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Impact Targets versus Discharge
Standards in Agricultural Pollution

Management

John B. Braden, Robert S. Larson, and Edwin E. Herricks

When attempting to protect fish in streams, sediment or erosion targets are inefficient.
Use of a habitat suitability target reveals lower cost abatement measures because it
accounts for pesticides as well as soil particles. In Lake Michigan case studies, the
lower cost measures involve more crop diversity, less use of no-till, and changes on
more acres than the solutions based on sediment discharges or erosion rates.

Key words: environmental policy, fish, nonpoint pollution, optimization, targets.

Protecting water quality has been avowed as a
major objective of soil conservation programs
(U.S. Department of Agriculture). Yet, con-
trolling soil movement continues to be stressed
in practice; an example is the Conservation Re-
serve Program’s emphasis on highly erodible
lands. The effectiveness of protecting water
quality by stabilizing soil is an open question.

This paper quantifies the economic losses from
the use of soil movement rather than water qual-
ity criteria for the attainment of an important
water quality goal—protection of habitat for high-
valued fish species. The estimates are based on
a case study of Lake Michigan tributaries. The
case study also indicates the differences in farm-
ing practices when habitat is protected by con-
trolling soil movement alone versus managing
both soil and pesticide pollution.

The analysis extends the methods used pre-
viously by Braden et al., Crowder and Young,
Heimlich and Ogg, Milon, Park and Sawyer, and
Park and Shabman. The common theme of those
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Thanks without implication go from the authors to Roy Black
and Wayne Whitman for help with the case studies and to two
anonymous referees for suggestions that improved the exposition.

studies is the linking of land management eco-
nomics to off-site consequences. The usual aim
has been to compare various policies for meet-
ing specified levels of pollutant loads.

The present study goes beyond previous work
by considering predicted impacts on fish habi-
tat. The costs and management implications of
actual environmental damages, as well as of
emissions and pollutant loads, then can be as-
sessed. These three performance measures con-
form to the policy targets defined by Nichols—
emissions, exposure, and damages; however, his
“damage” category implies economic evalua-
tion of the impacts, while no such evaluation is
attempted here. Insight into the inefficiencies
introduced by inexact targets is important in
evaluating whether to incur the additional costs
of measuring and monitoring actual damages.

Economic Model

The economic model portrays a fully informed
watershed planner. The planner’s objective is to
achieve environmental goals at least cost. Dif-
ficulties of attaching values to environmental
impacts frequently lead to the use of such sec-
ond-best cost-effectiveness criteria (Baumol and
Qates).

The decision context involves stochastic risks
of environmental impacts. The environmental
consequences of interest depend in part on the
severity and timing of weather events in relation
to crop cover and chemical use. All of these fac-
tors can vary over a planning horizon. Under
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such circumstances, the planner’s decision
framework follows in spirit the models of Beavis
and Walker and Lichtenberg and Zilberman. Let
C(x) be a primal cost function defined over choice
variables in the vector x, g(x, €) be an environ-
mental quality production function, & be a sto-
chastic disturbance term, Q be a target level of
minimum environmental quality, and A be a
measure of reliability (the probability of achiev-
ing Q). The cost-effectiveness decision is

(1) J=MinC(x), s.t. Prlg(x, &) = Q] = A.

This framework anticipates that higher quality
can be achieved only by sacrificing cost or re-
liability or both. Greater reliability presents sim-
ilar tradeoffs.

The environmental quality and reliability tar-
gets in (1) may be difficult to measure and mon-
itor. Contributing factors, such as emissions or
pollutant loads reaching the stream, may pro-
vide alternative policy targets. Suppose that the
function ¢(®) can be rewritten as

(©))

where h(®) is an intermediate environmental
quality indicator, such as emissions or pollutant
loads. The planner then may consider the alter-
native policy:

(3) J = min C(x), s.t. Pr[h(f) = H] < B,

q=4(x, h(x),8), X Cx,x C%,

where the intermediate objectives H and B are
based on knowledge about the stochastic rela-
tionship between #(®) and final objectives Q
and A.

For achieving Q and A, the management
choices based on (3) will never be less costly
than selections based on (1). Fewer choice vari-
ables (instruments) are relevant to the perfor-
mance measures, and those measures are inex-
act proxies for the final objectives. The extent
of the inefficiency and the nature of the man-
agement miscalculations are empirical ques-
tions.

Model Implementation

The empirical model has been described in de-
tail by Braden, Herricks, and Larson; and Lar-
son, Herricks, and Braden. It consists of a ver-
sion of the Sediment Economics (SEDEC) model
(Braden et al.; Bouzaher, Braden, and Johnson;
Johnson et al.) that is extended to include (a)
seasonality of sediment loads; (b) pesticide losses,
toxicity, and concentrations; and (c) effects of
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sediment and pesticides on the habitat require-
ments of selected fish species.

Briefly, pollutant transport submodels for
sediment and pesticides relate farming practices
to pollutant delivery to waterbodies. SEDEC
places these relationships in a spatial optimiza-
tion framework, permitting the planner to iden-
tify the optimal type and location of interven-
tions to achieve particular goals.

The pollutant loads are translated into habitat
quality and reliability through habitat suitability
models (U.S. Fish and Wildlife Service). These
models are calibrated for individual species, of
which more than forty have been characterized.
Habitat suitability indices (HSI) are unitless
numbers ranging from zero (poor) to one (ex-
cellent). They capture the combined effects of
relevant habitat parameters, such as tempera-
ture, substrate conditions, and concentrations of
contaminants.

Timing is extremely important in determining
the effects on fish of soil and farm chemicals
washed into streams by storm events. Monte
Carlo simulations based on historical weather
records, planting dates, and chemical applica-
tion practices are used to capture these stochas-
tic factors. The simulation outputs are proba-
bility distributions of pollutant discharges and
habitat impacts. The probability distributions
identify the likelihood (reliability) of achieving
any specific suitability index level with a par-
ticular watershed management scenario.

The mathematical expression for the imple-
mented model is a modified and elaborated ver-
sion of problem (1) above. In addition to the
earlier notation, let counting index j, j = 1, ...,
J, refer to subwatersheds and index i, i =1, ...,
I’, denote all possible combinations of manage-
ment practices on the land units within a partic-
ular subwatershed. Each i will be called a man-
agement path. Variable x; € [0, 1] is binary and
represents a management path in subwatershed
J. Because only one such path can be chosen in
each subwatershed, 2,x; = 1 for all j. PC; is
the probability of pesticide concentrations ex-
ceeding a particular suitability level Q*; PS;, is
the probability of sediment suitability exceeding
Q* in season g; and A is the target level of re-
liability. Variable g; is area of subwatershed j
and f; is the predicted median runoff from man-
agement path i of subwatershed j. The decision
problem is:

J v
Min C(x) = >, D c;x;

j=1 i=1

(4a)
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s.t.
J v
> PCyfyx
=1 i=1
(4b) — =A
E fi%i
j=1 i=1
J U
2 . PS;.a;x;
(o) =5 =4 g=1,...,G
2 a; X
j=1 i=1
'z
(4d) ;=1 j=1,...J
i=1
(4e) x; = [0, 1].

Constraints (4b) and (4c) are weighted-average
probabilities of exceeding the target suitability
level for pesticides and sediment, respectively.
Variables g; and f; are weighting terms used to
reflect the relative contribution of each subwa-
tershed.

A solution to this problem reveals the man-
agement choices that will achieve specified hab-
itat quality and reliability levels at least cost.
Varying the constraints will show the trade-offs
between cost, quality, and reliability. More im-
portant, the model can be modified to constrain
emissions or pollutant loads. The resulting so-
Iutions can be run through the habitat simula-
tions to reveal how close they come to protect-
ing quality and reliability. Doing so reveals the
efficiency losses due to the use of intermediate
targets.

Different targets should be good substitutes
for policy purposes if they are closely correlated
(Nichols). In that case, management prescrip-
tions optimal for one indicator should be nearly
optimal (although possibly second-best) for the
other indicator.

In the case of agricultural pollution and fish
habitat, timing can cause critical differences be-
tween emissions, releases, and habitat suitabil-
ity. The timing effects come through decay in
pesticide toxicity and the seasonal patterns of
rainfall, erosivity, crop conditions, and fish
spawning requirements.

Another source of divergence between targets
is oversimplification. Environmental damages
are frequently the outcome of complex pro-
cesses involving many factors. Targets based on
a subset of the processes may miss some im-
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portant contributing factors. For example, ero-
sion rates and sediment loads may not effec-
tively represent the fates of soluble pesticides.

The size of the losses due to the use of proxy
targets is an empirical matter. Insights are de-
veloped in a case study of sport fish protection
in tributaries to Lake Michigan.

Case Study

Active sport fisheries have been successfully de-
veloped in Lake Michigan over the past two de-
cades with substantial economic benefits for the
near-shore area. Chinook, coho, steelhead, and
other salmonids are the most prized varieties.

The salmonid populations have been sus-
tained and enhanced through extensive stock-
ing. Natural spawning has been limited in many
tributaries by nonpoint pollution from farmland
and by channelization that eliminates habitat
while enhancing drainage. These factors not only
compel continued stocking, they also reduce the
range of seasonal salmon migrations. The mi-
grations are highly valued by individuals and
communities near the lake who seek to lengthen
and enhance the fish runs.

The model was applied to two agricultural
subwatersheds in Berrien County, Michigan,
along Lake Michigan’s southeastern shore. The
Pipestone Creek site drains to the St. Joseph River
and on to Lake Michigan. The states of Mich-
igan and Indiana are working together to extend
the salmon runs in the St. Joseph River system.
The river and its tributaries have been abun-
dantly stocked with juvenile sport fish in recent
years. Portions are classified as trout streams.
However, the segment of Pipestone Creek cho-
sen for study has been channelized and the silty
substrate is poor for spawning and fry devel-
opment. The 93 hectare (ha) study site contains
gently sloping farmland with silty and loamy
soils.

The Galien River (east branch) site is part of
a smaller river system that also is classified for
trout. The habitat conditions are good for sal-
monids with a meandering channel, cobble and
gravel substrate, and pools interspersed with rif-
fle segments. The study site contains 139 hect-
ares of gently sloping farmland with sandy and
loamy soils.

Data

Catchments and transects were defined from U.S.
Geological Survey topographic maps. Manage-
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ment units were identified from Soil Conser-
vation Service (SCS) soil survey maps, plat maps,
and Agricultural Stabilization and Conservation
Service aerial photographs. Soils information,
including productivity classifications, also came
from soil surveys (U.S. Soil Conservation Ser-
vice). Rainfall distributions were based on a fifty-
seven-year record for nearby Eau Claire, Mich-
igan. Basic stream data were compiled through
fieldwork.

Coefficients for the Universal Soil Loss Equa-
tion (Wischmeier and Smith) and crop budgets,
including pesticide application rates and as-
sumptions about the timing of farming opera-
tions, were prepared by experts in the Michigan
Cooperative Extensive Service and the SCS (J.
Black, Dep. Agr. Econ., Michigan State Uni-
versity, personal communication 1988). Corn,
grains, and soybeans are the most common farm
crops in Berrien County, although orchards,
vegetables, and vineyards also are present. The
crop-cover (C) factors for the USLE were dis-
aggregated for crop growth phases, and vari-
ability was introduced following Thomas, Sni-
der, and Langdale. Twelve possible cropping
systems were considered, consisting of combi-
nations of two rotations—wheat-corn (3)-soy-
beans (WCCCS) and alfalfa (3)-corn (2)
(AAACC), three tillage methods—moldboard
plowing, till-planting, and no-till, and two me-
chanical practices—vertical plowing and con-
tour plowing. These options are typical of the
area, and the rotations make use of similar pes-
ticides. Three pesticides were selected for study:
Atrazine, Furadan, and Bladex. Atrazine and
Bladex use does not vary with tillage practices,
while Furadan is used in fewer years when til-
lage is reduced. Assumed crop prices were $60
per ton for alfalfa hay, $2.25 per bushel for corn,
$5.40 per bushel for soybeans, and $2.30 per
bushel for wheat.

Chemical toxicity data for salmonids were ob-
tained from Mayer and Ellersieck and incorpo-
rated into habitat relationships using the tech-
niques developed by Herricks and Braga. Physical
suitability relationships were adapted from ex-
isting HSI models (e.g., Raleigh et al.).

Analysis

The SEDEC model was used to determine the
economically optimal management practices for
meeting sediment targets. The consequences for
fish habitat suitability of the practices that op-
timally control sediment were determined using
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the extended model (without optimizing for suit-
ability impacts). A similar approach was fol-
lowed for erosion targets. The analysis also was
performed in reverse—the optimal practices were
determined with respect to suitability targets and
the sedimentation and erosion consequences of
those practices were traced. Finally, the sub-
watershed suitability target was applied to all in-
dividual catchments to assess the consequences

. of imposing uniformity throughout the stream

reach.

While any suitability, sedimentation, or ero-
sion levels could be selected for analysis, levels
of 0.5, 0.7, and 0.9 were chosen here. These
cover average to very good suitability condi-
tions, on the assumption that poor conditions are
not relevant environmental targets.

Results

The results are summarized as cost frontiers re-
lating the minimum losses in farming profits as-
sociated with attaining particular environmental
targets. The cost estimates do not reflect differ-
ences in farmer risks that may accompany dif-
ferent management systems; they assume that
watershed management can be highly selective;
and they assume all farmers would settle for the
minimum compensation.

Figure 1 shows the cost curves for the two
study sites assuming the extreme habitat suit-
ability targets of 0.5 and 0.9 and allowing re-
liability to vary. The costs are per hectare for
comparison, although the costs are borne un-
evenly across management units as a result of
the optimization.

The curves are quite different for the two sites,
and this is attributable to the different back-
ground conditions. The Galien site is already
highly suitable and reliable for salmonids, while
Pipestone is not. Thus, the costs are greater for
attaining high reliability levels at Pipestone.

The curves for the 0.5 suitability level extend
to higher levels of reliability than do the 0.9
curves. This suggests that the best practices for
usual weather circumstances (that dominate the
suitability determination) are not the same as the
best practices for extreme conditions (that dom-
inate reliability). Furthermore, conservative
farming practices alone cannot achieve high lev-
els of suitability with high reliability. The dual
extremes would require either land use changes
more substantial than those considered here or
supplementary measures within the stream
channels.
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Figure 1. Minimum costs of achieving selected salmonid habitat suitabilities and reliabili-

ties, Pipestone Creek and Galien River sites

The constraint on pesticide suitability is non-
binding at low levels of reliability. The pesticide
constraint does not become binding until rather
high probabilities of exceeding the target suit-
ability levels are reached, at which point the risk
of excessive sediment accumulation is relatively
low. (The reliability level at which pesticides
become important varies inversely with the suit-
ability level). These findings are consistent with
the consensus among fisheries biologists that
deteriorated substrate conditions are most re-
sponsible for the general degradation of fish
populations in midwestern streams (e.g., Smith).

For the comparison of targets, figures 2 through
5 display the cost-suitability frontiers for (a) tar-
geting directly on suitability; (b) constraining the
total sediment load in the watershed; (c¢) con-
straining the sediment load from each catch-
ment; and (d) constraining the soil erosion on
each LMU, and the frontier from targeting di-
rectly on suitability. The 0.5 and 0.9 levels of
suitability illustrate extremes.

The figures show that a sediment target rea-
sonably approximates a habitat suitability target
only over a limited range. The approximation
grows worse as pesticides play a greater role in
suitability determination, i.e., at higher levels
of reliability where the pesticide suitability con-

straint is controlling. Because the critical pes-
ticides are in solution, and because sediment
runoff is not necessarily correlated with runoff
volume or concentration, “targeting” sediment
is a poor way to deal with pesticide effects.

Comparisons of the figures suggests that the
range of reasonable approximation shrinks as the
suitability target is raised. This shrinkage occurs
because the pesticide constraints bind at lower
reliability levels when suitability targets are
higher.

The sediment and erosion target curves in fig-
ures 2 through 5 are not smooth because some
strategies (e.g., alfalfa rotations) used to control
soil movement also lower pesticides while oth-
ers (e.g., no-till) can increase pesticide concen-
trations in runoff. Erosion and sedimentation
targets take no account of the pesticide conse-
quences and result in higher costs and greater or
lesser reliability depending on the nature of the
sediment control regime.

Management Implications
Optimal management scenarios for the HSI tar-

get are summarized in table 1, and correspond-
ing results for the alternative targets appear in
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Figure 2. Cost of salmonid reliability with selected discharge targets and impacts, Pipestone
Creek, HSI = 0.5
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Figure 3. Costs of salmonid reliability with selected discharge targets and impacts, Pipe-
stone Creek, HSI = 0.9.
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Figure 4. Costs of salmonid reliability with selected discharge targets and impacts, Galien
River, HSI = 0.5
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Figure 5. Cost of salmonid reliability with selected discharge targets and impacts, Galien
River, HSI = 0.9
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Table 1.
Pipestone Creek and Galien River Sites

Agricultural Pollution Management 395

Optimal Management Summaries for Selected Salmonid Suitability /Reliability Levels,

Management Practices

Salmonid Extent of Management
HSI/Reliability Rotation Tillage Mechanical Changes Cost
(% ha (% Mold- (% Verticle) (% Area) (% units) ($/ha)
WCCCS) board)/

(% No-till)

Pipestone Creek
Baseline 100 67/6 93 0.00
0.5/0.40 100 55/17 93 13 5 0.43
0.5/0.80 91 27/28 93 33 11 2.30
0.9/0.40 92 48/28 93 30 26 0.57
0.9/0.80 72 18/31 93 71 80 11.03

Galien River

Baseline 100 42/22 87 0.00
0.5/0.40 100 42/22 87 0 0 0.00
0.5/0.80 82 26/26 84 41 17 1.60
0.9/0.40 87 35/24 87 33 18 0.45
0.9/0.80 64 24/17 84 65 73 8.77

table 2. The selection of performance goals for
table 2 was limited because some or all of the
alternative targets could not achieve reliability
of 0.8 at Pipestone with either the 0.5 or the 0.9
HSI, nor at Galien with 0.9 HSI.

In the baseline case, without habitat con-
straints, the WCCCS rotation and a combination

of tillage practices are implemented at both sites.
As indicated in table 1, tightening the habitat
constraint initially (the 0.5/.40 case) prompts
greater use of no-till WCCCS. Requiring reli-
ability of .80 causes a shift away from no-till
WCCCS and toward the AACCA rotation. The
greater availability and concentration of pesti-

Table 2. Comparison of Watershed Management for Selected Alternative Pollution Abate-
ment Targets and Impacts, Pipestone Creek and Galien River Sites

Management Practices

Impact Extent of Management
HSI/Reliability Target Rotation Tillage Mechanical Changes Cost
(% ha (% Mold- (% Verticle) (% Area) (% units) ($/ha)
WCCCS) board)/
(% No-till)
Pipestone Creek
0.5/0.40 Gross Sed. 100 55/17 93 5 2 0.43
Catch Sed. 100 53/19 93 7 3 0.50
Unit Erosion 100 51/26 93 13 8 4.39
0.9/0.40 Gross Sed. 92 51/26 93 21 15 2.51
Catch Sed. 93 53/31 93 24 19 7.87
Unit Erosion 96 49/44 93 36 25 5.47
Galien River
0.5/0.80 Gross Sed. 100 42/20 87 2 1 1.73
Catch Sed. 100 40/20 87 5 2 1.84
Unit Erosion 100 35/28 87 12 21 2.63
0.9/0.40 Gross Sed. 89 44/32 87 27 8 2.72
Catch Sed 90 41/33 87 31 12 4.81
Unit Erosion 94 33/41 87 37 33 6.02
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cides with no-till accounts for this shift. Tight-
ening the constraints also requires that changes
be made in more management units and more
acres.

For each site, the mechanical practices change
little or not at all with different constraints be-
cause contour and vertical plowing perform very
similarly on the long gentle slopes of the sites.

In comparing tables 1 and 2, the erosion and
sediment targets generally lead to more acreage
in the WCCCS rotation and more no-till. (An
exception to the no-till result appears in the Gal-
ien 0.5/.80 case, but more use of conservation
tillage with the HSI/Reliability target accounts
for this apparent anomaly.) These results are as
expected and are more pronounced, respec-
tively, for gross sediment, catchment sediment,
and erosion, that is, as the target becomes fur-
ther removed from fish habitat.

An unexpected result, at least for the sedi-
ment targets, is that less area and fewer man-
agement units are involved in the solutions, al-
beit at higher overall costs. An interesting
implication is that if administrative costs in-
crease with the area and number of farms in-
volved in abatement actions, the ostensible ef-
ficiency gains of using suitability /reliability
targets could be offset.

Conclusions

This study suggests that protecting fish habitat
can be quite distinct from reducing agricultural
erosion or sediment discharges. Policies that ad-
dress sediment or erosion effectively are less ef-
fective in protecting habitat, especially at high
suitability and reliability levels. This is because
soluble pesticides dominate extreme suitability
and reliability conditions, and the correlation to
sediment loads is not high. This result is not sur-
prising because fish respond to multiple quali-
ties of the stream channel. Single-dimensional
policies will be effective only if the dimension
chosen is highly correlated with overall suit-
ability.

A specific policy concern involves no-till
farming. No-till has been widely encouraged.
At least in the cases studied here, this approach
appears sound with respect to erosion and sedi-
mentation. But the consequences for fish, and
perhaps other wildlife, may be perverse; no-till
sometimes involves greater use of pesticides,
which are not as fully incorporated, while it also
reduces runoff volume. Nonincorporation means
that less water will move more chemicals. The

Amer. J. Agr. Econ.

results point toward the desirability of no-till
systems that better control pesticide releases.

Another policy issue involves the apparent
desirability of heterogenous cropping systems in
a watershed. When suitability and reliability goals
are high, changes in tillage and mechanical
practices are inadequate. Crop changes are needed
(unless stream channel measures are under-
taken), and the changes entail more diversity.
More diversity reduces the probability of any one
chemical exerting influence in a particular
weather event. Agricultural policies favoring the
cultivation of fewer crops may hamper efforts
to attain high quality stream fisheries in some
areas.

The results suggest that less area and fewer
farms are affected by targeting on sediment than
on suitability. Thus, the apparent disadvantages
of sediment targets may be less pronounced when
administrative costs are considered.

Finally, the differences between targets in the
costs of attaining particular quality /reliability
goals are the potential gains from intensive water
quality monitoring and measurement to fine tune
abatement efforts. Intensive programs will un-
doubtedly be quite costly. There is apparently
little to gain when quality /reliability goals are
modest or when existing conditions are gener-
ally good. The emissions or exposure targets
perform reasonably well. For fish habitat pur-
poses, the gains from intensive programs prob-
ably warrant the costs only where they stand a
good chance of greatly improving habitat for
high-value species.

[Received August 1989; final revision received
June 1990.]
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