on the e fficiency frontier provide an optimal 

land use pattern for U.S. agriculture for each of the 105 producing regions. 

The solutions also provide informat ion on optimal resource use, expendi­

tures for inputs, cropland utilization, crop and livestock production, 

total soil loss, farming practices and conservation measures to achieve 

the soil erosion goal. Finally, each solution provides information 

concerning the cost of achieving this optimal organizat ion of U.S. agri­

culture in terms of f ood prices at t he farm level. 

National Changes in Production Pattern, 
Resource Use, and Income 

This study of the valuation of soil eroded from agriculture implies 

many changes for agriculture and f or the nat ion. These implications are 

derived from the changes in land and resource use and costs of production 
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needed to reduce soil losses and still meet the same demands f or agri-

cultural products . 

Soil loss 

When the soil loss goa l has zero value (Solut ion 1) , about 2 billion 

tons or 5.56 tons per acre of soil are eroded from U.S. cropland (Table 3) . 

The annual average rate of soil erosion declines from 5.56 tons per acre 

to 1 . 67 tons pe r acre as the weight for the soil loss goal is increased 

from zero to $20.00 per ton . This decline in erosion is ach ieved partly 

by changing farming practices and partly by interregional apjustments in 

crop production patterns. The largest reductions in soil erosion occur 

in the South Atlantic, Great Plains, and South Central Regions. In these 

three regions total soil erosion declines 74, 72, and 68 percent, respec­

tively, in Solution 5 compared to Solution 1 . Total soil erosion for U.S. 

agriculture is reduced 64 percent in Solution 5 as compared to Solution 1. 

Table 3. Per 3cre soil erosion on cultivated lands in major regions 
under alternative solutions in 1985 

Solutions 
Regions 1 2 3 4 5 

(tons per acre) 

United States 5.56 3.05 2.50 2.20 1.98 

North Atlantic 5.65 2.76 2.65 2.32 1.91 . 
South Atlantic 12.58 6.61 5.62 4.05 3.31 

North Central 4.80 3.07 2.79 2. 67 2. 39 

South Central 4. 77 2.76 1. 64 1.59 1.51 

Great Plains 4.68 1. 76 1.29 1.27 1.29 

North West 3.56 1. 79 1. 53 1.04 .99 

South West 1. 29 .96 .85 . 81 . 74 
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Imposing the relatively small cost per ton of soil eroded in Solution 

2 greatly reduced erosion in most regions as cropping pract ices change and 

marginal land highly susceptible to eros ion is taken out of production. 

Compared to Solution 1, the reduct ions in average annual soil l oss per 

acre in Solution 2 range from 42 percent in the South Central region to 

63 percent in the Great Plains. 

Conservation and tillage practices 

Annual soi l losses decline steadily as higher costs are assigned to 

the soil erosion goal (Solutions 3, 4, and 5). On the cropland least 

susceptible to soil erosion, terracing substitutes fo r strip cropping 

(Figure 8 and Table 4). Along with shifts in conservation practices 

there is a significant shift in tillage practices as conventional tillage 

methods are replaced by reduced tillage methods (Figure 9 and Table 6). 

As shown in Figures 8 and 9 , substantial changes in farming practices 

occur between Solutions 1 and 2. However , the changes are not as striking 

from Solution 3 through Solution 5 because most of the adjustments that 

are practical for agriculture have already occurred between Solutions 1 

and 2. This declining rate of change in farming practices exp_ains , in 

part, the corner curve in Figure 7. 

Changes in cropland utilization 
and production patterns 

Soil erosion can be reduced by using appropriate combinations of 

crop rotations and conservation practices consistent with the cost 

assigned to the soil erosion goal . As the value assigned to a ton of 
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Fig ure 8. Changes in acres of conservation practices under alternative 
solutions in the United States 

Table 4 . Percentage changes of acres by conservation practices under 
alternative solutions in 1985 in the United States 

Solutions 
l:,H1 ~<:'rvat ion 
practices 1 2 3 4 5 

(percentage of acres) 

Straight Row 33 25 23 24 23 
Contour Farming 47 51 52 51 51 
Strip Cropping 9 5 4 3 3 
Terracing 11 19 21 22 23 
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Table 5 . National acreage of different crops under a l ternative solutions i n 1985 in the 
United States 

Solu tions 

Commodities 1 2 3 4 5 

(000 acres ) 

Row Crops (total) 219,749 205,657 201,6 85 199,823 202, 311 
Corn Grain 59,057 58,099 59,423 63,305 65,859 
Sorghum Grain 16,416 16,881 16,271 12, 29 7 12,846 
Sorghum and 

Corn Silage 32 ,200 22,922 19,859 17,617 16,587 
Soybean 104,881 101,002 100,351 99,981 100,147 
Cotton 7,195 6,753 6, 481 6,701 6,872 w 

ID 

Small Grains (total) 72,675 73,530 75,140 75,944 75,333 
Barley 8,624 9,162 10,303 11,380 12,524 
Oats 4,238 4,702 5,426 5,951 6,966 
Whea t 59,813 59,666 59,411 58,613 55,843 

All Hay_ 38,098 50,679 58,359 61,934 65,070 
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in corn acres is due to the elimination of the highly erosive l ands from 

the cropland base r eflecting the national trend in utilization of cropland 

(Table 14). But, as the cos t per ton of so il eroded increases above $2.50, 

it becomes profitable to terrace this e ros i ve land and i ntensively r ow crop 

i t. Terraces are effective because they reduce the slope length, thus al­

lowing more intensive row cropping on sloping fields. In the study, ter­

racing is allowed only on soils which are deep enough to allow it. The 

amount of land put under terracing is small after Solution 3 and not ex­

tremely large after Solution 2. 

The decline in erosion rates occurs as small grains and especially 

hay crops are substituted for sorghum grain, s ilage , soybean, and cot ton 

crops. In particular, the raising o f corn and sorghum silage for live­

stock consumption is greatly reduced because of the inadequate pro tection 

afforded the soil surface by such crops. Soybeans and cotton, a long with 

the silage crops, are t he most erosive crops. Hence, wh en it i s pro fitable 

the model substitutes alternative crops . Silage production is great ly 

reduced and i s offset by an increase in hay acre age to insure adequat e 

feed supplies for livestock. The result of this subs titut ion i s reduced 

erosion. 

Changes in til l age practices accompanying the shift s in land use 

patterns are shown in Table 6. The proport i on of acres under conventional 

t i llage decreases while the proportion under reduced tillage substan tially 

increases. 

Changes in yields of the crops result in changes in acres grown to 

meet the fixed demands for agricultur al product s specified in the mo de l 
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(Table 7). For examp l e, as the concentration of corn production on the 

most productive lands declines, average yields fall. Hence, more acres 

are needed to meet a given demand. Alternatively, cotton yields ris e 

following interregional shifts in production, so f ewer acres are needed. 

Increasing wheat yi elds is the result of growing this crop in rota tion 

wi th row crops on some of the more productive land as a soil conserva tion 

measure. 

Table 6. Percentage of acres by tillage practices under alternative 
solutions in 1985 in the United States 

Tillage 
practices 

Conventional Residue 
Removed 

Convent ional Residue 
Left 

Reduced Tillage 

1 

18 

47 
35 

Solutions 

2 3 

(percentage of 

14 13 

44 43 
42 44 

4 

acres) 

14 

40 
46 

Table 7. Average crop yields under a lternative solutions in 1985 
United Sta tes 

Solutions 

Crop s Unit 1 2 3 4 

Corn grain Bu. 109.13 ll0.04 106.47 104. 15 
Sorghum grain Bu. 51.22 54.39 53. 80 57 .13 
Barley Bu. 55.80 56.66 54.69 54.04 
Oats Bu. 64.94 63. 22 56.46 58.08 
Wheat Bu. 33.12 33.51 33.93 34.31 
Corn silage Tons 14.80 16.37 14.93 15.02 
Sorghum silage Tons 13.91 14.44 15.75 12.32 
Legume hay Tons 4.08 4.04 3.96 4.0 3 
Nonlegume hay Tons 1. 86 2.03 2.08 2.11 
Soybean Bu. 33.31 33.87 33 . 73 33.43 
Cotton Bales 1. 53 1.63 1.69 1. 64 

5 

14 

39 
47 

i n the 

5 

99.33 
55.27 
47.14 
63.25 
35.90 
15.37 
10 . 86 

4.01 
2. 22 

33.20 
1. 60 
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Changes in feed consumption pattern 

Table 8 shows the changes in feed consumption patterns under 

alternative solutions. These changes are the result of the shifting pro­

duction patterns described previously. There is a substantial substitu­

tion of hay and small grains for silage in the livestock rations . 

Table 8 . Feed consumed by all classes of livestock under alternat i ve 
solutions in 1985 in the United States 

Solutions 

Commodity groups 1 2 3 4 5 

(000 tons) 

Corn and Sorghum 
grain 88,832 89,553 86,499 89,102 87, 873 

Barley, Oats and 
Wheat 7,935 9,747 11,461 13,181 13,921 

Co rn and Sorghum 
Silage 457,047 345,089 295, 205 239,215 218,679 

All Hays 277,646 315,507 337,073 350, 447 358,410 

Oilmeals 21,475 19,766 18,923 17,956 17,531 

Changes in resource use 

Resource use and production costs in agriculture are altered as t he 

higher costs are assigned to the soil erosion goal, causing changes i n 

cropping practices and regional production pat te r ns . The data in Tables 

9 and 10 show the use of fertilizer and pesticides by commodity gr oups in 

each solution. The use of fertilizer increases for every commodity group 

except corn and sorghum silage, which is consistent with their declin ing 

acreages. In general, the increase in f ertilizer use exceeds the in­

creases in acreages of commodity groups. For example, acreage increas e s 

for corn and sorghum grains, smal l grains, and hays are 4, 3, and 70 

percent, respectively, in So l ution 5 compared to Solution 1. However, 
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Table 9 . Ni trogen use i n crop production under a lternative solut ions 
in 1985 

Commodit y groups 

Corn and Sorghum 
Grain 

Corn and Sorghum 
Silage 

Soybeans 
Cotton 
Barley, Oats and 

Wheat 
Hays 

1 

4,154.4 

1,233.6 
314.5 
305.9 

1,940.1 
619.3 

2 

4,084.8 

917. 2 
317.1 
321.9 

2,052.0 
880.0 

Solutions 

3 4 5 

(000 tcms) 

4,290.1 4,437.4 4 ,613.3 

793.3 711. 8 698.1 
320.6 428.4 430.0 
364.7 325. 2 347 .0 

2,155.1 2,2~4.8 2,240.2 
1,024.6 1,166.3 1,379. 4 

Table 10. Changes in peS t icide use under alternative solutions in 1985 in 
the United States 

Solutions 

Commodity groups 1 2 3 4 5 

(000 dollars) a 

Corn and Sorghum 
Grains 645.681 647,323 650,964 715,089 767,822 

Corn and Sorghum 
Silage 31,332 24,138 26,490 27,398 26,043 

Soybeans 558,648 839,465 895,339 996,2 09 1,063,017 
Cotton 131,968 163,470 210,284 244,339 251,371 
Barley, Oats and 

Whea t 107,615 131,456 172,016 172,343 150,842 
Hays 33,134 84,630 82,949 99,660 126,343 

aExpenditures are in terms of 1972 dollars. 

the rates of increases in nitrogen use for the same commodity group are 

11, 15, and 122, respectively. 

For U.S. agriculture as aw' 1 h f no e, t , e use o nitrogen increases 

steadily as agriculture provides increasing protection for land and water 
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resources. The largest portion of t he i n cr e ase in nitroge n occurs be-

cause of lower corn y i elds caused by a creage s hi f t s to l ess produc tive 

regions. To compensate for t hes e reduced yields , more n i trogen fe rtilizer 

is needed. 

Total and per acre expenditures on pest i cides i ncr ease as agricultur e 

adjusts its practices to provide more protection for t he soi l . Pestic ide 

application rates almost double when So l ut i on 5 i s compa r ed t o Solution 1 . 

Part of the reason for the increase is t he shift f rom conventional to 

reduced tillage methods. Pesticide application increases becaus e reduced 

tillage does not control insect and weed problems as we l l as conventional 

tillage. 

The increasing use of pesticides and ferilizer represents another 

trade-off with the goal of reducing soil erosion. U. S . agricul -

ture is already dependent on high-priced energy for food product i on and 

the results of this study imply tha t t he conservation of agricu l tural land 

could increase that dependency. Also, t he envi ronmental impact of the 

increased usage of pesticides, particul arly insec tic ides, must be con-

sidered, 

Changes in return to land 

Table 11 shows the percentage change in t he return t o l and under 

alternative so l utions. The return t o a part i cu l ar acre of l and i s found 

by subt r ac ting va riable production cos t s f rom t he total value of the crop 

rais ed on that ac re. The r e turn to l and f or the Uni ted St ates decreases 

i n Solution 2 and t hen increases sharply as succeeding so l ut i ons a r e 

compared to Solut ion 1 (Table 11). The decrease i n net re t urns t o land 
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in Solution 2 compared to Solution 1 can be attributed to sharply increas­

ing variable production costs following the large adjustments in cropping 

practices shown in Fi gures 4 and 5. Increasing net returns to land f or 

So l utions 3 through 5 are due to commodity supply prices rising faster 

t han variable production costs. 

Table 11. Percentage change in land shadow prices under alternat i ve 
solutions in 1985 

Regions 1 

United States 100 
Nor t h Atlantic 100 
South Atlant i c 100 
No r th Centra l 100 
Sou t h Central 100 
Gr eat Plains 100 
Nort h West 100 
South West 100 

Changes in supply prices of the 
agricultural commodities 

2 

96 
97 
75 

103 
85 
98 

107 
103 

Solutions 

3 4 5 

109 162 268 
104 148 240 

79 114 188 
122 184 301 

91 121 199 
112 177 307 
114 182 297 
118 176 311 

Assigning a pollution cost to soil erosion implies a major impact 

on corrnnodity prices f or the consumer. Changes in conservation and ti l l age 

practices to control soi l erosion from cropland raises the cost of pro­

ducing crops (Table 12). The results of the study indicate that the sup­

ply prices increase as the desired level of environmental quality rises. 

Crops such as soybeans have the largest supply price increase because of 

their highly erosive nature. When Solution 5 is compared to Solution 1 , 

soybean prices increase 180 percent. 
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Indication o f relative farm l evel su~P:Y prices 
prices) fo r some agricultural commodities under 
solutions in 1985 in the United States 

Solution s 

3 4 
Commodities 1 2 

100 104 115 144 
Corn 

100 106 114 145 
Wheat 

100 113 134 184 
Soybean 

100 102 10 7 129 
Hay 

100 92 104 115 
Cotton 

100 102 109 132 
Silage 

100 105 11 3 133 
Pork 101 107 123 
Beef 100 

100 102 106 116 
Milk 

(shadow 
alternative 

5 

198 
205 
280 
172 
136 
185 
174 
155 
137 

h higher production costs for t he 
Higher livestock values reflect t e 

crops. 
than the other lives tock classes be­Swine prices increase more 

caus e of their high consumption of corn grain. 
With the ruminants, more 

1· ·t· increases in the ex­
substitution among f eed inputs occurs, thus imi ing 

pense of feeding them. 

Changes i n gross farm income 

Cost t o soil erosion affects national gross f arm in­
Ass i gning a 

1 . . degrees under alternative solut ions (Table 13). come in variou s 
The 

a lso show cost to society in each solution 
changes in gross farm income 

for the conservation policy. As evidenced in Table 13, compared to 

Solution 1, total costs to cons umers for this policy increases moderately 

d Substant ially in Solutions 4 and 5 reflecting 
in Solutions 2 and 3 an 

the ongoing t~end in s hadow pr ices under a lternat ive solutions, The 

lGross farm income is the value of all endogenous commodities pro-

The Shadow Pr i ces determine the va lue of each crop . 
duced in the model. 
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4 percent increase in gross farm income between Solutions 1 and 2 

results in a per acre soil loss reduction of 46 percent. The gross farm 

income increases 12 percent between Solutions 1 and 3 and the reduction 

in per acre soil loss is about 55 percent in Solution 3 compared to 

Solution 1 . However, in Solutions 4 and 5 the income effect of a con­

servation policy is much larger compared to Solution 1. The cost to 

society increases by about 36 and 81 percent in So lutions 4 and 5 wh i l e 

per acre soil loss decreases by 60 and 64 percent, respectively compared 

to Solut i on 1. The results indicate that the cost to the consumer in-

creases substantia l ly in Solutions 4 and 5 for marginal improvements in 

the conservation goal. 

Tab le 13. Percentage changes in the national and regional value of 
agricul tural production under alternative solutions in 1985 

Solutions 
Regi ons 1 2 3 4 5 

United States 100 104 112 136 181 
North Atlantic 100 98 103 126 171 
South Atlantic 100 112 117 140 176 
North Central 100 105 116 150 20 7 
South Central 100 104 105 122 162 
Great Plains 100 100 116 132 170 
North Wes t 100 103 111 143 193 
South West 100 102 110 134 175 

Regionally, the increases in the value of; production in the North 

Central region, especially in Solutions 4 and 5, are significant. This 

gain in income is due to the increases in production of soybeans and 

small grains and the expansion of hog and cattle production in the last 

two solutions. 
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Regional Changes in Product ion Pattern, 
Resource Use and I ncome 

Assigning a non-zero value to the soil loss goal in the model estab­

lishes an efficient regional land use pattern that minimizes national 

soil losses at minimum cost to farmers and to society. As can be seen 

from Table 14, regions with fewer erosion problems gain a comparative ad­

vantage relative to those regions having severe erosion problems. 

Table 14. Percentage of cropland uti lized by regions under 
alternative solutions in 1985 

Regions 

United States 
North Atlantic 
South Atlantic 
North Central 
South Central 
Great Plains 
North West 
South West 

1 2 

94 93 
98 94 
96 94 
96 96 
95 95 
90 88 
91 86 
92 87 

Solutions 
3 

(percentage) 

94 
93 
94 
97 
92 
93 
86 
88 

4 

94 
95 
89 
97 
93 
93 
87 
95 

5 

95 
95 
89 
98 
94 
94 
96 
96 

The cropping of available land is reduced in the South Atlant ic re­

gion as the cost assigned to the soil loss goal increases under alterna­

tive solutions. The Great Plains and North Central regions, however, gain 

a comparative advantage as the assigned cost rises. 

The cropping of avail able farmland in the United States decl ines in 

Solution 2 compared to Solution 1, t hen r ises in Solutions 3, 4, and 5 

(T bl 14) In Solution 2, the assigned cost of $2.50 per ton of soil a e . 

eroded from the field makes it profitable for U.S. agriculture to greatly 

increase the use of reduced tillage and terracing re lative to So lution 1 
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(Figures 8 and 9). Average crop yields increase be cause the greater use 

of these management practices more than offsets any crop yield declines 

caused by regional shifts of production to areas of lesser productivity 

(these shifts will be describ~d in the following sections). After Solution 

2, however, the interregional adjustments outweigh any gains resulting 

f rom improved management practices, and average yields decline. This 

interaction between management practices and interregional adjustments is 

t he explanation f or the varying rates of cropland use in the United States 

(Table 14). 

The North Central Region 

Soil erosion in the North Central Region declines about 50 percent 

while the use of available cropland increases by about 2 percent when 

Solution 5 is compared to Solution 1 (Tables 3 and 14) . The reduced soil 

erosion is the result of changing cropping patterns and more terracing. 

Conservation and tillage practices 

As shown in Tables 15 and 16, conservation and tillage practices 

change under alternative solutions. Straight- row cropping declines even 

though it is the least- cost method of cropping because the practice offers 

little protection against erosion when used on sloping fields. To protect 

the soil as the assigned cost to soil erosion rises, the model requires 

a substantial shift to terracing on those lands especially subject to 

erosion (land classes III and IV). Strip cropping decreases as the cost 

rises because it becomes profitable to use terracing to provide more 

protection for the topsoil. 
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Table 15. Percentage of acres by conservation practices under a l ternative 
solutions in 1985, the North Cen tral r egion 

Solut i ons 
Cons ervati.on 1 2 3 4 5 
practices 

(percentage of a cres) 

Straight Row 25 22 21 21 21 
Contour Fanning 62 62 62 62 62 
Strip Cropping 11 6 5 4 2 
Terracing 2 10 12 13 15 

Table 16. Percentage of acres by tillage practices under alternative 

solutions in 1985, t he North Central region. 

So l ut i ons 

Tillage 1 2 3 4 5 

practices 

(percentage of a cres) 

Conventional Residue 
Removed 4 2 2 2 

Conventional Residue 
Lef t 23 23 23 23 24 

Reduced Tillage 73 75 75 75 76 

Changes in production patterns 

So i l erosion declines in the North Centra l regi on a s t he i nc r eas ing 

cost of eroded so il favors the use of l a nd manageme n t pract ices t hat 

control so il e r osion , Small grain and hay crops par tly substitute f or 

the r ow cr ops (Table 17). The a cr e s of cor n and sorghum grai n and s i l age 

decline as the acres of hay, oats, and ba r l ey increase when higher 

values are assigned to the soil loss goal . Thi s subst itution of crops in 
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Table 17. North Cen tral ac reage of diff erent crops under alternative 
so l utions in 1985, the North Central region 

So l ut i ons 

Commodi t ies 1 2 3 4 5 

(000 acres) 

Row Cr o~s 107,980 104 , 980 104, 852 102 , 967 101,783 
Cor n Grain 47,117 44,412 41,969 40 , 217 41 , 01 7 
Sorghum Grai n 414 394 309 169 92 
Sor ghum and Corn 

Sila ge 2,176 1,661 1,667 1 ,669 194 
Soybeans 58,273 59,463 60, 815 60 ,917 60,480 

Small Grains 22,861 25,392 27,215 29,489 9, 278 
Barl ey 2,374 2,548 3,235 4,788 9,27 8 
Oats 751 922 1,212 1,53'3 3,135 
Wh eat 19,736 21,921 22,768 23,168 16, 214 

Hays 3,953 4,848 4,650 5,247 7,470 

the North Centra l region occurs because the small grain and hay crops are 

gr own as a soil conservation measure in rotation with the row crops, corn , 

and soybeans. 

Change s in lives tock production 
and f eed consumption pa tterns 

The combinations of a rising output of small grains and hay and the 

declining production of corn and sorghum grain silage requ i res a two-fold 

adjus t ment within the l ivestock sector in the North Central region. As 

s hown i n Table 18, compared to Solution 1, the beef 1 · d catt e in ustry ex-

pands , dairy i ng is stable, and hog production varies up and down as inter­

r egional adj ustments in crop production patterns occur in t he Nor t h Cen­

t r al region. The increased availability of hay and grass f avo r s the ex­

pansion of stock cow herds t hus indirectly stimulating the beef feeding 

i ndu s t ry of this r eg i on as local f eeder calves increa s e . Despite the 
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Table 18. Livestock numbers under alternative solutions in 1985, the 
North Centra l region 

Livestock 

Beef Cows 
Beef Feeding 
Dairy 
Hogs 

1 

4,264 
2,973 
3,161 

89,285 

2 

4,488 
2,970 
3,161 

82,479 

Solutions 
3 4 5 

(000 head 

4,363 4,438 5,482 
2 , 904 3,311 3,175 
3 , 161 3,161 3,161 

81,686 95 , 700 96,948 

decrease in corn production, the North Central region retains its compara­

tive advantage in livestock, particularly in hog product ion . 

Besides allowing interregional adjustments in livesto ck production, 

the model provides for substitution among feedstuf f s for the lives tock 

raised in each region. Small grains and hay are substituted for corn and 

sorghum silage in the livestock ration when the cost assigned to the soil 

loss goal increases (Table 19). Total consumption of corn and sorghum 

grain is stable even though total outpu t of t hese crops declines in t he 

r egion. The implication of these results is that the livestock industry 

of the North Central region is not disadvantaged as protection of t he top­

soil increases. As costs are assigned to soil loss, t he production of crops 

such as corn for export declinesbecause it is cheaper to raise the crop 

elsewhere (in this case the Great Plains). 

Changes in resource use 

Assigning a cost to the soil l oss goal a l ters resource use in crop 

production in the North Central region (Table 20). Desp ite the increase 

of acres cropped, the use of both nitrogen and pesticides declines . Fer­

tilizer usage decreases because small grain and hay replace corn and 
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Table 19. Feed consumed by all classes of livestock under alternative 
solutions in 1985, the North Central region 

Commodity Solu tions 
gr oups 1 2 3 4 5 

(000 tons) 

Corn and Sorghum 
grains 51,366 so, 396 47,263 53,209 51,414 

Barley, Oats and 
Wheat 220 1,577 2,909 7,106 

Corn and Sorghum 
Silage 23,658 9,897 17,236 14,988 2,650 

Hays 35,620 38,953 37,712 39,509 47,702 
Oilmeals 7,987 7,318 7,281 8,106 7,786 

Table 20. Resource use in crop production under alternative solutions 
in 1985, the North Central region 

Land used Nitro gen used Pesticide exp. 
Solutions (000 acres) (000 tons) (000 dollars)a 

1 142, 144 3,561 966,183 
2 142,394 3,236 964,575 
3 143,810 3,166 960,865 
4 144,393 3,155 957,459 
5 144,570 3,242 951,866 

a 
Expenditures are in terms of 1972 dollars 

sorghum production. Because small grains and hay use less fertilizer (and 

i n the case of legume hay , produce nitrogen), nitrogen use declines. Pest-

icides expenditure declines for the same reason. 1 

The Great Plains Region 

Total soil erosion in the Great Plains region declines as the cost 

assigned to the soil erosion goal rises, even though more acres of 

1
small grains and nonlegume hay use more potassium and phosphorous 

t~an the crops they replace. However, these elements are not inventoried 
since they have a smaller environmental impact than nitrogen. 



54 

cropland are tilled (Tables 3 and 14). The quantity of soil eroded from 

these additional acres is more than offset by a declining average rate 

of soil erosion for the Great Plains region. Reductions in soil erosion 

rates are substantial, particularly in the Eastern areas of the region 

where the proportions of row crops are high. Soil erosion rates decline 

as the rising cost per ton of eroded soil favors those cons ervat ion and 

tilla ge practices. 

Conservation and tillage 
practices 

Substantial increases in the use of terracing and reduced tillage 

farming protects the soil from erosion (Tables 21 and 22). The use of 

terracing is concentrated in the intensive row cropping areas in the 

Eastern portion of the Great Plains where soi l erosion is a problem. 

Protecting the topsoil is a smaller problem in the rest of the Great 

Plains because of lower rainfall and less intensive row cropping . 

Table 21. Per centage of acres by conservation practices under alternative 
solutions in 1985, the Great Plains region 

Conservation 
pract i ces 

Straight Row 
Contour Farming 
Strip Cropping 
Terracing 

1 

21 
46 
13 
20 

Solutions 
2 3 

(percentage of 

13 13 
48 45 

6 4 
33 37 

4 5 

acres) 

13 13 
45 44 

5 5 
37 38 
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Table 22. Percentage of acres by tillage practices under alternative 
solutions in 1985, the Great Plains region 

Tillage 
pr actices 

Conventional Residue 
Removed 

Conventiona l Residue 
Left 

Reduced Ti l lage 

Change s in product ion patterns 

1 

21 

67 
12 

Solutions 
2 3 4 5 

(percentage of acres) 

8 9 9 8 

60 60 60 57 
32 31 31 35 

As the cost assigned to the soil erosion goal rises, U.S. agricultur-

i iza ion o avai a le cropland in the al production is reorgani·zed. ut·1· t· f 1 b 

Great Plains region increases 4 percent when Solution 5 is compared to 

Solution 1 (Table 23). A 11 · h sma er erosion azard favors shifting of corn 

and soybean production from the North Central and South Atlantic regions 

to the Great Plains, thus increasing the total number of acres of row 

c rops in this region. Subst·t t· h f 1 1 u ing ay . or si age in feeding livestock 

and a declining beef cattle industry in the Great Plains results in a 

substantial decline in silage production and an 1·ncrease · in the production 

of hay (Table 23 ) . Both cha g "d n es provi e more protection for the topsoil 

a s soil erosion is assigned a higher cost. 

Greater corn production could occur mainly in those parts of the 

Great Plains which have sufficient rai"nfall. Al so, part of the corn acre-

age comes from land previously devoted to grain sorghum and silage and a 

small amount comes from barley and oats. Wb eat acreage is of about the 

same magnitude in Solution 5 as in Solution 1 in the Great Plains region. 
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The land shifted to corn would be irrigated or in the eastern part of the 

region. Some loss of wheat acreage to t he South Atlantic region occurs . 

However, the South Atlantic r e gion would gain wheat acreage more a t t he 

expense of the North Central region and onl y a modest shi f t would occur 

in the mix of soft and hard red winter whea t produced. The suppl y of hard 

red winter wheat would still be large enough to meet domes t i c and most 

export demands f or food grians. Some of the sof t wheat would go into live­

stock feed. 

Changes in livestock production and 
feed consumption patterns 

The comparative advantage of the Great Plains is altered due to changed 

crop production patterns over U.S. agriculture. The rising prof itabili t y 

of grass and hay crops in other regions (i.e., t he North Central and the 

South Atlantic regions) as higher costs are a ss igned per t on of soil eroded, 

causes the beef cattle industry i n t he Great Plains to become disadvantaged 

(Tables 24 and 25). 

Table 23. Great Plains acreage of d i fferent crops under alternat i v e 
solutions in 1985, the Great Plai n s region 

Commodities 

Row Crops 
Co r n Gr a in 
Sor ghum Grain 
Sorghum and Corn Sila ge 
Soybeans 

Small Grains 
Barley 
Oats 
Wheat 

Hays 

1 

30 , 002 
3 ,348 
6 ,986 
8,521 

11,147 
22,543 

2,973 
2 . 138 

11,4 n 
9,266 

2 

32 , 877 
5, 241 

10 , 021 
3, 275 

14,340 
18,943 

3,656 
2 ,332 

12 , 955 
11,909 

So l ut i ons 

3 

(000 ac r e s ) 

32 , 093 
7 ,987 
6 , 817 
3, 704 

13,585 
20 , 306 

4 ,010 
2,259 

14,037 
15, 928 

4 

32 , 773 
11 ,96 1 

3 ,869 
2,891 

14 , 052 
19,680 

3,647 
2 ,363 

13 , 680 
16 , 126 

5 

36,240 
12 ,959 

4,573 
3 , 595 

15,113 
21, 178 
1,796 
1 , 930 

17,452 
13,980 
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Tab l e 24. 
Livestock numbers under alternative solutions in 
Great Plains region 1985, the 

Livestock 

Beef Cows 
Bee f Feeding 
Dai ry 
Hogs 

1 

14,436 
11,088 

555 
26,533 

2 

11,856 
9,415 

555 
33,321 

Solutions 
3 4 5 

(000 head ) 

13,850 13,745 12 ,940 
10,799 10,389 8,886 

555 555 555 
34,133 15,823 14 , 368 

United States swine production shifts back and forth between the 

North Central and the Great Pla1·ns regions under alternative cost levels 

per ton of soil lost. Assigning a relatively low cost to the soil loss 

goal increases the comparative advantage f h 
o t e Great Plains hog industry 

compared to the North Central region. Th h e igher cost levels assigned in 

Solutions 4 and 5, however, shift this comparative advantage back to the 

North Central region. 

Table 25. Feed consumed by all classes of livestock under alternative 
solutions in 1985, the Great Plains region 

Commodity 
group 

Corn and Sorghum 
Gra in 

Bar ley , Oats and 
Wheat 

Corn and Sorghum 
Silag e 

Hays 
Oilmeals 

1 

11,863 

6,451 

137,261 
57, 824 

3,531 

2 

14,966 

6,457 

60,680 
67, 141 
2,958 

Solutions 
3 4 5 

(000 tons) 

15,843 10,784 10,906 

5,861 5,778 2,062 

69,122 48,610 47,878 
78,996 80,330 74, 155 
3,098 1,646 1,554 
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Changes in resource use 

Changing agricultural production practices and patterns in the 

Great Plains region increases the use of cropland, fertilizer, and pes ti­

cides (Table 26). In general, higher weights on the soil loss variable 

cause increases in the use of cropland, fertilizer, and pesticides (Table 

26). More of the available cropland in the Great Plains region is uti­

lized as agriculture adjusts to reduce soil loss. The use of nitrog en 

fertilizer increases substantially as the acreage of corn i ncreases. 

Expanded corn production in the Great Plains as the cost assigned to 

the soil loss goal rises is part of the explanation for the increase in 

pesticide expenditures in the region. Increasing pesticide expenditures 

also is partly due to the increased use of reduced tillage in crop product i on . 

Table 26. Resource use in crop production under alternative solutions 
in 1985, the Great Plains region 

Solutions 

1 
2 
3 
4 
5 

Land used 
(000 acres) 

75,271 
73,868 
77,677 
77,783 
79,165 

Nitrogen used 
(0 00 tons) 

1,488 
1,633 
1,910 
2, 151 
2,311 

aExpenditures are in terms of 1972 dolla r s 

The South Atlant i c Region 

Pesticide exp. 
a 

(000 dolla rs ) 

186 , 96 3 
50 , 430 

540, 334 
604, 661 
747 , 772 

The South Atlantic region has the highest erosion ra te among t he 

reporting regions (Table 3). The soil loss rate is high because of t he 

interaction between high rainfall, sloping fie l ds, eros i ve cropp i ng prac­

tices, and the growing of crops that do not a dequa te ly protect the soil . 
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The average annual soil erosion rate is substantially reduced as costs 

a re assigned to the soil loss goal (Table 3). Agriculture in the South 

Atlantic reg ion conserves its topsoil by changing cropping practices, 

reducing the production of highly erosive crops, and taking the land most 

susceptible to erosion out of production. 

Conservation and tillage practices 

Changing cropping practices is an important factor reducing soil ero­

sion rates in the South Atlantic region. Increasing the costs assigned 

to the soil loss goal causes land not too susceptible to soil erosion to 

shift from straight row farming to contour farming (Table 27). Similarly, 

land highly susceptible to erosion is terraced whenever the land is pro-

ductive enough to cover the expense of constructing the terraces. Con­

ventional tillage first declines substantially and then increases again 

i n the last solution (Table 28). The result is partly due to the signif-

i cant increase in hay production in rotations and the decrease in row 

crops. The need for reduced tillage is thus lessened in the last solution. 

Table 27. Percentage changes of acres by conservation practices under 
a l ternative solutions in 1985, the South Atlantic region 

Conservation 
practices 

St raight Row 
Contour Farming 
Strip Cropping 
Terracing 

1 

42 
45 

9 
4 

Solutions 
2 3 

(percentage of 

31 32 
54 53 

1 1 
13 14 

4 5 

acres) 

34 25 
50 59 

1 1 
15 15 
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Table 28. Percentage changes of acres by tillage pra~tices _under alter­
native solutions in 1985, the South Atlantic region 

Tillage 
practices 

Conventional Residue 
Removed 

Conventional Residue 
Lef t 

Reduced Tillaged 

Changes in production patterns 

1 

5 

84 
11 

Solutions 
2 3 4 5 

(percentage of acres) 

5 2 2 5 

39 59 41 73 

51 39 57 22 

A cost assigned to the soil loss goal alters the comparative ad­

vantage of the South Atlantic region for production of some crops (Table 

29). Generally, row crops are greatly disadvantaged because of the cost 

penalty attached to each ton of soil loss . For this reason small grains 

and particularly hay and grass crops are grown in the place of the row 

crops. Soybeans acreage declines ove r 60 percent in the region when 

Solution 5 is compared to Solution 1. This decline in soybeans acreage 

and the large increase in the acreage of hay and grass are the major ad­

justments in cropping patterns in the South Atlantic region as soil ero­

sion is made increas i ngly costly f or agriculture. Wheat a creage increases 

progressively from Solution 1 to Solution 5 in the South Atlantic region 

and parallels a shift of wheat out of the North Central region. Since the 

shift is mainly between these two regions, little change is implied of the 

mix of hard and soft wheats produced. 
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Tab l e 29. South Atlantic ac reage of different crops under 
solutions in 1985, the South Atlantic region 

Commodities 1 

Row CroEs 39,067 
Corn Grain 902 
Corn and Sorghum 

Silages 1,362 
Soybeans 30,984 
Cotton 5,819 

Smal l Grains 1,619 
Barley 398 
Oats 114 
Wheat 1,107 

Hays 1,037 

Changes in livestock production 
and feed consumption patterns 

Solutions 
2 3 4 

(000 acres) 

32,154 31,208 27,732 
1,377 2, 706 4,582 

1,292 796 784 
23,706 22,215 16,473 

5,779 5,491 5,893 
2,888 3,732 4,052 

350 666 344 
191 221 249 

2,347 2,845 3 ,459 
5,820 5,922 6,646 

alternative 

5 

18,933 
3,131 

18 
11,558 

4,226 
5,692 

444 
5,248 

12,156 

The livestock indus t ry in the South Atlantic region is affected by 

the adjustments in crop production patterns to conserve the soil. The 

increased production of hay and grass crops as a soil conservation measure 

provides increased feed supp lies favoring the production of livestock 

(Tables 30 and 31). Consequently, beef cattle are increased substantially. 

As the supply of feeders in the South Atlantic region is expanded, an 

economic incentive is created to feed out more calves (Table 30). There 

also is a substitution between the grain consuming livestock as the cost 

assigned to the soil loss goa l increases . 



62 

'i'able 30. Livestock numbers under alternative solutions in 1985, the 
South Atlantic region 

Liv estock 

Beef Cows 
Beef Feeding 
Dai ry 
Hogs 

1 

3,691 
3,364 
2,824 

2 

5,552 
4,495 
2,799 

Solutions 
3 4 5 

(000 head) 

5,437 6,031 6 , 660 
3,809 3,609 2,257 
2,802 2,79 7 2,797 

4,295 4 ,so 3 

Table 31. Feed consumed by all classes of livestock under alternative 
solutions in 1985, the Sout h Atlantic region 

Solutions 
Commodity 1 2 3 4 
groups 

(000 tons) 

5 

Corn and Sorghum Grain 6,001 5,775 5,787 7,035 7,024 
Barley, Oats and Wheat 76 9 769 
Cornand Sorghum Silages 20,313 19,708 12 ,220 12,023 70 
Leg ume and N.Legume Hays 26,299 38,775 39,271 41 ,2 45 44,924 
Oilmeals 2 ,099 2,016 1,915 2,093 1 ,94 9 

Changes in resource use 

The effects of improving soil conservation in U.S. agricult ure on 

the inputs used in the South Atlantic region are shown in Table 32. 

Cropland not productive enough to cover added expense of erosion control 

and still produce crops competitive ly is taken out of produc t ion (Table 

32) . Nitrogen use increases with the expanding acreage of corn in the 

South Atlantic region as higher cost s a re placed on soil erosion. Pesti-

cide expenditures increase as soil conservation improves in the region 

partly because of the larger acreage of corn and part ly because of t he 

increas ing use of reduced t illage farming practice s . 

Table 32. 

Solution 

1 
2 
3 
4 
5 
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Re source use in crop production under alternative solutions 
in 1985, the South Atlantic region 

Land used Nitrogen used Pesticide exp . (000 acres) (000 ton) (000 do llars)a 

47,997 481 181,237 
47,136 721 264,028 47,136 838 338,096 44,704 982 411,794 44,905 1,068 390,985 

a . . 
Expenditures are in terms of 1972 dollars 

The South Central Region 

The South Central region does not have a high erosion hazard because 

the land is relatively level and rainfall is modest. Soil erosion in the 

South Central region declines as crop production practices change in re­

sponse to placing higher values on eroded soil (Table 3). Because the 

erosion hazard is not so high, changing cropping patterns are often an 

ade quate control measure. 

Conservation and tillage practices 

The major adj ustment in conservation practices as soil conservation 

imp roves in the South Central regi·on i's the b su stitution of contour 

farming for straigh t row farming . Th d 
e ata on conservation practices, 

displayed in Table 33, show 1 · 
a arge increase of contour farming and a 

relatively •smal l increase in the use of terracing as soil conservation 

measures. 
Terracing is allowed as an activity only on soils which are deep 

enough to support it. 

As the weight assigned to the soil loss goal increases, some slight 

shifts in tillage practices occur to provide more protection for the topsoil. 
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As shown in Table 34, reduced tillage is substi tuted f or conventional 

tillage practices. 

Table 33. Percentage changes of acres by conservat i on practices under 
alternative solut i ons i n 1985, t he South Cen tral r egion 

Conservation 
practices 

Straight Row 
Contour Farming 
Strip Cropping 
Terracing 

1 

47 
26 

27 

So lutions 
2 3 4 5 

(percentage of acres) 

31 22 19 19 
37 44 46 46 

32 34 35 35 

Table 34. Percentage changes of acres by tillage practices under alter­
native solutions in 1985, the South Centra l region 

So l ut i ons 
Tillage 1 2 3 4 5 
practices 

( percentage of acres) 

Conventional Residue 
Removed 27 29 24 23 26 

Conventional Residue 
Left 73 70 72 69 64 

Reduced Tillage 1 4 8 10 

Changes in production patterns 

As t he value assigned to the soil loss goal is inc reased, a great er 

i n cen t i ve to conserve soil is created. The comparative advantag~ for 

the production of crops in the South Central region i s a ltered a ccording-

ly. Generally, the acreage of row crops and sma ll gra i ns de clines slightly 

while the acres of hay and grass increa se (Table 35). Soybean acreage i n­

crea ses as production shifts to the South Central r egion f rom the South 
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Atlantic region because of the lower erosion hazard associated with row 

cropping in the former region . Small grain production declines slightly 

i n this region as it shifts to the North Central and South Atlantic regions. 

Table 35. South Central acreage of different crops under alternative 
solutions in 1985, the South Central region 

_Solutions 
Commodities 1 2 3 4 5 

(000 acres) 

Row Crops 32,195 26,203 23,784 27,376 27,981 
Corn Grain 1,183 1,431 1,140 1,125 1,125 
Sorghum Grain 9,016 6,466 9,144 8,258 8,179 
Corn andSorghum Silages 16,848 14,441 9,654 9,0ll 9,382 
Soybeans 4,202 3,335 3,581 8,243 9,142 
Cotton 946 530 265 199 153 

Small Grains 10,796 11,796 9,883 8,513 7,242 
Barley 1,043 828 1,041 1,135 270 
Oats 1,002 1,018 1,547 1,570 1,315 
Wheat 8,751 9,950 7,295 5,814 5,657 

Hays 16,934 21,447 24,245 23,513 23,655 

Corn and sorghum silage acreage declines almost 50 percent in 

Solution 5 compared to Solution 1. The acres of silage decline because 

of the erosion hazard created by its production. The acreage of hay and 

grass crops increases 40 percent and provides a substitute feed for live­

stock raised in the region. 

Changes in livestock production 
and feed consumption patterns 

The livestock industry in the South Central region changes slightly 

in response to the reorganization of U.S. agriculture as the cost assigned 

to the soil loss goal rises (Tables 36 and 37). The regions beef-calf 

industry is placed at a slight disadvantage as cows shift to the North 

Central and South Atlant1.'c reg1.·ons. Add't' 1 d h · 1. 1.ona grass an ay 1.s produced 
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in the latter two regions as a soil conservation measure. Beef cat tle 

f eeding in the South Central region increases somewhat because of lower 

per head nonfeed costs in the region and the decreased availability of 

feed grains in the North Central region. 

Table 36. Livestock numbers under alternative solutions in 1985, the 
South Central region 

Livestock 

Beef Cows 
Beef Feeding 
Dairy 

1 

26,280 
18,371 
1,084 

2 

27,247 
18,984 
1,075 

Sol utions 
3 4 5 

(000 head) 

25,005 23,191 21,932 
18,070 17,371 19,638 
1,064 1,062 1,131 

Table 37. Feed consumed by all classes of livestock under alternative 
solutions in 1985, the South Cent r a l region 

Commodity 
groups 

Corn and Sorghum 
Grain 

Barley, Oats, and 
Wheat 

Corn and Sorghum 
Silages 

Hays 
Oilmeals 

Changes i n resource use 

1 2 

3,884 3,495 

225 85 7 

213,723 193,618 
100,625 113,878 

5, 170 4,839 

Solutions 
3 4 5 

(000 tons) 

2,625 2,697 3,101 

1,859 1 , 697 1 , 668 

137,119 101,702 104,292 

121 ,362 122,411 121,701 
4 , 003 3,529 3,714 

Although land and nitrogen use is relatively constant, pesticide 

expenditures increase substantially in Solutions 4 and 5 because of the 

panding soybeans acreage (Table 38). 
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Table 38. Resource use in crop production under alternative solutions 
in 1985, the South Central region 

Solutions 

1 
2 
3 
4 
5 

Land used 
(000 acres) 

62 , 986 
62,455 
60,521 
61,521 
61,881 

Nitrogen used 
(000 acres) 

1,913 
1,926 
1,925 
1,912 
1,905 

aExpenditures are in terms of 1972 dollars. 

The North Atlantic, North West 
and South West Regions 

Pesticide exp. 
(000 dollars)a 

44,784 
39,649 
68,237 

147 ,371 
205,872 

The North Atlantic region has one of the highest regional soil erosion 

rates. The soil erosion rates in the Northwest are below the national 

average while those in the Southwest are are almost negligible in Solution 

1 (Table 3). 

Soil losses in the North Atlantic Region are reduced as the result of 

changing conservation practices and substituting hay for more erosive crops 

in t h e rotations. Conservation practices in the North West and South West 

regions do not change greatly under alternative solutions. The practice 

of straight-row farming declines as the cost assigned to the soil loss goal 

increases (Table 39). Substituting hay for row crops conserves soil in 

the North West. Erosion hazards of row cropping in the South West are 

relatively low due to climatic conditions. Hence, some row cropping shifts 

to t he South West region (Table 40). 

Changing crop production patterns affects livestock production in 

t hese three regions (Table 41). Generally, beef cows increase in those re­

gions where production of small grain, hay, and grass crops are expanded 

to protect the topsoil from erosion. 
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Table 39. Percentage of a cre s by cons ervation practices unde r 
alt erna t i ve so l ut i ons in 1985, the Nor t h At lantic, Nor t h West 
and South West regions 

Sol ut i ons 
Conse rvat i on 1 2 3 4 5 
practices 

(pe r centa ge of a cres ) 

North At l antic 
Straight Row 28 17 17 19 19 
Contour Farming 60 61 63 60 60 
Strip Cropping 7 9 9 8 8 
Terracing 5 13 11 13 13 

Nor th West 
Straight Row 61 58 58 60 54 
Con t our Far mi ng 18 19 19 18 17 
St r i p Cropping 18 17 17 16 15 
Te r racing 3 6 6 6 14 

South We s t 
St r a i ght Row 89 79 85 87 88 
Cont our Fa r ming 8 15 10 8 8 
Strip Cropping 3 3 3 3 3 
Terra ci ng 0 3 2 2 1 

Table 40. North At l ant ic , North West and South West acreages of di f fe r ent 
crop gr oups unde r alternat i ve solutions i n 1985 

Solutions 
Commodity 1 2 3 4 5 
groups 

(000 acres) 

North Atlantic 
Row Cr ops 5 , 08 9 4,547 4 ,529 4 , 942 6,121 
Sma l l Grains 4 , 71 7 4 ,743 4 , 621 3 , 595 1, 12 3 
Hays 1 , 955 1,928 1,888 2,780 4,123 

North West 
Row Crop s 2 ,766 2,172 1, 76 9 1,381 1 , 122 
Small Gr ains 7 , 622 7,632 7 ,48 7 7 ,704 8 , 177 
Hay s 1,010 991 2 ,104 3 , 650 3, 915 

South Wes t 
Row Cro ps 2,556 2,692 3 ,080 3 ,25 8 3, 276 
Small Grains 2,511 2 , 130 1,839 2,886 2 , 900 
Hays 3,946 3, 730 3 , 61 5 3,966 4,145 
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Table 41. Li vest oc k number s under a lternative solutions in 1985 
North Atlant i c,, North West, and South West regions , the 

Live s tock 

North At l antic 
Bee f Cow 
Beef Feeding 
Dairy 

North West 
Beef Cow 
Beef Feeding 
Dairy 

So ut h We s t 
Beef Cow 
Bee f Feed i ng 
Dairy 

1 

978 
2,606 

1 ,786 
1,376 

316 

6,153 
4,591 

961 

2 

97 8 
2,606 

1,776 
1,242 

316 

6,074 
4,657 

961 

Solut i ons 
3 4 5 

(000 heads ) 

506 1 ,169 
978 1, 282 1,696 

2,606 2 , 606 2 , 606 

2,572 3,245 3, 077 
1, 142 1 , 05 7 1 , 078 

316 316 316 

5,624 5,741 ' 5,767 
5 , 01 7 5,661 5 ,908 

961 961 961 
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technique identified an efficient set of points, or ef f icient vector 

* 
X within which the solution lies. * The x 

** other feasible vector x such t hat 

** * f. (x ) > f . (x ) 
l l 

for a l l i = 1 , 2 

** * f . (x ) > f . (x ) 
l l 

for some i 

where f.(x) is the ith goal function. 
l 

is efficient i f there i s no 

The generation of the efficient set to ( 35) begins by transforming the 

vector-valued objective function in (35)to the scalar-valued function in (3 7). 

2 
Min E w. f. (x) 

i=l l l 

where thew. 's are the relative weights assigned to each objective and 
l 

(37) 

all w. > 0 and at least one w. > 0. Systemat i cal l y varying t hew.' sin (37) 
l l l 

wi l l yield a trade-off curve. In th i s study w. i s sele c t e d t o be equal t o unity 
l 

maki ng F (i.e., the cost of product ion and t r ansport a t ion ) t he numeric goal. 
1 

To generate the trade-off curve i n Figure 10, six linear programmi ng 

solutions each obtained with a different weight assigned t o t he soil 

erosion goal are considered in this study. The ana lysis i s summarized 

around the five solutions setting different weights on (a) farming ef­

ficiency as reflected in the organization of the na t i on's ag r i cul t ur e t o 

minimize the cost of food product i on and (b) soil lossf The weights used 

i n the six solut i ons are: Sol ution 1 has a weight of $1 . 00 for the f a rm­

ing e ffic iency goal and zero for the soil loss goal . In Solutions 2, 3 , 

4, and 5 the weights on t he efficiency goal a re kept a t $1 . 00, but the 

1The results of Solu tion 6 are not app licab l e to t he real wor l d be­
cause production cos t s do not enter i nto t he optimization . For t hi s rea­
son the results of Solut ion 6 are no t presented in th i s s t udy . 
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weigh ts on the soi l l oss goal are $2.50, $5 .00, $10.00, and $20.00, 

respectively. As the magnitude of soil loss goal increases, society is 

p lacing a penal ty on soil erosion. For Solution 6, the efficiency goal 

has a zero weight while the soil loss goal has a weight of $1.00 . Hence, 

in Solution 6, society is giving zero weight to the efficiency goal. 

Each solution is an efficient point between the two goals and, when 

plotted, can be used to draw the trade-off curve between t he goals. The 

shape of this trade-o ff curve as indicated in Figure 10 implies that 

society may need to make a sizable sacrifice in one goal in order to op­

timize the other goal taken alone . If society is interested only in economic 

efficiency in U.S. agriculture, then minimizing only the cost of produc­

tion (Point 1 in Figure 10) results in high rates of soil erosion from U.S . 

cropland. Conversely , i f a high level of soil conservation alone is de-

sired (Point 6 in Figure 10), then minimizing only the soil l oss goal 

grea tly increases the cost of production. The intermediate solutions in­

dicate a "corner" for the trade-off curve between the goals. 

Changes in Soil Loss and Farming Practices 

The results obtained from the alternative solutions indicate that 

U.S. agriculture needs to make major adjustments in farming methods and 

cropping patterns to significantly improve soil conservation. Reduced 

tillage practices are substituted for conventional tillage practices to 

increase the quantity of plant residues on the soil surface. Contour 

farming is substituted for straight-row farming on land with a relatively 

small erosion hazard, while terracing is used on those fields subject to 

severe erosion problems but have soils deep enough to support it. In 
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Trade-off frontier between goals for cost of production and 
soil conservation in an efficient agriculture . Totals for 
the United States. 
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Solution 1, 33 percent of the cropland is under straight- row farming. 

Straight-row farming drops to 23 percent of the cropland in Solution 5 . 

Crop l and acres protected by terracing increase from 11 percent of the total 

in So l ution 1 to 23 percent in Solution 5 . Terracing offers more effective 

protection against erosion than strip cropping or contouring but is more 

expensive . 

Changes in Land Utilization and Production Patterns 

The total acres cropped varies less than 2 percent between alterna­

tive solutions as the level of soil conservation increases (T,able 42). 

The total acres allocated to various crops categories have reasonable 

trends over the whole range of the solutions (Table 42). Hay acreage, 

i n particular, shows a steady and substantial increase as the level of 

soil conservation rises. Hay acreage expands because it is an economical 

soil conservation measure relative to alternatives such as additional 

terracing. A consequence of this expanding supply of hay is the substi-

tution of hay for silage in livestock rations. A significant portion of 

the decline in the acres of row crops is due to the declining acres of 

corn and sorghum silage. 

Assigning a cost penalty per ton of soil eroded significantly alters 

the comparative advantage of growing crops in those regions most suscepti­

ble and least susceptible to soil erosion. The high erosion hazard asso­

ciated with row cropping in the South Atlantic region results in a sub­

stantial shift of soybeans and cotton production away from the South 

Atlantic region. Legume hay, grass and small grains substitute for these 

crops because of the protection ther provide for the topsoil. This 
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Table 42. Land utilization and production patt erns under alternative 
solutions in 1985 

So lutions 
1 2 3 4 5 

(000 acres) 

Total cropland 370,826 366,144 369,469 370,468 373,974 
Row Crops 219,749 205,657 201,685 199,823 202,311 
Small Grains 72,675 73,530 75,140 75 , 944 75,333 
Hays 38,098 50,679 58,359 61,934 65, 070 
Othersa 40,304 36,278 34,285 32, 767 31,290 

8 Fallow, sugar beet and exogenous crops. 

changing crop mix favors the further development of beef cattle in the 

South Atlantic region. 

The low erosion hazard of row cropping gives a relative advantage to 

corn and sorghum grain production in the Great Plains, in those parts of 

the region adapted tot ese crops h l.·n terms of moisture, under a national 

soil conservation po 1.cy or .. agr1. u . 1 . f US ·c lture The acreage of small grains 

declines slightly in the Great Plains because production shifts to the 

South Atlantic and North Central regions as a soil conservation measure. 

Some shift in wheat from the Great Plains to more humid regions would 

change somewhat the mix of soft and hard red winter wheat produced. How-

ever, the amount of hard wheat would still far exceed domestic demand and 

l.·n soft wheat would substitute for hard wheat in ex­the slight increase 

ports and livestock feed. 

Acreages of legume hay, grass and small grains increase in the North 

Central region as the agriculture in the region shifts away from contin-

uous row crop rotations of corn and soybeans to lessen erosion. The 
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increasing availability of grass and hay, as the emphasis on soil conser­

vation increases, favors expansion of beef cow herds in the North Central 

r egion. At the same time, the beef feeding industry i n this r egion de­

clines because of the reduced acreage of corn. While the corn produced 

is ample to feed livestock produced in the region under other solutions, 

the comparative advantage of the region in feeding shifts with the re­

location of some grain production and the complex of transport costs 

which prevail relative to the point and level of exports. 

Change in Farming Technology 

The use of fertilizer and pesticides increases steadily as agricul­

ture is reorganized to provide more protection for the cropland (i.e., 

in Solution 5 as compared to Solution 1). Changing farm practices, 

such a s the expanding use of reduced tillage increasing pesticide re­

quirements of crop production, can significantly alter the use of inputs 

by U.S. agriculture (Table 43). The principal reason the use of fertil­

i zer increases as the level of soil conservation rises is due to inter­

regional adjustments in corn production. When agriculture is organized 

without consideration of the consequences of soil erosion , the production 

of corn is concentrated on the most productive land, especially in the 

North Central region. As the cost penalty assigned per ton of soil loss 

rises, this concentration declines because hay, grass; and small grain 

crops must be grown in rotation with the corn to control erosion. Thus, 

as corn production is forced to shift to less productive land, e.g., the 

Great Plains, the amount of fertilizer and pesticides required to raise a 

bushel of corn increases. 
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Table 43. Acres and resources used in an efficient agriculture in the 
alternative solut ions in 1985 

Land Nitrogen Pesticide 
cultivat ed fertilizer used expenditures 

Solutions (000 acres) (000 ton) (000 dollars) 

1 370,837 9 ,350 1 ,527, 964 
2 366,144 9,351 1,908,280 
3 369,469 9, 705 2,053,998 
4 370,468 10,041 2 ,268,421 
5 374,004 10,442 2 , 458,863 

aExpenditures are in terms of 1972 dollars. 

Supply Prices 

a 

Changes in farm practices (such as the increased use of terracing, 

and adjustments in cropping patterns, growing corn in rotation wi th grass 

and hay and shifting some of the corn acreage in the North Central reg i on 

to the Great Plains ) cause only modest increases in the cos t of producing 

crops i n the United States up to Solution 3 . Howeve r, between Solution 

3 and Solution 5 supply prices increase by a large amoun t (Tab l e 44 ) . 

These large cost increases would raise f ood costs f or U.S . consumer s 

and disadvant age U.S. agriculture in wor ld commodity ma rkets . 

Table 44. Percentage changes in the inde~ of supply prices for che major 
agricultural commodities in the alternative s ol utions in 1985 
(Sol ution 1 = 100) 

So l utions 
Connnod it ies 1 2 3 4 5 

Corn 100 104 115 144 198 
Soybeans 100 113 134 184 280 
Cotton 100 92 104 115 136 
Pork 100 105 113 133 174 
Beef 100 101 107 123 155 
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Policy Implications 

The purpose of this study has been to provide information about the 

trade-offs between (a ) the cost of producing and transporting agricultural 

products to current consumers and (b) preventing soil loss and maintaining 

a productive cropland base for future generations. The derivation of t he 

trade-off function between these two goals should ·d l prov1 e po icy makers 

wi th valuable information for decision making. 

As presented in Figure 10, the points on this trade-off curve show 

attainable combinations of total product1·on t d 1 cos s an tota poil erosion 

for U.S. agriculture. The determination of the optimal point on this 

trade-off curve should depend on the preferences of decision makers 

representing society. 

The shape of the trade-off curve indicates that the costs of soil 

erosion abatement are not likely to vary t· 1 propor 1onate y to the amount 

of erosion abated. At h. h l 1 a very 1g eve of soil loss, a given reduction 

i n eros i on can be obtained without substantial cost to socie ty . When 

soil losses are a t re latively low levels, however, further reductions are 

very expensive. In summary, the more soil loss is reduced on U.S. crop­

land, the cos ts will rise sharply for further reductions. 

Society has several policy options for achieving a desired level of 

erosion abatement in U.S. agr1·culture. Th ese options include a per unit 

tax fo r each ton of soi l lost from the farmer's field. Application of 

such a tax wou l d provide an i ncentive for the farmer to reduce soil 

erosion to the desired level. Alternatively, the farmer could be paid 
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for reductions in soil l oss . Several soi l conservation bills have been 

before Congress recently (12, 29] . These bills would require expendi­

tures of several billion dollars to a chieve t heir objectives. 

Changes in farm practices required to abate soil erosion require new 

management skills and a larger capital investment by farmers. In general , 

farms with land susceptible to severe erosion, thus requiring costly con­

servation practices, stand to be economically disadvantaged. Farmers 

with land not subject to severe erosion can generate more income and raise 

the capitalized value of their farms. A national program of erosion 

abatement also would cause a relative redistribution of income among re­

gions . Regions of heavy rainfall and sloping lands are forced into less 

intensive agriculture and may have an income reduction accordingly . 

Regions of moderate rainfall and level lands have the opportunity to fa rm 

more intensively and increase income accordingly . These differential 

impacts should be recognized in nat i onal policies directed at reduced 

soil erosion. 

1. 

2 . 

3. 

4. 

5. 

6 . 

7. 

81 

REFERENCES 

Anthan, G. Dependence on oil perils farm system: Bergland. Des 
Moines Register, March 23, 1977 . 

Beasley, R. P. Erosion and Sediment Pollution Control. 
State University Press, 1972 . 

Ames: Iowa 

Be lens on, 
criterion 
Quarterly 

S: M. and K. C. Kapur. An Algorithm for Solving Multi-
Linear Programming Problems with Examples. Operation Research 
24 (1973):65-78 . 

Benayoun, R., J. Montgolfier, J . Terghy, and D. 
Programming with Multiple Objective Functions: 
Mathematical Programming 1 (1971) : 366-375 . 

Laritchev. Linear 
Step Method (Stem). 

Candler, W. and M. Boehlje. Linear Progr amming in Capital Budgeting 
with Multiple Goals . American Journal of Agricultural Economics 53, 
No . 2 (1971):325- 330 . 

Candler, W. Linear Programming in Capital Budgeting with Multiple 
Goals. In Multiple Criteria Decision Making. Edited by L. J. 
Cohrane and M. Zeleny. Columbia, South Carolina: University of 
South Carolina Press, 1973. 

Charnes, A. and W.W. Cooper. Management Models and Industrial 
Applications of Linear Prograrrnning . Vol. 1. New York: John Wiley, 
1961. 

8. Cohan, L. J. and D. H. Marks. A Review and Evaluation of Multi­
objective Prograrrnning Techniques . Water Resources Research 2 
No. 2 (1973):208-220. ' 

9. Cohan, L. J. and D. H. Marks. Multiobjective Screening Models and 
Water Resource Investment. Water Resource Research 9, No. 4 (1973): 
826- 836. 

10 . Colette, W. A. The Conceptualization and Quantification of a Water 
Supply Sector for a National Agricultural Analysis Model Involving 
Water Resources. Ames: Center for Agricultural and Rural Develop­
ment, Iowa State University, 1976 . 

11. 

12. 

Conservation Needs Inventory Committee. National Inventory of Soil 
and Water Conservation Needs 1967 US D t f A · 1 . . . ep . o gricu ture 
Statistics Bulletin No. 461, January 1971. 

Des Hoines Register. Bill to Aid Soil-Saving. April 9, 1977. 



13. 

14. 

15 . 

16 . 

17. 

82 

Geoffrion, A. M. , J . S. Dyer, and A. Feinberg . An Interactive 
Approach for Multi-Criterion Optimization with an Application to 
the Operat i on of an Academi c Department. Management Science 19, 
No. 4 (December 1972):357-368. 

Hurwi cz. L. The Design and Mechanism for Resource Allocation . 
American Economic Review, Paper and Proceedings 63 (4) (May 1973): 
1-30 . 

Kapur, K. C. Mathematical Methods of Optimization for Multiobjective 
Transportation System. Socio-Economic Plann. Sci. 4 (1970) : 451- 467. 

Koopmans, T. C. Activity Analysis of Production and Allocation. 
Cowles Connnission. New York, N.Y., Monograph 13, 1951. 

Kuhn, H. W. and A. W. Tucker. Nonlinear Programming in Proceedings 
of the 2nd Berkeley Symposium on Mathematical Statist i cs and 
Probability. University of California Press, Berkeley, California, 
1950 . 

18. Lee, S. Goal Programming f or Decision Analysis. Philadelphia, Penn.: 

19. 

20. 

21. 

22. 

Overback Publishers, Inc . , 1972 . 

Meisel, S. W. Trade-off Decisions in Multiple Criteria Decision 
Making . In Multiple Criteria Decision Making . Ed ited by L . J. 
Cohrane and M. Zeleny. Columbia, S.C .: University of South 
Carolina Press, 1973 . 

Meister, A. D. and K. J. Nicol . A Documentation of t he National 
Water Assessment Model of Regional Agricultura l Production, Land 
and Water Use and Environmental Interaction . Ames: Center f or 
Agricultural and Rural Deve lopment, I owa St ate Univ e rs i ty, 1975. 

Nagadevara, V. S., E. 0. Heady, and K. J. Nicol . I mp lications of 
Application of Soi l Conservancy and Environmental Regulations in 
Iowa withi n a National Framework . Ames: The Center f or Agri­
cultural and Rural Development . Iowa State Un i versity. CrlRD 
Report 57. 19 75 . 

Ni col, K. J ., E. 0. Heady, and H. C. Madsen. Models of Soil Loss, 
Land and Wa ter Use , Spat i al Agricultura l Structure and t h e Environ­
ment. Ames : Center for Agricultural and Rural Development . Iowa 
State Unive rsity. CARD Report 49T . 1974. 

23 . 

24 . 

25 . 

26. 

27 . 

28. 

29. 

30 . 

31. 

32 . 

33 . 

34. 

35. 

83 

Nicol. K. J. and E O Head AM d 1 f 
Analysis of Land a~d Wt Uy . o_e or Regional Agricultural 

. a er se, Agricultural Structure, and the 
Environment: A Documentation. Ames.· 

d Center for Agricultural 
an Rural Development, Iowa State University, Iowa 1975. 

Pareto, V. Manuel D'economie Politique. 
1927. 2nd ed. Paris: M. Girad , 

;rice, W. L. An Interactive Objective Funct i on Generator for Goal 
rogrammer i n Thiriez , H. and S. Zionts (ed.) Multiple Criter i a 

Decision Making . New York: Springer-Verlag, 1976. 

Roy, P . Prob l em and Methods with Multi"ple Ob ' 
M th Jective Functions. 

a ematical Programming 1 (1971):239-266. 

Savir, D. Multi- Objective Linear Programmi·ng, u 
C l "f i niversity of 

a i orn a, Berkeley, Rep. ORC. 66-21. Opera. 
1 966. Res. Center, November, 

Train, E. R . . Conservation and Environment . 
U SDA S Soil Conservation. 

. . . . oil Conservation Service 41, No. 
4 (November 1975):8-11. 

U.S. Congres~ional Record . Proceedings and Debates of the 
Congress. First Session Vol 123 N 95th 

' · , o. 62, April 7, 1977. 

U.S. Department o f Agricult A . 
35 Year Summary, 1936 throu~~ei970griiul~~ral Conservation Program, 
i zation on Cons. Serv., 1970. . as ington, D.C.: Agr. Stabil-

U.S. Department of A · 1 
gricu _ture. Cropland for Today and Tomorrow. Washington, D.C.: E 

Report No. 291. conomic Research Center, Agricultural Economics 

U.S. Water Resources c ·1 
Washington, D. C.: ounci . 1972 OBERS Projections, Vol. 1-7. 

U.S. Government Printing Office, April 1974. 

U.S. Water Resources Council . 197 
Supplement. Washington DC . 2 OBERS Projections, Agricultural 
19 75. , ... U.S. Government Printing Office, 

Wichmeier, W. H. and D. D. Smith P . . . 
Losses from Cropland East of th .R ~edicting Rainfall-Erosion 
Agricultural Handbook No 282 Me oc y Mountains. U.S.D.A. 

· , iay 1965. 

Wolfe, P. Convergen Th . 
(ed) It ce eory i n Nonlinear Programmi ng in J. Abadie 

. n eger and Nonlinear Programming. 
Pub. Co., 1970. Amsterdam: North Holland 



36. 

37. 

84 

Zadeh, L.A. Optimality and Non-scalar-valued Performance Crit~ria. 
IEEE Transactions on Automatic ControL AC-8 (1) (January 1963). 
59-60. 

Zeleny, M. 
Economics and Mathematical Systems, No. 95. 

Linear Multiobjective Programming. Lecture Notes i n 
Berlin: Springer-

Verlag, 1974. 

85 

APPENDIX: MATHEMATICAL STRUCTURE OF THE MODEL 

The ma t hemat i cal model used is a multi-goal linear programmi ng mode l . 

The two object i ves considered in this study are (a) production and trans­

portation costs and (b) soil erosion, respectively. 

The model consists of approximately 1,200 equations and 24,000 vari­

ables. In matrix notations the model is as follows: 

Min F = Cx 

Subject to Ax< b 

X > 0 

where Fis a 2 x 1 vector 

C is a 2 x n matrix of costs and soil loss 

A is an m x n matrix of input output coefficients 

(22) 

(23) 

(24) 

(25) 

(26) 

X is an n x 1 vector of production and transportation a~tivities . 

b is an m x 1 vector of resource restraints and demand requirements 

The first obj ective function to be minimized in the model is: 

Fl (x) ~II I I X . . kmxc . . km +EI IL LC 
i j km iJ iJ n p q npq npq 

+ F FC + IB IC 
n n r r 

+II IT TC 
nst nst n s t 

+ W WC 
r r 

(27) 



where: 

i = 
j = 
k = 
m = 

n = 
p = 
q = 
r = 
s = 

t = 
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1, ... , 105 for the producing areas, 
1, ... ' 10 for the land c l asses, 
1 , ... , 330 for the rotations defined, 
1, ... ' 12 for the conservation and tillage a lternatives 
per rotations, 
1, ... , 28 for t he market regions, 
1, ... , 4 for the endogenous livestock classes, 
1, ... , 32 for the livestock rations, 
1 , ... , 58 for the water s uppl y regions, 
1, 2, 4, 5, 7, 8, 10, 11, 13 , 14, 15 for t he commodities 
transported, and 
1, ... , 176 for the transportation routes defined. 

F
1 

(x) represents cost of production and transportation; 

is the ntnnber of acres of rotation k with conservation 

tillage min producing area ion land class j; 

XC is the cost per acre of rotation k with conservation-
ijkin 

L 
npq 

tillage practice min producing area ion land class j; 

is the number of units of livestock activity p receiving 

ration q in market region n; 

LC i s the cost per unit of livestock activity p receiving 
npq 

w 
r 

WC r 

F 
n 

FC 
n 

IB 
r 

ration q in market region n; 

is the number of acre feed t o wa t er purchased in water supply 

region r; 

is the cost per acre foot of water purchased in water supply 

region r; 

is the number of pounds of nitrogen fertilizer purchased i n 

market region n; 

is the cos t per pound of nitrogen fertilizer purchased i n 

marke t region n; 

is the acre feet of water transferred out of region r; 
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IC 
r 

is the cost differential on a per acre foot basis for water 

in region r; 

T is the number of units of commodity s trans ported over route 
nst 

t from market region n; and 

TC is t he cost per unit of commodity s transported over route 
nsr 

t from market region n• 

The second objective to be minimized in the model is soil loss from 

cropland. In the model the soil loss by cropping management system is 

weighted to the producing area from the SCS data area as follows: 

where: 

( 28) 

i = 1, ... , the number of crop management systems defined in the 
producing area, 

j = 1, ... ' 10 for the land classes, 
k ,. 1, ... ' for the parts of the 165 scs data areas, and 
m = 1, ... ' 105 for the producing area. 

S.. is the soil loss for crop management system ion soil group 
lJm 

j in producing area m; 

SL . . k is the soil loss from crop management system ion soil group 
l] 

j consistent with SCS data area k; 

Ajkm is the acres of tillaqle soil group j in the part of SCS data 

area kin producing area m; and 

A. 
J m 

is the total tillable acres of soil group j in producing area 

m. 

Each producing area has restraints for land availability by the five 

dry and five irrigated land classes . The equations for the ith producing 

area are as follows: 
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Dryland restraint by land class 

E E X AD < DA. 
k m ijkm ijkm - 1j 

i = 1 , 
j = 1, 

. ' . 
' 

105 fo r the producing area~ 
5 f or the l and classe~ 

k = 1, . . . 
' 

330 f or the rotat ions defined, and 
m = 1, . .. ' 12 for the conservat i on-t illage alternatives. 

Irrigated l and restraint by land class 

E E X .. kmAI. . km < IA .. 
k m 1J 1J - 1J 

i = 48, ... , 105 for the producing areas, 
j = 6, ... , 10 for the l and classes, 
k = 1, ... , 330 fo r the rotations defined, and 
m = 1, .. . , 12 for the conservat i on- tillage alternatives. 

Hay acreage restraint 

LL L xi_kmwi.km5 ~ HR 
j km J J 

+ L L L xij kmwijkm5] 
j km 

[ E E E X .. kmW .. km6 j k m 1J 1J 

i = 1, 
j = 1, 

.... 
' . . ' 

105 for the producing areas , 
10 for the land classes, 

k ,. 1, .. 
' 

330 for the rotation defined, and 
m = 1, . 

' 
12 for the conservat ion- tillage alternatives . 

where: 

(29) 

(30) 

(31) 

X is the level of rotat ion k using conservat ion- tillage method . 'km 1] 

m on land class j in producing area i; 

AD .• km is the acres of dryland used per unit o f rotation k using 
1J 

conservation- tillage method m on land class j in producing 

area i; 

AI 1·s the acres of i rrigated land used per unit of rotation k 
ijkm 

us ing conservation-tillage method m on land class j in 

producing a rea i; 
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is t he acres of dryland available on land class j in producing 

area i; 

I A . . 
1J 

is the acres of irrigated land available on land class j in 

HR . 
1 

producing area i; 

i s the proportion of all hay which can be legume hay in 

market region i; and 

Wijkmu is the rotation weight for crop u in rotation k using con­

servation-tillage method m on land class j i n produc i ng area i . 

In the producing areas 48-105, water supplies and irrigation activi­

ties are defined. Equation 32 cont r ols the allocation of water to the 

endogenously determined agricultural uses. 

EE E E X •. kmW .. km CWU . 
j km u 1J 1J u 1u 

+EE E Y LWU LW 
npq npq npr 

n p q 

i = 48, ... , 105 f or thP. producing areas, 
j = 1, ... , 10 for the land classes, 
k = 1, ... , 330 for the rotations defined, 

WH WA < WS 
r r - r 

m = 1, ... , 12 f or the conservation-tillage alternatives, 
n = 1, .•. , 28 for the market regions, 
p = 1, ... , 4 for the endogenous livestock types, 
q = 1, ... , 32 for the livestock rations, 
r = i -47 to give the water supply region number, and 
u = 1, ... , 15 for the possible irrigated crops. 

where: 

(32) 

X .. km is the level of crop rotation k using conservation-tillage 
1] 

method m on land class j in producing area i; 

Wijkmu is the rotation weight for crop u in rotation k using 

conservation-tillage method m on land class j in producing 

area i; 

is the acre feet per acre water use coefficient for crop u 

in producing area i; 



y 
npq 
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is the level of livestock t ype p consuming rat i on q i n 

market region n ; 

LWU i s the acre fee t per uni t water use· coeff ic i ent f or live-
npq 

ws 
r 

stock type p consuming ration q i n mar ket r eg i on n ; 

is the per acre feet o f wat e r avai labl e f or use by the 

endogenous agricultural sector; 

LW npr 
is the proportion of livestock t ype p f r om marke t region n 

WH 
r 

WA 
r 

in water supply reg i on r; 

is the level of dryland to i rrigated pas t ure convers i on i n 

water supply region r; and 

is the per acre water use coefficient when convert i ng one 

acre of dryland pasture to irrigated pastur e in water suppl y 

r egion r. 

Each connnodity market region has a set of equations to bal ance t he 

supply and demand of the commodit i es. The equations are: 

1: 1: 1: 1: X .. kmnW . . km CY •. km 
i j k m 1J 1J u 1J su 

+ 1: 1: Y LY npq npqs 
p q 

- 1: T ns t 
t 

+ 1: WH DA > CD r rs ns 
r 

i = 1, ... ' 105 for the producing areas, 

j = 1 , ... ' 10 for the land classes, 
k = 1 , ... ' 330 for the rotations, 
m = 1, ... ' 12 for t he conservation-tillage practice s, 

n = 1 , 28 f or t he marke t r egi ons, ... ' 
p = 1, ... ' 4 for t he endogenous l ive s to ck t ypes, 

q = 1, ... ' 32 f or the live s tock r a tions, 

s = 1 , 2' 4 , ... ' 9 , 11, ... ' 15 fo r the commodi ties bal anced 

at t he market r eg i on, 
u = 1, 15 f or the crops, and ... ' 
t = 1, ... ' 176 for the transporta t ion a ct i vit i es de fin ed . 

(33) 
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where: 

Xijkmn is the level of crop rotation k using conservation-tillage 

sys t em m on land class j in producing area i which is in-

eluded in marke t region n; 

Wijkmu is the weight of crop u in rotation k using conservat ion­

tillage system m on land class j in producing area i; 

C\jkmsuis the per acre production of commodity s from crop u in 

rotation k using conservation-tillage system m on land class 

j in producing area i; 

y 
npq 

is the level of production of livestock type p using ration 

q in market region n; 

LYnpas is the per unit interaction coefficient for commodity s with 

livestock type p consuming ration q in market region n (this 

will be positive for the livestock products and negative for 

the ration components); 

CD ns 

T nst 

WH r 

DA 
rs 

is the exogenously determined demand for commodity sin 

market region n; 

is the net export of colIIIllodity s over transportation route 

t defined in market region n; 

i s the level of dryland to irrigated pasture conversion in 

water region r; 

is the increase in hay yield associated with the conversion 

of an acre of dryland pasture to irrigated pasture in water 

supply region r. DA = 0 for alls~ 5. rs · 
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The equations which are defined at the national leve l to balance 

commodity demand are as follows: 

E E E E X .. km W . . km CY . . km > CDs 
i j km 1J iJ u 1J su 

(34) 

i = 1, 
j = 1, 
k = 1, 
m = 1, 
s = 3, 
u = 4, 

where 

w . . km 1J U 

. . . , 105 for the producing areas, 

... , 10 for the land classes , 

... , 330 for the rotations def i ned, 

... ' 12 for the conservation-t illage alternatives, 
14 for the commodities cotton and sugar beets, and 
14 f or the crops cotton and sugar beets. 

is the level of crop rotation k using conservation-tillage 

practice m on land class j in producing area i; 

is the rotation weight for crop u in rotation k using 

conservation-tillage practice m on land class j in pro-

ducing area i; 

Cy is the per acre production of commodity s from crop u in 
i .km J SU 

rotation k using conservation- tillage practice m on land 

class j in producing area i; and 

CD is the demand for commodity sat t he national level . 
s 
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