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ABSTRACT

Achieving greater efficiency in programs to reduce the impacts oF agricultural nonpoint pollution is an
important interest in thc Great Lakes basin, especially with respect to enhancing habitat For sport fish
species, One aspect of efficiency is "targe ung" � taking abatement actions where they are most cost-
effective,

ibis study develops a pollution-risk management framework that combines farm management models,
pollutant transport models, weather event simulations, and fish habitat models. The framework is
applied to selected reaches of Lake Michigan tributaries in southwestern Michigan, with particular
emphasis on habitat for Salmonids,

The results of the analysis suggest that a "targeted" program can achieve significant improvements in
habitat quality and reliabi!ity at reasonably low cost. The results also indicate that erosion or sediment
control are poor ways to achieve high levels of habitat quality and reliability where soluble pesticides
are the hmiting pollutants.

KEYWORDS: Economics, Agriculture, Nonpoint Pollution, Targeting, Fish, Great Lakes
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CHAPTER I: INTRODUCTION

l.l PROBLEM STATEMENT

Past attention to agricultural nonpoint source pollution has usual! y focused on erosion rates or levels of
agricultural chemical use. Some studies have simulated hydrologic processes that carry these pollutants
to surface water. However, there have been few auempis to connect farming practices aU the way to
instream impacts. Making this connecuon would allow the "targeting" of management measures so as
to reduce ultimate damages at the lowest cost.

Tbe matter of targeting agricultural poUuuon abatement to insiream impacts is important in the Great
Lakes basin, where agriculture occupies much of the land. In a review of Great Lakes poHution control
efforts, the U.S. General Accounting Office  GAO! concluded:

Without more attention to nonpoint sources and a coordinated strategy and plan for dealing
with them, the Great Lakes Water Quality Objectives [established in the 1978 Great Lakes
Water Quality Agreement] may not be achieved even if aH other sources of pollution are
completely controlled or eliminated  GAO 1982, p. iii!.

Past efforts to analyze agricultural nonpoint source pollution have usually focused only on erosion rates
or levels of polluting inputs  fertilizers, pesticides, etc.!, often disregarding the complex relationships
between erosion and the delivery of pollutants to a stream. A task force of the United States<anada
International Joint Commission reported in 1983 that technical knowledge is sufficient to support
implementadon of nonpoint source pollution control programs, but that a key implementation issue, es-
tablishing priorities, has not been adequately addressed:

Only a sinaH number of nonpoint programs have been targeted to those areas of the landscape
which contribute a disproportionately large share of the total pollution load. With continued
scarcity of resources, it wiU be necessary for governments to identify their priority manage-
ment areas and target their resource expenditures accordingly  Nonpoint Source Task Free
1983, p. 10!.

The Task Force recommends "ihat areas within watersheds which have a higher potential to deliver
poUuiants be identified and that implementation ol'measures  io reduce pollution! in these areas receive
priority attention." Nonpoint Source Task Force 1983, p. 14!

The identification of poHuuon "hot-spots" within waieisheds is not an easy task. The runoff of
pollutants is a complex process in which both teinporal and spaual fiators are important. When "hot-
spots" are identified, determining the most. cost-effective abatement measures may also be difficult if
interrelationships in the runoff process exist between di fferent farm fields.

l2 STUDY OBJECTIVES

aliis study has several objectives. The first and fundamental goal is to develop an analytical framework
for identifying "priority areas" coniroHing the damage to fisheries habitat in Great Lakes tributaries
caused by sediment and sediment-associated poHutants. This is accomplished in a risk management
framework. The specific approach involves simulation and optimization models linking farm econom-
ics, pollutant runoff, and fisheries habitat within a stochastic  variable! weather systein. The models are
spatially and temporaHy defined and together identify both the kind and location of management
practices that wiU achieve a specified level of protection for designated fish species at the lowest cost
Costs are incurred by having farmers employ practices or grow crops that are less than the most
profitable options.



The second objective is to use the framework to identi Fy ef icient management approaches for protecting
sport fish habitat in tributaries to lake Michigan. This objective involves identifying important fish
species and study sites and characterizing the economic, physical, chemical, and biological conditions
in the study areas.

The third objective is to investigate the importance of targeting abatement policies to conuol nonpoint
source pollution, This goal is met by identifying and analyzing different policy and rnanagernent
options.

13 REPORT OUTLINE

The second and third objectives depend on success wi th the first � achievi ng a tnamage of diverse model
components that reasonably represents the problem of agricultural nonpoint pollution management.
Hence, the largest share of this report, chapters 3 and 4, is devoted to model development. Chapter 2
describes the scholarly context of our work. Chapter 5 describes applications of the framework to two
subwatersheds along tributaries of southeastern Lake Michigan. Included in the application chapter is
an analysis of the importance of targeting, Chapter 6 contains the general conclusions of our study.



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

2.1 TARGETING OF AGRICULTURAL POLLUTANT SOURCES

Targeting refers to the abateinem of pollution where it is most cost~ffective to do so  Nichols }984!
This has both economic and physical dimensions. The economic challenge is to characterize the costs
of abatement ai different sources and ihe damages incurred from pollution at different receptors. The
physical dimension involves characterizing the pollutant dispersion process that connects sources to
receptors By capturing boih dimensions, it is possible to identify an abatement strategy that emphasizes
reducing the costs of abatement while mitigating the worst damages.

ln the case of agricultural nonpoint source pollution, the physical dimension is particularly challenging.
Sediment and agricultura} chemicals are entrained in surface runoff which Aows downhill, perhaps
crossing many farm fields, on its way to a receiving stream. Po}}u tan ts are deposited and picked up along
the way. Two storms which seem to be similar will result in pollutant runoff loads which are quite
different due to timing and the pauem of land uses, Moreover, the management of land near a stream
or lake affects the runoff of pollutants from morc distant fields.

Not only is the runoff process difficult to characterize, but the prediction of damages is also troublesome,
Sediment and agricultural chemicals degrade aquatic ecosystems, accelerate eutrophication, clog
stream channels, fill up reservoirs, and so forth  Clark, Haverkamp, and Chapinan 1985}. The impacts
are experienced by water-based recreators, water supply agencies, drainage districts, etc. Thus, the
damages are not easy to characterize.

In the present study, we explore two aspects of targeting. First, we investigate se}ective abatement-
abaternent that responds to different cost structures and different positions in the po}}utant runoff
process � to see how much more cosdy it is to impleinent unselective policies. This is importsmt to know
because selective policies are cost}y to administer. While the adrriinisirative costs are not analyzed here,
it is almost certainly true that cost savings due io selective policies would have to be substantial lo
warrant undertaking the adminisiradve burden. Second, we investigate the management and cost
implications of using different damage indicators, specifically, stream-edge pollutant loads versus
impacts on the aquaiic ecosystems i.hai affect anadromous fish. This analysis will illustrate the
consequences of using different indicators and suggest the challenges of using indicators that more
closely approx imale true damages.

22 ECONOMIC ANALYSIS OF AGRICULTURAL POLLUTANT RUNOFF

Past efforts by economists to analyze agricultural nonpoint source pollution problems have focused only
on erosion rates or use levels of polluting inputs  fertilizers, pesticides, and so forth!. The hydrologic
and biological links to water quality condii.ions are not typically made. As a result, no attention is paid
to spatial features tha shape the connection between acti viues on speci} ic hnd parcels and water quality
impacts. Represenlauve of this approach are Ihe studies by Miller and Gill  } 976!; Heady and Meister
 }977!; Taylor and Frohberg  }977!; Osteen and Seiiz  }978!; Seitz et al,  }979!; Boggess et a}, �980!;
Walker and Timmons �980!; and Crowder et al.  }984!. These studies yield insights about loca},
regional, or natioM} farm output and income consequences of erosion or input restrictions. However,
they are not helpful in designing an economically e}Iicient pattern of land uses far achieving
environmental goals.

'pe few attempts to link economic models of }and use practices to water quality unpacts, chief}y
sedimentation, use a crude po}}utant "delivery rauo". The ratio is the proportion of gross erosion that
reaches a stream. A watershed-level example of such an approach is Quntermann, Lee, and S~
�975! The use of a fixed ratio for a watershed conceals the fact that pol}utant de}}very may be great}y
reduced relative to pollutant emission by appropriate location of abatement m~



The studies by Park and Shabman �98 I, 1982!; Carvey and Croley �984!; Lovejoy, Lee, and Beasly
�985!; and Milton �987! link hydrologic simulations of pollutant loads to economic choices  captured
in linear programming models!, The. work of Park and S habman �981! is based on detailed hydrologic
and spatial descriptions, but the economic poruon of the model is aggregated. TTie optimization is based
on only a few cost-water quality extreme points. The solutions are not linked to specific farm fields
or locations of management practices and are limited to short-term analyses.

The Watershed Evaluation and Research System  WATERS!  Carvey and Croley 1984! combines
detailed Iowa Institute for Hydrologic Research Distributed Parameter Watershed Model  Jain et al.
1982!, financial information on cropping practices from a farm budget generator, and a multiple
objective optimization algori thin, The model is designed to search for land management practices that
optimize a linear objective function containing arguments for net revenues to farmers and water
quality. A trade-off function between these arguments can be traced by changing their relative weights
and resolving the model.

WATERS represents progress toward econom ic targeting, but it has severe hmitations. It depends on
a storm event hydrologic model that requires substantial coinpu tauonal capabilities. This is reflected
in the fact that the only reported application of WATERS simulated only a single storm  Carvey and
Croley 1984!. Sediment is the only pollutant considered, and WATERS does not link pollutant delivery
to water quality impacts.

The Sediment Economics  SEDEC! model developed by Braden, Johnson, and Martin �985; aee also
Bouzaher et al. 1988! joins a iield-level model of annual net revenues and erosion levels, a sediment
delivery model, and a network optimization algorithm. The economic facet of SEDEC uses ainodel of
erosion control economics, SOILEC, developed at the University of Illinois  Eleveld, Johnson, and
Duinsday 1983; and Johnson et aL 1989!, Erosion rates are computed in SOILEC using the Universal
Soil Loss Equation  Wischmeier and Smith 1978!. The poflutant transport inodel in SEDEC is an
adaptation of the surface transport model of Clarke and Waldo �986!. This model is used in
conjunction with a distributed parameter spatial representation, a network  cascade! model of surface
water flow, and an economic optimization algorithm. The inodel identifies the economic and pollutant
load implications of alternative management measures on speciflic farm flelds.

The SEDEC approach has been used on a microcomputer to optiinize the control of sediment in IIImois
subwatersheds of up to 1$00acres  Miltz, Braden, and Johnson 1988; Braden, Johnson, Bouzalnw,and
Miltz 1989; and Wu, Braden, and Johnson 1989!, This is about double the reported covemge of the only
other economic optiinization model  WATERS! that produces detailed results for land uses. But,
unlike WATERS, SEDEC reflects a long span of weather events and captures the onsite effects of
erosion.

SEDEC has been designed specifically for planning apphcations. It can reveal changes in farming
practices, at particular locations, that will most cheaply reduce sediment loads. It can also reveal the
subsidies or penalties! necessary to compensate  induce! fariners for abating erosion. The potential for
using a model such as SEDEC for policy analysis is illustrated in the paper by Miltz, Braden, and
Johnson �988!. Based on an application of SEDEC io about 223 acres in the Highland Silver Lake
watershed of Madison County, Illinois, the authors show that Illinois' state law limiting erosion to soil
loss tolerance levels is nearly twice as cosily as the spatially opumal "targeted" policy, identified by
SEDEC, for reducing sedimentation.

29 AGRICULTURAL POLLUTION EFFECTS ON FISHERIES

The characteristics of ecosysiems receiving non-point and agricultural drainage are reasonably well
known  Borman and Likens 1979; Gammon c t al., 1983; Goodman et al. 1984; Hynes 1974; Karr and
Dudley 1978, and Lake and Morrison 1977!, and the response of species and cominunities of organisms
has been studied  Herricks and Cairns 1983!. An exhaustive review of the research which has been
conducted to access the aquatic impacis posed by the multitude of farm cheinicals is notattempted here.



Instead, brief explanauons are given of the possible modes of impact from agricultural pollutants and
the available inl'ormaiion pertaining to them, Special emphasis is placed on Salmonids and other garne
fish species tha't are of particular interest iu tribuiaries to Lake Michigan. The status of information
relating to aquatic impacts from ihe three agricultural pollutants of greatest concern in midwestern
streams, sediment, fertilizers, and pesiici des, has been extensively ieviewed recently by McCabe and
Sandtetto �985!.

23.1 Sediment

Sediment produce ruultiple impacts in receiving streams which can be placed into two categories;
impacts due to suspended sediments and those caused by deposiiion of sediments in the stream bed.

Acute toxicity due to suspended particles has been observed in laboratory studies in which extremely
high  up to 225,000 mg/I! concenirations were involved. The mechanisms of mortality observed in these
studies have induded the clogging of gill filaments and opercular cavities, giII abrasion, and starvation
 McCabe and Sandietto 1985!. In natural aquatic systems, however, avoidance behavitxs by fish have
been o~ and suspended sediments are ihought to have linle duect impact on fish. Deposition of
fine particles in stream beds can affect fish by degrading the quality of spawning habitat and by altering
the species composition of the aquatic rnacroinvertebrate community, a primary food source for
Salmonid species. Macminvertebrate communities can change as a result of decrimsed intergravel flows
of water which reduce dissolved oxygen concentrations and allow metabolic wastes to accumulate in
the sixeam bed, The accumulation of fine sedimenis in streambeds can also reduce the amount of
exposed rocky substrate required by many of the desirable aquatic insect species as surfaces of
attachment  Gammon 1970!.

The alteration of spawning habitat is generally considered to be the most detrimental effect of sediment
to Salinonid species. While specific spawnmg behavior varies by species, all Salmonids species
excavate a pit, called a redd, in gravel substrate. The eggs are deposited in the redd and the embryos
incubate for I io 2 mouths. After hatching, the fry spend two lo eight weeks in the intergravel
environment before emergence.

In addition to reducing the amount of habitat suitable for spawning, fine sediments can reduce the habiuu
quality for embryos and fry by decreasing intergraveI flows. The deposition of fmes while the iry are
present in the inteqpavel environment can entrap the fry and prevent them from emerging  Peters 1967;
Cooper 1956!.

232 Pesrlcldes

Dangerous levels of organochlorine pesiicides such as DDT are still commonly detected in fish tissue
sainples although their use was banned years ago. Many of the pesticides in current use degrade rapidly
in the environment and do not biomagnify. Despite this, chronic and even acutely toxic effects may
periodically occur for short durations in tributaries where concentrations are the highest North Carolina
Agricultural Experiment Station 1984!.

A voluminous amount of data is available regarding acute toxicological data iimpcmse of aquauc
organisms to pesticides, especially for adult fish. Unfortunately, other iruportant types of data are not
as available. These include the chronic toxicity of orgamsms and the toxicological responses to
sediment-bound pesticides.

Sahuonids are often found to beamong the mostseusitive fish species in acute toxicity tests Mayerand
Ellersick 1984!. This fact and the high economic value of Salmouids has resulred in the irequent use
of the rainbow trout, a salrnonid, for toxicity tests. Due to the high costs of chronic toxicity testing, data
regarding the chronic toxicity of pesticides to fish are less available than are acute toxicity data. 'IMs
is tmfortunate, as concentrations of pestici des in receiving systems which result in climnic effects are
much more likely to occur than acute concentrations.



Although aquatic invertebrates and flora are not used as test organisms as often as fish species, some
data are available. Results vary greatly, but tests regarding the acute toxicity of insecticides to aquatic
invertebrates suggests that they are more sensitive than fish. This trend suggests that fish food organisins
could be affected at levels of insecticide conccntiations that are not directly toxic to fish  McCabe and
Sadreno 1985!,

The acute toxicity of herbic ides to lish is generally 1-2 orders of magnitude less than that of utsectic idea,
This is expected, because hcrbicides are formulated to interfere with the metabolic processes of flora
and are only incidentally toxic io fauna. Although some research has been conducted which suggests
that the effects of hcrbicidcs on aquatic ecosystems are insignificant when compared to insecticides,
more research is needed to quantil'y their effects.

233 Fertilizers

A considerable amount of research has bccn conducted concerning the role of nutrient runoff from
agricultural sources in the accelerated eutrophication of lakes. The effects of nutrient runoff in streams
is rarely seen to be a problem as primary production in stream ecosystems is thought to be control}ed
by factors other than nutrient concentration. Available sunlight, velocity, substrate, and other physical
factors are considered as the controlling influences of priinary production in streams, As a result, litt}e
auention is given to nutrient pollution in the rcrnainder of this study.

23.4 Pollutant Effects Modeling

Very few previous investigations have attempted to link agriculuual land use with fisheries impacts.
One of the notable exceptions isa model developed by Garbrech and Theurer �986!. Their simulation
model combines a model of runoff and sediment yield with an instream model of sediment intrusion,
oxygen depletion in the sediment, and temperature which is used to predict decreases in Salrnonid fry
einergence. The model is site specific to the 505 square mile watershed of the Tucannon River basin
in Washington. The percentage of fry emerging is predicted based on total accumulation of fine
sediments in the gravel matrix and dail y and seasonal average predictions of lemperature and dissolved
oxygen in the embryo habitat.

The U.S. Fish and Wildlife Service,USFWS,�980! developed a series of Habitat Suitability Index
 HSI! models as part of their Habitat Evaluation Procedures  HEP!. HSI models provide a quantitative
ineans of assessing habitat quality, including parameters for water quality, stream substrate, and
sediment variables, Models for over 40 fish species are currently available, including models for seven
salmonid and cold water species. HSI models are based on assessments using parameter specific
suitability indices. A suiiabiliiy index value is a unit}ess number scaled from 0, indicating unsuitable
habitat, to I, indicating optimal habitaL HSI inodels are f}exibie and may be adapted to a variety of
modeling needs and management requirements.

Herricks and Braga �986! suggest a general framework for developing suitability curves for water
quality parameters, including toxic pollutants, Thc method relates acute and chronic toxicological
responses to different suitability index values.

2.4 RISK ASSESSMENT OF AGRICULTURAL POLLUTION

Field investigations ol' agricultural nonpoint source pollution have shown both pollutant loads and
concentrations to be extremely variable  Wauchope 1978!. This has led to the development and use of
mathematical models to study the processes involved in pollutant runoff and to evaluate abatement
methods and policies, Some of the more commonly used modelsare ANSWERS  Beasley etal. 1980!,
CRE aiMS  Knisel 1980!, AGNPS  Young et aL 1989!, and HSPF Domgian etal. 1984!. These are a}I
deterministic models~ ode}s which produce a single esumate of po}Iutant runoff without considering
the reliability of that estimate. ANSWERS and AGNPS are event models, which consider only a single
storm. With CREAMS and HSPF a historical or synthetic record of meteorological inputs is used to
generate a lime-series of pollutant runoff from which frequency distributions of pollutant loads or con-
centrations may be developetL



All of these models, however, require a great deal of rlata and allow only single cstimatcs for the majority
of required parameters. Errors in Ihc estimation of key variables can lead to erroneous results. When
model predictions are used for decision making, knowledge of the uncertainty of the predictions is
useful. As a result of Ihe inherent uncertainty in agricultural pollutant runoff. detcrniinistic models based
on steady-state conditions may not provide the necessary information required to manage agricultural
pollutant runoff. Risk assessment procedures are available. however, to incorporate unccrttunty into
model predictions. Instead of making a single prcdiction af an outcome, the usc of risk asscsarsmcnt
allows a range of possible outcomes and their probabilities to bc characlerizcd.

There are three sources ol uncertainty in mathematical models; inherent natural variability, model
errors, and parameter uncertainty. Inherent natural variability is produced by the random occurrence
of natural events. In the analySiS Of pollutant runoff frOm agriCultural fieldS, for exarnplC, the Stochlstie
nature nf rainfall and teinpcrature fit into this category. The consideration of pesticide runoff also
involves several timing related issues, The importance of thc time elapsed bctwcen pcsticidc application
and a runOff prnduCing rainstorm has been noted by Several authorS  WauChOpe 1978, Leaaard et aL
1979!. Since pesticides are not likely to be applied simultaneously to all farm lreIds in a watershed,
spatial variation occurs in the amount of pcsticides available for runoff. In addition, a particuhtr
pesticide may not be used during all years of a crop rotation. When evaluating pesticide runoff from
several farm fields, the accurate representation of timing issues also requires that dependence,
relatiOnahipS between farm fields in rCgards to farm management  inCluding Crap rOtatiOnS! bc
considered.

A common approach to risk asscssrnent with rcspcct to point source pollutants is thc use of a
deterministic model at an assumed design condition that has a specified probability of occurrence  e.g.,
the seven day low-flow condition that occurs once m tcn years � abbreviated 7Q10!, A weakness of this
approach is the implication of only one random clement, often precipitation or strcamAow. Uac of this
method in thc management of agricultural pollutani runoff is limiied because of the large number of
random elements affecung the outcome, Worst-case scenarios for different management systems may
not be the same as well.

Thc second source of uncertainty is a result of the modeling process itself. All models are approxima-
tions ofreal world situations. ln analyzing a complex environmental system, it is impossible to describe
accurately all physical, chemical and biological processes while maintaining temporal and spatial
integrity. Thc inevitable compromises lead to prediction errors and thus uncertainty. U~ty duc
to modeling errors is usually evaluated by validation, a comparison of model predictions to actual
events. Validation is impossible, or at best limited, when the model is used for evaluating the
ramifications of future or hypothetical acuons.

Uncertainty is also introduced through errors made in parameter estimation. Models often involve the
use of point estimates of variables which vary spatially and/or temporally, Including the variability of
a parameter in a model serves to reduce the uncertainty but does not eliminate it. For example, Ihe de-
veloprnent of a cumulauve probability distribution for stream Aow is typically based on a historical
record which may not be icprescntative of the variable's true distributional characteristics. Another
example Of errnrs in parameter eitimatiOn is the use of parameter valueS Obtained from IabOralOry
expeiments performed under unrealistic conditions. With deterministic models, this type of uncer-
tainty is dealt wilh by sensitivity analysis, whcrc each variable is individually adjusted up or down and
thc model output is examined. Variables which produce the greatest change in model output are
identified so that better estimates of their values can be obtained. It is possible, however, to overlook
Synergistic effects between variableS,

Two methods are available in which uncertainty due to both natural variability and parameter cstimatioir
can bc considered. Ibc first method is popular in science and engineering and is called first~
uncertainty anal ysis or first-order stochastic dorniriancc  Benjamin and ~ 1970!. First
analysis requires that thc first and second moments  i.e., the mean and variance! of all rnmdom elements
bc known, and requires the assumption Ihat Ihc first two moments of each random ~ accurately



describes the element's distributional characteristics. Dependencies between random elements must
also be specified. Taylor's series expansion of the functional relationships is used to develop estimates
of the mean and variance for the model ontpuL Clearly, lu'st-order uncertainty analysis requires a greater
degree of inathematical sophistication than possessed by most watershed managers.

Uncertainty can also be considered through the use of Monte Carlo simulation, which has become more
popular with ihe availability of powerful deskiop computers, Monte Carlo siinulation permits solutions
to be obtained for coinplex model formulations which would be too tedious to solve by first~
analysis. The technique requires that cumulative probability distributions be estimated for random
elements and that dgendencies between random elements be identifierL Many sets of random samples
are drawn from each probability distribution and are used to evaluate a deterininistic modeL By solving
the model with a large number of random samples the distributional characteristics of the model output
can be estimasetL Commercially available software has been recently developed which allows
sophisticated modehng tobe performed by individuals withoutadvanced knowledge of mathematics or
computer piogramrning techniques.

25 SUMMARY

This study is motivated by interest among policy makers in targeting programs to reduce nonpoint
source polluion from agriculture. The study departs froin previous work in two ways.

First, it aims to integrate economic, farm management, pollutant transport, and instream  fisheries!
impacts in a single rnodeL No previous work achieves such extensive integration. Doing so will make
possible the selection of the location and type of farm ing measures to achieve desired abatement goals,
and the assessment of different indicwors of those goals,

~ second departure is eschewing great technical detail. The framework to be developed here is
iiitended to serve a planning role, Hence, the components should be reasonably transparent, similar in
levels of detail, familiar to watershed planners, and amenable to widely available data. The advance
from past work is not in developing better components, but in puuing together familiar pieces in a way
that opens new doors for managers and researchers.



CHAPTER 3: METHODS

3.I GENERAL OUTLlNE OF MENDEL

The model Preserued here consists of four components a model of farm tnanagement apesticide runoff
and iinPact simulation, a sedimeiit runoff and impact simulation, and an optimization algorithtn  figure
3.1!, The simulation models are uot designed for exact physical or biological predictions. Doing so
would be excessively complex and computationally demanding for active use inmanagementprngrams.
Rather the aim is a simplifjed model that is accurate in relative predictions of pollutant kutds and effects
aixl that is accessible for use by watershed managers. Accessibility is accomplished by the use,
wherever Possible of common algorithms familiar to moat watershed managers.

aud 3-5 the algorithms and procedures used in each component are described m
Data requirements of the model and many of the procedures used to incorporate untxntainty in the
datasets are discussed in chapter 4. The probability distributions used for many of the variables are
discussed in chapter 4 rather than here because the selection of n particuhtr distribution depends on data
characteristics.

Before going further. it is useful to describe, once again, the context of the problem. We are concerned
with streams that serve as habitat for fish but which drain lands used for farming. Nutrients are not
particularly problematic for tributary habitat, but the problem is that these streams are made less
hospitable to desired species by agricultural sediment and pesticides, We are interested in discovering
farinmg changes that will efficiently protect the desired species. Protection is defined in terms of
probabilities of adverse conditions occurring. Efficiency is defined as reducing farming profits as litde
as possible.

Figure 3.1. Model

32 FARM MANAGEMENT

32.I Identification of Decision Units

The procedures used to characterixe the watershed landscaPe 8nd d 6
1 Johnson et al. 1989, e ne ision units weredeveloped

which~ind p ~cut & ~~ed ge Forsimphf~on
is selected to represent the sin a e d '"age pattern in eac

atc ment.



in I
The next step is the definition of decision units  figure 3.2!. Each unit is required to beu i is requ io associated with
a sing e catchment, homogeneous with respect to ownership and manageme t ti . d
unif

n management practices and reasonab!y

acorn !e
un orrn in slope, Thus a decision unit, referred to as a Land Management Unit q~mu~,
a comp ete farm field, or a portion of a farm field that has fairly uniform slope and lies inside a single
catchmenL S!ope is inc!uded in the definition of LMUs to identify po' ts th landspoin in e cape where surface
water runoff changes velocity, as ibis affects the potential for infiltrati d
as the

'on uring overland flow as well
as ability of water to transport sediment, Necessary information assoc ted th h

hic data h
a on associa with each I.MU includes

topograp ic data such as area, slope, slope length, and position within a transect; soil types and the
proportional area of each; and management associations, i.e., farm and field labels.

Figur e 3.2. IdentiFiCation oF deCiSiOn
units  LMUs!.

4. Sing'le catchment, show!ng transect.
B. FieLd Boundaries
C. Slope class boundaries,
D. LMUs

322 Management Alternatives

'Hie decision to be made on each LMU is called a management alternative and consists of a unique
combination of tillage practice, crop rotation. and supporting mechanical practice. Each management
alternative is characterized by a farm budget, which gives soil dependant crop yie!ds and economic
returns, as well as types of pesticides used, and rates and timing of application. Economic rettrrns are
soil specific and are computed as a weighted average based on the proportional area of each soil type
in an LMU. The economic cost assachted with implementing a managementalternative on a particu!ar
LMU is udcen to be the difference between the return associated with that alternative and the highest
economic return possible on the LMU.

Inftmnation regarding po!!ubon runoff potential is required for each management a!ternative as we!I.
For eiM:h year of a crop rotation unique va!ues are used for pesticide application rates and vrrrlrrb!ea
related to runoff and erosion. Variables used in the simulation models which are d qxndent on soi!
factors are computed for each LMU as the area weighted avemge.

323 Marurgement Paths

Each possib!e combination of management a!ternatives for a transect is referred to as a inanagement
path. The number of management paths possible for each transect can be very large. For example, if
12 management decisions are possible for each LMU, a transect with 4 independent LMUs wou!d
involve 12' P0,736! management paths, The number of management paths to be considered wi!! be
reduced if two or more LMUs within the same catchment must be managed similarly because they are
associated with the saine farm or farm field. If associated with the same farm, we assume the same tillage
practice will be used on the LMUs. Also, if they are part of the same farm field, we further require the
same crop rotation to be used on the LMUs, Management paths which do noi meet these requirements
are, considered infeasible and are eliminated from further consideration.

TIre assumption concerning management dependencies between LMUs which are part of the same field
is important in the simulation models. To i!! ustrate this, consider a hypothetica! catchment with t!uee
LMUs. The same crop rotation is implemented on all three LMUs and consists of alternating years of
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corn and wheat. A single pesuc ide is applied during the corn year, while no pcsticides are applied to
ihc wheat. Each LMU has a 0,5 probability of a pesticide application during any given year,

If each LMU is part of a different larm iield, they are assumed to be managed independently. Thc
probability of a year in which pcstic ides are applied to none of the LMUs is I/8, of a pesticide application
to only I LMU is 3/8, to two LMUs is 3/8, and to all three LMUs is I/8.

If, however, the three LMUs are part of the same farm field, our assumptions imply that cln will be
planted during the same years on afl three LMUs. Thc probabilities are then 0.5 that a pesticide
application wiH occur on afl three LMUs in a given year and 0.5 that no pesticide application takes place.
If two of the three LMUs are associated with thc same farm field, another set of probabilities exist.
Similar differences in variability of runoff and sediment loss result as weH. Due to the ungiorttutce of
timing as it relates to pesiicidc runoff, we further assume that aH farm operations  tillage, pesticide
applications, etc,! occur on the same day on LMUs which are part of thc same farm fleltL

39 PESTICIDE MODEL

Thc risk of habitat degradation from pesticide runofl' is estimated by a model of daily pesticide
concentration in runoff coupled with a model of habitat degradation using Habitat Suitability Index
 HSI! methods, The effects of pesdcides on fish are restricted to those caused by thc runoff of soluble
pesticidcs. Insufflcient information regarding effects duc to sediment bound pcsticidcs preclude their
consideration in this model. To keep thc model structure simple, several pn~~tscs have not been
considered which may alter runoff volume or thc concentration of pesdcides in runoff. That part of the
pesticide load which infiltratcs is assumed to have no effect although it may evcnuNHy cnlcr thc stream
as base flow. Subsurface dntinage is not considered, nor is the absorption of soluble pcsticidea to organic
material during the overland flow process,

Probabilisdc estimates of habitat dcgradadon risk are gencratcd by using Monte Carlo simulation
techniques. 'I7te model considers the variability of rainfall ainount. timing, and soil moisture condi0ons.
Uncertainty in the tiining of pesticide applications is also considered. With every iteration of the
simulation model the following equations are evaluated for several pesticides and for every manage-
ment path on aH catchments. In the following description, subscripts denoting management path,
catchment, etc. are dropped where possible. To include aH relevant subcripts would obscure the basic
simplicity of the model.

33.1 Hydrology

The hydrology component uses U.S. Soil Conservation Service's Curve Number  CN! Equation
 Mockus 1972! to predict the runoff from each LMU. A simple transport equation estiinates infiltration
losses during overland flow using estimates of travel ume and infiltrauon rates.

'nic CN method predicts the runoff from LMU k resulting from a storm on day t by

qck -  rr. - 0. 2sek! / hark + 0. 8sck!2

�!s<k - 2.$4�000/cn<k - 10!.

Published tables  e,g. ~ Mockus 1972! are available which provide curve numbers for a variety o f land
use practices, four hydrologic soil types  A, B, C, and D!, and 3 antecedent moisture coriditi<Nrs  AMC
I, AMC Il, and AMC III!. Methods have aiso been developed which enable the mtafificigkw of curve
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where r is the rainfaH on day t, s is a retention parameter  cm! for LMU k on day t, and q, is the predicted
runoff from LMU k. The retention parameter s is a funcdon of land use, soil type and anto~nt
moisnue conditions and is related to a curve number cn by



numbers to reflect the runoff characteristics of specific agricultural practices.  e.g., Carsel ct al, 1984
and Knisel et al. 1980!. In this study a crop roia lion is characterized by several curve numbers, each of
which represents the runoff charactcrisiics of a particular period of time during the crop rotation. Section
4.2,2 describes the methods used to develop the set of curve numbers for each rotation. 'nie methods
used to determine the curve number actually used in each iteradon of the model are described in section
3.3,4 along with other tiining related issues.

Eguation �! gave the field LMU!-edge runoff from each LMU for a storm on day t but does not reflec t
the ability of intervening management practices to reduce the amount of direct runoff reaching the
stream. This is accompflshed by estimating the losses of runoff due to inliltra0on as the runoff from
LMU k flows over LMUs k-1 to LMU I en route to the streain. If the total infiltration losses are assumed
tobe the sum of the losses on each intervening LMU, the direct runoff from LMU k eventually reaching
the stream is given by

�!� qtk Z

k 0

where IL  crn! is the portion of q infiltrating while passing through LMU k and q'  cm! is the part
reaching the stream. The infihration loss IL, is estimated by

�!ILk-1 hk 1.  tc k I.!t!  a'k I./ak!

where a'�, is the area of LMU k-I exposed to overland flow Irom LMU k, a�is the area of LMU k adjacent
to LMU k-l, HC, is the satunttcd hydraulic conductivity of LMU k-1  cm/hr!, and tc+,!, is the time
of concentration of LMU k-1 on day t which is estimated by the lag method  McCuen 1982!:

0.8 0.7
k-1 k-l t

1900 slk >0.5 �!

L, is the hydraulic length of LMU k-l, s>,� is the runoff retention parameter of LMU k-I on day t,
and sl� is the slope of LMU k-l.

332 SOIL CHEMISTRY

The sail chemistry model is ~ from  Haith 1980! and assumes exponential pesticide decay and
partitions the pesticide into dissolved and solid phase components by a single-valued linear isotherm.
It considers hsscs from only the top I cm of soil. While the model is capable of evaluating the following
equations for multiple pcsticidcs on each LMU in a calchinent, the following
description will considcronlyoneLMU and a singlepesticide. The pesticide conten tin the topccntimeter
of soil CP,  g ha'! t days after pesticide application is

CPtlt CP0k ' exp -at!

dtk - t>/ > + Pwk/>k!]CPtk
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where CP, is the application rate  g ha'! and is the pesticide decay rate  days '!. Dissolved phase
pesticide available for loss d, is given by



where p is the pesticide partition coefficient, lt is the soil bulk density  g/cm'! and 0 the available water
capacity  cm/cm! of LMU k. A rainfa0 event of depih r,  cm! producing a runoff depth of q  cm! as
predicted by equation I would result in a field LMU!-edge pesucide loss of CQ  g ha '!

CQtk  qtk/rt! CPtk
 8!

and the amount of pesticide remaining in the lop I cm of soil after the rainstorm is

GPtk - CPtk - � - Hk/'rt! 'rt.
 9!

Haith's �980! original inodel also included equations to predict the loss of a sediment-bound pesticide.
Although the concentration of pesticide in sediincniis much higher when compared to the concemration
in runoff, the mass of sediment-bound pesticide is much lower than the mass of pesticide hst in runotI.
The error in CP ' caused by omitting solid-phase pesticide losses from equation  9! is assumed to be
negligible.

f1ie reduction in the mass of a pesticide during overland Iransport to the stream is assuined to be
proportional to the reduction of runoff due to infiltration. The mass of pesticide which originates trom
LMU k and reaches the stream is thus:

CQ tk - CQtk q'tk/qtk
�0!

where CQ',k is the mass of pesticide reaching the stream. Reductions in pesticide mass by absorption
during transport is not considered. The instreain concentration CQ~  mg/l! from a particular mix of
inanagement practices  a management path! of a catchment with K LMUs is computed as the sum of
the pesticide mass reaching the stream from each LMU divided by the suin of the runoff reaching the
stream from each LMU.

K

CQ
k1 tk

CQti.

q' a 100
k-1 tk k

332 Suitability

The methods proposed by Hemc?s and Braga  l986! for developing suitability curves of toxic
pogutants provide a basis for incorporating pesticide concentrations into HSI inodels. For each pesti-
cide, a suitability value of 1.0 is defined by the No Observable Effect Concentration  NOEC! as
determined by ecosysteru studies using artificial streams. The 96 hour LC50 levd defines the 0.2
suitability value and the 24 hour LC50 level defines the 0.0 suitability value. Individual points on the
curve are connected by line segments. Additional points on the curve may be defined if sufficient acute
or chronic toxicity data is available.

If it is assuined that the five species are inanaged equally and respond similarly to a given concentration
of a pesticide, the number of suitability indices can be reduced using the approach taken by Sale et al
�982! in which the suitability curve from each specie is combined to form a single curve which
represents the most stringent relationships at all levels of a pollutant  figure 3.3!. 17ie single suitability
curve for each pollutant thus represents a conservative estimate of habitat quality,

A suitability curve such as that depicted in figure 3.3b is used to convert the predicted pesticide
concentrations into daily suitability index values. letting f ! represent the suitability curve as a function
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relating the suitability assoc ia ted with a particular pestic ide to the predicted in stream concentration of
the pesticide and noting that the subscripts for catchment and time have been dropped:

SIP - f CQ'!

where CQ' is the instream pesticide concentration resulting from the runoff from a catchment as
predicted by equations 1 - 11 and SIP is the associated suitability index, The suitability indices for tt
pesticides are combined into a single composite habitat variable by taking the nth root of their product:

SZp !I/rtSIC -  SIPI SIP2
�3!

where SIC is the composite suitability index, SIP is the suitability index associated with pesticide n,
and n is the number of pestic ides considered. By computing SIC for each iteration of the pesticide runoff
simulation, a probability distribution of SIC is developed for each management path in a catchment.
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3~ 4 Srmulatr«Procedure

The pesticide runoff simulation involves tire random sampling of several variables Other variables are
sensitive to the timing of specific events and are modified accordingly.

At the beginning of eacli year two random variables are sampled for each farm field represented in a
catchment The purpose o f the two variables is to maintain the dependency rehttjonshjps between LMUs
which are part of the same farm field as explained in section 3.2.4 The first variable randomly samples
the crop year for each field from a discrete uniform distribution. In addition to assurmg that the
appropriate pesticide applicauons occur on each LMU, this procedure enables the use of curve numbers
and pesticide application rates which are appropriate for the current crop year for each LMU The second
variable randomly selects the planting date for each field. The description of each manrtgernent
alternative includes a two week "window" m which planting may occur ~e assume the date of phintjng
to be uniformly distributed within this window.

pre date, volume, and antecedent moisture condition of the first rrunstcrim is sampled nrn L
assumptions made regarding ilependencies between the Ihree variables and the methods used to g~
their distributions are described in section 4.1.3

Planting dates for each LMU are compared ro the storm date for the pmpose of curve numbers
adjustment. Each crop year is characterized by three curve numbers, one iefrnNentjng conditiorrs prior
to planting, the second conditions im mediately after planting, and third average conditions during the
cropping period. The methods used for deriving the three curve numbers are adapted from Knisef �980!
and are described in section 4.2.2 On LMUs where the planting date is preceded by the storm date, the
curve number for pre-planting condition is used, If the storm date falls after the planting date, the
approach suggested by Mockus �972! is used to derive a curve number. TIris approach aasunMs thai
the curve number changes linearly during the cropping season and that the curve number for avenge
conditions during the cropping season is representative of conditions existent midway through the
growing season. YIre condition immediately after planting is dependent on what tillage operations, if
any, are performed during planting, If, for example, moldboard plowing accompanies planting, a curve
number representing a fallow condition would be used. If a no-till practice is used, the curve number
far the day of planting would be the same as that far pre-planting conditions.

CN I! = {4.2. CN II!! / { I0- 0,058, CN II!!

CN III! = {23 . CN II!! / { l0 + 0.13. CN II!!

�4A!

�4B!

On LMUs where the planting date fails prior to or on the same day as the storm, no pesticide runoff is
predicted. Forall other LMUs lhe equations described in Section 3.3.1 are evaluated to predict pesticide
lasses.

Subsequent tterations begin with the random selection of storm date. If the date is less than thirty days
IMst the Inst pesticide application, ihe simulation proceeds as described in the previous paragraph with

ns The value used for rhe initial pesticide concentration  CPg jn equation 6 js the pestle jde
remairung from the previous storm  CP;! and the pesticide is degraded horn the date of the previous
~ mther than from the date of application. If the storm date js mare than thirty days past the Inst
application, new crops and plandng dates are randomly selected for each field.

The final adjustment to the curve number reflects the effect of soil moisture condition on runoff. If AMC
II is randomly sampled no alteration is required.
If, however, AMC I or AMC III is sampled the curve number is adjusted by the relatiortshjps given in
Chow et al �988!;



3A SEDIMENT MODEL

The sediment simulation model predicts the risk of fish habitat degradation due to sediment runoff and
ace um ulati on in the stream bed. The simulat ion uses Mon e Carlo techniques and operates on a seasonalbasis to reflect the seasonal differences in crop grow'th, the rainfall erosivity, and habitat requirements.Four seasons  hereafter called crop-growth  CG! phases! are arbitrarily defined as follows: CG1: April
� June, CG2: July - September, CG3: October - December, and CG4: January - March,
Sources of sediment considered in ibis model are resticted to soil loss by sheet and rill erosion. Gully
and streambank erosion is neglected. The Universal Soil Loss Equation  USLE!  Wischrneier and
Smith 1978! is used to predict soil erosion losses from each LMU and sediment delivery to the stream
is estimated by a procedure developed by Clarke and Waldo �986! which uses ratios of USLE
parameters between adjacent LMUs and is thus sensitive to the spatial arrangement of topographic
features and land management practices. An algorithm differentiates the sediment load into suspended
and seuleable fractions using site specific particle size distributions and streamflow velocity. Habitat
degredation is developed in terms of substrate suitability alteration for all species and lifestages as
preducuxl using HS I model components  see sections 3.4.3, 3.4.4, aud 3.4.5!.
3.4.1 Erosion

S~xl erosion losses are estimated as follows by the Universal Soil Loss Equation  USLE!
 Wischmeier and Smith 1978!:

�5!Y = UC UPUKULUR~ i

where Y is the erosion during crop-growth stage g in tons/acre yr, UC, UP, UK,ULanUR are factors
for vegetative cover, supporting practice, soil erodability, topography, and rai respec ' y.'nfall tivel . In this
model the vegetative cover  UCp and rainfall  UR! factors are randotnized and season-specific,

3.42 Surface Transport

The sediment transport model developed by Clarke and Waldo �986! provides a method of estimating

model identifies potential points of deposition within the wate an es
os of sl and the USLE cover and supp@ting practice factors. Note that in

e has been dropped and in its placethe following descripti 'on the substrate g denoting crop-growth stage n
' LMU boundaries serve as potential points of

boundary between two LMUs k and k-1 is given by
LMU is used. In this analysis L un

deposition and the transport of sediment across theboundary tween

�6!td,-i = UC'UP'UL'

Consideration o irts
here. Instead, our apporoac h is toestima e
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across the boundary, and UC' = UC+JC� if UCJUC�< 1. andtd, sp cy-I
'= 1. The truncation of UC'at a v ue o one

predtctmg more sedunent being rranspo rted across a boundary en

MU l liedb th ofLMUK d
rtin ractice and slope actors.

from LMU K is the erosion loss from the LMU mu tip ifro
the product of the transport function for eac

�7!Y',= Y,-a,-td�-td�,... td,

and is the area of LMU k.where Y', is eth seditnent reaching ihe stream an a,



of sediment loads usmg field survey data and a lumped parameter runoff model. This is accomplished
in the following steps:

1. Determine from field surveys typical stream cross section shapes, slopes and substrate
characteristics for riffle and pool habitats, and the rehtive proportions of riNes and pools.

2. Compute the expected velocity and stieain power for the typical cross sections at bank full
discharge using Manning's equation.

3, Use figure 4 of Yang and Stall �976! lo compute the maximum susi:ended sediment
concentration of the pool habitat using the measurement of stream power in step 2 above.
Assume this concentration will not deposit in the stream,

4. Assume a sofl particle size distribution. Determine the sediinent loading to the stream
using a lumped  spatially! parameter storm event USLE for a storm of a 1 year mturn
period. Initially use local maximum values of the USLE C and F factors.

5. Convert the sediment loading calculated in step 4 to a concentration using the bankflow
discharge. Compare this concentration to the maximum suspended sediincnt concentra-
tion for pool areas as determined in step 3 above. The difference is the amount availablc
for deposition. Propomoo the amount available to riffle and pool habitats acax4ng to the
relative areas and calculated stream power of each,

6. Adjust the substrate size distribution for riHIe hahitats obtained by the fiekl survey to
reflect the deposition of sediment particles calculated in step 5.

7. Calculate the annual average erosion rate using the USLZ with the C factor used in step 4.
Relate the annual average erosion rate to the substrate particle size distribution for rifflea.
Repeat steps 4-7 over the possible range of the C factor. With each mcremental dccreitsc
in sediment loading decrease the largest soil particle size dassm first.

8. Using the pairs of annual average sediment rates and percentage of fine partides in riffle
areas, graph sediinent rate vs. percentage fine particles. The resulting piecewise-hnear
relationship between the percentage of fine particles in riffle substrate and the annual
sediinent load is used with suitability curves for substrate conditions to produce suitabil-
ity index vahes based on sediment loss.

3.4.4 Suitability

Suitability curves for substrate variables are available in the HSI models published by U.S. Fish and
Wildlife Service  USFWS!. The percentage of fine particles in riffle areas is included in a group of
variables deahng with water quality parameters and is agood indicator ofmacroinvertebrate production,
on which Salmonids rely for food  Raleigh et al 1984!. The percentage of fines is also an important
indicator of spawning habitat suitability for salmooids. The models for some species include a separate
suitability curve for percentage fines in spawning habitaL

By examining the life history of each species, we can identify which life stages of each species are
present in tributaries during each of the four crop growth stages usedin the sediinent runoff modeL This
information can then be used to develop four suitability curves for each species which reflec each
species' particular habitat requireiuents during each crop growth stage. Absence of a spccics in a
particular crop growth stage would indicate that the species is indifferent to sediment hading during that
crop ~ stage and optimal habitat is achieved at all possible levels of sediment hading. AII cmves
 one for each species! for a crop growth stage are compared and a single suitability curve is developed
by using the most limiting relationship at aII levels of the habitat variable. When combined with the
sediment runoff simulation, a probability distribution of a percent fines suitability index is genemted
for each crop-stage stage,

3AS Simulation Procedures

Siinulation procedures for sediment runoff are similar to those used in the pesticide runoff model but
are not as complex since timing is not as important herc. Since each iteration of the aedinxmt aim ulatimt
represents one year, the crop year for each farm field is randoinly generated with each iteration. Because
the model considers four crop growth stages, a maiiagement alternative causing of a Gve year crop
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rotation requires twenty values of the USLE vcgctalive cover factor  UC!. Once lhe crop year is
selected for each farm field, the appropriate four UC values are selected. The four values are actually
mean values, which are then used to select a random value using a method adapted from Thomas et ai
�988! and described in section 4.2.5,

The only other randomized variables in the sediment model are the USLE rainfall factor. Four values,
one for each crop-growth stage, are used. The procedure used to develop statistical parameters of the
rainfall factors are decribed in section 4.1,4.

33 OPTIMIZATION

The optimization algorithm builds on one used in SEDEC  Bouzaher, Braden, and Johnson, forthcom-
ing!. It applies discrete dynamic programming to select a management path from each transect
 catchment! such that constraints on suitabilil.y index values are met at the lowest cost. An optimal
solution is found at discrele levels of lhe constraint functions. The analyst may select the size of the
discrete steps at which optimal solutions are found.

38.1 Risk Constraints

Probabiflty distributions such as those described above for suitability are not easily incorporated into
constraint f unc tions used in mathematical optimization. Our approach is to select a desired value of the
suitability mdices, SIT, and to characterize each management path's effects on fish by the probabiTity
of a year occurring in which the target suitability value is exceeded. Both sediment and pesticides tnust
meet the suitability goal, as indicated by the following constraints:

Prob   SICK S IT ! = PC,

Prob  SIS 5 SIT ! = PS.

�8a!

�8b!

While the probabilities of habitat degradation due to sediment effects are already expressed as annual
probabilities, those related to pesticide effects are expressed as the daily probabilities which are
conditional on a runoff-producing rainfall occurring and must first be converted lo annual probabilities,
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The probability of exceeding the target habitat suitability for the entire watershed is estimated by the
weighted averages of the PC and PS values for all catchments. The weighting faclors reflect the relative
contribution from the management path selected for each catchmenl. We arbitrarily selectas weighting
factors the transect  catchment! acreage for sediment suitability and the mean daily runoff volutne as
predicted by the simulation model for pesticide suitability.



382 Optimization Model Formulation

'louie objective function of the optimization model is to miiumize the total watershed cost of achieving
a stated pollution goal. The total cost is simply the sum of the costs for the management path selected
for each catchment. Cost is actually defined by a reduction of profits due to farmer adoption of practices
that lower profits in order to achieve abatement benefits for the watershed. TIie economic cost of each
management path is computed by the farm management model and is the difference in profit between
it and thc most profitable management path for the same catchment.

Our optimization model may be expressed inathematically as:

J Ij
kiri g g C x

j I i-I
�9a!

s.t

J I 50

so
j

gq x.
j-I i-I

�9b!PIX

J Ij
PS a. x.

ijg j ij
PIX, g - I ~ ,G

�9c!

J Ij
a xi

j -I i-i

x. I,
�9d!

x - [O,I] �9e!

where j = I,...J indicates transects; i = I�..J' indicates the I' management paths on transect j; x. = 1 if
path ij is adopted and 0 otherwise; cs is the cost associated with path ij; PC�.. is the probability linet the
target on pesticide suitability is exceeded by palh i on transect j; PS.. is the probability that the target
on sediment suitability during crop-growth phase, g = 1�,G, is exceeded by path i on ~t j; tt is
the area of catchment j, used as the weighting factor for PS..; Q'.,'. is the median runoff of path i of trans'
j, used as the weighting factor for PC..; and PIX is the minimum acceptable probabihty of achieving a
suitability index value gxeatm than or equal to the target value SIT.
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The op0mization algorithm identifies the coinbination of management paths from the catchments that
minitnizes equation �9a! while meeting the chance constraints on pesticide suitability �9b! and
sediment suitability �9c!. Constraints �9b! and �9c! are weighted average prohabiTities of exceeding
the target suitability leveL Equation �9d! assures that only one management path from each transect
is selected. The algorithm determines the optimal solution at each user selected level of PIX.



3' MODEL IMPLEMENTATION

The Modeling Task Force of the International Joint Commission recenily reviewed the role of
mathemaucal mode ls in the research and management of ihe Great Lakes  Modeling Task Force 1987!
and offered several suggesuons regarding thc future role ol' modeling. Foremost among their
recommendations is the development of models using more "user-friendly" software on personal com-
puters raiher than large mainframe computers.

With the exception of the optimization algorithm, all of the component models described in this chapter
were implemented on IBM-AT class computers using the computer spreadsheet program LOTUS 1-2-
3 version 2.01  Lotus Development Co. 1986!. The use of a spreadsheet program as a modeling
environment has several unique advantages for model users and developers which are not available with
higher level programming langauges such as FORTRAN or Pascal. During model development,
formulas and parameters can easily be altered or replaced and the new results are made instantaneously
available for inspection, The values of intermediate results can be viewed without the neccesity of
altering program code or using debugging software. One researcher  Pa try 1989! who advocales the use
of spreadsheets in scientific modeling considers them to be "very high-level programming languages"
based on Iheir integrated graphic and database capabilities. extensive se of mathematical functions, and
ease of use

The use of a spreadsheet program as a modeling environment in this research was aided by two "add-
in" software packages which extend or enhance the capabilities of 1-2-3. The add-in package 321
GOSUB  Frontline Systems 1988! allows a series o fcalculations to be formulated as a subroutine within
a speabheet. Once created, the subroutines can be used by any number of spreadsheet cells and are
acceded similarly to regular spreadsheet maihernatical functions. In situations where the same series
of computations are used repeatedly, much less computer memory is required since it is not tied up
storing the same formulas repeatedly. 321 GOSUB also aUows iterative  looping! procedures to be
performed efficiemly, Subroutine libraries of commonly used algorithms can also be created, freeing
the modeler from the burden of coding the algorithm into spreadsheet cells each time it is used.

The other add-in used was@RISK  Palisade Corp. 1988!, which permits Monte Carlo simulations to
be performed on spreadsheet based models. ORISK adds to the spreadsheet function set over 25
probabUity distribution functions. Also included are integrated programs which perform the Monte
Carlo shnulations and summarize the results in graphical as well as tabular form. Any number of model
variables can be represented by probability distributions, @RISK is seamlessly integrated with Lotus
1-2-3. Once a model is formulated, a Monte Carlo simulation can be performed by selecting output
variables  up to 1000! and the number of iterations  up to 30,000!. During execution, 1 Risk randomly
sainples each variable represented by a probability distribution, recalculates the model, and stores the
results of the output ceUs. When the desired number of iterations is completed, a separate program is
automaticaUy executed which reads in the simulation results and creates tabular summaries as well high
resolution graphics for each output variable.

Extending the capabilities of a spreadsheet program with add-ins such as@RISK and 3-2-1 GOSUB
cream a powerful and unique modeling environment, During model development emphasis may be
placed on the modeling task itself rather than on menial details of programming. Model users also
benefit, as the model is delivered in a user-friendly package which is relatively easy to learn and is easily
modified for specific purposes.

The entire model package developed consists of several spreadsheets which perform different functions
 figure 3A!. In the remainder of this section, the interrelationships between the different spreadsheets
will be described. Their ease of use will be demonstrated by a partial description of their use.



Figure 3.4. Organization of program elements.

Spreadsheet-based datafile:

Spreadsheet-based model:

Three spreadsheets serve as database ides which are used to store the data for all soil types, LMUs, and
management alternatives. Once these are created, the farm management model accesses all three
databases and performs two types of operations. For each catchment it accesses the management and
site databases, determines which management paths are feasible, computes the mimic cost associ-
ated with each, and assigns the management path an idennfication code which is then used by the other
models. It then accesses the soil database, and compu tes weighted averages of soil specific parameters
for each LMU and management alternative combination. Two files for each catchment are created,
containing the input data for the pesticide and sediment simulation models.

The simulation models are general templates  spreadsheet models without data! which process etL'h
transect individually. The structure of the pesticide simulation model template is shout in figures 3.5
and 3.6 and wiG be discussed below. The sediment simulation template is similar in organization and
use. The spread sheet is divided into three sections: program, data, and results  figure 3Q. Ae progmm
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section contains subroutines that perform most of the computations as well as macros that aid the model
user by automating repetitive tasks which prepare the spreadsheet for the simulation. The data section
isdivided into blocks which maintain the data in an organized manner. For example, data required for
all LMUs  e.g. slope, area, etc.! is kept in one block, with each LMU occupying one row of the block,
Another block in the data section contains the meteorological data and generates the random numbers
during the simulation. The result sectio~ contains two blocks, one containing the pesticide losses from
each LMU for all management alternatives, and the second  the catchment block in figure 3,5! contains
the instream concentrations and habitat suitability values for each management path. The block is
initially 60 rows long, containing space for a maximum of five LMUs, with I 2 management alternatives
considered on ea:h LMU. To process a catchment with fewer LMUs, the unneeded rows are simply
deleted frotn the block.

The opnmization program is coded in Pascal and is presently implemented on an Apollo minicomputer
system. This choice of hardware was made out of convenience rather than by necessity. The algorithm
could be implemented on IBM-AT type computers given the current maximum problem size, however,
a multiobjective version of the SEDEC optimization program was available on the Apollo system and
time constraints prevented re-coding the program for another machine.

Figure 3.5. Organization of pesticide model template.



3.7 SUMMARY

This chapter has described the components of our analytical framework. That framework is character-
ized by a roughly uniform level of simplicity across all of its parts, but also by spatial and temporal
resolution and connections all the way from farming pracdces to fish habitat suitabilities, Optimization
is performed to identify the least costly farming changes that achieve a specific risk of falling below a
designated suitability target. By repeating the optimization within a Monte Carlo simulation, the
robustness of watershed manageruent alternatives can be tested across weather events. The outcome
is a management prescription that stands the best chance of meeting the environmental goals at the
lowest cost.

Although the components are simple, interweaving the parts creates unavoidable complexity. Further-
more, the data needed to use this approach, while readily available in most parts of the United $ tates,
must be gathered, prepared, and entered into computerized data sets. Thus, applying the model is a non-
trivial exercise. The next section reviews the application to Lake Michigan tributaries and discusses data
requirements and the section following that presents results for the Lake Michigan tributaries case
studies, The use and usefulness of the framework will become more apparent in these discussions.



CHAPTER 4: APPLICATION TO LAKE MICHIGAN TRIBUTARIES:
DATA REQUIREMENTS AND SOURCES

4.1 STUDY SITE CHARACTERIZATION

4.i.i Game Fish Habitat in Berrien County, Michigan

A inajor motivation for this study was to leam how agricul turd land surrounding Great Lakes tributaries
might be managed to protect habitat for important sport fish species, Hence, we applied the framework
described in Chapter 3 to two sites iu Berrien County, Michigan,

As shown in figure 4.1, Berrien County is located in the southwestern comer of Michigan adjacent to
Lake Michigan and contains an extensive network of tributary streams and rivers, Land in Berrien
County is predominantly gently sloping moraines and till plains with a wide range of sod textures  U,S.
Department of Agriculture 1980!. Agricultural is the dominant land use, comprising 52.8% of the
county. Corn, grains, and soybeans are the most common crops  table 4,1!. A variety of specialty ciops
such as fruits and vegetables are also grown, but less ex terisively.

pipestone Cree k
site

Gouen River
site

Fiour e 4,1, Study site  ocatlons within Berr  en County
lnser ti State oF Mlchlgan showing location
of Berr  en County

Table 4.J, Predominate crops grownin Berrien County, Michigan

�000!
% of farmed

land

Corn
Small Grain
Soybeans
Hay
Apples
Grapes
Cherries
Peaches
Misc. Suits
Vegetables

153
6.0
6.0
3.8
4A
2.8
2.3
1.8
1.1
4.1

32.6
12.7
12.5
7.9
9.2
5.8
4.7

3.7
2.4



Of the 4- SOil types idendficd in Ihc cOunty, m
Dclmrtmcntol Agricult.ure19gp! In 19g2 ovy, many have potential to Ciodc aI seve~

ata rate greater thafl the tolerable sop lo~ T! of h,. h 19~�7
than 2T  U.S. Deparunent of Agriculture 19g5!

This ama 's especi lly interesting bccausc of thc active current inta I
I m Cn"ging extending theaMd ousrisheryinSouthw~u:mMtchig~&dN~mlnd D,' ll

ing so will providetional and aesthetic benefits Io this area, which is easily accessible from Ch' and thecess i Iom icago and other popula lioncenters around southern Lake Michigan, b addition increased spa ' 'bui ion, inC spawning rates in tributaries couldreduce the need lor stocking of lake Michigan sport fish species.

Tbc sueams andrivers of Berrien County have significant potential as spawning grounds for Salmonids
froin Lake Michigan, as well as for trout fishing, but spawning is impaired by sediment. pcsucidc, and
fertilizer-laden runoff from cropland  U.S, Department of Agnculturc 1985!. Michigan and Indiana
have launched a joint effort to improve fishery habitat, extend thc salmon fishery upriver Io Mishawaka,
IN, and protect other recreational amenities in Ihc St. Josephs River Basin, Thus, Ihc region is very
appropriate for our study.

Study site 1 is drained by PipestOne Creek, a tributary Of Ihc SI JOScphs River. Site 2 is further Io Ihc
SOuth and drained by the EaSt branCh of the Galien RivCr, Both rivCr systems have ieCCivcd Substantial
stockings of Salmonids in recent years  table 4.2!, and segments of each have been designated as trout
streams by the State of Michigan Michigan Depanmcnt of Natural Resources 1986, 1987!. Thc study
sites were chosen to represent different watcrshcd envuonmcots.

At present. the Galien River Study sitC appears Io COntain bcuer SalmOnid habitat Ihan thC Pipestone
Creek Site. A cobble-gravel Substrate and a wCII dCvclopcd poOl-riffle scqucncc waS prezcat Ihiough
most of thc Galien River site, These are ideal circumstances for Salmonid propqytion.

Tab& 4.2. Game fish stacked i ¹ Bcrric¹ Coa¹ry daring 1986,

Stocked in Bcrricn
County Tributaries

�,000 lish!

Stocked in
L, Michigan
�,000 fish!

Species

3.9
17.6

737.5

165.2

1,15g. 1613,3County Total:

nic Pipestone Creek study Site apparently was channelized in thc past, sO pool-riffle structures have
lar 1 1' inated. The I�,.~ominant substrale is silt and clay in thc vicinity of thc Ntc. These

hes 1Ocated ii Of thc Site

appear tO be leSS diSturbed and contain Subauatea Of Sand and gravcL Thia inigcates Ihaa past
channelization inay have significan y 'minisd di hed the Salinonid habitat potential of Ihe Pipestone study

25

Brook Trout
Brown Trout
Chinook Salmon
Lake Trout
Rainbow Trout

Steelhead
Walleye Bay dc Noc
Walleye
Walleye Muskegon

30.0
22],1
109.4

9.4
78.2



The two sites also differ in soils and topography. The predominate soil types at the Pipestone Creek site
arc of Pella-Kibbie associauon, which arc typically poorly drained silty and loamy soils on level
outwash plains, lake plains and deltas. Soils of the Blount-Rimer association dominate iheGalien River
site, These are loamy and sandy soils on level and gently sloping till plains and moraines  U.S,
Departmeni of Agriculture 1980!.

4.12 Identification of LMUs and Transects

The delineation of catchrnents and transects within the study watersheds was possible by an examination
of U.S. Geological Survey  USGS! 7 I/2 minute series topographic maps. Defining land management
units  LMUs!, however, requires informauon from several additional sources. Identifying the location
of soil types required the examination of county soil survey maps  U.S. Department of Agriculture
1980!, and local plat maps were necessary to identify farm boundaries. Aerial photographs were
obtained from the Bcrrien County Oflice of the U.S, Agricultural Stabilization and Conservation
Service  ASCS! arid used to delineate the boundaries of individual farm fields,

The process of defining LMUs includes several steps which require the simultaneous examination of
two or more map types. The computer drafting program AUTOCAD  Autodesk, Inc, 1985! was utilized
to simplify the process, Computer images of all maps were created by either image scanning technology
or manual digitization. The image of each map was then used to create one or more hyers in an
AUTOCAD file. Each layer was scaled and properly orientated. Multiple layers could be viewed
overlaid against each other, and only required layers need be displayed for a particular task. It was also
possible to "zoom in" to a particular area of the map so that fine details could be viewed. The use of
AUTOCAD also provided an easy means to make length and area measurements using a pointing device
such as a mouse.

The Pipestone Creek site consisted of 5 farm fields from 3 farms. The 93 ha watershed was divided into
8 catchments with 19 LMUs  table B.2!. The 140 ha Galien River site contained 8 farm fields from 4
farms and was divided into 12 cate hments with a total of 33 LMUs  table B.3!.

4.13 Soil and Topographic Data

Topographic data was extracted from ihe digitized images of USGS 7 1/2 minute series topographic
maps. Area, average slope, and slope length werc required for each LMU. The soil types and area of
each were similarly extracted from the digitized images of the soil maps.

A database of soil properties and soil-specific parameters required by the simulation models  table B. I!
was developed from the tables presented in the Berrien County soil survey book  U.S. Department of
Agriculture 1980!, For each soil type in the study sites the pesticide model requires the SCS hydrologic
soil group, saturated hydraulic conductivity, average water capacity, and soil bulk density, The only
soil characteristic required by the sediment model is the USLE soil erodability  K! factor. The
proportional areas of each soil type in an LMU were used as weighting factors in computing average
values of each soil-specific property for each LMU,

Tables in the soil survey book regarding generalized yield information of specific crops for each soil
type were used to characterize each soil type as having low, medium, or high productivity potentials.
This classification scheme was used to make the crop budgets soil specific as discussed in Section 4.2.

4.1A Rainfall Distributions

'Ae distributional characteristics of daily rainfall were estimated from a 57 year record of rainfall at Eau
, ]VII. Eau Clairc is located in Berrien County approximate! y 3 miles south of the Pipestone Creek

site and 12 miles northeast of the Gaiien River site.

Several probability distributions were developed from the historical record for use in the siinulation
models. This section considers only those used by the Curve Number runoff equation in the pesticide



simulation model. Use at the historical record to estimate the distributional patterns ofrainfall erosivity
for thc USLE is described in the next section.

The pesticide simulation model requires distributional characteristics of three variables related to
rainfalh daily rainfall amount, i«er-arrival time  the number of days between rainfall events!, and
antecedent moisture condition  AMC!, which is dependent on the total rainfall for the five days prior
to a rainfall event,

The SCS Curve Number Equation assumes that all rainfall abstractions  interception, infiltmtion, etc,!
are satisfied before any run o if occurs, As a res uli of this assumption, it is possible to identify a minimum
rainfall amount for which a given curve nuntbcr will result in a prediction of runoff. For the two sites
aid managemerit alternatives considered in this study, the maximum curve nutnber is 94 and any storm
less than 2.5 cm will result in a prediction of no runoff, Thc rainfall record, therefore, was first screened
to identify rainfall events greater than 2 5 ctn. Each event greater than 2 5 cm. was charac~ by the
rainfall amount, the number of days since the last event greater than 2.5 cm, and theantecedent moisture
condition. Standard SCS procedures were used to assign each storm an antecedent moisture condition
of AMC I, AMC Il or AMC 111 using the total amount of rainfall  including events less than 2.5 cm!
occurring during the previous 5 days. The modified record produced by the scleening process was used
to develop the distributional characteristics.

An exponential distribution  mean = 1.004 crn! was fitted to the modiCied record of rainfall amount. The
exponential distribution was tested for appropriateness using Pearson's goodness-of-ftt test and was
acceptable  P = 0.95!.

A discrete distribution rather than the commonly used poisson distribution was used to characterize
inter-arrival times between storms. This was considered acceptable because the pesticide simulation
represents a rather short time span and thus the rare occurrence of very long periods without rainfall  as
during a drought! could be neglected. Values for the discrete distribution were created by tabulating
the frequencies of inter-arrival times occurring in Ihe historical record table 4.3!. Inter-amvaj titne was
assumed to be independent of rainfall amounL

Tab e 4.3 Observedfrequenries of tnterarriva  times  lAT!  days! for
storms greater than,25 cm at Eatt Clat're, Jiff.

IAT freq,IAT freq. IAT freq,

The variability of ihe antecedent moist re condiuon wa esOrnated by several discrete simulations.
While AMC was assumed to be independent of rainfall amount, it was necessary to make antecedent
moisture dependent on inter-arrival times. Considering antecedent moisture to be independent of inter-
amval times would permit random samples to be generated such as an AMC 111 condition for a storm
with an interartival 6me of 30 days, which would clear! y be in error. To avoid such anomalies, a thscrem
distribution was developed for each inter-amval time considerxxj The probabilities used for inter
atrjval tune and the three chtsses of antecedent moisture condition are g jven jn table 4 4
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0.320 11 0.020
2 0,169 12 0.014
3 0.109 13 0.011
4 0,097 14 0.012

0.050 15 0.010
6 0.045 16 0.008
7 0.042 17 0.008
8 0029 18 0.004
9 0.021 19 0.003

10 0,018 20 0,002

21 0.00
22 0.002
23 0.001
24 0.00
25 0,001
26 0.00
27 0.00
28 0.00
29 0.0005
30 0.0005



Table 4.4 Observedfreqaencies of antecedent moisture condition
for storms of digferentinterarrival times lAT! at Eau Claire, hf/.

IAT AMC I AMC II AMCIII

4.15 Annual Erusivity Distributions

No published data concerning seasonal differences in the annual erosivity factor of the USLE nor its
variability could be found for Berrien County. If hourly or breakpoint rainfaH data are available, the
etosivity of qualifying storm events could be computed and sutnmed to create seasonal values. Since
only daily rainfall records and the average annual erosivity value were available, an alternate apprazh
was taken.

Richardson et al. �983! presems a regression equation developed to predict storm event erosivity  EI!
from daily rainfall values. The equation includes a normally distributed error term e and a coefficient
c I used to calibrate the equation to specific locations:

where EI, is the rainfall erosivity on day t  MJ-mtn/ha-h!, c I is the locally defined correction factor, r,
is the rainMl on day t  mtn!, b is a regression factor equal to 1.81, and e is a residual term normaHy
distributed with mean 0 and standard deviation equal to 0.34. Different values of cl were used for two
seas'  Oct. - March and April - Sept.!.

To avoid physicaHy unrealistic values of EI, when e is very large or very small upper and lower bounds
are requited and are given by.

EI . =  r,!'- �.00364 Iog� r! - 0.000062! �0a!

EI =  rg . �.291 + 0.1746 log� r,!! i f r, < 38 mm �0b!

EI =  rg 0 566 if r, > 38 mm �0c!

Richards' etal. �983! tested the equation and presented values for c I for eleven locations. The nearest
location to Berrieu County tested was Lansing, Michigan.

For this report approximations of seasonal R distributional characteristics were made using Richardstm's
equation and the historic daily rainfall record. Records of daily average temperature were also required
so that precipitation events occumng as snowfall could be identified. Precipitation was assumed to
occur as snowfaH whenever the daily average temperatute failed to exceed 0 degrees C. Potential
erosion losses due to snowmelt were assumed to be negligible.

Daily EI values for each rainfaU event werc cakulated using the historical record of rainfaH and
randomly generated values of a. Seasonal and annual totals of R were calculated by summing tbe EI
values of storm events for each year of thc historical recortL

A sensitivity analysis of the cl correction factors was conducted in order to find values which resulted
in predicted annual average R values closest to the reported value of 2550 MJ-mm/ha/h/y for Bemen

I

2 3
4 5

z6

0.279
0.312
0.438
0.500
0.650
1.000

0.478

0.530
0.454
0.398
0.250
0.000

0.243
0.158
0.108
0.102
0.100
0,000



County, The selected values of c1 were then used in a Monte Carlo simulation. The simulation processed
the rainfall record 500 times to generate a large synthetic set of R values for each crop-growth period.
A lognortnal distribution was fitted to the data and found to be suitable by Pearson's goodness-of-fit test.
The mean and variance of R for each crop-growth stage are shown in table 4.5

Table 4.5 Seasonal statistical parameters of rainfall
erosi vity at Eau Clai re, /tfi.

Rainfall erosivity
 MJ-mm/ha/h/yr!
mean sAl,

Crop growth
season

926 167
1,038 231

444 67
145 45

CG1  Apr - June!
CG2  July - Sept.!
CG3  Oct - Dec.!
CG4  Jan. - Mar.!

42 MANAGEMENT SYSTEM DATA

Twelve management alternatives were considered in this study, These were combinations of three
tillage practices: a conventional tillage method  moldboard plowing!, a conservation practice  till-
plant!, and no-till; two crop rotations: wheat-corn-cornmrn-soybeans  O'CCCS! and alfalfa-alfalfa-
corn~rn-alfalfa  AACCA!; and two tnechanical supporting practices: vertical plowing and contour
plowing. Table 4.6 shows the assumed dates of important farm operations for ebs:h crop rotation.

Table 4.6. Assumed dates of farm operati ons for crops
in Bem'en, County. IvII,

Event Corn Soybeans

Oct 15

May 1
May 10
May 15
Oct 15

Oct 15
May 1
May 15
May 30
Oct 1

Plow
Chisel
Disc
Plant
Harvest

Oct. 1
July 1

29

42.1 Crop Yields and Profits

Economic returns for each management alternative were taken from crop budgets developed by Prof.
J. Roy Black �987-1988! of Michigan State University in consultation with the Michigan State Office
of the U.S. Soil Conservation Service. Development of the crop budgets required a variety of
information including specification of costs associated with fertilizer and pesticides inputs, machinery
maintenance and repairs, post-harvest crop dryiug, and land rental, Yiehls for all crops other than wheat
were differentiated for three soil productivity classes. Crop prices were assumed to be $60/ton for hay,
$225/bu for corn, $5.40/bu for soybean, and $2.30/bu for wheat. Economic returns for a management
alternative were annualized by averaging the return produced each year within a multi-year rotation.
Rotation average returns for each of the three sod productivity classes are given in table 4.7.



Table 4.7 Soil specific average annual economic retttrns  S/itatyr.!
of management options for soi l productivity classes.

Soil Productivity Class
SPI SP2Rotation Till

422 SCS Curve Numbers

A matrix of sixty curve numbers was developed for each management alternative, representing four
hydrologic soil groups and fifteen time periods  five crop years within each rotation, with three ctop
growth stages in each year!, The curve nutnbcr matrices for thc twelve management alternatives are
given in table A.5. Thc consideration of a particular management alternative on an LMU with known
soil characteristics allows the matrix to be reduced to a vector of fifteen curve numbers. On LMUs with
rnul tiplC SOil typCS, thC Curve number fOr CaCh limC peiod is COmpu ted as the average Of thC numberx
for thc four soil gtoups weighted by the proportional area of each hydrologic soil youp in the LMU,

Thc three time periods for each year of thc crop rotation are the pre-planting, immediately alter plowing,
and the average condition during the cropping season, which is assumed to exist midway through the
growing season. Knisel's �980! method was adapted to develop the curve numbers for the three time
periods. Tbc method requires infortu ation on crop types, expected crop yields, and tillage and cultural
practices. Tables are used which offer recommended curve n umber reductions for specific crops and
practices based on expected crop residue levels,

432 Pesticide Use, Physical, and Toxicological Data

Data requirements of thc soil chemistry segment in thc pesucidc simulation are rather meager.
Apphcation rates are specified in thc crop budgets  table 4.8!. S incc the model assumes I»sticide losses
occur only from thc top I crn of soil, thc method ol'application  surface applied or incorporated into the
soil! is also an iinportant consideration, Wc assumed that thc conventional and conservation tillage
practices involve thc incorporation of pest ic ides to a depth of 8 cm, This was accounted for by reducing
tl»application rate to I/8 of that specified in the crop budget, Data concerning decay rates and soil-water
partilioning were obtained from Rao et al, �980!.

Acute toxicity rcsponscs of Salmonid species were obtained from the report by Mayer and Ellersieck
�986!, which compiles and interprets the results of more than 4,900 acute toxicity tests conducted at
tl» Col uinbia National Fisheries Laboratory. The tests inc l uded 410cbcmicals and 66species of aquatic
animals. Their interpretation involves the development of interspecies correlation models and an
asscssinent of the degree to which several factors have on test results. In regards to indies
ctateiations, Mayer and Ellersicck found that confidence limits were higI»st within families. The
results of toxicity tests conducted with rainbow trout were high! y correlated  r > .95! to those of other
Salmonid species. Where data was not available I'or a particular species and chemical, the intcrspecies
correlations were used to estimate the missing data.
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AACCA CV
AACCA CS
AACCA NT
WWCCS CV
WWCCS CS
WWCCS NT

-248.90
-196,62
-208,24
547,62
459.62
357.18

-310.50
-258.28
-203.74
250.85
289,19
312.43

~.16
409.16
-360.35

43.51
-12,33
-0.37



Table 4.8 Pesticide application rates, gratn/ha. ttrith conventional  Conv! and conservation  Cons!
ti llage all pesticides are incorporated to a depth of 8 cm.

Pesticide Rotation Tillage Year 1 Year 2

Atrazine

Bladex

Table 4.9 Pesticide physical and toxicological data,

Pesticide Decay
coeff.
 days!'

96 hr.

LC~
 mg/1!

Soil - Water 24 hr.
Partition LC

 ing/1!

NOEC

 mg/1!

Atrazine
Furadan
Bladex

G.0106
0.0847
0,0495

087
0.86
0,54

0.0179
0.0622
0.0196

6.8
0.68
12.0

4.5
0.38
9.G

42A USLE Cover Factors

The USLE C factors for each crop growth season  table A.4! were determined by Prof. J. Roy Black
�987-1988! and associates in the Department Agricultural Economics at Michigan State University
with the assistance of Berrien County SCS personnel.

Several sources of uncertainty are possible in the use of the USLE C factor, even when specific values
ate selected by local experts. Crop conditions vary from year to year due to differences in the temporal
patterns of rainfall, temperature, and sunshine. Published values for specific crops and management
practices which are derived from field experiments will contain some degree of experimental error.
Some values may also contain errors because they are interpolated froin values for other crops or
practices. With these factors in mind, uncertainty was incorporated into the C factors using the
technique suggested by Thomas et aL �988!.

Thenormaland log-normal probabilitydistributionscommonly used to describ the vttriab
variety of environmental data are not appropriate for use with C factors. By coiivenjon, C factors are
bounded by 0 as a lower limit and 1 as an upper limit arid therefore can not he described by a distribution
with infinite tails.

Thomas et al. �988! uses a double triangular distribution calibrated against a bounded nortnal
distribution  figure 42! to characterize the uncertainty in C factors. The double triangular distribunon
has a lower limit of 0,9 times the mean value or 0, whichever is less, and an upper 1;m,.t of I
mean value or 1, whichever is greater- The ordinates at the midpoints  points B and D in figure 4 2!
between either limit and the mean are set as 0.179 times the ordinate at the mean by cahbrantm
a normal curve. Randotn numbers fitting the double triangular distribution ate generated by Ixds- g
equations given in Thomas et al. �988! with normally distributed random numbers
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Figure 4.2, Double triangular distribution used to characterize
USLE cover factors. Point C is lhe expected cover factor value,
point A and E are the minimum and maximum values, respectively,
the abscissa af B and D are midway befweaen C and either extreme
value, and the ordinates are 0.179 that of poinf C.

42.6 Other USLE factors

Values of the topographic  LS! factors of the USLE were obtained from Wischmeier and Smith� �978!.
The tong slope lengths and gentle slopes characteristic of most LMUs in the study sites resulted in the
USLE predicting that con touring offers no decrease in erosion loss for those LMUs.

The soil erodability  K! factors of the US LE were obtained from the Berrien County soil survey book
 U.S. Department of Agriculture 1980!, Average values for each LMU were estimated by weighting
the value for each soil type present by the proportional area of the soil present in the LMU.

43 SUMMARY

This chapter has described the data required by our methodology, sources for those data, and
preprocessing steps required to employ them. Specific data for our case studies are also given. These
data are the basis of the applications and analyses described in Chapter 5.
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CHAPTER 5: APPLICATION TO LAKE MICHIGAN TRIBUTARIES
RESULTS AND ANALYSIS

5.1 MANAGEMENT RESULTS

5.1.1 Itnportance of Targeting
The model used in our analysis "targets" ihe changes in farming practices according to the econoinics
of individual LMUs and the role that LMUs play in lhe surface hydrology of the watershed. As a rough
rule, an inexpensive change that greatly reduces the quantity of soil and chemicals that reach the stream
is favored over more expensive or less effective changes.

"Targeting" involves explicitly searching for low cost approaches to habitat protection. This is
important to realize, because abatement policies and programs rarely are "targeted" to the degree that
our model allows. Doing so would require extensive information and modelling support, be costly to
administer, and be political! y difficult to carry out. Thus, the rather advanced -targeting" in our model
very likely produces cost estimates that are below costs that might have to be incurred in real-world
pro graJll s.

5.12 Control Costs and Suitability Levels

The model presented here was used to evaluate tlie costs and effects of farming changes that might
protect fish habilat at the Pi pestone Creek and Gal ieii River sites. At both sites, the model was evaluated
at three target levels of suitability for Salmonids: 0.5, 0.7, and 0.9. These wiIJ be referred to as levels
of habitat "quality". The relationship between economic cost and the probability of exceeding the
habitat suitability targets  to be called "reliability" ! for the two sites are shown by tradeoff curves in
figures 5.1 and 5,2 for the Pipestone Creek and Galicn River Sites, respectively.

In the absence of habitat constraints, the most profitable solution vectors for both sites consists of the
WCCCS rotation on all fields  table 5.1!. The relative proportions of tillage practices are similar for both
sites. The Galien River site has a greater proportion of No-till. At the Pipestone Creek sile, no-tlII is
restricted to a few LMUs wiih high proportions of soils in productivity classes SP2 and SP3. LMUs
dominated by soils of class SPJ, which comprise tie majority at both study sites, are cultivated most
profitably with conventional or conservation practices.

The probabilities of habitat degradation under the profit maximizing management regime are markedly
different for the two sites  table 5,1!, and this reflects differences in stream characteristics. For
Pipestone, the profit maximizing regime results in polluuon levels that leave roughly a 10% probability
that any of the selected suiiability target levels will be exceeded. That is, the probabil ity of falling below
the targets is approximately 90%. The Galien sile is generally more suitable with the profit maximizing
farming regime, with the probabilities of achieving the designated suitability targets ranging froin 54%
for a suitability level of 0.5 to 24% for a suitability level of 0,9. As wiIJ be discussed in section 5.1.4,
the iimiting pollutant at high risk  low probability! levels is sediineni. Considering the gentler slream
gradient and channelization of Pipestone Creek, we would expected Pipestone to have less capacity than
Galien to transport sediment downstream as suspended particles. Sediment entering Pipestone Creek
is more likely tobe deposited  figure 5.0! and accumulate in the stream bed, thereby impairing Salrnonid
spawning habitat.
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Figure 5.0. Assumed stream substrate alterations
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Tabfe S.J Frobabilities of ercceding habitat target levels
in the absence of habitat constraints,

Habitat

suitability target ievel
0,5 0.7 0.9

Pipestone Creek 0, I I 0.06 0.02

Galien River 0.54 0.35 024

S.13 Implications of Different Risk Levels and Suitability Targets
ln thc fish habitat context, risk translates into a probabdity of failing to exceed a particular suitabilitytarget in the sueam channel. Lower risk means a higher probability. We will use the term "reliabiTity"for thc probability of exceeding a suitability target. A higher suitability target represents conditions thatare more favorable for Salmonids. We will refer to ihe suitability level with the term "quality".
Mote emsion-prone or pesticide-intensive practices reduce the reliability of a specific suitability targetand thc level of quality for a particular level of risk. Timing is also a key issue. Practices that involveapplying pcsticidcs closer in time to major storm periods or fish life stages are more likely to generaterunoff that greatly dainagcs thc fishery.

Reducing impairment from agricultural pollution requires fanning practices that are less erosive, lesspesticide-intensive, timed differently, or all of ihese. Farmers will give up profits by switching to



Movement along individual curves in figures 5.1 and 5.2 shows the changes in total costs needed to
increase the probability of ensuring a particular suitability level. As we would expect, the total cost
increases only gradually over a considerable range. This suggests that small and inexpensive changes
in farming pracuces can go a long way toward improving the reliability of habitat suitability. Howe ver,
the costs increase at an increasing rate, implying that more and more costly changes are required to
achieve higher and higher reliability.

The nature of the farming changes ate suggested by the data in tables 5.2 and 5.3. Ilese data reflect
the changes that would be called for at the Pipestone and Galien sites to increase the probability of
achieving the 0.5 habitat suitability target from the basehne to 0.6, and on to 0.9, assuming the measures
could be targeted.

Table 52 Rotation and tiRage changes required to exceed the 05 siatabi kty
target at three levels ojre liability at the Pipestone Creek Si te. Values gi ven are
% of watershed by area.

Management Practice Reliability:
Baseline�1%! 60%

Rotations:
WCCCS
AACCA

100%
0%

85%
15%

Tillage practices:
Conventional
Conservauon
No-till

67%
27%

6%

35%
36%
29%

24%
45%
31%

Table 53 Rotarion and tillage changes required to exceed the 05 suitability
target at three levels of reliability at the Gaiien River Site, Values given are%
of watershed by area.

Reliabihty:
Baseline�4%! 60%

Rotations:
WCCCS
AACCA

100%
0%

100%
0%

68%
32%

Tilhtge practices
Conventional
Conservation
No-till

42%

36%
22%

34%
39%
27%

22%
49%
29%

practice»at reduce stream inipacts rather than simply maximizing economic returns. The costs of risk
reduction or higher suitability standards are the differences in profits realized by the farmers. A policy
to improve stream habitat would either force farmers to incur these, costs or would compensate the
farmers by at least the amount of lost profits. Quite conceivably, greater than the minimum costs or
compensation would be realized, and this is another reason to view the cost estimates reported here as
conservative.



Shifting from onc curve to another in figures 5, I and 5.2 represents a change in the quality of Salmonid
M,itat 0 choiceofq ific HSI levels Isarbi~. Theeffectoncostsofh]ghersujl biljty b~

higho qual jty is more costly at every level of reliability. The limi tcd number of index values
and study sites prevent conclusions about the rate at which costs rise with higher suitability levels.

Just as greater reliability requires different farming practices, sodoes higher quality. Tables 5.4 and 5.5
summarize the targeted" farming changes for 75% reliability and suitability levels of 0 5, 0,7, and 0 9.

Table 5.4 Rotation and tillage changes reqtu red to achi eve 75% reliability
at three levels of habitat quality ot the Pipestone Creek Site. Values gi ven are
% of watershed by area.

Suitability target:
0.7

Management Practice
0.90.5

100%
0%

83%
17%

76%
24%

Table 53 Rotation and tillage changes required to achi eve 75% reliabili ty
at three levels of habi tatquality at the Galien River Site. Values gi ven are %
of watershed by area.

Management Pracuce Suitability targeL
0.70.5 0.9

100%
0%

79%
21%

73%
27%

Rotations.
WCCCS
AACCA

Tillage practices:
Conventional
Conservation
No-till

Rotations:
WCCCS
AACCA

Tillage practices;
Conventional
Conservation
No-til

35%
36%
30%

33%
40%
27%

30%
38%
32%

32%
45%

23%

21%
52%
27%

27%
55%
18%



The results in figures S, l and 5.2 show that increasing the suitability target causes a decline in the
inaximum possible reliability, This suggests that the practices that are best under usual weather
circumstances that dominate the suitability determination are not the same as the best practices for the
extreme conditions that dominate reliability. Furtherinore, conservative farming practices alone cannot
achieve high levels of suitability with high reliability. Either land nse practices different from those
considered here or supplementary stream protection measures would be required.
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Figure 5.1 Reliability cost frontiers. Pipestone Creek site,

Figure 5.2 Reliability cost frontiers, Golieri River site,



Tightening the habitat constraint results in a shift towards greater use of the no-till WCCCS managment
alternative up to the point at which the pesticide constraint becomes binding, Requiring greater
reliability results in a decrease in the use of no-tiB WCCCS, and the AACCA rotation comes into the
leaSt-COSt management regime. With the crOp rotauonS COnSidered here, no-till invOlveS the Same
application rates and frequencies of herbicides  Atrazine and Bladex! as the other tillage practices, and
less frequent application of the insecticide Furadan, With no-till. however, the pestcides are not
incorporated and consequently are more available for runoff. Widescale adoption of no-till may also
result in higher pesticMe concentrations since uiitiged fields have lower runoff rates, which means less
dilution of the pesticides.

52 COMPARISON WITH EROSION AND SEDIMENT CONTROL POLICIES
The SEDEC model was used to determine the optimal manageinent practices which would be requited
at the Pipestone Geek site under an abatement policy aimed at sediment. TTiese practices were
compared to results of siinilar costs obtained using the model developed here to detect differences in
risk of habitat degradation and precri bed farm practices.

Three sediment-based policies were considered: I! constraining the total sediment load in the
watershed; 2! constraining the sediinent load from each catchment; and 3! constraining the soil erosion
froni each LMU. Cost hontiers for each policy are displayed in figure 5.3. The runoff and habitat
depahtian SimulatiOn modelS were uaed to predict the riSk Of habitat degradatiOn far SOlution vectura
at seLected points from each cost 6ontier, The cost and resulting risk of habitat degradation were plotted
and compared to results obtained from the model developed here. Results obtained for the thee
alternative policies at suitability target levels of 0.5 and 0.9 are given in figures 5.4 and 5.5.

'  $00

w
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0 Erosion policy

Sediment poli cy � catchment

Sediment policy � watershed

20 60 80 100
Percent sediment abated

Figure 5.3. Cost frontiers for alternative policies.

These figures show that erosion and sediment target reasonably approximates a habitat suitability target
only over a hmited range. Both sediment policies provide reasotmble approximations of habitat
suitabilityoverawiderrange than does theerosion policy. Tbeapproximationsgtow worseas ticidesgnaw worse as pea bcplay a greater role in suitability determination, i.e., at higher Levels of reliability where the pesticide
suitability constraint is controlling, Since the critical pesticides are in solution, and since sediment

5.IA Sediment Effects versus Pesticide Effects

Analyaia of model reSultS reveals that lhe constraint On pestiCide suitability is nOn binding at lOw levelS
of reliability. The pesticide constraint does not become binding until rather high probabilities of
e~g the target suitability levels are required, at which point the risk of excessive sediment
accurnuhtions is relatively low. This is consistent with the consensus ainong fisheries biologists that
deteriorated substrate conditions are most responsible for the general degradation of fish populations
in the Midwest e.g, Smith l978!.



runoff is not necessarily correlated with runoff volume or concentration, "targeting" sediment is a poor
way to deal with pesticide effects. Thc poor approximations at high suitability levels are due to the
greater implementation of the no-till WCCCS management alternative. With all three policies,
abatement is achieved mainly by implementation ofno-lill WCCCS, while the AACCArotation is not
implemented to any significant degree, This is especially true with the erosion policy, which limits the
generation of sediment from each LMU. Conversely, the sediment policies achieve abatement by
strategic placement of the no-till WCCCS practice to reduce the delivery of sedimenL As a result, the
sediment policies requires the no-tiB WCCCS to be installed on fewer fields.

COlnpariSOn Of the twO figureS SuggeStS that lhe range of reasOnable apprOximatiOn Shrinks aS the
suitability target is raised. The explanation is that, with higher suitability targets, the pesticide
constraints bind at lower reliability levels.

The rather peculiar nonconvex shapes of the dashed curves in figures 5.4 and 5.5 are due to the fact that
controlling sediment will sometimes lower pesticide runoff and sometimes increase it. For example,
shifting to no-till can increase pesticide concentrations, thereby reducing the reliability of «chieving a
suitability objective, while shifting to an alfalfa rotation can reduce both sediment and peslic ides. A
sedimentation policy takes no account o f the pesticide consequences, and the result is higher costs and
greater or lesser reliability depending on the precise nature of the sediment control regime,
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Figure 5.4. Cost and habitat degradation risk
of alternative policies, HSI ! 0,5.
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59 IMPLICATION FOR AGRICULTURAL WATERSHED MANAGEMENT
AND LAKE MICHIGAN TRIBUTARIES

The preceding analyses suggest several things about farming changes ihat could improve garne fish
habitat in Lake Michigan tributarie. They also provide insight into policies for bringing thesechanges
about.

53.I Watershed Management

Most policies to conuol agricultural uanpoiut source pollution have concentrated on the increased use
of reduced tillage practices rather than changes in crop rotations. As shown in tables 53-5.5,
considerable iinproveinents in fish habitat can be achieved through changes in tillage practice only. If
high quality sahnouid habitat is to be maintained with reliabilty, however, changes in tillage practices
alone maybeinadequate. Asindicatedinpreviaus sections,attempts toinaintainqualityhabitat tluough
widescale use of uo-till may actually decrease habitat quality if it leads to ~ use of pesticide
intensive rotations. The two crop rotations considered in this study differed considerably in cost and
pesticide use. Achieving a high reliability of habitat quality required that the costly AACCA rotation
be implemented at considerable expense. The results obtained here may not have been so dramatic if
additional rotations, intermediaie in pesticide use and cast, had been considered.

The use of contour plowing has also been encouraged as a conservation practice. Changes in fish habitat
due to contour plowing are iuconclusive in this analysis, The effect of contouring on soil erosion is
predicted ttuough the USLE supporting practice  P! factor. P factors are obtained from tables relating
slope and slope length to erosion reduction by contouring. For a given slope, these tables include an
upper limit on slope length, beyond which no reduction in erosion is predicted. Slopes on the majority
of LMUs at both study sites are mild and rather long. which results in the USLE predicting no reduction
in erosion. The SCS curve number equation. used here to predict runaff, has no such upper limit of slope
length regarding contourutg, and thus predicts reductions in ruiioff. Clearly, a reduction in runoff should
be accompanied by a reduction in sediment transport, In this analysis contouring becomes important
only at high levels of habitat quality and reliability. Due to the discrepancy noted, between predicted
rates of runoff and sediinent deli very, this resul t msy not be accurate. Previous studies using the SEDEC
model on sites with greater slopes have found contour plowing to be a cost-efficient practice in regards
to sediment delivery.

The analysis in section 5,2 concerning policies which target erosion and sediment suggests that
protecticin of fish habiiat is best achieved by using a variety of practices. Watershed management in
which only a liiuited number of management aliernatives are encouted based on their ability to tuduce
one pollutant liiuits ihe habitat protection which is possible,

532 Fish Protection Policies

The Nesults of our analysis suggest that protecting fish habitat can be quite distinct from reducing
agricuI turaI poltutioii, especially a single dimension such as sediment Policies that address sediment
effectively can be much less effective in protecting habitat.

This result is not surprising because fish respond to multiple qualities of the stream channel. Single
dimensional policies will be effix:tive only if the diruension chosen is highly correlated with overall
suitability. Our analysis indicates ihat the correlation between sediment and suitability is highest at low
suitability and reliability levels but can be quite Iow at high suitability and reliability levels. Thus, more
ambitious fish protection goals should be matched with programs geared to more dimensions of stream
quality; in particuhr, agricultural pesticides.

A specific policy concern raised by this study has to do wuh no-till farming. No-till has been encouraged
by a number of public agencies and private groups, This approach appears to be sound with respect to
erosion and sediineniation. But, the consequences for fish, and perhaps other wildlife, may be perverse.
Ttus is because no-till sometiines invol ves greater use of pesticides, which are not as fully incorporated.
while it also reduces runoff volume. Non-incorporation ineans that less water wiII move more



chemicals. These resulis for no- till point toward a need for modified systems, perhaps like ridge-tiII ~
in which there is some incorporation of pesticides.

Another specific policy issue surrounds the apparent desirability of hetetogenous cropping systems in
a watershed. Growing a variety of crops will cut down on the presettce of any one pesticide and the
probability of that chemical exerting influence in a particular weather event. This effect is especially
important when suitability and reliabdity goals are high.

Various national agricultural policies, and especially price supports that favor a few crops, are often
blamed for promoting inonoculture. If these claiins are true, our results suggest that they also contribute
to reducing fishery quality and diversity by increasing the use of a few pesticides.

5.4 LIMITATIONS

Our findings are subject to a nuinber of limitations, many of which have been mentioned previously in
this report We have studied a very Iiinited number of idealized farming options, a very few agricultural
cheinicals, in only a two catchments, witlt respect to habitat suitability indices for only one fish family,
Our depiction of watershed landscape and surface drainage systems are. elementary. We have not
considered subsurface drainage at all, despite its importance in many stream systems. None of oui
models incorporate the most advanced scientific approaches to the problems at hand. Wtule we have
dote much to incorporate the effects of weather variability on pollution, we havedone almost nothing
about the economic and weather vicissitudes con frondng farmers. The specific resuhs could be quite
different with another set of relative prices  although the general results are likely to follow through!.
Finally. we have undoubtedly assumed more than a realistic capacity to target policies on ecotMMnic as
well as physical grounds.

Despite all these limitations, the insults seem plausible aud inslructive. Much insight can be gained by
tying offsite impacts into models of nonpoint source pollution sources and travels.

55 SUMMARY

This chapter presented analyses of two reaches of Lake Michigan tributaries in southwestern Michigtm,
These tributaries have the potential to support high value Salinonid species, and measures to enhtuice
that potential could contribute materially to programs seeking improved anadramous fisheries in the
region.

The results provide insight into management challenges and policy approaches. First, high quality
habitat is likely to be more difficult and costly to provide on a reliable basis at the channidized pipestone
site than at the Gal ien site where the basic conditions are more favorable, Second, much can be achieved
at relatively low cost by soil conserving tillage sysiems. Third, if high levels of quality and reliability
tun sought, reduced tillage systems may actually be counterproductive. These goals require greater at-
tention to pesticide management, which is served by increasing crop heterogeneity and low~ical
crops  such as alfalfa! in the watershed.
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CHAPTER 6: CONCLUSIONS AND DISCUSSION

6.I STUDY OBJECTIVES

This study began with three objectives. The first and fundamental goal was to develop an analytical
framework for identifying "priority areas" controlling the damage to fisheries habitat in Great Lakes
tributaries caused by agricultural sediment and sediment-associated pollutants. This was accoinph shed
in a risk manageinent framework. The specific approach in vol ved siinulation and optimization models
linking farm econoinics, pollutant runoff, and fisheries habitat within a stochastic  variable! weather
system. The models are spatially defined and together identify both the kind and location of
management practices that will achieve a specified level of protection for designated fish species at least
cosL Costs are incurred by having farmers employ practices or grow crops that are less than the iiiost
ptofitable options.

The second objective was to use the framework to identify efficient management appioaches for
protecting sport fish habitat in Lake Michigan tributaries. This involved identifying important fish
species and study sites and characterizing the economic, physical, chemical, and biological conditions
in the study areas. Two stream reaches in Berrien County, Michigan, with different physical character-
istics, were analyzed. The Berricn County area, particularly the SL Josephs River system, is the focus
of a joint effort by Indiana and Michigan to improve and extend habitat for anadramous species from
Lake Michigan.

The third objective was to investigate the importance of targeting abatement policies to control nonpoint
source pollution. This goal was met by identifying and analyzing different policy options; specifically,
policies based on erosion, sediment load, and habitat suitability targets. All were assessed for their
effects on abatement costs and habitat quality  suitability! and reliability  probability of achieving the
suitability level!, We also compared the cost and management implications of several levels of suita-
bility and reliability,

62 RESULTS

The tnost-profitable farming practices  among those considered here! were quite similar for both study
sites. involving WheN-�! Corn-Soybean rotations and some diversity of tillage practices. However,siinilar management regimes did not have similar effects on fish habitat reliability, due to the physical
dissimilarities of the stream reaches. At the channelized Pipestone site, with sediment substrate and low
gradient, the reliability of achieving suitability targets of 0.5 or more was approximately 10%. The more
natural Gal ien channel, with gravel substrate and somewhat higher gradient, attained a suitability of 0.5
with 54% reliability and an 0.9 suitability with reliability of 24%.

In order to increase the reliability of a specific suitability target or the level of quality for a particularlevel of risk, less erosion-prone or pesticide-intensive, or differently timed farming practices arerequited, With respect to reliability, the total cost of improvement increases only gradually over a
considenble range, This suggests that small and inexpensive changes in farming practices, if
strategically located and timed, can go a long way toward improving reliability. However, the costsincrease at an increasing rate, implying that more and more costIy changes are requued to achieve higher
and higher reliability.

The effect on costs ofhigher suitability is as expected � higher quality is more costly at every level ofreliability. The limited number of index values and study sites prevent conclusions about the rate at
which costs rise with higher suitability levels.

Increasing the suitability target causes a decline in the maximum possible reliability. This suggests thatthe practices that are best under usual weather circumstances that dominate the suitability determinationare not the same as the best practices for the extreme conditions that doininate reliabihty. Furthermore,
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conservative farming practices alone cannot achieve high levels of suitability with high reliability.
Either land use practices different from those considered here or supplementary stream protection
measures would be required.

Analysis of model results reveals that the con suaint on pesticide suitability is not binding at low !evels
of reliability. The pesticide constraint does not become binding until rather high probabilities of
exceeding the target suitability levels are reached, at which point the risk of excessive sediment
accumtdations is relatively low,

Tightening the habitat constraint results in a shift towards greater use of the no-tiII management
alternative up to the point at which the pesticide constraint becomes binding. Requiring still higher
reliability results in a decmm in the use of no-till and an increase in the AACCA rotation. No-till loses
ground because slightly greater pesticide use combined with non-incorporation and lower runoff results
in higher pesticide concentrations. The AACCA rotation gains ground because of relatively Iow use of
pesticides and good runoff-interception with alfalfa.

With respect to differentpolicy targets, three sediment-based policies were amsidered: I! constraining
the total sediment load in the watershed; 2! constraining the sediment load from each catchment; and
3! constraining the soil erosion from each LMU. The runoff and habitat degradation simulation models
were used to predict the risk of habitat degradation associated with the most efficient watenrhed
management responses to these policies.

A gross sediment target reasonably approximates a habitat suitability target only over a limited range.
The approximation grows worse as pesticides playa greater role in suitability determination. Since the
critical pesticides are in solution, and since sediment runoff is not n~ly correlated with runoff
volume or concentration, "targeting" sediment is a poor way to deal with pesticide effects. The range
of reasonable approximation shrinks as the suitability target is raised. This is because higher suitabil-
ity targets are subject to binding pesticide constraints bind at lower reliability levels.

The phenomena of higher costs and eratic perfonnance observed in comparing policies "~"
toward gross sediment to those "targeted" toward suitability are even more pronounced for erosion or
catchment sediment targets. The higher costs result from narrowing the scope for spatial optimization,
as welI as from the failure to account for pesucide im pacts.

63 IMPLICATIONS

Protecting fish habitat can be quite distinct from reducing agricultural pollution, especially a single
pollutant such as sediment. Policies that address sediment effectively can be much less effecnve in
protecting habital Single dimensional policies will be effective only if the dimension chosen is highly
correlated with overaH suitability. Our analysis indicates that the correlation betwi~ sediinent and
suitability is highest at low suitability and reliability levels but can be quite low at high suitability and
reliability levels. Thus, more ambitious fish proteclion goals should be matched with proIpams geared
to more dimension of stream quality; in particular, agricultural pesticides.

In the Lake Michigan tributaries studied here, irnporlant differences were evident in the baseline
conditions due to differences in the physical condiuons within the stream reaches. The Galien site has
fundainentally good characteristics for Salrnonid habitat. It apped that reasonably good levels of
suitability and reliability can be achieved with little or no changes in farming practices. In comparison,
the Pipestone site is not as fundamentally suited to Salmonid propagation. Nevertheless, aedinient is
the liiniting factor in the Pipestone over a significant range of reliabilities and suitabilitie, and sediment
loads can be reduced at modest cost, It is perhaps unreasonable to push the Pipes' site all the way
to Galien-type qualities, but our results suggest that improvements coukl be achieved at little cost and
inconvenience, largely through reducing lillage. Reducing tillage ttuoughout the area could result in
a general upgrading of habitat for anadramous fish, However, if extreinely high quality and reliabiTity
are sought, changes in crop rotations would probably be needed.

43



In fact, specific concerns are raised by this study about no-till fanning. No-till has been encouraged by
a number of public agencies and private groups and it may be a sound approach for combatting erosion
and sedimentation. B ut, the consequences for fish, and perhaps other wildlife, may be perverse because
pesticide concentralions in runol f may actually increase, The increases can thwart efforts to achieve
high levels of suitability and reliability. These results for no-till point toward further development of
modified systems, perhaps like ridge-till, in which there is soine incorporation of pesticides. Such an
approach might offer many of the benelus of reduced tillage while avoiding the risks associated with
nonincorporation and reduced runoff, and allow higher levels of suitability and reliability without ne-
cessitating different crop rotations.

Another specific policy issue surrounds the apparent desirability of heterogenous cropping systems in
a watershed. Growing a variety of crops cuts down on the presence of any one pesticide and the
probability of ihat chemical exerting influence in a particular weather evenL This effect is especially
important when suitability and reliability goals are high,

Various national agricuhural policies, and especially price supports that favor a few crops, are often
blamed for ncducing diversity. If these claims are irue, our results suggest that the policies also
contribute to reducing fishery quality and diversity by increasmg the use of a few pesticides.

6.4 RESEARCH DIRECTIONS

The resetueh presented here could be pushed in a number of directions. One direction would he to
develop a more comprehensive analytical framework � one that accomodates more pollutants, more
land area, and more farming possibilities while also simulating near-surface drainage linkages to streain
water quality. Additional targets inight be considered, including ground water contamination, surface
water suitability for contact recreation or water supply use. While these are worthy goals, perhaps of
great importance in some applications, they imply expansion of the general framework outlined here
rather than a different approach,

A second direction would add to economic considerations on the impact side of the inodel. To date,only
physical impacts have been represented However, fishing success and quality have economic value,
Estimating a value function for the particular species of interest would permit identification of an
optimal level of fishery quality and reliability. This type of analysis could be extended to include other
types of impacts in a multiple-objective framework.

A third direction would make the model more accessible and useful for watershedmanagement. This
would involve simplifying and further clarifying model components, rather than expanding the
analytical capabilities, and developing more detailed management information reporting options.

Finally, the model could be used to help discover key physical or locational features that, when used for
targeting, improve the efficiency of nonpoint pollution abatemenL The approach in the current study
supposes that economic information on farming operations is available and can be used as an element
ol' targeting by an omniscient watershed planner. However, this is rarely the case, and there aie no
instances  aside from auctions of grazing, logging. and oil extraction rights on public lands! where
economic conditions are used to target public resource use programs to the extent supposed hem.
Moving the resemh a step closer to real policy constraints would provide a more plausible picture of
the cost savings from realistic targeting options
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APPENDIX B: STUDY SITE DATA

Tab k B.l. Soi I properties for a0 soi l types found at the study si tes.

Tabb B2. Topographic data for the Pipestone Creek site.

Table B3. Topographic data for the Galien River study site,

Tabk B.4. USLE cover factors for the management alternatives usedin this study. CGI=April- June,
CG2=July-Sept., CG3=0ct,-Dec,. CG4= Jan.-March.

Table B5. SCS curve nutnbers for the management alternatives uscdin this sttuly.
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Table B./ Soil properri es for all soil typesfottrt d at the study si tes.

Soil

Group
Map Saturated
Symbol Hydraulic

Conductivity
 cm/hr!

Houghton
Kibbie
Whitaker
Pella

S pinks
Spinks
Spinks
Thetford

Adrian
Crosier
Selfridge
Oakvillc

Oakville
Morocco
Oshtemo
Oshtemo

Oshtcmo
Mms
Cohoctah
Gilford

Granby
Edwards
Lena wee
Elvers

Mctea
Metea
Riddles
Riddles

Rcnsselaer
Rimer
Brady
BcBeville

5A
31A
61A
32A

13B
13C
13D
57A

6A
16B
64A
IOB

IGD
42A
I IB
I IC

I ID
7A

29A
20A

37A
55A
25A
38A

63B
63C
14B
14C

17A
28B
19A
30A

0.5
1.5
1,5
1.5

15.2
15.2
15.2
5.1

0.5
1.5

15.2
15.2

15.2
15.2
5.1
5,1

5.1
0.5
5.1
5.1

15.2
0.5
1,5
1.5

50.8
50.8

1.5
1,5

0.5
15.2
5.1

15.2

Soil
Bulk
Density
 8/cm "3!

0.30

1.58
1,38
1.25

1.37
1.37
1.37
1.33

0.43
1.48
1.33
1.42

1.42
1.50
137
1.37

1.37
0.35
1.36
1.60

1.26
0.43
1.23
1.45

1,53
1.53
1.40
1.40

1,38
1,50
1.33
1,26

Average
Water

Capacity
 cm/crn!

0,40
0.20
0.22
0.23

0.09
0.09
0.09
0.12

0.40
0,21
O.l I
0.08

0.08
0.1 I
0.13
0.13

0.13
0.4G
0.18
0.14

0,1 I
0.40

0,20
0.21

0.11
0.1 I
0.22
0.22

0.22
0,10
0.14
0.1 I

USLE
K-factor
 t-ha-hr/
ha-MJ-mm!

0.30
0.28
0.37
0.28

0.17
0.17
0.17
0.17

0.25
0.32
0.15
0.15

0.15
0.17
0.24
0.24

0.24
0.28
0.28
0.20

0.17
0.31
0.28
0.28

0.17
0.17
0.32
0.32

0,28
G.17
0.20
0.17

SCS Economic

Hydrologic Group
Group

A B
C B

A A A A
A C C
A

A B B B
B

A B B

A B B B

B C B B



Soils map
symbol
 % area!

1.19
3.73

80
210

1402.39

340
195

9.45
3.50

3.50 2

16B 83%!
63B�7%!
64B�00%!

173

1 57 A�8%!
17A�5%!
29A�7%!

2,61

550.58 5

4.49 3

1431.43 5

55310.75 3

4321.17 2

1.66 2

564
116
56

11.58 3
0,91 3
0.72 2
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Table B,2 7opographic data for the Pipestone CreeR site.

TRANSECT LMU AREA FIELD FARM LENGTH SLOPE
ha ttt

2.49 I

4.62 5

6.97 5

64 A�00%!
64B�9%!
16B�1%!
16B 81%!
14B�9%!

64A�00%!
64A�0%!
17A�8%!
32A�%!
64 A�3%!
32A�5%!
57 A�1%!

57A�1%!
32A�3%!
17A�%!
29A�5%!
57A 85%!

29A�5%!
32A�3%!
31A�5%!
64A�%!
57A�1%!
31A�9%!

29A�2%!
64 A�0%!
32A�1%!
64 A�2%!
32A�8%!
29A�2%!
32A�4%!
64 A�%!
30A�0%!

63B�00%!
64A�00%!
29A�6%!
55 A�3%!
31 A�2%!
20A�%!



Table B3 Topographic data for the Galien River study site.

TRANSECT' LMU AREA FIELD FARM LENGTH SLOPE
ha m

Soils map
symbol
 % area!

79
256

3.8
5.9

3.2 159

3267.3

6.3

89
198

2,1
1,7

921.7

2.1

1183.5

345
301
76

1 1,9
7
4.9

5.6

4561.3

89
83

1.1
2.5

78
91

3.4
4.7

13 235

4.1 65

2 2

2 2

17 A�00%!
17 A�7%!
31 A�6%!
32A�7%!

17A 81%!
31A�9%!
17A  9%!
31A�5%!
37 A�6%!
10B�00%!

42A�00%!
42A�1%!
31A�9%!
16B�7%!
14B�3%!

17 A 86%!
29A�4%!
17A�2%!
29A�2%!
57A�6%!

17A�00%!
17 A�00%!
16B 91%!
13B 9%!
17A�00%!

57 A�7%!
29A�3%!
11B�00%!
I I B�00%!

31 A�00%!
11B 90%!
16B�0%!

32A 83%!
57A�1%!
29 A�%!
32A�2%!
57 A�8%!
32A�7%!
64 A�3%!



TRANSECT LMU AREA FIELD FARM LENGTH SLOPE Soils map
ha m % symbol

 % area!

245
178

6,8
0.7

3.3

2,110 365

784.6

1.3 278

1325,1

12 7.3

2633.5

224
78

4.7
23

Table B.3 cant, Topog raphi c data for the Calien River site.

1 31A�00%!
3 32A�8%!

31A�2%!
5 138�9%!

16B�1%!

2 17 A�4%!
30A�2%!
31 A�4%!

4 13B�5%!
10B�1%!
11B�4%!

1 5A�2%!
3A 88%!
17 A�5%!
19 A�0%!
30A�5%!

30A�3%!
19 A�7%!
37A�2%!
19A�1%!
30A�%!
14B�00%!
42A�00%!



Table 8.4 USLE cover factors for the managemenr alrernarives usedin this srudy,
CGJ = April - June, CG2 = July - Sept�CG3 = Ocr. - Dec., CG4 = Jan. - March.

Rotation
Ave.

Year 2 Year 3 Year 4 Year 5Time Year 1

0.27 0.2640.39 0.27 0,270.12Yr. tot.

0.1480.160.16 0,16 0.16Yr. tot. 0.1

0.05 0.05 0.050.09Yr, tot.

0.2 0.1520.02 0.19 0,330.02

0.02 0.07 0.13 0,12 0.072Yr, toL 0.02

0.02 0.01 0.040.02 0.026Yr. rot.

CG4
CG1
CG2
CG3

CG4
CG1
CG2
CG3

CG4
CG1
CG2
CG3

CG4
CG1
CG2
CG3

CG4
CG1
CG2

CG3

CG4
CG1
CG2
CG2

0.010
0.056
0.044
0,010

0.002
0.052
0.040
0.006

0.002
0.039
0.040
0.008

0.004
0.006
0.007
0.003

0,004
0.006
0.007
0.003

0.004
0.006
0.007
0.003

WCCCS - Conventional 611

0.029 0,013 0.013
0.099 0.112 0.112
0.097 0.099 0.099
0.164 0,047 0.047

WCCCS - Conservation till

0.004 0,004 0.004
0.060 0.060 0,062
0.079 0.079 0.08]
0.016 0.016 0.013

WCCCS � No-till

0.001 0.001 0.001
0.016 0.016 0,016
0.027 0.027 0.027

0,005 0.005 0.005

AACCA - Conventional Till

0.004 0.009 0,016
0.006 0.079 0.137
0.007 0.069 0.120
0,003 0,033 0.057

AACCA - Conservation Till

0.004 0.003 0.006
0.006 0,029 0,054
0.007 0.026 0,047
0.003 0.012 0.023

AACCA - No-till

0.004 0.000 0.002
0.006 0.004 0.017
0.007 0.004 0.015
0.003 0.002 0.007

0.008
0.150
0.084
0.029

0.004
0.062
0.081
0.013

0.001
0.023
0.030
0,005

0.047
0.072
0.056
0,025

0,028
0.043
0.034
0.015

0.009
0.014
0.011
0.005



Table B5 SCS curve numbers for the management alternatives used in this study.

Hydro. Soil Group: A
Rotation: Wheat-Corn-Com-Com-Soybean  WCCCS!

Time Tillage -> CONV. CONV. CONS.
period Mech. Ptac. -> V C V

CONS. NO-TILL NO-TILL
C V C

CORN

CORN

65

Hydro. Soil Group: B
Rotation: Wheat-Corn-Com-Com-Soybean  WCCCS!

Time Tillage -> CONV. CONV. CONS,
period Mech. Prac. -> V C V

CONS. NO-TILL NO-TILL
C V C

CORN

CORN

CORN

59

WHEAT 1
2
3

CORN 1
2
3

SOYBEAN 1
2
3

WHEAT 1
2
3

SOYBEAN 1
2
3

71
65
65

70
77
67

72
77
67

72
77
67

72
75
66

80
86
75

81
86
78

82
86
78

82
86
78

82
84
76

69
63
63

69
76
65

71
76
65

71
76
65

71
74
64

78
85
74

80
85
75

&0
85
75

80
85
75

80
83
74

67
58
58

65
71
62

67
71
62

67
71
62

67
71
62

76
80
69

74
&0
72

76
80
72

76
80
72

76
80
72

65
56
56

63
70
60

65
70
60

65
70
60

65
70
60

74

79
68

74

79
69

74

79
69

74
79
69

74

79
69

65
57
57

63
69
60

65
69
60

65

60

74

68

72
77
70

74
77
70

74
77
70

74
77
70

63
55
55

62
68
59

63
68
59

63
68
59

63
68
69

72
77
67

72
77
68

72
77
68

72
77
68



Table 83 cont. SCS curve numbers for the management alternatives used in this study.

Hydro. Soil Group: C
Rotation: Wheat-Corn-Corn-Corrt-Soybean  WCCCS!

Time Tillage -> CONY. CONV. CONS. CONS. NO-TILL NO-TILL
period Mech. Prac. -! V C V C V C

WHEAT 83 80
2 91 89
3 75 74

CORN

60

SOYBEAN I
2

83 81
91 89
78 75

85 82
86 85
78 75

85 82
86 85
78 75

85 82
89 87
76 74

79
84
69

77
84
72

79
80
72

79
80
72

79
84
72

76
82
68

75
82

69

76
79
69

76
79
69

76
82
69

77
82
68

75
82
70

77
77
70

77
77
70

77
82
70

74

80
67

73
80
68

74
77
68

74

77
68

74
80
68


