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Reducing Nutrient Application Rates for
Water Quality Protection in Intensive
Livestock Areas: Policy Implications of
Alternative Producer Behavior

William T. McSweeny and James S. Shortle

High rates of commercial fertilizer and animal manure application on cropland have been

identified as an important cause of ground and surface water degradation in many areas of the

country. Suggested remedies are often based on the idea that fertilization levels are

economically irrational for tbe individual farmer. The received wisdom is that farmers could

simultaneously improve their own economic well being and reduce the degradation of the

ground and surface waters by fertilizing only to meet crop nutrient needs. Rather than

assuming that farmers act irrationally, this study examines the fertilization problem on a

mixed crop-livestock farm from the perspective of a risk-averse farmer coping with two key

uncertainties: crop yield response to nitrogen applications and the nitrogen content of manure.

The effects on fertilization decisions by such a farmer of various policy prescriptions for

reducing surface and ground water pollution are examined. The results underscore the

importance of understanding producer behavior for the design of economically sound policy.

Surface and groundwater quality problems asso-
ciated with crop nutrient management in agricul-
tural are receiving considerable attention as policy
makers shift their efforts from point to nonpoint
pollution control (Crowder and Young; Kash-
maian, et al.). Nutrient runoff from farms plays a
major role in the accelerated eutrophication of lakes
and estuaries in many areas of the country, in-
cluding such significant water bodies as Lake
Champlain, the Great Lakes, Chesapeake Bay, and
San Francisco Bay (U.S. Environmental Protection
Agency, 1984). In addition, nitrates are a common
groundwater pollutant that can harm human and
animal health.

The design of economically sound policies for
reducing nutrient losses from farms requires con-
sideration of how farmers may respond to alter-
native policy approaches and the farmers’ costs of
control. Public programs now implemented in sev-
eral regions of the country including the Northeast
presuppose that farmers apply crop nutrients in ex-
cess of what is required for profit maximization.
A major thrust of public policy in these regions is
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to reduce nutrient runoff by persuading farmers that
they could benefit financially from reduced fertil-
ization rates (S wartz; Young and Magelby).

The potential effectiveness of this policy ap-
proach is economically suspect since it is based on
the uneconomic, although not necessarily incor-
rect, notion that farmers systematically choose to
fertilize in a manner inconsistent with their own
best interests. While farmers may apply nutrients
at rates in excess of those required to maximize
profits, risk could induce such behavior (e.g., Pope
and Kramer). Many farmers exhibit risk-averse be-
havior, sacrificing income for reduced risk (Lin,
Dean, and Moore). Yield risk and its response to
fertilizer are recognized as key factors in the eco-
nomics of fertilization (e. g., de Janvry).

With few exceptions, past studies of nutrient
management for water quality protection have as-
sumed risk-neutral, expected profit maximizing be-
havior (e.g., House, et al.). This study examines
nitrogen application and its response to several public
policies for reducing nutrient losses from agricul-
tural land from both expected profit maximizing
and safety-first behavioral frameworks. A chance-
constrained mathematical programming model of
a hypothetical farm is used to implement the safety-
first analysis. The expected profit maximizing frame-
work is a special case of the chance-constrained
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model. The numerical structure of the model is
based on dairy farm practices in Lancaster County,
located in southeastern Pennsylvania.

The purpose is to demonstrate the possible sen-
sitivityy “of ‘policy evaluations to assumptions con-
cerning farmer behavior. The safety-first framework
is one of a number of alternative approaches for
anal yzing decision-making under uncertainty. It is
not presented here as the most appropriate frame-
work but only as one that is plausible and inter-
esting in the context of the excess fertilization
problem (de Janvry). Two uncertainties of impor-
tance in nutrient management on mixed crop- live-
stock farms are considered: uncertainty about the
response of crop yields to fertilization and uncer-
tain y about the nutrient content of manure. The
riant-available nutrient content of manure de~ends
;ot only on the feed ration, but the handling and
storage systems used, bedding, time of year that it
is applied, and many other factors. Hence, the var-
iability of the available nutrient content between
loads applied to the soil can be substantial.

It has been reported that in southeastern Penn-
sylvania, farmers apply 17 million pounds of ni-
trogen in excess of the amounts required for
maximum crop yields (Abdalla, et al.). The U.S.
Environmental Protection Agency (EPA) has iden-
tified nutrient runoff from this area of hi~hlv in--.
tensive dairy, swine, and poultry production, as a
major factor in the degradation of the Chesapeake
Bay. The nutrient run-off has been targeted for
intensive control efforts by state and federal au-
thorities (U.S. EPA, 1983).

Analytical Framework

Uncertain y about crop response to nitrogen, and
the nitrogen content of manure represent uncer-
tainties about input-output and input substitution
relationships. The effect of these uncertainties on
the choice of farm plans depends on the farmer’s
objectives, subjective risk perceptions, and atti-
tudes toward bearing risk. Within the safety-first
framework, risk-aversion corresponds to a state-
ment of probability that characterizes the chances
that the individual farmer is willing to accept of
not meeting the nutrient requirements of crops and
the desired end use of crops (de Janvry). Expected
net returns are maximized provided that the prob-
abilistic constraints are satisfied. A model of this
type has intuitive appeal and is computationally
attractive for analyzing farm management with sto-
chastic technology (Hazell and Norton; Paris and
Easter; Roy; Katoka; Telser; Shackle). In addition,

the implied behavior is consistent with observed
practices in the study area (Abdalla, et al.).

Assuming an activity analysis type of technol-
ogy, the farmer’s problem is assumed to be as
follows:

(1) Max E(p)’x

(2) s.t. Ai’x~bi, i=l, . . ..t. t<m

(3) Pr[Ai’x < bi] 2 ~i, i

=t+l, . . ..mx>O

where E(p) denotes a n x 1 column vector of
expected net unit activity returns, x denotes an n
x 1 column vector of unit activity levels, Ai de-
notes the ith row of a n x m matrix of technical
coefficients, bi denotes the ith element of a m x 1
column vector of resource supplies, Pr denotes prob-
ability, and ~i denotes the minimum probabilityy of
satisfying the ith constraint. The stochastic tech-
nical coefficient vectors Ai, i = t + 1, . . , m
are distributed with mean E(Ai) and variance Qi.
Constraint (3) requires that the stochastic use of
the ith resource not exceed resource availabilityy,
bi, with a probability of at least cii.
By standardizing the arguments of (3), the problem
can be restated as a chance-constrained mathe-
matical programming problem (Charnes and
Cooper):

(4) Max E(p)’x

(5) s.t. Ai’x<bi, i=l, . . ..t. t<m

(6) E(Ai)’x + 6(~i)(x’flix)t’2

<bi, i=t+l, . . ..m

where 6(tii) represents the point on the correspond-
ing density function where the ith constraint will
be satisfied with a probability of ~i. The constraint
set given by (6) is convex if Qi is positive semi-
definite (Paris and Easter). Optimal solutions to
this problem can be obtained using nonlinear al-
gorithms such as those in MINOS (Murtaugh and
Sanders).

Note that where O(~i) = O, (6) becomes a linear
constraint and the problem is equivalent to con-
ventional expected profit maximization. On the other
hand, where O(~i) >0 and Qi is positive definite,
(6) implies that planned use of the ith resource is
less than the amount available leaving a margin of
safety between expected use and availability in the
optimal plan. Hence, safety-first decision making
is one possible framework which could lead to pur-
poseful “over application” of nutrients.

In this analysis com grain and silage yields, and
the nitrogen content of manure are stochastic. The
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constraint for corn grain involves sources (produc-
tion and purchase) and end uses of com grain (sell-
ing and feeding). This constraint is written generally
as

(7) PR[ – aijxj – aij+ ,xj+ , + aij ,2Xj

+2+ . . . + aij+~Xj+~ s p] > Ci

where xj and xj +, are feeding and selling activities
respectively, and xj. z through xj +~are production
and purchasing activities. The constraint requires
that the total production and acquisition of com
grain be no less than total end use, with a proba-
bility of at least ~i. Within this constraint, the only
technical coefficients treated as stochastic in this
study are those pertaining to com grain production,
It is evident from the above discussion that a safety
margin will exist between expected yield and use
in an optimal plan where f3(~i) >0 and Qi is pos-
itive definite for the com grain constraint.

Corn silage is treated in the same manner. It is
important to note here that there is no market for
this important feed in the area used for this study.
Accordingly, other things being equal, safety-first
behavior should lead to a larger allocation of acreage
to com silage production than expected profit max-
imizing behavior.

The constraint involving manure nitrogen de-
picts sources of nitrogen to crops and crop nitrogen
requirements. This constraint is written as

(8) PR[ – alhxh – alh+ ,x~+, + al~+zx~

+2 +... + alh+sxh+s ~ 0] z ~i

where xb and xb +, are manure tIhrOgfM and pur-
chased nitrogen inputs, respectively, and xh+z
through Xh,, are crop production activities. The
constraint requires that total nitrogen availability
be at least as large as crop nitrogen needs, with a
probability of at least ~i. Within this constraint,
the only technical coefficient treated as stochastic
in this study is ~lb, the expected nitrogen content
per ton of dairy manure. The positive definiteness
of fli and ~(~i) >0 imply that the nutrient content
of manure will be discounted to provide a safety
margin in supplying the nutrient requirements of
crops in an optimal plan.

Farm Model

The farm model consists of 75 acres of cropland,
allocated among corn grain, com silage, and alfalfa
hay. All land was assumed to be Hublersburg silt
loam. Manure was assumed to be spread on a daily
basis, so that all fields receive manure some time
during the year. Daily spreading is the most com-

mon manure handling process in the study area
(Young, et al., 1986).

The dairy herd is limited to 75 cows. Replace-
ment heifers are constrained to two-thirds the num-
ber of cows, a ratio common in Pennsylvania dairy
herds. Animal nutrient requirements are met through
a fixed ration of com grain, com silage, and alfalfa
hay. The ration is formulated to maintain a 1,320
lb. Holstein cow producing 14,300 lb. of 3 .5% fat-
corrected milk annually. The heifer ration is for-
mulated for a 600 lb. heifer, as an average weight
over the two-year period from birth to freshening.
A fixed ration in feeding dairy animals is common
in the study area.

The fixed cow-heifer ratio make it possible to
convert animal numbers to animaI units (AU). An-
imal units are determined by dividing body weight
by 1,000 lb. Thus, the fixed cow-heifer ratio im-
plied 1.72 AU per cow, for a maximum of 129AU
on the farm. Furthermore, the 1.72 AU per acre
of cropland assumed in the farm model is typical
of dairy farms in the study area.

Corn grain and silage production activities are
distinguished in the model by rotation (continuous
com or com after alfalfa), tillage methods (con-
ventional, minimum, and no-till systems), and fer-
tilization rates (high, low, medium). In the absence
of data on farmers’ subjective yield distributions,
mean com grain and silage yields and variances
for each fertilization rate used in the deterministic
equivalents of the probabilistic constraints are based
on quadratic nitrogen response functions estimated
from experimental data taken from Fox and Pie-
kielek. The data were collected from 60 sites across
Pennsylvania, including several in the study area.
Hence, the data depict the response of com to ni-
trogen application under a variety of Pennsylvania
conditions, farming practices, and soils.

The response functions for com grain and silage
were estimated using weighted least squares. The
weighted least-squares procedure was necessary to
control for heteroskedasticity detected with a Park-
Glejser test (Judge, et al,). The estimated com
grain response function is

(9) CGY = 2.672 + 13.518N – 54.407N2
-i- 0.105S + 0.015M + 0.375MT + 0.45NT

(O. 192) (6.342) (52.561) (0.066)
(0.668) (0.078) (0.078)

where CGY denotes com grain yie}d (tons per acre);
N denotes nitrogen application rate (tons per acre);
S denotes a binary variable for soil type (1 if Hub-
lersburg silt loam, Ootherwise); M denotes a binary
variable for manure history (1 for previous year
manure application, O otherwise); MT denotes a
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binary variable for tillage practice (1 if minimum
till, O otherwise); and NT denotes a binary variable
for tillage practice (1 if no-till, O otherwise). The
numbers in parentheses denote standard errors.

The nitrogen requirement consistent with max
imum per acre corn grain yield for each tillage type
was computed from (9). Three alternative nitrogen
application rates for com grain and silage are used
to define crop production activities in the farm model.
One-half of the nitrogen requirement for maximum
yield was defined as a “low” application rate. The
yield-maximizing amount of nitrogen computed from
(9), was defined as a “medium” application rate.
One-fourth more nitrogen than the medium rate
was defined as a “high” application rate. These
alternatives are used to define separate activities in
the model, each having specific nitrogen require-
ments, expected yield, and yield variance. Inter-
mediate applications can be formed by linear
combinations of these activities to provide a broad
range of diminishing marginal returns to nitrogen,
including a range with negative marginal product
from very high application.

The estimated response function for com silage
is:

(lo)
CSY = 4.471 + 19.932N – 103.931N2 – 0.038S

– 0.249M + O.21OMT + 0.409NT
(0.321) (10.608) (37.91) (0.111) (0.113)

(0.130) (0.131)

where CSY denotes corn silage yield (tons per acre);
and all other variables are as defined previously.
As with com grain, ‘‘low-, ” “medium-, ” and
“high-” application rates were determined for each
tillage type using (10).

It should be noted that the level of nitrogen re-
quired to reach a given point on the response curve
is not all used by the crop. Plant up-take does not
account for all the nitrogen applied to the soil, even
if the application is in strict accordance with soil
test recommendations. A percentage of the nitrogen
applied, regardless of the application level, will be
lost to the environment either through volatiliza-
tion, denitrification, or leaching. Hence, the term
“excess” as used in this study to describe nitrogen
losses to ground and surface waters, is the amount
over and above agronomic recommendations based
on soil test results.

The mean (5.5 lb./ton) and variance (12 1) of the
nitrogen content per ton of dairy manure are based
on manure analyses reported in Lindley and John-
son. To facilitate analysis, the farmer’s subjective
distribution was assumed to be normal and match
the objective distribution reported in Lindley and
Johnson.

Solving the chance constrained problem defined
by (4) – (6) requires suitable values of ~i, i = t
+1, ..., m. Values of ~i = 0.5 would imply
a value of O = 0.0 for any symmetric distribution.
In this case, the model reduces to a linear pro-
gramming model, implying a conventional ex-
pected profit maximizing framework. Larger values
of ~i, by construction, imply tighter constraints and
therefore a smaller expected income. Values of cxi
approaching 1.0 could over-constrain the model,
resulting in infeasibility. For the purposes of illus-
tration, values of ~i = 0.0 and 0.95 are considered,
the former implying risk-neutral, expected protit
maximizing behavior and the latter strong risk aver-
sion as the concept is used in this context.

Baseline Results

Table 1 presents selected characteristics of the ex-
pected profit-maximizing and safety-first baseline
solutions of the farm model. These solutions
illustrate the farm management implications of the
safety-first behavior with respect to the manure-
nitrogen-content and crop-yield-response risks vis-
a-vis expected profit maximizing behavior. In the
expected profit maximizing solution, the farm is
highly animal intensive with 129AU. Cropland is
allocated mainly to com silage production, with a
smaller portion used to grow com grain. Approx-
imately 15 cwt. of nitrogen fertilizer is purchased
to supplement the cow manure to supply the ex-
pected crop nitrogen requirements.

The farm plan obtained under the assumption of
safety-first behavior is quite different from the ex-
pected profit maximizing case. The farm is less
animal intensive and all acreage is allocated to corn
silage. The reason for the shift to com silage as
indicated previously, is the importance of com si-
Iage in the dairy operation and the lack of a market
for this feed. The reduction in animal intensity
reduces the cost of meeting the silage constraint
by reducing feed requirements.

The average rate of nitrogen application per acre
is substantially greater under safety-first behavior
(see table 2). The per acre requirement in the ex-
pected profit maximizing solution is 167 lbs., of
which 148.52 Ibs. is supplied by manure and the
remainder is supplied by commercial nitrogen. The
per acre requirement in the safety-first solution is
154.20 lbs., almost 13 lbs. less than required in
the expected profit maximizing plan. In the safety-
first case, however, the combined effects of the
two uncertainties lead to the purchase of 96.39 cwt.
of commercial nitrogen, an average of 128.52 lbs.
per acre. The farm has 142.81 lbs. per acre of
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Table 1. Expected Profit Maximizing and Safety-First Base Solutions

Expected Profit
Activities Units Maximizing Safety-First

Dairy Stock
Manure Spread on Cropland
Expected Manure Nitrogen
Purchased Nitrogen
Expected Nitrogen Excess
Corn Grain
Corn Silage
Alfalfa
Purchased Corn
Purchased Hav

AU
tons
Cwt.
Cwt.
Cwt.

Acres
Acres
Acres
tons
tons

129.0
1,998.0

109.89
15.36
0

12.24
62.76

0
55.97

187.50

125.74
I ,947.54

107.11
96.39
88.15

0
75.0

0
102.35
182.76

Expected Net ‘Returns $Ooos 63.8 53.3

expected nitrogen available from manure. Hence,
expected total nitrogen application per acre is 271.33
lbs., of which 117.53 Ibs. are in excess of antic-
ipated crop needs, Expected net returns are about
20% less than obtained in the risk-neutral farm.

The nutrient management practices in the safety-
first solutions are much more characteristic of Lan-
caster Co. farming practices than the expected profit
maximizing solution. It is worth noting here that
in general, safety-first behavior solution is not the
only plausible explanation of increased fertilizer
use vis-a-vis expected profit maximization. For ex-
ample, the analysis by Pope and Kramer implies
that, other things being equal, a risk-averse ex-
pected utility maximizing farmer will apply less or
more fertilizer relative to a risk-neutral farmer de-
pending on whether the farmer perceives it to be
risk increasing or decreasing. The com grain and
silage response functions reported above were es-
timated using weighted least squares after positive
testing for heteroskedasticity in the form of the
error variance increasing with the level of nitrogen
applied, This would suggest that increased nitrogen
use increases yield risk. Thus, an expected utility
maximizer would use less than an expected profit
maximizer. The safety-first, chance-constrained
structure, therefore, generates results that appear

more consistent with observed behavior in the study
area than a risk-averse expected utility maximi-
zation structure.

Policy Results

Surface and groundwater quality problems asso-
ciated with agricultural production in the Ches-
apeake Bay region, including Lancaster Co.,
Pennsylvania, are viewed in large part as a con-
sequence of application of manure and purchased
fertilizer in excess of crop requirements. Accord-
ingly, a key objective of environmental planners
is to reduce or eliminate applications in excess of
crop requirements (Swartz). If farmers subjective
expectations of crop response to nitrogen appli-
cation and the nitrogen content of manure corre-
spond to those used by the relevant planners to
define excess applications, then the expected profit-
maximizing farm plan presented above is consistent
with policy goals pertaining to nitrogen application
rates while the safety-first plan is not. This clearly
indicates that an understanding that farm behavior
objectives and perceptions is important to explain-
ing the problem of excess nutrient application.

Several policy approaches exist for reducing the

Table 2. Optimal Expected Profit Maximizing and Safety-First Base Solution Nitrogen
Requirements and Applications per Acre

Expected Profit
Maximizing Safety-FkJ

Required Nitrogen per acre 167.0 lbs. 154.20 Ibs.
Applied Nitrogen per acre

from manure 148.52 lbs. 142.81 Ibs.
from commercial nitrogen 18.43 Ibs. 128,52 Ibs.
Total application 167.0 Ibs. 271.33 Ibs.

Excess armlication over requirements o 117.53 Ibs.
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excess nitrogen applications. One would be simply
to mandate a reduction. A second approach and
the centerpiece of state level policy in Pennsylvania
is the use of moral suasion combined with infor-
mation and education (I & E) programs to promote
voluntary improvements in animal waste manage-
ment and fertilization practices (Swartz). A third
approach that is receiving attention is limiting an-
imal densities on farms. This approach is of interest
to some local planners concerned with protecting
the quality of local ground and surface drinkin~
water supplies. A fourth approach, which has long
received attention by economists as a means of
reducing a socially undesirable activity, is the use
of negative economic incentives. The economically
preferred base for such incentives would be nutrient
losses to the environmerit but the stochastic nature
of the losses and monitoring problems make this
base infeasible (Bohm and Russell; Griffin and
13romley; Shortle and Dunn). Alternatively, incen-
tives can be related to the application of nutrients.
The analysis examines the farm-level effects of
variants of each of these approaches. Policy ap-
proaches other than the ones examined in this study,
of course, are conceivable. As with the policy ap-
proaches examined in this study, the re;ponse of
individual farmers must be included in any assess-
ment of the effectiveness of policy impacts.

I & E programs aimed at reducing nutrient ap-
plication rates in Pennsylvania have two basic thrusts.
One is to promote soil testing, under the hypothesis
that many farmers systematically underestimated
yield response to nitrogen. The second is to provide
farmers with information about the value of manure
as a fertilizer and soil conditioner, under the hy-
pothesis that many farmers systematically under-
estimate the nutrient content o-f manure. Assessing
the potential gains from the I & E approaches aimed
at changing farmers’ expectations is impossible
without substantial prior knowledge of farmers’ ac-
tual expectations, the actual biases of farmers’ ex-
pectations vis-a-vis those used by public planners
to define excess applications, their willingness to
change their behavior in response to educational
activities, and so on. Nevertheless, some useful
inferences can be drawn.

The structure of the farm model is such that
spread-preserving increases in the expected nitro-
gen content of manure and/or the expected yield
derived from a given nutrient application rate would
reduce the excess applications by the safety-first
producer, The same adjustments would lead “to re-
duced fertilizer purchases by the expected profit
maximizing producer and presumably also a re-
duction in excess applications since the farmer’s
previous expectation would presumably be faulty.

Alternatively, mean-preserving decreases in the
spreads of the stochastic variables would reduce
the excess applications of the safety-first farmer
but not the expected profit maximizer. Hence,
I & E programs could be beneficial under the be-
havior assumptions considered in this study if
(1) farmers subjective expectations were biased vis-
a-vis those of the relevant public planner, and (2) the
programs increase farmers’ subjective means and/
or reduce their subjective dispersions. Under al-
ternative assumptions, the changes in dispersion
could, however, be counterproductive. For ex-
ample, a decrease in the subjective dispersion of
yield response could lead to increased nitrogen usage
by a risk-averse expected utility maximizer.

To illustrate the possible effect of a mean-
preserving decrease in spread assuming safety-first
behavior, consider an increase in the coefficient of
variation of nitrogen from 0.25 to 0.5. This in
effect reduces the variability (uncertainty) by 75%.
The results of such a reduction appear in the last
pair of columns of table 3. The 7570 reduction in
uncertainty generated a 50% reduction in excess
nitrogen applications, relative to the safety-first base
plan. Of course, it is important to again emphasize
that whether such a reduction could be gained in
practice will depend upon farmers perceptions, about
which little is now known, the responsiveness of
their perceptions to I & E programs, and their be-
havioral objectives.

Consistent with the goals of the Chesapeake Bay
Agreement, a minimum of 40% reduction of excess
nitrogen application is used for illustrative purposes
as a policy target for comparing alternatives to moral
suasion combined with information and educa-
tion. 1Farmers’ and public planners’ subjective per-
ceptions are assumed to correspond to the objective
data used to specify the farm model,

To examine a mandated 40?Z0reduction in excess
applications, the representative farm model was
solved explicitly limiting the excess nitrogen to
60% of the base safety-first scenario levels. The
results are presented in table 3. Since the expected
profit maximizing base solution generates zero ex-
cess nitrogen, the mandated reduction is not con-
sidered for that case. Cow numbers, manure spread
on cropland, the expected manure nitrogen, and
purchased nitrogen in the safety-first plan all fall
essentially by one-half relative to the base scenario.
The farm income reduction totals almost $5,300,

‘ The Chesapeake Bay Agreement commits Maryland, l%nnsylvmiti,

Virginia, and Washington, DC in cooperation with the EPA to the

restoration of’ the Chesapeake Bay. A kc y provision of the agreement IS

a 40% reduction in nutrient loading by the year 2,000. Although the

Bay goal does not imply individual farm gods, !t does pruvide \tarting

pnint for analysis.
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despite a shift in cropping pattern and a reduction
in purchased com grain and hay. This farm pro-
vides almost all of its own feed.

The third policy approach considered is a limit
on animal densities. The results are also presented
in table 3, A density of 1.00 AU per acre was
determined to effect a reduction in excess nitrogen
of approximately 40970 relative to the safety-first
base scenario, down from 1.68 AU per acre. While
the optimal farm plan for the expected profit max-
imizing farmer generated zero excess nitrogen, this
restriction was also imposed on the expected profit
maximizing producer, since such a policy would
affect all farmers, regardless of behavior. The re-
striction causes a shift in cropping pattern for the
expected profit maximizing producer, and a sub-
stantial increase in purchased nitrogen over the base
scenario. The income reduction is over $8,000.
The shadow-price of the constraint limiting cow
numbers is almost $275 per head, For the safety-
first producer, total manure and purchased nitrogen
fall substantially relative to the safety-first base
plan. The income reduction due to the restriction
is nearly $5,550, The shadow-price on the herd
size constraint is over $228 per head.

The fourth general option considered here is the
use of fiscal incentives. Three types of taxes are
examined. The first is a tax on commercial nitrogen
purchases. Alternatively, total nitrogen application
and the excess nitrogen application could be taxed
to reduce the excess applications.

Although taxes on nitrogen fertilizer purchases
are much discussed, no actual proposals upon which
to base a rate structure exist. For the purpose of
this study, nitrogen fertilizer purchases were taxed
at 10, 50, and 100% of the purchase price, and the
results appear in table 4. These tax rates had only
a minimal effect on the safety-first farmer’s pur-
chase of commercial fertilizer and the level of ex-
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cess applications, although the expected profit
maximizing producer ceased the purchase of nitro-
gen altogether. The levels and mix of activities
remain essentially unchanged from the base sce-
narios with net returns reduced by the amount of
the tax.

Total nitrogen applications were also taxed at
10, 50, and 100% of the price of commercial ni-
trogen fertilizer. The 10% tax had little effect on
the optimal farm plans of either the expected profit
maximizing or safety-first procedures relative to the
no-tax situation (see table 5). Although not re-
ported in table 5, the 50(70 tax rate had similar
results. The 100% tax rate did cause a slight drop
in excess nitrogen applications for the safety-first
producer, This decrease, however, is not com-
mensurate with the decline in purchased nitrogen.
Animal numbers are reduced, leading to less ex-
pected manure nitrogen, Less commercial fertilizer
is purchased. Yet the excess remains high in this
safety-first solution because over seven acres were
shifted from com silage to alfalfa, a legume that
does not require nitrogen applications. The re-
maining acreage, devoted to silage, was fertilized
heavily. So while total nitrogen use decreased sig-
nificantly, over 40 cwt. relative to the safety-first
base scenario, the nitrogen applications still ex-
ceeded anticipated crop requirements by over 78
cwt., a drop of only 9.72 cwt. The income reduc-
tion vis-a-vis the base scenario totals over $10,000.

A third possible tax approach would be to tax
the excess nitrogen applications. An appealing fea-
ture of this incentive relative to the taxes on pur-
chased and total nitrogen is that only farmers
fertilizing in excess of crop requirements would
pay the tax. This approach has been implemented
in the Peel Region of the Netherlands (Van Bo-
heemen), Farmers in this region must keep detailed
records of the nutrient flows onto and off the farm.

Table 5. Optimal Farm Plans for the 10 and 100% Tax on Total Nitrogen Applications

10%Tax 100% Tax

Expected Profit Expected Profit
Activities Units Maximization Safety-First Maximization Safety-First

Dairy Stock AU 129.0 125.65 129,0 113.18
Manure Spread on Cropland tons t ,998.0 1,947.54 1,998,0 1,732,49
Expected Manure Nitrogen cwt. 109.89 107.07 109.89 94.28
Purchased Nitrogen cwt. 15.36 96.39 0 66.86
Expected Nitrogen Excess cwt. o 88,11 0
Corn Grain

78,39
acres 12.24 0 11.43 0

Corn Silage acres 62,76 75,0 63.57 67.80
Alfalfa acres o 0 0 7.20
Purchased Corn tons 55.96 102.30 59.18 91.05
Purchased Hay tons 187.50 182.60 187,50 136.24
Expected Net Returns $000s 63.4 53.3 60.8 43.2
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At the end of the year, the farmer, using a schedule
similar to a tax return, computes the total nutrients
applied to the ground. The total loading per hectare
is compared to a standard. A tax rate is applied to
all loadings over the standard. 2

The shadow price on the constraint limiting the
nitrogen excess in table 1 can be used to infer the
tax that would provide a 40% reduction in the ex-
cess. The shadow price is $ 189.571cwt. Since the
optimal farm plan with a tax on the nitrogen excess
imposed at a rate of $189 .57/cwt. will be the same
as the optimal plan solution with the constraint
requiring a 4090 reduction of the excess, the farm
plan for the tax can be identified in table 1. The
income reduction due to the tax is equivalent to
the income reduction due to the constraint plus the
tax payments, about $22 thousand. Although a sub-
stantial penalty, it is clearly less than the penalties
that would result from the taxes on purchased or
total nitrogen that would yield a 40970reduction in
excess applications.

Summary and Conclusions

This study has examined the problem of reducing
nutrient application rates for water quality protec-
tion. The main purpose is to demonstrate the im-
portance of behavioral objectives for the design of
economically sound policies. Different policies were
examined as to their effects on farm-level decisions
under two different behavioral assumptions: risk-
neutral expected profit maximizing behavior and
risk-averse safety-first behavior. The policies in-
volving limits and taxes on excess nitrogen appli-
cations have no impact on the profit-maximizing
farm plan if the subjective expectations underlying
the plan correspond to the public expectations used
to define excess applications. Such a correspon-
dence is assumed in the evaluation of all policies
except the information and education programs.
Because the distributional parameters used to spec-
ify this constraint are objective, the discussion of
the effects of the information and education pro-
grams is non-numeric with the exception of the
consideration of a mean-preserving reduction in the
dispersion of manure-nitrogen content.

Substantial differences are found between the
response of the expected profit-maximizing and

‘ Currently, the nutnent of interest in the Peel region is phosphorus,

not mtrogen. The public officials have instituted a phased-in tipprcmch

by forcing fwmers to keep track of records and filling out the fnrms

now; however. the applicable standard is set sn high as to not affect

even the most flagrant excesses. Over tbe next scverzd yews, hnwever,

the standard is to be reduced gradually until the desired standard is

reached. The tax rate remams the same, the standard m chm?gcd.

safety-first plans to the various policies. This state-
ment is true by assumption, but equally relevant,
for the policies involving taxes or limits on excess
nitrogen applications and information and educa-
tion programs as modeled in this study. There are
significant differences in the other cases as well.
For example the taxes considered on total nitrogen
and nitrogen purchases have a substantial impact
on fertilization levels in the profit-maximizing plan
but a small impact on fertilization in the safety-
first plan. Correspondingly, these taxes are much
more burdensome in the safety-first plan than in
the profit maximizing plan.

In addition to substantial differences between the
effects of the policies on fertilization decisions and
income between the two plans, there are substantial
variations within the plans. Important here is the
indication that some policies may severely reduce
income without having much impact on excess ap-
plications, while others may be much more effec-
tive without nearly the cost in terms of forgone
farm income. This is especially true when taxes
are compared to regulations but is also a consid-
eration when comparing alternative regulations and
taxes. For example, mandated reductions in excess
application cost less and accomplished more than
limiting animal densities. Clearly, variations in cost-
effectiveness of alternative policies is to be ex-
pected generally but the issue that becomes appar-
ent here is that these variations may be strongly
influenced by behavioral considerations. For ex-
ample, under safety-first behavior the attractive-
ness (cost-effectiveness) of mandated reductions in
excess applications increases in comparison to re-
stricting animal densities as the degree of risk-
aversion diminishes, all other things being equal.

One possible interpretation of these results show-
ing sensitivity of policy impacts to alternative be-
havioral frameworks is that greater information about
farmer behavior is needed to design economically
sound programs. Alternatively, recognizing that there
are limits to what can be learned, another possible
interpretation is that analysts can contribute to the
design of good control programs by identifying and
evaluating approaches with impacts and compli-
ance costs that are relatively insensitive to alter-
native individual behaviors and perceptions. Of the
approaches considered here, the limit on excess
applications is relatively appealing in that it is se-
lective and allows farmers’ to minimize their costs
of reducing excess applications. Of course, this
statement is not intended to be a recommendation
since transactions costs, the spectrum of policy al-
ternatives, and the appropriateness of agronomic
excess applications as an environmental perfor-
mance indicator have not been examined.
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