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ABSTRACT

A literature review been carried out on the effects of agricultural practices on water

quality of streams and waterways.

The problem was broken into seven sections: soils and fertilizers, soils and pesticides,

sediment loss and transport, animal wastes, hydrology of agricultural areas, rural sociology

and modelling non-point water pollution.

The transportation of polluting materials to the waterways is primarily through

solution in the surface and ground water, and through adsorption on sediments which are

transported to the waterways. The keys to predictions of such movements are the hydrologic

model and sediment yield model. When the limits of these transporting mechanisms are

determined for a given area, soil type and cropping system, then the inputs of pesticides,

nutrients, (N and P) and organic material to these mechanisms may be estimated from

known relationships available in the literature and from concurrent investigations.

Movement of nitrates, water-soluble pesticides, herbicides and organic materials

would be estimated from a hydrologic model, either through surface or shallow sub-surface

water movement models. Movement of adsorbed phosphates, pesticides, herbicides and

organic material would be from the sediment yield model and from the mineralogy and

fertility level of the soils yielding the sediment. Exchange reactions of materials between

solution and sediments as well as vapor movements remain to be evaluated.

The probability of estimating these transporting mechanisms and thus the flow of

pollutants, depends on accurate data on soil type, topography, fertilizer use, cropping

systems, pesticide use, animal density etc. and on adequate knowledge of their interaction

under defined climatic and management systems. A data file can be used with simulated

peak-runoff steady state models to estimate pollutant movements under various land use

systems.
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Relative responsiveness of communities to proposed changes can be estimated from

socio-economic and educational levels, using several available scales.

It would appear that enough information is available to warrant a first approximation

at simulating the effects of agricultural practices and peoples attitudes on water quality in

a defined agricultural watershed.
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1. A General Statement 

The sources of water pollution may be categorized or defined in a variety of ways.
Common descriptors of these sources are urban or rural, point and nonpoint sources. The
urban point sources are the most widely publicized - the discharges of industrial, commercial
and domestic water users confined to urban drainage systems. The relatively small portions
of urban runoff not confined to pipe systems form the urban nonpoint sources. The rural
sources of water pollution are dissimilar to their urban counterparts in that the majority are
nonpoint - the runoff from croplands, pasture, woodlands, and feedlots. The rural point
sources are composed largely of the discharges of channels or pipes draining agricultural
lots. The magnitude of the rural nonpoint runoff problem is comparable to that of urban
point sources.

The increased emphasis that has been placed on water pollution control by
government and by the public is manifested by the current activity in the control and
treatment of urban wastewaters. This activity should lead agricultural operations not to
expect to remain exempt from such concerns in light of the magnitude of the rural nonpoint
runoff problem. Agricultural operations are a major contributor to rural nonpoint sources of
water pollution, and these sources will receive increasing attention as national water
resource policies are determined. Prerequisite to the determination of such water resource
policy is the formulation of methodologies for the evaluation of agricultural runoff and waste
management policy. It is futile for government to adopt and attempt to enforce agricultural
land use policies with water quality objectives unless their exists a clear understanding of
the water quality impact of various land use policies and their social-psychological impact
on agricultural operators.

Ecologically-sound agricultural runoff and waste management policies are not
necessarily inconsistent with the economics of food production; moreover, in many
situations the two concerns are congruent. In situations where there is some conflict
between the objectives of environmental quality and minimum cost food production, it has
been suggested that "we abandon our preoccupation with maximum yield per acre and
consider instead a systems analysis of agricultural practices that will maximize all benefits
to society".1  However, before this optimal decision can be made, the environmental and
social impacts of agricultural management policies must be determined. The objective of 

_________________
1 C. R. Frink, Ag.Sci. Review, 2nd  Qtr., 1971
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this research is to establish a methodology capable of making this evaluation with an
example made of the Riviere Yamaska Nord.

2. Physical Elements of the Problem 1

The sources of agricultural runoff include cropland, feedlots, pasture, rangeland and
woodland. For the purposes of this study, concern is directed to the first three sources, since
the contribution of water pollutants from the others is both background and minimal. The
water quality parameters of this runoff that are of importance to this study include: 1.
sediment from soil erosion (suspended materials), 2. plant nutrients (nitrogen and
phosphorous), pesticides and herbicides and 4. oxygen demand (biochemical oxygen
demand and chemical oxygen demand). There is clearly a relationship between she first and
subsequent parameters since it is known that suspended soil particles carry adsorbed
materials. An objective of the proposed study is to relate the loss of these water pollutants
to various use policies practised on land forms.

The soil erosion and sediment yield are a function of a region's hydrology, soil
characteristics, land slope, slope length and cropping practices. Some remedial measures
(use policies) that may be undertaken to reduce soil erosion are the following: I. decrease
the impact of rain and soil and decrease the amount and velocity of overland flow by
maintaining vegetative cover on the land through crop management policies, 2. decrease
runoff by increasing soil porosity and aggregation through the incorporation of crop residues
and animal wastes in the soil, 3. increase infiltration time, conserve moisture and decrease
erosion by land modifications (terraces and strip crops), contouring and diversions, minimize
tillage on slopes, 5. early growth of crops, and 6. crop rotation. It is noted that practices and
structures to conserve soil and water are identical to those promoting a reduction of
pollutants found in agricultural runoff.

The concentration of water pollutants in this runoff are directly affected by the
application of fertilizers and pesticides to croplands. Supplying fertilizers to increase crop
yield is necessary for the economic production of low cost food. However, each succeeding
increment of fertilizer is less effective for increasing yield. Smaller amounts of nutrients are
recovered in the crop for each additional increment.

_______________
1 This section is adapted from R. C. Loehr, "Agricultural Runoff - Characteristics and Control",

J. San. Engr. Div., ASCE, 98, SA6, p.909, December 1972
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For example, the cost of nitrogen relative to the value of additional crop produced is
such that farmers are inclined to apply nitrogen nearly to the top of the yield response
curve. At the point of maximum yield, the recovery of additional N is negligible. The N not
recovered in the crop has the potential of increasing the N in the ground and surface waters.
Water quality change by nutrient runoff from fertilizer and pesticide application is a function
of: 1. natural nutrient content of the soil, 2. soil type (geology), 3. topography (geography),
4. production practices, 5. type and rate of fertilizer and pesticide application, and climatic
conditions (meteorology and hydrology). The reduction of runoff and the reduction of
nutrients and pollutional matter from agricultural land are normally complimentary but there
are also specific practices that can reduce the availability of fertilizer and manure nutrients
that are lost to surface stream by runoff and to ground water by percolation. Feasible
practices include: 1. avoiding manure application on frozen soils, 2. limiting the amounts of
fertilizers to that needed by crops, 3. minimizing fall applications of fertilizers, 4.. timing
fertilizer application to be consistent with crop needs, 5. spreading manure on growing crops
or stubble rather than on bare fields, and 6. avoiding the application of manure on slopes
capable of rapid runoff.

Associated with the runoff of sediments, nutrients, and pesticides is the runoff of
animal wastes from feedlots and barnlots. The water pollution potential of feedlot runoff is
a function of: 1. the waste production per animal, 2. the number of animals in confinement,
3. the frequency of cleaning, hydrology, 5. waste characteristics, and 6. waste degradation
in the lots. Measures for controlling this runoff include: 1. diversion of runoff, 2. retention
ponds (with or without solids settling basins, 3. covered confinements, 4. controlled location
(flat sites removed from water courses), evaporation ponds (in arid regions), and 6. land
disposal. The last of these measures must be considered in close conjunction with control
measures for cropland runoff.

3. Sociological Elements of the Problem

Even with an understanding of the physical factors contributing to the characteristics
of rural runoff, it will be difficult to institute proper control measures where they are needed.
The major difficulties include the large areas to be controlled, the diffuse nature of the
runoff, the many land owners involved, and the fact that rural runoff is a natural process.
Although one of the principal hopes for control of rural runoff and for a decrease in
unwanted characteristics in the runoff lies in the application of sound soil conservation

4



practices, the successful institution of other desirable practices could only follow from an
understanding of the attitudes and values of agricultural operators and of the mechanics of
change in rural homes and communities.

Some measures of control may be physically and economically feasible but not
implementable or enforceable; others may be both. Even with measures that are common
sense, their institution will require a positive educational and incentive program including
financial incentives. Thus, the rural sociological factor affecting the control of agricultural
runoff and its characteristics demand a consideration in conjunction with the water quality
effects of such control.

An additional problem is given by the nature of the benefit derived from an improved
water quality. It is necessary to determine the economic and social benefit of improved
water quality in order to assess the justification of the economic and social costs of control
measures required to achieve the improved water quality. The preferences and values
attached to water quality by rural residents must be understood in order to evaluate
alternative agricultural runoff and waste management policies.

4. Approach to the Problem 

Given the importance of agricultural runoff, and the relative lack of attention it has
received as a policy planning and management problem, this study should approach the
problem with the following as objectives:

a. To identify the receiving water quality parameters, and hence the runoff
quality parameters of concern to the study (e.g., suspended solids, oxygen
demand, nutrient (N & P) and pesticide concentrations, etc.) with associated
spatial and temporal criteria and water bodies (streams, lakes, aquifers).

b. To identify the sources of agricultural runoff associated with these water
quality parameters.

c. To identify the agricultural land use and waste management policies which
may affect, control or abate these sources (in addition to institutional,
educational, social, and economic incentive programs which affect the
implementation of these policies).

5



d. To identify the functional relationships between the quantity/quality
characteristics of runoff from these sources and the land use and waste
management policies.

e. To identify the interrelationships in the quantity/quality characteristics of
runoff among the various sources due to land use and waste management
policies.

f. To develop the analytical forms of models (from the functional forms
identified in d and e, above) which relate water quality to agricultural land
use and waste management policies in terms of the water quality parameters
identified in a, above.

g. To formulate a water quality model for the Yamaska Nord consistent with the
parameters and criteria identified in a, above.

h. To devise a sampling schedule for the selecting, staging, and taking of
measurements on the independent variables of the models identified in f and
g above.

i. To process the data collected in h, above for the estimation of parameter
values in the models of f and g, above.

j. To verify these models with subsequent data collection on the dependent
variables.

k. To employ the runoff models in an evaluation of the water quality impact due
to alternative land use and waste management policies with water quality
models of the receiving water course.

l. To develop cost functions for land use and waste management policies.

m. To evaluate the efficacy of policies by determining their acceptability to
farmers and feedlot operators.

n. To formulate a management model by combining k, I, and m, above, which
considers the resultant water quality, relative economics, and implementation
potential of agricultural land use and waste management policies.

These several points receive further detailed elaboration in the course of this report.

6



II. LITERATURE REVIEW

1. The Areas Reviewed

2. The Reviews
A. Soils and Fertilizers
B. Soils and Pesticides
C. Sediment Loss and Transport
D. Animal Wastes
E. Hydrology of Agricultural Areas
F. Rural Sociology
G. Modelling Non-Point Water Pollution

3. Conclusions from the Literature Review
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1. The Areas Reviewed 

From the observations contained in the introduction of this report, it is evident that
several fields of technical and professional literature require review in order to formulate a
research program consistent with the state-of-the-art of non-point water pollution control.
Reviews were required in the areas of pollution transport phenomena (mechanisms of state
and phase changes and detailed hydrology), rural sociology, land-use  information systems,
and management modelling. These areas were decomposed into the following explicit
sections: a) soils and fertilizers, b) soils and pesticides, c) sediment loss and transport, d)
animal wastes, e) hydrology of agricultural areas, f) rural sociology, and g) modelling
non-point water pollution. The objectives of each of these sections are described below.

The review of soils and fertilizers was undertaken to explore the phenomena
associated with the transport of the nutrients nitrogen and phosphorous. The heavy reliance
placed on crop fertilizers by farmers has resulted in substantially increased contributions of
these nutrients to agricultural waterways. Upon application, there are chemical transfor-
mations which take place in the soil. The nature of the chemical transformations (ortho to
poly forms of phosphorous and the nitrification of ammonia fertilizers) and the kinetics of
these transformations affects the eventual form and fate of the nutrients. Thus, the
transport mechanisms - adsorption on soil particles and sediment movement or dissolution
of chemical forms and movement by surface runoff or percolation - must be studied in
correspondence with the chemical transformations. Finally, the establishment of models and
determination of model parameters to describe the above phenomena must be reviewed.

Since pesticides are similarly agricultural chemicals, the review of soils and pesticides
closely follows the points of the above discussion. Because of the differences in chemical
transformations, kinetics, and transport modes, pesticides require an individual review to
ascertain transport models and empirical parameter values.

Given that the transport of agricultural chemicals is so closely associated with
sediments and that sediment itself is a potential pollutant, a review of sediment loss and
transport is implicit in this study. A literature review was conducted in this area to determine
the cropping and cultivation practices which influence sediment loss. The investigation of
sediment loss models provides a guide to the parameters necessarily included in the
hydrologic and land-use models.

8



Animal wastes are another source of nutrients and oxygen demanding materials.
Current concentration of animal populations frequently results in the subsequent
concentration of animal wastes near waterways - a situation detrimental to water quality.
The adequacy of the methods for the treatment and disposal of animal wastes are reviewed
as are structural alterations of feedlots. The disposal of animal wastes on cropland is
reviewed and found to be feasible when practiced within the policy guidelines associated
with the previous section on sediment loss. The relationship between animal waste disposal
and nutrient and sediment transport clearly demonstrates the highly interactive nature of
agricultural waste and runoff management policies and supports the need for a thorough
systems analysis of agricultural landuse policy planning.

The above transport mechanisms are all influenced by the incidence and movement
of water. The implication of a review of the detailed hydrology of agricultural areas is
obvious. The quantities and rates of runoff and infiltration will govern pollutant transport to
waterways. This review of detailed hydrology demonstrates the state-of-the-art of predicting
surface runoff and base flow contributions to streams and delineates the factors influencing
these contributions.

The importance of assessing the ability to implement land-use management policies
that possess some physical merit is frequently emphasized in this report. To this end, a
review of the literature of rural sociology was undertaken to establish the social
characteristics of communities and individuals which influence their reaction to policies and
hence the efficacy of policy implementation. These traits may be measured in the field and
used in conjunction with physical factors to formulate policy decisions on agricultural
land-use and waste management practices.

Finally, methods for the assembly of the various physical phenomena implicated in
non-point agricultural pollution are reviewed. This review is influenced by the first five
reviews as it is subject to the accommodation of the mechanisms of agricultural chemical
and sediment transport and the criteria of hydrologic events governing those mechanisms.
Various types of watershed models are assessed for their ability to incorporate these
mechanisms and criteria. Although not explicitly revealed in this section, the watershed
models were viewed in conjunction with the land-use information system described in
Chapter III of this report.

9



These literature reviews, presented in the following sections of this chapter, are
employed in the formulation of the research program discussed in the following chapter.
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2. The reviews 

A.  SOILS AND FERTILIZERS 

INTRODUCTION

Approaches to the study of contributions of agricultural phosphorus to drainage
waters can be placed into two categories. Approaches in which measured values of
phosphorus in water are related to a variety of factors such as land use, topography,
management practices and soil type fall into the first category. Oglesby suggests that while
this approach yields valuable information as yet insufficient data is available from which
generalised relationships can be defined. The second category involves a budgeting system
in which Output = Input - Storage in the system. This is described by Frere, in graphical
form (Figure II.A.1). Many difficulties arise with this approach since an account must be
made of a series of complex reactions. This section is organized in two parts dealing with
these two categories.

SECTION I: Studies correlating phosphorus in runoff with physical factors and factors of
agricultural practice.

A. PLOT STUDIES 
Plot studies (Table II.A.1 and II.A.2) involve the use of small, relatively homogenous

units in which measured water quality parameters can be related to one or more physical
or management variables. In this type of work conclusions are usually made by comparing
one plot with others. 
Relationships noted in plot studies

Comparisons between studies are frequently made difficult because different forms
of phosphorus are measured and rates of input, i.e., fertilizer application are not always
given. Moreover, it is not always possible to isolate any one factor.
Surface runoff    (All references apply to Table II.A.1 unless otherwise stated)

Losses of total P in surface runoff range from 52 kg/ha/yr (Knoblauch et al.) to 0.1
kg/ha/yr (Timmons et al.) and include losses due to both sediment and solution transport.
Losses of phosphorus in solution are much lower, ranging from 0.5 lb/a/yr (Missingham) to
3.88 lb/a/yr (Sylvester) while losses of "available" P range from 0.02 kg/ha/yr to 10.2.4
kg/ha/yr. "Available' phosphorus is a measure of soluble P plus phosphorous extracted by 

11



Figure II.A.1.  Compartments of a Model for Chemical Movement in Watersheds (after Frere, 1974).
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Table II. A. 1. Losses of Phosphorous in Surface Runoff

Study
Form of P
measured

Slope
%

Soil Texture
or Type

Crop
Management

factor
P Applied

P lost       P (conc)
          Lost

P% 
Lost

Location
New Jersey

Knoblauch
et al. 1972

Total P 3.5 sandy loam Vegetables:
1. no manure
2. manure
3. cover crop
4. cover crop & 
    manure

-
-

kg/ha/yr
40.26 
67.07 
52.66

29.65

Timmons et
al.,1963

Total P 6 loam Fallow
corn continuous
corn rotation oats
rotation 
hay rotation

kg/ha/yr
29.1
29.1
30.2

0.2-0.6
0.1-0.2 
0.1
0.0-0.1
0.1-0.3

0.3
0.34
0.33

W. Central
Minnesota

Duley and
Miller,
1923

Total P 3.6 shelby loam Fallow
blue grass sod
wheat annually
wheat/corn/clover
corn annually

spaded 8"deep none
"

48 lb/a/yr
33 
0.1
11
2
8

Missouri

Neibel et al.,
1966

Soluble
inorganic
P

- - corn/wheat 
2yr. meadow 
1.5 acre

Prevailing
practice
Improved:
contour plowing
pest control strip
cropping, high P
fertil.

low

high

of rainfall
0.02 lb/a/day

0.03 lb/a/day

0.03
lb/a/day
Ohio

7.5 acre
mixed farm
orchard

prevailing prac.
improved    "
improved    “

low 
high

high

0.01 lb/a/day 
0.02 lb/a/day 
0.07 lb/a/day 
0.02 lb/a/day

13



Table II.A.1 (continued)

Study
Form of P 
measured

Slope
%

Soil texture
or type

Crop
Management
factors

P applied
P 
Lost

P(conc) P%
Lost    Lost

Location

Stoltenberg
&
White 1959

 available
P (0.5 M
NH4F)
(0.1N HC1

2-5 silt loam corn
    manure, 

soybeans 
soybeans 
wheat 
wheat 
meadow 
meadow

liming to pH 6.5 
contour plowing &
cultivation
A
B
A
B
A
B

high   0.86

moderate high
moderate high
moderate high

   kg/ha/yr

  3.82 
  1.93 
  0.82 
  0.48 
  0.99 
  0.74

  “
  ”
  “
  "
  "
  "

Indiana

Thomas 
et al., 1968

0.05 N HCl
0.005 N H2SO4

extractable
good correlation
between soil/
P loss

3 sandy loam corn
rye/pea nuts/rye
rye/corn/oats
oats/rye

23.65 kg/ha/yr
18.47      "
40.52      "
0             "

  0.02
  0.07
  0.05
  0.02

  "    .08%
  "    .38%
  "     .12%
  "

Georgia)

Weinder 
et al., 1969

Total acid - silt loam corn
row
slope, 

corn

wheat 
wheat

straight  
tillage across 
liming to
pH 5.4
contour tillage
liming to pH 6.8
A
B

4.82       "

17.34    “

4.82      "
17.34    "

  10.24

   3.11
   1.33
   0.41

    212.4%

     17.9%
"    27.6%
"     2.36%

Minnesota

Massey 
et al. 1953 

available P 
(sol.& pH
3.0 extract)

20 silt loam oats
5-yr hay
oats
5-yr hay

fertilizer
applied
only to oats
fertilizer a 
applied at rate 10
lb/a/yr P to oats
8 lb/a/yr P to hay

50 lb/a/yr

= 10 lb/a/yr 
of
oats
hay

   0.18

  0.18

"     1.02%

lb/a/yr 1.8%
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Table II.A.1. (continued)

Study
Form of
P measured

Slope
%

Soil texture or
type

Crop
Management
factors

    P. 
  Applied

P
lost

P (Conc)  P%
lost         lost

Location

Missingham soluble 20 silt loam silt loam - - 1.8 lb/a/yr Ohio
inorganic 8 silt loam corn - - 0.5    “

Sylvester soluble - loam farmland - 1.25  “ “       .17 mg/L Washington
1961 inorganic fine sandy loam farmland - - 2.88  " “        .26 mg/L

P fine sandy loam farmland - 3.88  " “        .36 mg/L
fine sandy loam farmland - 0.92  " “             .22 mg/L
fine sandy loam forested - - 0.74  " "         .07 mg/L

Massey 
et al., 1953

available 3 Almena silt loam corn-oats 0 0.91kg/ha/yr Wisconsin

(sol.& pH
3.0 extract

3 corn-oats 
2-yr hay

0 0.20 “ “  Soluble P
  .10 lb/a/yr

11

11

20
20

Fayette

Fayette

corn-oats

corn-oats 
2 yr hay
corn-oats 
4-yr hay 
oats
5-yr hay

0

0

0

0

2.91 “

0.73 “

0.75 “

0.13 “

" .17 lb/a/yr

  .39 lb/a/yr

Stoltenberg 
& White 1953

available P
(0.5 M NH F)
(0.1 N HCl)

2-5 silt loam corn liming to  A
pH 6.0
straight row 
planting &
cultivation

moderate 2.86 kg/ha/yr Indiana
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Table II.A.2. Total Accumulative Water and Nutrient Losses (for the period of 1 April
1970 - 31 March 1971).

Crop Fertility Manage-
ment

Runoff
NH4-N

Nutrient losses

cm % of
Precip.

NO3-N Inorganic
P

- - - - - - kg/ha - - - - - - 
Corn high good 3.9 4.0 0.33 1.41 0.13

poor 17.4  17.7 0.99 2.46 0.49
moderate good 6.1 6.2 0.14 0.39 0.05

poor 8.1 8.3 0.21 0.40 0.16

Beans high good 5.4 5.5 0.40 1.46 0.18
poor 13.0  13.2 0.50 29.23  0.37

Wheat moderate good 8.2 8.4 0.21 2.46 0.04
poor 14.5  14.8 0.61 2.29 0.09

Wheat high good 7.4 7.5 0.42 0.93 0.17
poor 17.3  17.6 0.36 1.14 0.32

moderate good 9.9 10.1 1.30 0.50 0.21
poor 8.0 8.2 0.15 0.60 0.08

Factor Level Means*

Crop Corn  8.9a  9.1a 0.42a 1.16a 0.21a
Beans-Wheat 10.3a 10.5a 0.43a 8.86b 0.17a
Wheat 10.7a 10.9a 0.56a 0.79c 0.20a

Fertility High 10.7a 10.9a 0.50a 6.10a 0.28a
Moderate  9.1a  9.3a 0.44a 1.11b 0.11b

Management Good  6.8a  6.9a 0.47a 1.19a 0.13a
Poor 13.1b 13.4 0.47a 6.02b 0.25b

* Means followed by the same letter are not statistically significant at the 5% level.
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a specified solution which is usually acidic. It gives an indication of plant-available
phosphorus in the soil.

Several factors which influence the removal of phosphorus into drainage waters are
illustrated by this type of study.

Slope

The effects of slope are seen in the works of Massey  et al. and Missingham. In the
study by Massey et al. losses of available phosphorus tripled as the slope increased from 3%
to 11%. A contributing factor, however, may have been the difference in soil type. A similar
increase in losses of soluble phosphorus as slope increases is reported by Missingham.
Comparisons between these studies and other studies are made difficult because of
differences in soil type, crop type and management practices.

Soil Type 

The same difficulties also hamper comparisons on the basis of soil type. In a study
by Sylvester (Table II.A.1) different amounts of soluble phosphorus are apparently lost from
different soil types. Moreover, as no information regarding crops and cropping practices is
available no conclusions can be drawn. On the whole, most plot studies seem to have been
conducted on either sandy or silty loam soils.

Crop 

Within individual studies, the smallest losses tend to occur from land under meadow
or continuous sod (Duley and Miller, Stoltenberg and White) and the highest losses from
fallow land (Timmons et al., Duley and Miller). Losses from continuous corn are usually
higher than from corn in rotation with hay or another cereal crop (Duley and Miller, Timmons
et al.) except when in rotation with rye and oats (Thomas et al.). Massey et al. showed that
corn in rotation with oats leads to greater losses of available P in surface runoff than corn
in rotation with oats and hay. Bath Weidner et al. and Stoltenberg and White indicate that
greater losses occur from corn than wheat, but Duley and Miller found the opposite to be
true. Stoltenberg and White also found that greater losses of available P occur from
soybeans than from corn and wheat.
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Klausner et al. carried out a study in which they compared the effects of crop type,
fertility and management practices on losses of P in surface runoff (Table II.A.2). They
found that there was no statistically significant difference between the losses from three
different crops:  corn, beans and wheat.

Management and Fertilizer Practices 

In those studies where management practices are reported, two categories 'good'
and 'poor' are generally used and include tillage practice, liming and rates and timing of
fertilizer application. Weibel et al. showed that slightly greater amounts of soluble
phosphorus were lost from a corn/ wheat/meadow rotation when improved practices and
higher levels of fertilizer were used. This is contrary to the findings of Peterson,
Stoltenberg and White and Weinder et al.  In general, it is considered that conservation
practices coupled with adequate fertilization will prevent losses of nutrients, as the
improved cover and plant root system impede soil loss and runoff (Peterson).

Klausner et al. (Table II.A.2) found a significant difference between losses from
crops under good management practice (planting cover crops and leaving crop residues
on the field), as opposed to poor management practice (burning crop residues and not
planting a cover crop). In addition, they found that losses of P in runoff from highly
fertilized plots were significantly greater than losses of P in runoff from slightly fertilized
plots (Table II.A.2). This is confirmed to some degree by the work of Massey et al., who
found that high fertilizer applications to an oats/hay rotation caused greater losses of P
in runoff than low fertilizer applications. However, the percentage of fertilizer lost was
greater in the latter case (Table II.A.1).

Ryden et al. point out that although the amounts of runoff and sediment loss may
be reduced due to improved practices, the concentration of dissolved P may be sufficiently 
great (due to high fertilizer application rates) to cause greater total losses of P than in
areas of low fertilizer application.

Subsurface Runoff   (All references apply to Table II.A.3 unless noted otherwise)

Although waters percolating through soil are usually low in dissolved phosphorus
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(Black, Biggar and Corey), Ryden et al. suggest that contributions to stream phosphorus
may be significant under certain conditions. Most measurements of subsurface flow have
been made on tile drains and irrigation return flow drains and the results of a number of
studies are given in Table II.A.3. Ryden et al. point out that when compared with
undrained soils, tile drainage may reduce the contact time between dissolved phosphorus
and soil solids, thus limiting sorption by soils and giving rise to higher concentrations in
subsurface flow.

Soil Type 

Sandy soils seem to yield the highest values of soluble P in subsurface drainage
waters. Coole and Williams record levels up to 0.44 mg/L from cultivated sandy drift in
England. Elsewhere, Ozanne found that in a siliceous sand in Australia, 50% of added P
penetrated to a depth of 1 metre within 6 weeks of application.

Relatively low concentrations of P have been recorded in subsurface drainage for
muck soils (Nicholls et al.) and in calcareous soils (Carter et al., Johnston et al.).
Intermediate values are shown in Table II.A.3 for clay soils (Bolton) and non-calcareous
loans (Sylvester).

Crop Type
Cooke and Williams indicated that less soluble P is lost from grassland than from

arable land. Bolton et al. showed that while greater amounts of phosphorus are lost from
continuous corn than corn/oats rotation the differences in soluble P concentration in
drainage waters, attributable to this factor, are small. Other comparisons are difficult to
make because of differences in rates of fertilization (Johnston et al.) and soil type
(Sylvester).

Rates of Fertilization

Bolton et al.  found little difference in the amount of P lost to subsurface drainage
from fertilized and unfertilized plots. With high applications of fertilizer to muck soils (134
kg/ha/yr), Nicholls et al. found that the concentration of P in subsurface drainage rose
from 0.019 mg/L to 0.031 mg/L. However, this latter value is low compared to losses 
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Table II.A.3. Losses of Phosphorous in Subsurface Runoff.

Study
Form of P
measured

Soil type Crop Management P Applied
P
lost

P(conc)
lost

P %
lost

Location System

Sylvester
(1961)

sol. P Naches
loam
Esquatel
selam loam
Antanum
loam
Sagemdor
loam

 Sweet corn

 Wheat
 Barley &  
 pasture  
 Grapes & 
 hay

3.4 lb/a/yr

8.1lb/a/yr

 8.9 lb/a/yr

7.1lb/a/yr

.17 mg/L

.32 mg/L

.26 mg/L

.20 mg/L

Washington Irrigation 
return flow 
drains

 Bolton 
et al. (1970)

sol. P Clay  Corn/oats (rot) 

 Corn cont.

0    
28.9 kg/ha/yr

0  "   "
28.9 kg/ha/yr

.13 kg/ha/yr

.13 kg/ha/yr

.26 kg/ha/yr

.29 kg/ha/yr

.18 mg/L

.21 mg/L

.17 mg/L

.19 mg/L

.45%

 1%

Ontario tile

Nicholls
et al.(1974)

sol. P Muck  Cultivated onions   
Non-cultivated

134 kg/ha/yr
0

.031 mg/L
 .19 mg/L

Ontario tile drains

Cooke and
Williams
(1970)

sol. P Sandy
Sandy
Drift

Arable & grassland
Arable
grassland

.08 mg/L

.44 mg/L

.05 mg/L

S. England tile drains

Carter 
et al. (1971)

sol. P Calc. silt
loam

Alfalfa, corn
root crops, pasture

30 lb/a/yr   .13 lb/a/yr .012mg/L Idaho Irrigation 
return flow

Johnston 
et al. (1963)

sol. P
Heavy 
silt/clay
loam

cotton/rice 
cotton
alfalfa
rice

48 lb/acre
33 lb/acre

1.83 lb/acre
13.9 lb/acre

1.44lb/a/yr
  .33 lb/a/yr
  .23 lb/a/yr
  .66 lb/a/yr

3%
1%
13%
17%

California

Irrigation
return
flow
drains
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from other soil types. Willis reported that despite high fertilizer applications to the organic
soils of the Bedford Marsh in Ontario, no losses of phosphorus were recorded in drainage
waters.

B. WATERSHED STUDIES 

Except for the research by Nicholls and MacCrimmon on the Holland Marsh watershed,
the relative contributions of P from surface and subsurface runoff are not usually assessed
in watershed studies. The effects of such factors as slope, soil type, cropping patterns and
management practices are usually unidentifiable unless the watershed is small and uniform.

Losses of phosphorus in streams draining agricultural watersheds are given in Table
II.A.4. The smallest loss of total P noted was from rangeland in S. Ontario (Campbell and
Webber), where there is no record of fertilizer ever having been used. These losses, 0.08
kg/ha/yr, are similar to losses recorded from forested watersheds (Borman et al., Taylor et
al.) and imply that few or no losses from surface runoff were occurring. Low values have
also been recorded in fertilized watersheds during times of little or no surface or subsurface
runoff. Minshall et al. estimated that total P losses from agricultural watersheds in Wisconsin
during base flow was at the rate of 0.12 kg/ha/yr. However, Witzel et al. found a 10-fold
increase in estimated losses from the same watersheds during periods of surface and
subsurface runoff.

Witzel et al. also found that greater losses occurred from cultivated land than from
pasture land, although the cultivated land was more heavily fertilized. The highest loss of
total P recorded in Table II.A.4, 13 lb/a/yr, is from row-crops in the Tennessee Valley
(Fippin).

Losses of soluble P from agricultural watersheds range from 1.4 kg/ha/yr (Nicholls
and MacCrimmon) to 1.1 kg/ha/yr (Thomas et al.). Nicholls and MacCrimmon noted that
90% of the phosphorus lost from a muck soil was in the soluble form. The amount of both
soluble and total phosphorus lost from the cultivated area in the Holland Marsh was between
5 and 9 times greater than that lost from the uncultivated area. The concentrations of both
soluble and total P were between 1 and 1-½ times greater in drainage from the cultivated
soils as compared with uncultivated soils, and was much greater in surface waters than
subsurface waters (Table II.A.3). 
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Table II.A.4 Losses of Phosphorus in Streams Draining: Agricultural Watersheds.

Study Location Slope
Form of P
measured

Soil type or
texture

Crop              Bedrock Rainfall
P Applied
kg/ha/yr

P lost
kg/ha/yr

P (conc)
lost ppm

P %
lost

Campbell &
Webber 1969

S. Ont. - Total P - 90% rangeland -     - 0 08 16

Tippin 1945 Tennessee
Valley

- Total P - row crops -     -

Witzel 
et al. 1969

Wisconsin 6-8% Total P Silt loam 100% pasture -
cultiv. hay
pasture

    - 4.08
9.64
4.27

4.00 
1.51 
1.20

25
15.6
28.1

Nicholls &
MacCrimmon
1974

Holland
Marsh Ont.

0% Total P muck cultivated
non-cultivated

1.34(P2O5)
0

1.56    .1
  .15    .5

-  .7
-  .1

  4.5

Nicholls &
MacCrimmon

"" 0% Soluble
reactive P

muck cultivated 
non-cultivated

1.34 
0

1.4      .7
.15      .4

- .1
- .05

1.04

Taylor 
et al. 1971

Ohio 12-18 Soluble P silt loam 50% permanent -
 pasture. 50%
winter wheat & meadows

    - 3.5 1.07 .022 30.5

Thomas 
et al. 1974

Kentucky - Soluble P - pasture/2% tobacco PO4
-

rich limestone 20%
wooded/ pasture 1st

/shales corn.
intensely cultivated

 1.1    .32

        .010

.01

.

 - 0.1

Kunishi 
et al.1972

Pennsylvania - Total-
available P -

majority in corn
some vegetables

summer storm
spring storm

.762

.025
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Nicholls and MacCrimmon point out that losses from cultivated organic soils are only
important if pumping of excess surface waters occurs.

Thomas et al. found that cropping practices and fertilizer application rates were less
important than bedrock in determining the soluble P content in streams draining agricultural
lands. Soluble P concentrations of streams draining pasturelands underlain by PO4-rich
limestone were much greater than levels in streams draining more intensively cultivated and
fertilized areas underlain by shales and limestone.

Losses of total available P from an agricultural watershed were recorded by Kunishi
et al. They found that much less phosphorus was removed by a low intensity storm
continuing for 3 days than by a high intensity storm lasting for only ½ day. They also
showed that reductions in concentration of P in solution were due to adsorption onto
sediments derived from subsoils and stream banks.

On a much larger scale, Muir et al., using regression analysis, attempted to relate
values of soluble inorganic P and adsorbed P on sediment to watershed characteristics for
drainage in the State of Nebraska. They tried to correlate different land uses with flow and
concentration of nutrients on a county basis. They found a significant positive correlation of
dissolved and adsorbed phosphorus with human population density and also with the
percentage of land in legumes. The latter they explained in terms of 1) leaching of P from
alfalfa residues and 2) increased erodibility of soil following soybean growth leading to
increased loss of P adsorbed onto sediments.

SECTION II: Budgeting Approach

Figure II.A.1 presents an illustration of the various pathways by which phosphorus
could move into and out of the soil and into drainage ways. Losses of phosphorus from
agricultural lands have been closely linked with losses of sediment. (Muir et al., Timmons
et al., Fippin).  Many authors have reported that the primary method of phosphorus
movement in watersheds is as P attached to suspended solids (Biggar and Correy, Black,
Lin). Levels of phosphorus in solution are governed by the nature and properties of the
suspended sediments (Ryden et al., Taylor and Kunishi). Consequently, it is probable that
estimates of relative contributions of sediment from areas within a watershed could also
predict contributions of phosphorus if the amount of P associated with the sediment could
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be established. As the effects of slope, crop type, management factors and soil type are
considered in the sediment prediction models, these factors probably do not need to be
assessed for P movement per se.

To assess phosphate levels due to fertilizer application thus requires the following
information: fertilizer application rates, crop uptake and phosphorus relationship in soils and
sediments and selectivity of erosion.

Fertilizer Application Rates
Information about rates of fertilizer application can either be gathered by interviewing

farmers in the area or by indirect assessment.

Methods of Indirect Assessment
The 1971 census of agriculture provides data on the number cf acres of each crop

fertilized on a township basis statistics Canada Catalogue 96-718 AA-1). To complement this
data estimates of the amount of fertilizer uses are required. The C.P.A. task force for the
implementation of the Great Lakes Water Quality Program 1972, attempted to estimate
fertilizer use in two ways:
(a) using 'recommended rates of application' (Ministry of Agriculture and Food

Publications, University Soil Test labs).
(b) using fertilizer sale statistics (from Statistics Canada Manufacturing and Primary

Industries Division, and 'Fertilizer Trade' Statistics Canada Cat. 46-207).

Comparisons between approximations of fertilizer use by recommended rates and by
fertilizer sale statistics indicated that the latter method estimated almost twice the
application rate as the former. To overcome this discrepancy, a revised method was used
in which a revised table of recommended rates was constructed with the assumption that
all grain corn was fertilized. Slightly better correspondence between the two methods was
reached.

Losses to Plants
General information on an annual basis could be utilized to estimate uptake by

different crops. Table II.A.5 presents average phosphorus contents for selected crops.
Additionally, crop yields require calculation.
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Table II.A.5 Phosphorus Contents of Selected Crops

Crop Part of crop Yield P.% P. lb
Alfalfa Hay 3 tons 0.23 14  
Barley Grain 40 bu 0.38 7

Straw 1ton 0.10 2
Corn Grain 100 bu 0.27 15 

Stover 3 tons 0.10 6
Cotton Lint, seed 1,500 lb 0.53 8

Stalks, Leaves 1,500 lb 0.20 3
Cowpeas All 2 tons 0.27 11 
Lespedeza Hay 3 tons 0.22 13 
Oats Grain 50 bu 0.44 7

Straw 2,500 lb 0.16 4
Peanuts Nuts 1ton 0.30 6

Vines 3 tons 0.03 2
Potatoes Tubers 300 bu 0.06 11 
Red clover Hay 2 tons 0.15 6
Soybeans Grain 30 bu 0.70 13 

Straw 2,500 lb 0.08 2
Sugar beets Roots 15 tons 0.05 15 
Sweet clover All 5 tons 0.10 10 
Sweet potatoes Roots 300 bu 0.04 7
Timothy Hay 3,000 lb 0.16 5
Tobacco Leaves 1,500 lb 0.27 4
Tomatoes Fruit 10 tons 0.04 8
Wheat Grain 40 bu 0.38 9

Straw 2,500 lb 0.08 2

Source: Compiled from various sources.
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Phosphorus Relationships in Soils 

Losses of phosphorus from soils are influenced by the mode of phosphorous

occurrence in the soil. The total phosphorus content of soil ranges from 0.01-0.15% of which

3-75% may be organic and 25-97% inorganic (Biggar and Corey). Plow layer values for total

phosphorus range between 0.075 and 0.15%. The majority of the organic phosphorus is

held in the upper part of the soil probably in compounds of low solubility (Black), although

Hannapel et al. found a high percentage of organic phosphorus in leachates from soil

columns in which plant residues had been incubated. Inorganic forms of phosphorus in the

soil (iron, aluminum and calcium phosphates) are also relatively insoluble, giving rise to low

concentrations of dissolved phosphorus in the soil solution. Biggar and Corey report that

levels of 0.01 mg/L - 0.2 mg/L of dissolved phosphorus are typical for U.S. soils. Barber et

al.  showed that 87 Midwestern soils contained, on the average, 0.18 mg/L of phosphorus

in the soil solution taken from the upper part of the profile while concentrations of 0.089

mg/L were typical of soil solutions from depths of 46.61 cm. Black also noted that in general

there is a decrease in soluble phosphorus down-profile and attributed this to the sorption,

by soil components, of phosphorus dissolved in percolating waters.

Sorption and Availability 

Dissolved phosphorus, when added to the soil is rapidly converted to insoluble forms

by processes of precipitation and sorption. The capacity of soils to 'fix' or 'sorb' phosphorus

varies widely and is influenced by many factors including clay content, pH, clay mineral type,

amounts of exchangeable calcium, aluminum and iron, amounts of calcium carbonate and

amounts and nature of free oxides of iron and aluminum (C.H. Williams). It is probably that

calcium phosphates are the predominant form in alkaline soils and iron and aluminum

phosphates, the predominant form in acid soils. Most of the soils of the Yamaska basin are

naturally acidic, although some of the soils formed in Champlain Sea sediments have pH's

between 7-7.5 (Laplante, Cann et al.). Modifications of soil reaction by lime addition

however, may complicate the situation.
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The sorption of dissolved inorganic phosphorus has been correlated with the presence

of amorphous oxides and hydrous oxides of aluminum and iron (Ryden et al.). Williams et

al. showed that aluminum extracted by an acid oxalate method was highly correlated with

the phosphate-sorbing capacity of Scottish soils. Acid soils from four parent materials (basic

igneous, slate, granite and sandstone) were tested and a significant positive correlation was

shown in each group (r = 0.994 - 0.999). The correlation was not improved by considering

the iron extracted by this method. Except for organic matter, other soil properties were not

significantly correlated with sorption capacity. Other properties measured included particle

size, pH and acetic acid-soluble calcium. Bronfield, Franklin and Reisenauer and Coleman

et al. also found that phosphate sorption was highly correlated with other extractable and/or

exchangeable aluminum.

The phosphorus which is sorbed by the soil may not be readily exchangeable with

phosphorus in solution. Studies using phosphate tagged with P32 have indicated that only a

fraction of sorbed P is exchangeable and that over time there is a decrease in

exchangeability. Russell has noted that in non-calcareous soils in temperate regions this

exchangeable (labile) phosphorus is approximately the same as the 'available phosphorus

(i.e. that phosphorus available for plant nutrition).

Fate of Fertilizer Phosphorus 

Fertilizer phosphorus is usually applied in water-soluble form, but within a short

period of time it is immobilised due to sorption. Phosphorus in solution is thus maintained

at a low level. Values of 'available' P, however, remain high' and may do so over a number

of years (Franklin and Risenhauer). Black illustrated this with data for fertilized and

unfertilized silt loam soils in Wisconsin. One year after fertilizer application the level of

available phosphorus in the fertilized soil was 100 ppm while in the unfertilized soil it was

only 3 ppm. The effects of the fertilizer in this study were only apparent to a depth of 6 cm,

indicating that fertilizer phosphorus remains near the surface. This has been confirmed by

many other studies (Ryden et al., Biggar and Corey).

The sorbed P is gradually converted to 'unavailable forms until eventually the level

of available phosphorus becomes fairly constant (Russell). Larsen et al. attempted to

determine the rate of conversion of applied phosphate from a labile to a non-labile)form in
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19 different soils in Britain. They found that the phosphate half-life (the time taken for half

the added phosphorus to become non-labile ranged from I to 56 years. The latter value was

for a peat soil. For mineral soils the half-lives ranged from 1-6 years. No relationship was

found between soil properties associated with the adsorption complex such as clay content,

organic matter and extractable iron and aluminum. However, a significant positive

correlation was found between half-life and pH. The authors suggested that in the pH range

of these soils, pH 6 - 7.5, the controlling mechanism for formation of non-labile phosphorus

was the rate of formation of calcium phosphate (apatite). Previous studies have shown that

such compounds are stable in this pH range with rates of formation closely correlated with

pH.

Talibudeen classified soil phosphorus by that which could be rapidly exchanged within

24 hours, that which would be exchanged after 150 hours, and the remainder. He found that

in fertilized Rothamstead soils, 92% of the total exchangeable phosphorus was still in the

24 hr. exchangeable form one year after application. After two years 76% was still in the

readily exchangeable form and after five years 49% was in the readily exchangeable form.

Russell considers the 24 hour extractable phosphorus to be a good approximation of the

labile pool.

These and other studies indicate the great impact which fertilizer phosphorus has on

the plant available forms of phosphorus in the upper parts of the soil.

Use of Sorption Studies in  Water Quality Assessment

Frere et al. have tried to produce a model for predicting water quality. In their outline

they attempt to trace the various pathways that an applied fertilizer or pesticide might take.

In the case of phosphate fertilizers, they suggest that the major controlling mechanism is

the degree of adsorption of phosphorus or soil particles.

In order to assess the degree of phosphorus sorption, Frere utilized the Freundlich

equation, an empirical function relating adsorption to the concentration of the chemical in

solution.
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Freundlich equation 
The Freundlich equation is given by: S  =  Ka C

 n

where S   is the weight of chemical adsorbed per unit weight of soil, 
Ka  and n are parameters characteristic of a particular soil system 

and have to be defined for each soil and sediment, and
C   is the concentration of chemical in solution.

The exponent n is frequently equal to one in dilute aqueous solutions. For phosphorus Frere
suggests that the linear form of the equation may be inadequate for large changes in the
amount of adsorbed phosphorus. He also notes that previous studies have indicated that Ka

values for phosphorus range from less than a hundred to several thousand.

This approach is useful in that it can yield several pieces of information. Firstly, the
equilibrium concentration in solution that a particular soil or sediment can support is
determined, so that some approximation of P in solution in both soil and stream can be
made. Secondly, for a given sediment/water system the amount of P sorbed (removed) from
and desorbed (added) to the water can be determined.

Several difficulties arise when using adsorption isotherms. These, for the most part,
are associated with the differences in results obtained when different laboratory techniques
are used to determine the relationship between adsorbed P and P in solution. In general, this
relationship is derived by allowing a specified weight of soil or sediment to achieve
equilibrium in a series of solutions of differing P concentrations and measuring, after a
specified length of time, the amount of P adsorbed or desorbed.

Ryden et al. attempted to measure the variability in P adsorbed at different soil
solution ratios and different levels of added P. (see Figure II.A.2) They found considerable
variation in the results. In attempting to predict the effect of these soils when released into
river water, they found that the isotherm determined with the high (400:1) soil solution ratio
and low P concentrations (Fig. II.A.2c) was most useful. Such sediment solution ratios and
P concentrations best approximate stream sediment levels and concentrations.

Syers et al. also suggest that the use of high concentrations of P in solution to
determine adsorption isotherms may lead to erroneous results if these isotherms are then
used to predict inter-relationships between adsorbed P and low concentrations of dissolved
P. They tested soils with different abilities to adsorb P and plotted the results using the
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Figure II.A.2. Sorption of Added Inorganic Phosphorus by Horizon (after Ryden,
et al., 1972).

(Miami silt loam profile from solutions of varying initial dissolved inorganic P
concentrations and at varying solution: soil ratios)
(a) High added P (0-6 µg/ml) and narrow solution: soil ratio (50:1)
(b) Low added P (0-0.2 µg/ml) and narrow solution: soil ratio (40:1)
(c) Low added P (0-0.2 µg/ml) and wide solution: soil ratio (400:1)
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Langmuir equation, a theoretical equation initially derived to relate adsorption of gases to
solids. It has also been used to relate soil sorption of P from solution.

Langmuir  Equation
The Langmuir equation is given by:

  K1 K2 CX/M = _______
 (1+K1 C)

where X/M =  the weight of P adsorbed per unit weight of soil,
K1 =  a constant related to the binding energy,
K2 =  the adsorption maximum,

and C = the equilibrium P concentration.
This equation may be rearranged to yield:

    1 C
C/X/M = _____   + ____

(K1K2)+ K2

a plot of C/X/M vs C results in a straight line from which K2 (gradient-1) and K1, 
(gradient / intercept) may be obtained.

Syers et al. found that when adsorption test results were plotted according to this

equation, two linear relationships were obtained for each sample when a large number of

data points were used, as compared to the single linear relationship usually reported by

other workers. They suggested that these results probably represented two populations of

adsorption sites in the soil each having a different affinity for P. They interpreted these

results to mean that one of these linear curves represented adsorption at lower

concentrations of P and that the other represented adsorption at higher concentrations. The

implications of these results are that if adsorption isotherms are to be used in water quality

prediction, determinations should be made using concentrations of phosphorus in solution

which approximate field conditions. This invalidates many previous studies as far as water

quality prediction is concerned.

Taylor and Kunishi also used adsorption studies to predict water quality. They

equilibrated soils with various concentrations of P (0-0.62 ppm P) and plotted the final

concentrations of P against the amount of P sorbed or desorbed (see Figure II.A.3a). The

concentration of P in solution at which P is neither adsorbed or desorbed can then be found

and is termed the equilibrium phosphorus concentration (EPC). Figures II.A.3b, c and d
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indicate the effects of different soil or sediment/solution ratios and equilibrium time on the

adsorption curve. The effects are most pronounced for fertilized soils (Figure II.A.3c)and the

actions suggest that this is because the phosphate in the sample was not at equilibrium,

probably because of the recent addition of phosphate fertilizer (a few weeks previous to the

experiment). White also employs this reasoning for similar results from fertilized soils. White

found that after a period of 100 hours of storage in moist, aerated field conditions,

non-equilibrium fertilized soils showed no change in phosphorus sorption with charge in soil

solution ratios, as is evident from Figure II.A.3d. White also found that for these

non-equilibrium samples a soil solution ratio of 1:100 and an equilibrium time of 1 hour

yielded a good estimate of the EPC value.

Using adsorption and desorption information for sediments derived from different

parts of a watershed, Kunishi et al. were able to predict concentrations of dissolved P in

runoff. They found that sediment derived from fertilized topsoils tended to release P into

solutions while sediment derived from subsoils tended to absorb P from solution.

Concentrations of about 200 ppb P in water from fertile topsoil were reduced to less than

155 ppb as it moved downstream and came into contact with subsoil (bank) derived

sediments. EPC values for these two soils were similar to the concentrations measured for

the stream and the adsorption curves for the sediments were also similar to the adsorption

curves of the soils from which they were presumed to be derived.

Selectivity of Erosion

Soil erosion is a selective process with respect to particle size (Massey and Jackson).

As different forms of phosphorus are associated with different size fractions in the soil,

erosion of phosphorus also becomes a selective process. Williams and Saunders found that

for a number of Scottish soils, apatites (crystalline calcium phosphate) tend to be

concentrated in the fine sand and silt and that various adsorbed organic phosphates are

concentrated in the clay fractions. Russell considers that this is probably valid for most

temperate soils. This relationship, however, may not necessarily hold for heavily fertilized

or manured soils.
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Figure II.A.3. Phosphate Sorption Curves (after Taylor and Kunishi, 1971).

(a) Estimation of the EPC by equilibration of a sample with different initial P concentrations,

P1',  P2', P3'.  After equilibration, the intercept of the adsorption-desorption curve

(through P1, P2, P3) yields the value of the EPC.

(b) Phosphate sorption curves for a stream sediment sample measured with different

sediment: solution ratios and equilibration time periods.

(c) Phosphate sorption curves for a fertilized field soil sample at different soil: solution

ratios. All equilibration times were 1 hr. and all solution volumes were 25 ml.

(d) Phosphate sorption curves for a fertilized field soil sample with two soil: solution ratios

and two equilibration times.

33



Generally, fine particles are selectively removed in erosion. Consequently, the

sediment derived from a particular soil will be enriched in sorbed P and organic P and

frequently in total P.

Stoltenberg and White observed selective erosion of fines and also found that the

selectivity changed over time for a particular storm. They found that as precipitation

disposed through surface runoff decreased from 70 mm to 25 mm per hour, the cay content

of eroded material from a soil with a clay content of 16-18% increased from 25% to 60%.

Thus the P concentration would probably have increased although the amount of P would

not necessarily increase.

Several workers have determined the enrichment ratio (ER) for P for various soils,

where it is defined as:

   concentration of P in sediment 
ER =    ___________________________

   concentration of P in source soil

Rogers observed ER values of 1.3 for total P and 3.3 for "0.002 NH2SO4 extractable"

P for a silt loam situated on a 20-25% slope. Other values range from 1.5 - 3.1 for total P

(Knoblauch et al., Neal et al., Stoltenberg and White).

Massey and Jackson determined the following relationship between the enrichment

of a number of soil components in sediments derived from Wisconsin silt loam soils and the

extensiveness of erosion:

Y = a + b1 X +b2 Z

where Y = log (enrichment ratio),

X = -log (tons of solids per acre-in of runoff)

Z = log (tons of total solids lost per acre),

and a, b1 and b2 are coefficients derived for each soil component.

When applied to all the samples, the average ER for available (water soluble + pH 3.0

extractable) phosphorus was 3.4 and the resulting regression equation was:

Yp = 0.319 + 0.250 X + 0.0982 Z,

The range of ER values (Yp values) varied from 2.2 - 7.6.
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B.   SOILS AND PESTICIDES 

INTRODUCTION

Pesticide residues have been monitored in river water in North America and Europe

for the past 10 years (Johnson and Ball, 1972). Most of these studies have focused on the

levels of organo-chlorine pesticides because of their ability to biomagnify, their toxicity and

carcinogenicity, and their persistence in the environment. During the past 5 years, the types

of pesticides used in Canadian agriculture have changed with the abandoning of DDT and

other chlorinated hydrocarbon insecticides (see Table II.B.1) and the increased use of

organo-phosphate and carbonate insecticides. Herbicides (chlorophenoxy acids,. triazines

and phenylureas) have increased in use and now account for more than 50% (in terms of

kg/yr) of all pesticides consumed by agriculture (see Figure II.B.1). In comparison with

organo-chlorine residues there is little information available on the monitoring of these

compounds in the aquatic environment. Furthermore there is virtually no published

information on the relationship between pesticide use (organo-chlorine insecticides or

triazine herbicides) in a particular watershed and the resultant pesticide concentrations in

the river water (Harris and Miles, 1974).

MONITORING OF RIVER BASINS WHERE THE AGRICULTURAL PRACTICES ARE

KNOWN

Frank et al.(1974) have compared the concentrations of organochlorine (0C)

insecticide residues in the bottom sediments of several rivers in Ontario. The quantity and

type of OC pesticide used in each area was known. The tobacco growing area drained by Big

Creek had the highest levels of DDT and metabolites in the sediments of all 4 watersheds

studied (as was expected due to the intensive use of DDT in the area). However, other areas

showed only slightly lower concentrations of DDT in sediments despite the much smaller

quantities used. This indicates the importance of such factors as the type of sediment

sampled (sand or silt) and proximity of the application to the river, in addition to soil type.

In the Muskoka Lakes drainage basin, for example, OC insecticides were applied directly to

the river and lake surfaces for biting fly control. Miles and Harris (1973) have reported the

concentrations of OC's in the river water of this drainage basin. They concluded that the
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Table II.B.1 Properties of the Pesticides Cited in the Text.

Class Name
Water Solubility

pH 7, 20EC (ppm)

Vapor Pressure 20EC, mm

Hg x
OC DDT 0.001- 0.04 0.15
OC DDD metabolite
OC DDE metabolite
OC Dieldrin 0.1-0.25 0.18
OC Lindane 7.3 -10.0 9.4 - 45.0*
OC Toxaphene 0.4 1.0
Triazine Atrazine 35.0 0.3
Subst. Analïne Trifluralin 0.05 114
Anilide Propachlor 700
Phenylamide Diphenamid 260
Bypridinium Paraquat 70
Pyridzone Pyrazon 400 7.4x10-2 mm Hg, 40E
Phenoxyacetic acid 2,4D 650 dependent on salt or ester
Benzonitrite Dichlorobenil 18- 25 0.5
Phenyl-Carbonate Carbaryl 40- 99 10
OP Diazinon 40 140

OP
Disulfoton  

(Disystox)
300

* Weber (1972) points out that any pesticide having a vapor pressure greater than 1 x 10 mm

Hg @20°C will have losses due to evaporation from the aquatic & soil systems.
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Figure II.8.1. Sales of Insecticides, Herbicides, and Fungicides - Canada Wide

(after Harris and Miles, 1974).
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recreational use of OC insecticides was contributing a greater portion of these residues to

the Great Lakes water system than agriculture. The authors did not attempt to draw any

detailed relationships between pesticide use in the drainage areas and the concentrations

in the water.

Harris and Miles (1974) have reported some results for organophosphate (OP)

insecticide residues in the Bradford marsh (a vegetable growing area) of S. Ontario. They

found high levels of Diazinon (up to 2040 pp1012 *) in the drainage water. The high levels

were associated with recent rainfall and application. In the Yamaska River basin the levels

of the triazine herbicide Atrazine were found to be very high in the river water during the

month when herbicide spraying was conducted. Bailey (1974) reported measurements of the

herbicide Atrazine in rivers draining an agricultural area of N. Ohio. The major crops, river

flow rates, and soil characteristics near each sampling site were tabulated in the study.

Atrazine was detected at levels ranging from 2-64 pp109 in water and 4-95 pp109 in bottom

sediment.

The author did not attempt to define any specific relationships between the pesticide

levels and the characteristics of the watershed because he felt that not enough data on

residue levels had been collected during the limited time period (1 year) of the study.

THE MOVEMENT OF PESTICIDE FROM AGRICULTURAL LAND

Many authors (Pionke and Chesters, 1973; Bailey et al., 1974; Frere, 1973; Aleti et

al., 1974) have recently reviewed the fate of pesticides after they have been applied to a

field. Crawford et al. (1973) and Frere et al. (1974) have reported computer models that

describe the transport of pesticides from an agricultural watershed and the resulting effect

on the water quality. All of the above writers agree on the basic pathways (soil and water

runoff, volatilization, leaching, adsorption and degradation) by which the applied pesticide

is lost from the field. Each of these factors is reviewed below.

Losses of Pesticides by Soil and Water Runoff-Watershed Studies

Losses of pesticides applied to small experimental watersheds are tabulated in Table

II.B.2. Only studies in which natural weather conditions occurring over the growing season

__________________

* parts per trillion
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Table II.B.2 Pesticide Runoff in Water and Sediment from Small Agricultural watersheds During the Growing season. 1

Pesticide and
Reference

Amount
Applied
Mg/ha

Type of
Application

Crop
Soil 

Texture
Average
slope%

Plot size
A or ha

Duration
of Exp'.t

Total
Rainfall.

(cm)

Total pesticide
loss in runoff

(%)

Range of pesticide
cone. in water and/or
sediment runoff (ug/l

Atrazine Ritter  
et al. (1954)

2.0 Surface spray Corn Montana silt
loam

10-15% 1.3- 2.8 A

1 x 20 M2

1 yr

2 yr

2.4

40.0

2   (Ridged corn)
16   (surface 
     contoured corn)
10 (water + solids

0-12000
--

Atrazine Hall
 et al. (1972

2.2 Surface spray Corn Hagerstown silty
clay loam

14%
0.79 ha 1 yr 20-40 0.14 water +

0.4-248

Carbaryl Caro 
et al. (1974)

5.0 Banded granules
disced to 5 cm.

Corn Coshocton silt
loam

9.6%         sediment (excluding sediment
conc.)

Carbofuran Caro
et al. (1973)

5.4 Sanded granules
disced to 7 cm.

Corn Coshocton silt
loam

9.3% 0.59 ha 2 yr 50-70 0.5 - 2.0 (varied
       with rainfall
       and year

1.8-223 (excluding
 sediment conc.)

Diazinon Ritter 
et al. (1974)

1.0 Branded granules
2-5

Corn Montana silt
loam

10-15% 1.3 - 3.8 A 1 yr 2.4 0.1 0 - 0.17
Water + sediment

Dieldrin Caro &
Taylor (1971)

5.6 Soil incorporated.
spray

Corn Silt loam 14% 1.09ha 2 yr 3.1 0.07 water 0.4 - 4.1 water
2. 2 sediment

Dieldrin Edwards
et al. (1970)

22-45 Primarily surface Wheat Sandy clay loam 5-20% 4 x 35 m 6 mo. 30 -- 0.5-0.0 pond water
0.2-0.09 ppm in
bottom sediment

DDT in Pionke &
Chesters

0.73 Surface spray +
cultivation

Potatoes Gravelly loam 8% 3.7 x 21 M 2 yr 9.7 1.6 7.0-83

DDT in Pionke &
Chesters (1973)

1.0 Surface spray
 +cultivation

Potatoes Gravelly loam 8% 3.7 x 21 M 2 yr 7.9 1.0 Trace-67

DDT in Pionke &
Chesters (1973)

1.0 Surface spray +
cultivation

Potatoes Gravelly loam 8% 3.7 x 21 M 1 yr 3.6 0.61 Trace-72

Endosulfan in
Pionke & 
Chesters (1973)

1.0 Surface spray Potatoes cultivation
Gravelly loam

8% 3.7 x 21 M 1yr 5.1 0.35 1.0-19

Endosulfan in
Pionke &
Chesters (1973)

1.0  Surface spray
+ cultivation

Potatoes Gravelly loam 8% 3.7 x 21 M 1 yr 4.8 0.25 Trace - 18

Endosulfan in
Pionke &
Chesters (1973)

0.72 Surface spray Oats Gravelly loam 8% 3.7 x 21 M 1 yr 3.6 0.01 Trace - 3
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Table II.B.2 (cont'd)

Endrin in Pionke &
Chesters (1973)

1.5 Surface spray Potatoes Gravelly loam 8% 3.7 x 21 M 2 yr 9.7 0.9 1.0-49

Endrin in Pionke &
Chesters (1973)

1.5 Surface spray Potatoes Gravelly loam 8% 3.7 x 21 M 2 yr 7.9 0.6 Trace - 48

Diphenamid Crawford
 et al. (1973)

3.0 ? ? Cecil sandy loam 2.6% 2.7 ha 6 mo. ? 1 -

Dipenamid Filonow
et al. (1974)

3.6 Surface spray None Loamy fine sand
soil

10% 1 ha 1 yr (winter)
(2) 

10
     (3)

-

2,4-D White et al.
(1974)

1.0 Surface spray Corn Cecil sandy loam 9% 0. 5 - 2 ha 3 yr ? 7 0-8.1

Paraquat Crawford
et al.(1973)

1.12 Surface spray None Loamy fine sand
soils

2.6% 2.7 ha 5 mo. 7% -

Paraquat Filonow 
et al. (1974)

1.0 Surface spray None Loamy fine sand
soils

10% 1 ha 1 yr
(esp. winter
months)

1

Propachlor Ritter 
et al. (1973)

4.0 Surface spray Corn Montana silt loam 10-15% 1.3 - 3.8 ha  1 yr 2.4 0 Ridged corn 
4 (surface contour

Methoxychlor Edwards &
Glass (1971)

22.4 ? Grass Silt ? 8.07 M2 1 yr 27 0.04 0.7 - 8.8

2,4, 5T Edwards &
Glass (1971)

11.2 ? Grass Silt ? 8.07 M2 1yr 27 0.05% 1.380

Toxaphene, DDT, Willis
DDD, DDE &         et al.
Trifluralin (1974)

Regular
Rates

? Cotton Silt 0.2% 32 ha 1 yr ? 1.2

Footnotes:

(1) For additional runoff data using simulated rainfall events see the data tabulated by Pionke and Chesters (1973).

(2) The author noted a great loss in diphenamid via leaching. Also runoff was associated with melting snow when soils thawed at the surface but
remained frozen below.

(3) Diphenamid was found mainly in the aqueous phase. Levels not stated.
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prevailed (rather than simulated rainfall on small plots), were included. The following

generalizations can be made concerning the data reported in the table:

(a) Only one group (Willis et al., 1974) has reported extensive measurements of runoff

into a water system from flat land (0.2% Slope) of large size (32 ha.). There is no

published information of pesticide runoff via soil and water for watersheds greater

than 2.7 ha. in area.

(b) Almost all the studies that have been published, were carried out on steep,

fan-shaped experimental watersheds having an area less than 1 ha. with

runoff-collecting apparatus at the lowest corner. There can be no doubt that these

fields will give much higher results for sediment and water movement (hence

pesticide runoff) than would be observed for flat land.

(c) The studies appear to be on similar (sandy-loam type) soils making generalizations

of pesticide runoff behaviour on other soils difficult.

(d) Cultural practices appear to be an important factor in the runoff of pesticides in soil

and water from the watersheds. Ritter et al.(1974) showed that eight times more

Atrazine was lost from surface contoured fields than on ridged watersheds.

(e) Only one group (Crawford et al., 1973) has published results on the prediction of the

quantity of pesticide moved in each runoff event. Pionke and Chesters (1973) have

tabulated the losses of pesticides from soil and runoff. Most of the studies were

carried out using simulated rainfall on mildly sloped plots. The authors concluded

that:

(1) Strongly adsorbed compounds are lost primarily by erosion of host colloid -

except immediately after spray application.

(2) Increased solubility of pesticides may reduce their loss by surface runoff

because of quick penetration into the ground after application.

(3) Runoff losses are greatest immediately after application.

(4) Most of the pesticide is rapidly adsorbed by suspended sediment even if it is

initially washed off in the solution phase.

Caro et al. (1973) and (1974) have compared the losses due to surface runoff of

carbaryl and carbofuran which were applied to the same Ohio watershed on different years.

They concluded that the relative losses in the runoff reflected differences in the

physiochemical properties of the pesticides. The less soluble carbaryl was more strongly

adsorbed on the soil surface and not lost in the water phase, despite the greater rainfall
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during that year in contrast to the year in which carbofuran was studied.

The pesticide transport models reported by Crawford et al. (1973) and Frere et al. 

0974) have described pesticide movement (from the field on which it was applied) using

sediment loss and hydrologically-based surface water runoff submodels. The pesticide

residue is assumed to move partially bound to the sediment particles and partially in

solution, depending on the adsorption characteristics of the soil. This will be discussed

further in the next section. Crawford et al. (1973) have reported that when they applied the

model to the prediction of pesticide loss from fan-shaped watersheds of 2.7 and 1.2 ha. they

were able to predict the loss of paraquat but not of diphenamid. Paraquat is known to be

totally sediment-bound so that prediction of sediment loss enabled accurate assessment of

paraquat loss. Diphenamid is partially water soluble and is transported from the field in both

the sediment and water phases. Diphenamid losses were also caused by volatilization and

degradation, thus the losses were from 3 to 7 times greater than those simulated on the

computer.

The Adsorption and Desorption of Pesticides on Soil

Pesticide adsorption has been recently reviewed by Bailey and White (1970), Helling

et al.  (1971), Pionke and Chesters (1973) and Hague and Freed (1974). Adsorption is the

most important process affecting the distribution of pesticides between sediment and water

in surface runoff. It also influences the extent of leaching, chemical and biological

degradation, volatilization, and photodecomposition. Consequently an expression of the

degree, to which a pesticide is bound to the soil is essential in the prediction of the loss of

pesticides from the field to the aquatic system.

Frere (1973) and Crawford et al. (1973) have suggested that pesticide adsorption be

described by the Freundlich equation. The EPA-Hydrocomp model (Crawford et al.  (1973))

uses the equation:

X/M = KC1/n + F/M

where X/M = pesticide adsorbed/unit of soil (mg/g)

and F/M = pesticide adsorbed in a fixed (irreversible) state/unit of soil - which is

approximated by the ion-exchange capacity of the soil (FP/M).

The exponent n (#1),  approaches unity in a dilute aqueous solution of pesticide (i.e., under

most soil conditions). K is a coefficient which is highly dependent on the nature of the soil
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surface. K has high values for organic soils and low values for sandy soils. K is correlated

with organic matter by the expression (Hague and Freed, 1974):

K   =   [ X/Ω (gm soil/100) ]/ Ce

where Ce is the equilibrium concentration for the indicator soil,

X is the amount of indicator chemical, and

Ω is a value corresponding to the organic matter content. 

The inclusion of the organic matter content in the calculation of X/M is important

because organic matter has been shown, in most adsorption studies, to play a dominant role

in the binding of neutral organic pesticides (OC`s, OP`s, carbamates) at normal soil pH

levels (Stevenson, 1972). Crawford et al. (1973) assume irreversible, fixed adsorption (for

which a value is fixed depending on the adsorption of the pesticide) and a reversible ad-

sorption governed by the Freundlich equation. Adsorption is assumed to be time and pH

independent, on the basis of reports in the literature. Their results indicate that the

adsorption-desorption model was inadequate in predicting the occurrence and concentration

of dephenamid in the soil and water runoff from these small plots. 

Fleming et al. (1974) have reported that the ability of runoff from agricultural

watersheds to transport adsorbed chemicals is related to the nature of the sediment (as well

as the quantity of sediment). They have found that the organic matter content, surface area,

and size of the suspended sediment particles favor the strong adsorption of pesticide

residues in comparison to soil from the watershed fields. No equations modifying the

Freundlich adsorption expression were given, but the incorporation of "enrichment ratios"

in the adsorption-desorption model may correct the discrepancies observed in the

EPA-Hydrocomp model.

Hague and Freed (1974) and Bailey and White (1970) have noted that most neutral

organic pesticides follow a physical type adsorption (van der Waal`s forces, H-bonding) and

that within a chemically homologous group (e.g., triazines), the amount of chemical

adsorbed is inversely related to its solubility (see Table II.B.4). Because of the variation

between structurally different pesticides, a mathematical relationship between solubility and

adsorption is not available.
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Table II.B.3. Volatilization and Spray Drift Data.

Pesticide Reference Form Quantity
to field
& method

Applied
kg/ha.

Expt.
duration

Sampling
Freq.

  Est. % of
  Pestic. lost

Sampling Tech. Crop

Dieldrin Caro and Taylor
(1971)

vapor 5.6 soil incorp. 6 mo. 2x/mo. 2.9%1 filter
(qualitative)

Corn

Heptachlor Caro et al.
(1971)

vapor 5.0 soil incorp. 6 mo. 2x/mo. 3.9% solvent trap
(quantitative)

Corn

Dieldrin Caro et al.
(1971)

vapor 5.5 soil incorp. 6 mo. 2x/mo. 2.8%     “     ” Corn

Captan Chiba et al.
(1971)

droplet
& vapor

6.72
6.72

air-blast
gun spray

1 day
1 day

contin-
uous

37.4%2

36.6%
solvent trap
    “    ”

apple
Orchard

2,4D Esters Grover
(1971)

droplet
& vapor

Normal
rate

surface
spray

1 day contin-
uous

5% droplets
30% vapor

C14  monitoring none

DDT Willis et al.
(1971)

dust &
vapor

70 surface
spray &
soil incorp.

6 mo. 4x/mo. incorp. .01% solvent trap none

DDT Willis et al.
(1971)

dust &
vapor

30 " 6 mo. 4x/mo. .01% solvent trap n

1. This value was obtained by summing the levels of vapor found on sampling days and levels calculated by volatilization equations for all
other days. Pesticide flux rates decreased with increasing foliage height.

2. This value was achieved early in the spring when tree foliage was sparse. Values decreased with increasing leaf cover.
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Table II.B.4. Effect of Water Solubility on the Magnitude of Adsorption of Various
Organic Compounds (by Na- and II-montmorillonite using the Freundlich
"K" and "n" values as a criterion of adsorption (after Bailey et al. 1968).

Adsorbate
Water

solubility
p.p.m.

Adsorbent
Na-montmorillonite          H-montmorillonite

    K     n     K     n

Simetone 3,200 2,200 3.23 __b __b
Atratone 1,800 400 2.08 __b __b
Prometone 750 150 1.56 __b __b
Trietazine 20 58 1.00 __b __b
Propazine 8 18 0.89 __b __b
Atrazine 70 15 1.18 __b __b
3-phenylurea Sl. sol. 28d 2.33 330 1.18
Monuron 230 24d 2.08 100 1.02
Diuron 42 23d 1.08 70 0.95
Fenuron 2,900 14d 1.00 115 1.22
Aniline 34,000 130 1.11 1,300 1.24
CIPC 108 27 0.93 30 1.09
Propanil 500 16 0.90 65 1.70
IPC 20 - 32  NA a NA 30 1.56
Dicryl 8 - 9 NA   NA 30 1.61
Solan 8 - 9 NA   NA 58 5.88
2,4,5-T 238 __ c __ c 105 2.38
2,4-D 725 __ c __ c __ c __ c
Phenoxyaceic acid 12,000 __ c __ c __ c __ c
Benzoic acid 2,700 __ c __ c __ c __ c
Amiben 700 __ c __ c __ c __ c
Picloram 430 __ c __ c 37 1.28

a NA is not adsorbed.
b No value due to complete adsorption.
c No value, negative adsorption:
d Questionable conformity to Freundlich equation.
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Most of the data on the adsorption of pesticides on soil clay or organic matter

concerns herbicides. The adsorption isotherms for water - sediment systems of several

classes of herbicides are given in Figures II.B.2, II.B.3, and II.B.4 (Weber, 1972).

Pesticide Degradation in Soil 

Pesticide degradation in soil is usually described by a first-order kinetic reaction:

Rate  =  KD Xt     or   Xt = Xo e -KD t

where KD = constant

and Xt = concentration at time t after application. 

Frere (1973) and Crawford et al. (1973) assume simple first order kinetics when

predicting the disappearance of pesticide in the soil compartment of the watershed. In the

model, the amount of pesticide residue degraded (or lost) is calculated for a particular zone

within the soil and subtracted from that available for leaching. Crawford et al. (1973)

concluded, after testing their model for one season, that first-order degradation under-

estimated them later in the season.

The rate coefficient KD is normally calculated by using the half-life of the pesticide for

the particular soil and the climatic conditions, if known. The half-lives of several commonly

used pesticides are given in Table II.B.5 (Hague and Freed, 1974).

Leaching - Losses of Pesticide to Groundwater

Leaching of pesticides from the upper portion of the soil profile into ground water

depends primarily on the adsorption of the compound on soil colloids (Pionke and Chesters,

1973; Hague and Freed, 1974). The EPA-Hydrocomp model (Crawford et al., 1973) treats

leaching as part of the hydrologic model which predicts movement of water through the soil

profile by calculation of the infiltration capacity. They define zones (surface, intermediate

and ground water) within the soil profile. Knowing the amount of infiltration and the quantity

of pesticide in the water phase (from the Freundlich adsorption), the model predicts the

changing quantities of pesticide within each zone over the season. 
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Figure II.B.2. Adsorption Isotherms of Several Cationic Pesticides (after Weber, 1972).
(a) Na-montmorillonite, (b) Na-Kaolinite, (c) soil organic matter

51



Figure II.B.3.   Effect of pH on Adsorption of Four Related s-Triazines (after Weber, 1972).
(a) Na-montmorillonite, (b) soil organic matter
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Figure II.B.4. Adsorption Isotherms of 14 Herbicides by Soil Organic Matter (after

Weber, 1972).
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Table II.B.5 Half-life Periods of Some Herbicides in Soil at Two Temperatures

Herbicide Approximate half-life (months)

15EC 30EC
Fenuron 4.5 2.2

Monuron 5.0 4.1
Diuron 7.0 5.5
Tenoran 3.0 1.0
Atrazine 6.0 2.0
Ametryne 6.0 4.5
Bromacil 7.0 4.5
Terbacil 7.5 5.0
IPC 0.4 0.2
CIPC 3.0 1.5
Amitrole 1.5 1.0
2,4-D - 0.1
2,4,6-TBA - 8.0
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The authors concluded that knowledge of subsurface drainage patterns might explain

differences between observed and predicted values. Frere (1973) and Frere et al. (1974)

also suggest that the quantity of chemical leaching into groundwater can be predicted by the

hydrologic model. They use the differential equations developed by Oddson et al. (1970) to

predict the distribution of dissolved and adsorbed organic chemicals (using the Freundlich

adsorption isotherm) as a function of location and time.

Lindstrom et al. (1967) developed the following equation for the movement of

pesticide through the soil profile using chromatography theory. They also assumed that the

chemical moves according to Fick's Law, that adsorption follows the Freundlich equation, and

that there are no losses by evaporation.

N(x,t) = -U/K(x + Ut + K/U) e x U/K  erfc (x/2 p
___
Kt  +  U/2 p

___
t/K  

where x = depth,

K = Ko /[1 + aR], the diffusion coefficient, and 

U = Uo /[1 + aR], where U is the velocity,

a = the ratio of surface area of active sites to total surface area,

and R = e ∆G/KT

This equation has only been tested on soil columns (Hague and Freed, 1974)

Helling et al. (1971) have reported a simple expression that takes into account the

hysteresis of adsorption (i.e., adsorption and desorption do not follow the same pathway)

which results in more pesticide remaining near the surface than predicted. The following

expression was developed for the herbicide Pyrazon:

L =   (X/A) / (X/M) p

where L = the maximum depth of movement,

X = the amount of pesticide applied to the soil surface, 

X/M = the amount adsorbed per unit of soil

(from the Freundlich equation),

and p = the soil bulk density.
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This expression agreed with field results. Helling et al. (1971) have classed pesticides by

their relative mobilities in an average soil. Their results are shown in Table II.B.6. They note

that fall-applied herbicides will leach to a greater depth than spring-applied herbicides.

Volatilization of Pesticide from Soil 

Pesticide loss by volatilization from soil has been reviewed recently by Spencer et al. 

(1973). The volatilization rate is dependent on environmental conditions and all the factors

that modify the effective vapor pressure of the pesticide (see Table II.B.1 and Figure II.B.5

for vapor pressures of the pesticides mentioned in the text). Volatilization has been shown

to account for the largest portion of pesticide (sprayed onto the soil surface) subsequent to

application (Grover, 1974).

Crawford et al. (1973) and Spencer et al. (1973) distinguish between the volatilization

of soil-incorporated pesticide (i.e., granules disced to a depth of up to 7 cm) and

surface-applied pesticide. For soil-incorporated pesticides, diffusion of the chemical is

assumed to be the rate limiting factor. The Hydrocomp model uses the expression:

F = DCo / p
____
J D t

where F = the pesticide flux,

D = the diffusion coefficient,

Co = the initial pesticide concentration,

and t = the time after application.

D is modified by soil temperature usina the expression:

D = AeB T
,

where T = the temperature in oK

and A and B and constants.

The validity of the above equation is dependent on the assumptions that the pesticide

concentration above the soil surface is zero and that the initial pesticide concentration

remains constant at the lowest depth of soil incorporation. The crop canopy is not directly

taken into account in the equation.

Volatilization of surface applied pesticides is treated differently by the EPA-Hydrocomp

model because of the high surface concentration and more direct exposure of the pesticide

to environmental conditions. This model employed the following equation:
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Table II.B.6. Relative Mobility of Pesticides in Soils a

MOBILITY CLASS b
5 4 3 2 1

TCAc  
Dalapon 
2,3,6-TBA
Tricamba 
Dicamba
Chloramben

Picloran 
Fenac 
Pyrichlor 
MCPA
Amitrole 
2,4-D 
Dinoseb 
Bromacil

Propachlor
Fenuron
Prometone
Naptalam 
2,4,5-T 
Terbacil 
Propham
Fluometuron
Norea
Diphenamid
Thionazin
Endothall 
Nonuron 
Atratone 
WI. 19803
Atrazine 
Simazine 
Ipazine 
Alachlor 
Ametryne
Propazine
Trietazine

Siduron 
Bensulide
Prometryne
Terbutryn 
Propanil 
Diuron
Linuron
Pyrazon
Molinate 
EPIC
Chlorthiamid
Dichlobenil 
Vernolate 
Pebulate
Chlorpropham
Azinphosmethyl
Diazinon

Neburon
Chloroxuron  
DCPA
Lindane 
Phorate  
Parathion
Disulfoton
Diquat
Chlorphenamidine
Dichlormate
Ethian  
Zineb
Nitralin  
C-6989
ACNQ
Morestan  
Isodrin
Benomyl
Dieldrin  
Chloroneb
Paraquat
Trifluralin  
Benefin
Heptachlor  
Endrin
Aldrin.
Chlordane
Toxaphene
DDT

a From data of Gray and Weierich (1968b). C.I Harris (1967b, 1969), Helling (1971b). Helling
and Turner (1968), Koren et al. (1969).  Nash and Woolson (1968), Rhodes et al.  (1970), and
many other  references.

b Class 5 compounds (very mobile) to Class 1 compounds (immobile) are in the scheme of
Helling and Turner (1968). Within each class, pesticides are ranked in estimated decreasing
order of mobility.

c Names of herbicides are set in normal type; insecticides, fungicides and acaricides in italics.
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Figure II.B.5. Volatility of Atrazine from Five Soils at 35EC and 45EC 
(after Kearney, et al., 1964).
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F = C (U) (EVC/ M1/2),

where M =  molecular weight

C =  a constant,

U =  wind velocity,

and EVC = equilibrium vapor pressure

EVC is given by the gas law expression:

EVC = P(M/RT),

where P =  vapor pressure under standard conditions, 

R =  gas constant,

T  = °K,

and M = molecular weight.

This equation can only be used for a brief period after application (Spencer et al.,

1973). Only limited information is available in the literature on the measurement of

volatilization losses under field conditions. This information is presented in Tables II.B.3 and

II.8.7.

Grover (1974) has noted that drift of herbicides as droplets and losses by

volatilization during and immediately following application may range from 5-30% depending

on the vapor pressure of the chemical. Wind erosion of soil particles to which herbicides are

bound is also a significant factor in the early growing season before the crop canopy is

established. Contamination of nearby water sources may result but no estimates of the

contamination due to the above three pathways are available.

Inadvertent Losses during Application 

Losses through this pathway are highly variable, depending primarily on climatic

conditions, the method of application, and the formulation of the pesticide (i.e., as granules,

aqueous suspension, dissolved by emulsifiers), (Pionke and Chesters, 1973). Washing of

application equipment and subsequent transport of the herbicide into the river via domestic

or municipal drains may account for abnormally high levels of Atrazine (26 pp109) detected

in June 1974 in the Yamaska Valley. At this time of year the suspended sediment load was

relatively low. Emulsifiers which are mixed with the normally water-insoluble pesticide may
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Table II.B.7. Comparative Environmental Behavior of Pesticides in Soil.1

Compound Vaporization 2

index (from soil)
Leaching 3

index
Herbicides
  Alachlor 3.0 1.0-2.0
  Propanil 2.0 1.0-2.0
  Trifluralin 2.0 1.0-2.0
  Dalapon-Na 1.0 4.0
  MCPA (acid) 1.0 2.0
  2,4-D (acid) 1.0 2.0
  2,4,5-T (acid) 1.0 2.0
Insecticides
  Carbaryl 3.0-4.0 2.0
  Malathion 2.0 2.0-3.0
  Naled 4.0 3.0
  Dimethoate 2.0 2.0-3.0
  Fenthion 2.0 2.0
  Diazinon 3.0 2.0
  Ethion 1.0-2.0 1.0-2.0
  Oxydemeton-methyl 3.0 3.0-4.0
  Azinophosmethyl - 1.0-2.0
  Phosphamidon 2.0-3.0 3.0-4.0
  Mevinphos 3.0-4.0 3.0-4.0
  Methyl parathion 4.0 2.0
  Parathion 3.0 2.0
  DDT 1.0 1.0
  BHC 3.0 1.0
  Chlordane 2.0 1.0
  Heptachlor 3.0 1.0
  Toxaphene 4.0 1.0
  Aldrin 1.0 1.0
  Dieldrin 1.0 1.0
  Endrin 1.0 1.0
Fungicides
  Captan 2.0 1.0
  Benomyl 3.0 2.0-3.0
  Zineb 1.0 2.0
  Maneb 1.0 2.0
  Mancozeb 1.0 1.0

1 Estimated from best available information for loan soil at 25°C under annual rainfall of 150 cm.

2 A vaporization index number of 1 = vapor loss of less than 0.1 kg/ha/yr, 2 = from 0.2 to 3.0
kg/ha/yr or more, 3 = 3.5 to 6.5 kg/ha/yr or more, and 4 = 7 to 14 kg/ha/yr or more.

3 A leaching index number indicates the approximate number of centimeters moved through the
soil profile with an annual rainfall of 150 cm; thus, an index of 1 = 10 cm, 2 =20 cm, 3 = 35
cm, and 4 = 50 cm.
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prolong the abnormally high pesticide concentration (and its effects) until equilibrium with

the bottom sediment is achieved. In summary, inadvertent losses may complicate the

interpretation of data on pesticide residues in water draining the watershed under study.
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C.  SEDIMENT LOSS AND TRANSPORT 

OUTLINE OF METHODS FOR PREDICTING SEDIMENT LOSS 

Methods of estimating soil loss from fields, using empirical  equations, were developed
during the 1950's as an aid to soil conservation  (Wischmeier and Smith, 1965). More
recently, other workers have utilised. these equations in predicting sediment losses from
watersheds (Williams,  1972; Foster, 1973; Frere et al., 1974, Hottan and Lopaz, 1973). The
basis  of many predictions has been the Universal Soil Loss Equation (Wischmeier  and
Smith, 1965), although other equations have also been used.

UNIVERSAL SOIL LOSS EQUATION
The universal soil loss equation is given by:

A = RKLSCP
where A =  average annual soil loss in tons per acre,

R =  erodibility of average annual rainfall,
K =  soil erodibility factor,
LS = slope and length of slope factor,
C =  cropping factor,

and P =   conservation practice factor.

Rainfall Factor - R (Wischmeier, 1959):

This factor can be computed on an annual, seasonal or storm  basis. Estimated
individual storm losses are less accurate than longterm predictions because of the effects
of antecedent moisture conditions  (Wischmeier and Smith, 1965).

R = EI / 100
Values range from 100-10,000.
EI = storm energy (foot-tons per acre) x max. 30 min. intensity  (inches per

hour)
EI = erosion index

Storm energy = Ek = 916 + 331 1og10 I
I = intensity in inches per hour
Ek =  kinetic energy in foot-tons per acre inches of  rainfall
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Maximum 30 minute intensity = 2x greatest amount of rain falling in any 30 minute period.
A break between storm is arbitrarily set as 6 consecutive hours with less than 0.05" of
rainfall.

Soil Erodibility Factor - K     (Olsen and Wischmeier, 1963 :

This factor is defined for each soil type and is determined from the equation:
K = A / ELSCP

If defined on plots with slopes of 9% and 72.6' long, the slope-length factor is equal
to 1.

If defined on plots which are under continuous fallow, then the cropping factor is
equal to 1.

If defined on plots where up and down slope ploughing occurs, then P is equal fo 1.
The equation then becomes:

K = A / R
where A = the erosion loss from each plot in tons per acre.

As yet no direct correlation has been established between measurable soil properties
and erosion loss or erodibility. However, K values have been determined for soils with the
U.S.A. and more specifically for the N.E. U.S.A. which may be applicable to Quebec soils.

Length-Slope Factor - LS    (Smith and Wischmeier, 1962

S = (0.52 + 0.36 s + 0.052 s2) / 6.613
s = field slope expressed as % 
S = slope factor
L = length in feet / 72.6
LS = length-slope factor

Slope length is defined as the distance from the point of origin of overland flow to
either of the following:
(a) the point where the slope decreases to the extent that deposition begins, or (b) the

point where the runoff enters a well-defined channel (i.e., a channel not readily
obliterated by cultivation). Figure II.C.1 illustrates the relationship between these two
factors from which LS values can be derived.
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Cropping and Management Factor - C    (Wischmeier, 1960; Wischmeier and Smith,1965):
This factor is a ratio of soil loss from land cropped under specified conditions to the

corresponding loss from tilled continuous fallow. Losses from a cropped field are usually less
than losses from fallow. The magnitude of erosion depends on the amount of cover, crop
sequence and management practices. It is also influenced by the stage of growth of the
vegetal cover. Table II.C.1 presents the ratios of soil loss from specific cropping systems as
compared to loss from continuous fallow (expressed as a percentage). Different cropping
systems and management factors are taken into account in addition to the stage of crop
growth.

Crop Stage Periods:

The five crop stage periods that are used for computation of locational C values are
defined as follows:

Period F:- rough fallow. Turn plowing to seeding.
Period 1:- seedling. Seedbed preparation to 1 month after planting 
Period 2:- establishment. From 1 to 2 months after spring or summer seedling. For

fall-seeded grain, period 2 includes the winter months, ending about
May 1 in the Central States, and April 1 in the Southern States.

Period 3:- growing and maturing crop. End of period 2 to crop harvest.
Period 4:- residue or stubble. Crop harvest to plowing or new seeding. (When

meadow was established in small grain, grain period 4 was assumed to
extend 2 months beyond the grain harvest date. After that time, the
vegetation was classified as established meadow).

Some adjustment in length of periods through 3 may be necessary for vegetable
crops. Account may be made of various rotational sequences.

In order to compute the cropping management factor value for a specific region, the
annual distribution of rainfall capable of producing erosion is required. This information is
already available as the Erosion Index used to compute the R factor.
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Figure II.C.1. Curves for Adjusting Plot Soil Loss to Length and Steepness of Slope
(after Smith and Wischmeier, 1962).
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Table II.C.1.  Ratio of Soil Loss from Cropland to Corresponding Loss from Continuous Fallow.

Line
No.

Cover, sequence, 
and management 1

Productivity2 Soil-loss ratio for
 crop stage period 3

Hay
yield

corn yield F 1 2 34 4L 4R 4L-WC

Corn in Rotation
1st-year C after gr & lg hay: Tons Bu. Pct. Pct. Pct. Pet. Pct Pet. Pct.

1 Spg TP, cony till 3-5 75+ 8 25 17 10 15 35 10
2 Spg TP, cony till 2.3 75+ 10 28 l19 12 18 40 11
3 Spg TP, cony till 2-3 60-74 12 29 23 14 20 43 13
4 Spg TP, cony till    1-2 60-74 15 30 27 15  22 45 13
5 Spg TP, cony till 1-2 40-59 15 32 30 19  30 50 15
6 Spg TP, cony till 1 40-50 23 40 38 25 35 60 18
7 Spg TP, cony till 1 20-35 23 40 43 30 45 65 23
8 Spg TP, min till 3-5 75+ --- 8 8 6 15 35 10
9 Spg TP, min till 2-3 75+ --- 10 10 7 18 40 10
10 Spg TP, min till 2-3 60-74 ---- 12 12 8 20 43 13
11 Spg TP, min till 1-2 40-59 ---- 15 15 9 22 45 13
12 Spg TP, min till 1-2 40-50 ---- 15 15 11 30 50 15

2d-year C after gr & lg hay:
13 RdL, spg TP, cony till 3-5 75+ 25 48 37 37 20 24 14
14 RdL, spg TP, cony till 2-3 75+ 32 51 41 22 26 ---- 14
15 RdL, spg TP, cony till 2-3 60-74 35 54 45 24 28 ---- 15
16 RdL, spg TP, cony till 1-2 40-50 42 57 49 28 42 --- 21
17 RdL, spg TP, cony till 1 40-59 46 62 54 30 50 ---- 25
18 RdL, spg TP, cony till 1 20-35 55 66 60 35 65 ---- 33
19 RdL, spg TP, min till 3-5 75+ ---- 25 25 12 24 60 14
20 RdL, spg TP, min till 2-3 75+ ---- 32 32 13 26 60 15
21 RdL, spg TP, min till 2-3 60-74 ---- 35 35 14 28 65 13
22 RdL, spg TP, min till 1-2 40-59 ---- 42 42 17 42 70 21
23 RdL, spg TP, min till 1 40-50 ---- 46 46 18 50 75 25
24 RdL, WC in prec C, conv till 3-5 75+ 18 35 30 20 24 60 14
25 RdL, WC in prec C, conv till 2-3 75+ 20 37 33 22 26 60 15
25 RdL, WC in prec C, conv till 2-3 60-74 21 30 36 24 28 65 15
27 RdL, WC in prec C, conv till 1-21 40-59 25 42 40 28 42 70 21
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Table II.C.1 (continued)  Ratio of Soil Loss from Cropland to Corresponding Loss from Continuous Fallow.

Line
No.

Cover, sequence, and management 1
Productivity2 Soil-loss ratio for crop-stage period 3

Hay
 yield 

Corn
yield 

F 1 2 3 4L 4R 4L-WC

Corn in Rotation Tons Bu. Pct. Pct. Pct. Pct. Pct. Pct. Pct.
28 RdL, WC in prec C, cony till <1 40-50 28 45 44 30 50 75 25
29 RdL, WC in prec C, cony till <1 20-35 33 48 40 35 65 80 32
30 RdR, WC. in prec C, cony till  3-5 75+ 30 52 40 22 ---- 60 35
31 RdR, WC in prec C, cony till 2-3 60-74 35 55 45 24 ---- 65 36
32 RdR, WC in prec C, cony till 1-2 40-50 42 60 53 30 ---- 75 36
33 RdR, no WC, conv till 3-5 75+ 55 62 47 22 ---- 60 ----
34 RdR, no WC, conv till 2-3 60-74 60 65 51 24 ---- 65 ----
35 RdR, no WC, conv till 1-2 40-50 65 72 57 30 ---- 70 ----

3d or 4th year C after gr & lg hay, or
2d-year C after Sg, red cl, or sw cl:

36 RdL, cony till 3-5 75+ 36 63 50 26 30 ---- ---
37 RdL, conv till 2-3 60-74 45 65 54 20 40 ---- ----
38 RdL, conv till 1-2 40-50 55 70 58 32 50 ---- ----
39 RdL, conv till <1 20-35 70 76 64 38 65 ---- ---
40 RdL, min till 3-5 75+ --- 36 36 16 30 ---- ---
41 RdL, min till 2-3 60-74 --- 45 45 17 40 --- ----
42 RdL, min till 1-2 40-50 --- 55 55 19 50 ---- ----
43 RdL + WC in prec C 3-5 75+ 22 46 41 26 30 ---- 15
44 RdL + WC in prec C 2-3 60-74 26 48 41 20 40 ---- 20
45 RdL + WC in prec C 1-2 40-50 33 51 47 32 50 ---- 25
46 RdL + WC in prec C <1 20-35 42 56 52 38 65 ---- 33
47 RdR, conv till 3-5 75+ 70 78 54 27 ---- 62 ----
48 RdR, conv till 2-3 60-74 75 80 60 30 ---- 70 ----
49 RdR, conv till 1-2 40-59 75 80 70 35 ----- 75 ----
50 RdR, S tons manure added ---- 60-74 60 70 52 28 ---- 62 ----
51 1st-year C after cl hay , 2 40-55 21 35 32 25 35 60 ----
52 1st-year C after sw cl ---- 40-55 23 45 38 28 35 60 ----
53 1st-year C after lesp hay 1-2 60-70 55 70 55 30 40 65 ----
54 1st-year C after lesp hay 1-2 40-55 55 70 60 32 50 75 ----
55 C after 1 year cot after gr & lg hay 2-3 60-70 30 58 46 24 28 65 ----
56 C after 1 year cot after gr & 1g hay 1-2 40-59 35 65 54 29 42 70 ----

57
Corn in meadow less systems:

After SG wintercrop, spg TP 
---- 75+ 22 37 35 22 27 ---- ----
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Table II.C.1  Ratio of Soil Loss from Cropland to Corresponding Loss from Continuous Fallow (continued)

Line
No.

Cover, sequence, and management 1
Productivity2 Soil-loss ratio for crop-stage period 3

Hay yield
Corn
yield

F 1 2 34 4L 4R 4L+ WC

Corn in Rotation
Tons Bu. Pct. Pct. Pct. Pct. Pct. Pct. Pct.

58 After SG wintercrop, spg TP ---- 60-70 25 40 38 24 30 --- ---
59 After Sg wintercrop, spg TP ---- 40-55 30 45 42 30 40 --- ---
60 After Sg, no intercrop, RdL ---- --- (5) (5) (5) (5) (5) --- ---

Cotton in Rotation
61 1st-year cot after gr & lg hay 

1st-year cot after gr & lg hay 3-5 HP 8 25 30 20 22 --- 15
62 1st-year cot after gr & lg hay 2-3 HP 10 30 35 25 25 --- 16
63 1st-year cot after gr & lg hay 1-2 HP 15 34 40 30 30 --- 18
64 1st-year cot after gr & lg hay 1-2 MP 15 34 45 35 33 --- 20
65 1st-year cot after gr & lg hay <1 MP 23 40 54 45 42 --- 23

2d-year cot after gr & lg hay: 
66 RdL no WC seeding 3-5 HP 30 54 56 38 38 --- 20
67 RdL no WC seeding 2-3 HP 34 58 62 44 40 --- 20
68 RdL no WC seeding 1-2 MP 40 65 68 46 42 --- 22
69 RdL no WC seeding <1 MP 45 70 70 50 48 --- 25
70 RdL + WC in prec cot 3-5 HP 20 40 46 38 38 --- 20
71 RdL + WC in prec cot 2-3 HP 23 42 50 44 40 --- 20
72 RdL + WC in prec cot 1-2 MP 23 47 55 46 42 --- 22
73 RdL + WC in prec cot <1 MP 27 51 57 50 48 --- 25

Cot after cot 3d or more year after M:
74 RdL, no WC seeding ---- HP 42 70 70 48 42 --- 22
75 RdL, no WC seeding ---- MP 45 80 80 52 48 --- 25
76 RdL = WC in perc cot ---- HP 32 51 57 48 42 --- 22
77 RdL + WC in perc cot ---- MP 45 80 80 52 48 --- 25
78 Cot after 1 year C (RdL) after M 3-5 75+ 25 48 49 32 38 --- 20
79 Cot after 1 year C (RdL) after M 2-3 60-75. 32 51 51 35 40 --- 20
80 Cot after 1 year C (RdL) after M 1-2 40-59 35 54 56 38 45 --- 23
81 Cot after 1 year C, C RdR 2-3 40-59 60 65 63 40 48 --- 25
82 Cot after 2 years C (RdL) after M 3-5 75+ 36 63 62 39 45 --- 23
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Table II.C.1 Ratio of Soil Loss from Cropland to Corresponding Loss from Continuous Fallow. (continued).

Line
No. Cover, sequence, and management 1

Productivity2 Soil-loss ratio for crop-stage period 3
Hay yield Corn yield F 1 2 3 4L 4R 4L-WC

Corn in Rotation
Tons Bu. Pct. .Pct. Pct. Pct. Pct. Pct. Pct.

83 Cot after 2 years C (RdL) after M 2-3 60-75 45 66 68 45 48 ---- 25
84 Cot after 2 years C (RdL) after M 1-2 40-59 55 70 73 50 48 ---- 25
85 Cot in cot (V)-C (crot) system ---- HP 28 40 45 35 --- --- 22
86 Cot in cot-O-lesp seed, RdL ---- HP 23 34 40 30 --- ---- ----
87 Cot in cot-O-lesp seed, RdL ---- MP 25 40 45 37 --- ---- ----
88 Cot in cot-SG-sw cl ---- MP 25 45 48 35 ---- ---- ----

Small Grain in Rotation
With meadow seeding:

In disked row-crop residue-
89 After one year C after M 3-5 75+ --- 20 12 2 2 ---- ----
90 After one year C after M 2-3 60-74 --- 30 18 3 2 --- ----
91 After one year C after M 1-2 40-59 --- 41 25 4-15 2 ---- ----
92 After one year C after M 1 25-39 --- 60 36 5-15 3- --- ----
93 After 2d or 3d year C after M 3-5 75+ --- 32 19 5 3 ---- ----
94 After 2d or 3d year C after M   2-3 60-70 --- 40 24 5 3 ---- ----
95 After 2d or 3d year C after M 1-2 40-59 --- 58 35 5-15 3 ---- ----
96 After 2d or 3d year C after M 1 25-39 --- 75 45 6-15 3 --- ---
97 After one or more C after SG (6) (6) (6) (6) ---- ----
98 After 1st-year cot after M 2-3 ---- --- 35 23 5-15 3 ---- ----
99 After 2d-year cot after M 2-3 ---- --- 50 35 5-15 3 ---- ----
100 In cot middles after sw cl or lesp --- ---- --- 30 22 10-15 3 ---- ----

101 On disked row-crop stubble, RdR
After 1 year C after M 2-3 60+ --- 50 40 5-15 3 ---- ----

102 After 1 year C after M 1-2 40-59 --- 80 45 7-15 3 ---- ----
103 After 2 years C after M 2-3 60+ --- 80 50 6-15 3 ---- ----
104 After C, 3d year after M --- ---- --- 92 55 7-15 3 ---- ----

On plowed seedbed, RdL-
105 After 1 year C or SG after M 3-5 75+ 25 45 30 5 3 ---- ----
106 After 1 year C or SG after M 2-5 60-74 35 51 34 5 3 ---- ----
107 After 1 year C or SG after M 1-2 40-59 42 60 40 7 4 ---- ----
108 After 2 years C or SG after M 3-5 75+ 36 60 40 5 3 ---- ----
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Table II.C.1  Ratio of Soil Loss from Cropland to Corresponding Loss from Continuous Fallowa.  (continued.)

Line
No. Cover, sequence, and management 1

Productivity2 Soil-loss ratio for crop-stage period 3

Hay
yield

Corn
yield F 1 2 3 4L 4R 4L-WC

Small Grain in Rotation Tons BU. Pct. Pct. Pct. Pct. Pct. Pct. Pct.

109 After 2 years C or SG after M 2-3 40-59 55 70 45 7 4 ---- ----

110 On plowed seedbed, RdR-
After 1 year C or SG after M 3-5 75+ 55 60 40 5 3 ---- ----

111 After 1 year C or SG after M    2-3 60-74 60 65 42 6 3 ---- ----
112 After 1 year C or SG after M 1-2 40-59 65 70 45 7 4 ---- ----
113 After 2 years C after M 2-3 60-74 65 70 45 7 4 ---- ----

Without meadow seeding:
114 Sequences and yields of lines 89-90 ---- --- (7) (7) (7) 8 8 16

115 Sequences and yields of lines 91-90, 101,
105,106,108-110 ---- ---- (7) (7) (7) 10 10 20 ----

116 Sequences and yields of lines 102, 104,
107,111-113 ---- ---- (7) (7) (7) 12 12 25 ----

Double-Cropped Rotation
117 Wheat (grain) and lesp (hay) ----   ---- ---- 25 25 5 5 ---- ----
118 Wheat and lesp, both grazed ---- ---- ---- 25 25 12 6 ---- ----
119 Spg pats (hay) and lesp (hay) ----  ---- ---- 50 18 5 5 ---- ----

Established Meadows9
120 Grass and legume mix 3+ ---- ---- ---- ---- --- 0.4 ---- ----
121 Grass and legume mix 2 ---- ---- ---- ---- --- 0.6 ---- ----
122 Grass and legume mix 1 ---- ---- ---- ---- --- 1.0 ---- ----
123 Alfalfa 2.5+ ---- ---- ---- ---- --- 2.0 ---- ----
124 Lespedeza ---- ---- ---- ---- ---- ---- 2.0 ---- ----
125 Red clover ---- ---- ---- ---- ---- --- 1.5 ---- ----
126 Sericea, 2d year ---- ---- ---- ---- ---- --- 2.0 ---- ----
127 Sericea, after 2d year ---- ---- ---- ---- ---- --- 1.0 ---- ----
128 Sweet clover    ---- ---- ---- ---- ---- --- 2.5 ---- ----

a From Agr. Handbook 282, U.S. Dept. of Agriculture, 1965.
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Table II.C.1 Ratio of Soil Loss from Cropland to Corresponding Loss from Continuous Fallowa (cont'd)

1. Symbols: C, corn; conv till, conventional tillage; cot, cotton, crot, crotolaria; gr & lg, grass and legume; lesp, lespedera; M, grass and
legume meadow, at least 1 full year; min till, minimum tillage;0, oats; prec, preceding; RdL, residue of prior crop left; RdR, residue
of prior crop removed, spg, spring; SG, small grain; sw cl, sweetclover; TP, turn plow ;V vetch; WC, grass or grass-and-legume winter
cover seeded early.

2. For cotton, HP - high crop productivity; MP = moderate crop productivity. Small grain cover is assumed commensurate with the
indicated productivity level of corn or cotton.

3. Crop-stage periods are as defined on p. 10. Period 4 ratios are taken from column 4L when crop residues remain on field but without
winter cover seeding; from column 4R when corn stover, straw, and similar residues are removed; and from column 4L + WC when
the seeded grass and legume winter cover is established in addition to leaving crop residues.

4. Where two period 3 values appear, the first is high-yielding grain and the second is for grain yield less than 30 bushels of oats or 15
bushels of wheat per acre.

5. Use data from lines 36 to 42, selecting line on top of productivity level.

6. Use data from lines 98 to 90, selecting line on top of productivity level.

7. Use data from lines 89 to 113.

8. Ratio for winter months is 12 percent.

9. Ratios shown are the yearly averages.
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Figures II.C.2a, b and c give examples of the annual distribution of the Erosion Index.
C = soil loss ratio x% EX in crop stage for crop stage. 
C = cropping management factor

Erosion Control Practice Factor - P
Modification of soil losses occurs when erosion control measures such as contour

ploughing, strip cropping and terracing are practiced. This factor takes into account the
reduction in losses, ensuing from such practices, relative to the losses from up and down
slope ploughing. Values of P for a number of conservation practices have been derived from
field studies and are presented in Table II.C.2.  P is equal to 1 for up and down slope
ploughing.
Modifications to the Universal Soil Loss Equation 

Williams (1972) replaced the rainfall factor R by a runoff factor:
= volume of runoff x peak runoff rate for a single storm.

From studies on watersheds in Texas and Nebraska, it was found that the following
equation best fitted field information:

S =  9S (Q Qp) 0.56 x KLSCP
where S =   sediment yield in tons,

Q =   volume of runoff in acre-feet,
and Qp = peak flow rate in c.f.s.

Aleti et al. (1974) point out that this equation and the Wischmeier equations represent
two extremes in that the equation given above implies that all soil loss is due to runoff,
whereas the Wischmeier equation emphasises losses due to rain-splash erosion. A
modification by Foster (1973) uses both approaches in which the rainfall factor of the soil loss
equation is defined as:

E = R / 2 + 15Q  Qp a 
where E = new rainfall factor,

R = rainfall factor from one universal soil loss equation,
Q = volume of runoff in acre/feet,

and Qp = peak flow rate C.F.S.
The constants were experimentally derived.
A = (R/2 ISQqp1/3) x K L S C P

This relationship was utilised in the USDAHL Sediment deposition model (Hottan and
Lopez, 1973), who also combined it with an antecedent soil moisture term (Aleti et al.,
1974). (Full details of this model are not yet available).
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Table II.C.2 Recommended Conservation Practice Factors for Estimating 
Field Soil Loss 1.

Per Cent
Slope

P
C 

Contouring

P
sc

Strip
Cropping 2

P
tc 

Terracing and
Contouring

Parallel to Field Boundary 0.8 - -
1.1-2 0.6 0.30 -
2.1- 4 0.5 0.25 0.10
4.1- 7 0.5 0.25 0.10
7.1-12 0.6 0.30 0.12
12.1-18 0.8 0.40 0.16
18.1+ 0.9 0.45 -

1. Factor for up and down slope is 1.0. Adapted from Smith and Wischmeier (1957, 1962).
2. A system using 4-year rotation of corn, small grain, meadow.
3. For slopes up to 12% only.

MODIFICATIONS TO THE UNIVERSAL SOIL LOSS EQUATION
Williams (1972) replaced the rainfall factor R by a runoff factor:
= volume of runoff x peak runoff rate for a single storm.

From studies on water sheds in Texas and Nebraska,. it was found that the following equation
best fitted field information:

S + 9S (Q Qp) 0.56 x KSLCP
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Figure II.C.2a: Erosion Index Distribution Curve (after USDA Handbook 282,
1965).
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Figure II.C.2b: Erosion-Index Distribution Curve (after USDA Handbook 282,
1965).
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Figure II.C.2c: Erosion-Index Distribution Curve (after USDA Handbook 282,
1965)
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The Sediment Delivery Ratio - D 
Robinson (1974) suggests that the universal soil loss equation can be combined with

a sediment delivery ratio to give the sediment yield for a particular watershed.
Y = ED

where Y = yield tons/year, ,
E = Gross erosion rate tons/year,
D = sediment delivery ratio.

No general relationships have been derived for the sediment delivery ratio; however,
the United States several studies indicate that:

D = A-0.2

where D = sediment delivery ratio,
and A = drainage area (Aleti et al., 1974)

Other Models
Crawford et al. (1973) considered the U.S.L.E. to be unsuitable for predicting sediment

loss due to erosion from agricultural watersheds. They suggested that it was not applicable
to continuous simulation of sediment loss as it yielded only an average annual loss per acre.
In addition, they felt that it did not take into account losses due to erosion by overland flow.
Instead they used a sediment loss model developed by Negev (1967). This model takes into
account sediment produced by raindrop impact and that 'picked-up' by overland flow.
Unfortunately only an outline of this model is presented by Crawford et al., and until more
information is available, its usefulness cannot be assessed. Two equations are given:

RER(t) = (1-COVER (t)) x KRER x PR(t)JRER  
RER(t) = soil fines produced in time interval t
COVER(t) = % vegetal cover as a function of relative time within the

growing season
KRER = coefficient of soil properties
PR(t) = precipitation in time interval t 
JRER = exponent
SER(t) = KSER x SRER(t-1) x ROSB(t)JSER

SER(t) = fines picked up during time interval t 
KSER = coefficient of pickup
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SRER(t-1) = reservoir of deposited fines existing at the beginning of
time interval t

ROSB(t) = overland flow during time interval t JSER = exponent

This outline is based on the literature available to date. Other possibly useful
approaches to predicting sediment loss are described by the E.P.A. (1973) and are
summarized in Table II.C.3.

80



Table II.C.3. 1

Summary of Sediment Prediction Methods 

Process
Prediction Method Erosion Transport Deposition
1. Empirical

Ellison x - -
Musgrave x - -
Universal Soil Loss Equation x - -
Einstein Bedload Function - x -
Colby Modified Einstein - x -
Toffaleti Total Load Method - x x
Lacey's Silt Theory - x x
Pemberton Modified Einstein - x -
Reservoir Surveys" - - x
   ARS
   SCS
   Corps of Engineers
   Bureau of Reclamation
   U.S. Geological Survey

2. Statistical
Flaxman - 0 x
Sediment Rating-Flow Duration: - - x
   U.S. Geological Survey
   Bureau of Reclamation
   Corps of Engineers
Woolhiser's Deterministic
   Watershed Model x x x

3. Simulation
ARS Upland Erosion Model x - -
ARS USDAHL-73 Watershed Model x x x
ARS "ACTMO" Chemical Transport Model - x -
Negev's Watershed Model x x x
Stanford IV Model x x x
Hydrocomp Simulation x x x
Huff Hydrologic Transport Model - x -
Royal Institute (Sweden)
Hydrologic Model x x x

Snyder's Parametric Hydrologic Model - x x

1 From Methods for Identifying and-Evaluating the Nature and Extent of Non-Point Sources of
Pollutants", U.S. Environmental Protection Agency, EPA-43019-73-014, Washington, D.C.,
October, 1973.
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D. ANIMAL WASTES
INTRODUCTION

Agriculture, in general, and feedlots, in particular, have received blame for the
eutrophication of lakes and waterways. (Stewart, 1970; Viets, 1970). The usual approach in
studying this process has been to assign certain inputs to identifiable sources such as
industries, effluents from municipal sewage treatment plants, and the rest by difference to
agriculture, However, too often are forgotten the atmospheric inputs, such as nitrates,
ammonia, sulphur dioxide, suspended fine particulates, etc. brought down in rainfall in the
vicinity of large industries. Also, the changes in the bottom environment of the lakes that may
make deposits of nitrogen - and phosphate-containing materials - more soluble are generally
overlooked.

Potentially, cattle feedlot residue is a highly concentrated and variable organic waste.
On the average, a 1000-1b. steer produces 16 lb, per day of dry matter containing 0.38 lb. N,
0.11 lb. P2O5, 0.31 lb. K2O and 8.2 lb. organic matter in its feces and urine (Taiganides and
Hazen, 1966). Townshend et al. (1970) reported that 100,000 head of cattle on Ontario
feedlots have a pollution potential equivalent of 1.0 million people on a BOD basis and of 1.6
million people on a total solids basis. Fishkills in the streams have been attributed to runoff
from feedlot operations in Ontario (Townshend et al., 1970) as well as in several states in the
U.S.A. (Denit, 1971). These runoff additions to stream waters may result in oxygen depletion
due to organic loads and/or ammonia interference with the oxygen assimilation mechanisms
of fish. Ifeadi and Lawhon (1974) state that the range of 3-6 mg/L of dissolved oxygen is the
critical level for nearly all fish. Nevertheless, the pollution hazard can be reduced significantly
if the feedlots are managed properly.

Animal feedlots wastes can contribute to surface and groundwater pollution through
runoff from the feedlot surfaces and/or from land-applied wastes.

FEEDLOT RUNOFF BY RAINFALL AND SNOWMELT 

The quantity and quality of animal wastes produced on a feedlot are highly variable
depending upon the age of animals, feeding ration, feedlot management practices, etc. The
chemical composition of typical animal waste produced on an unpaved feedlot is shown in Table
II.D.1. It is evident from this data that feedlot wastes have a tremendous potential both as a
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Table 1: II.D.1 Typical Chemical Composition of Animal Wastes Removed frog Outdoor
Unpaved Beef Cattle Feedlots.

MEASUREMENT CONCENTRATION
RANGE MEAN

pH 4.6-9.4 6.7
Electrical conductivity
   (mmhos/cm)

0.4-5.8 2.6

Total solids (%) 35-79 54
Volatile solids (%) 4-25 20
Moisture (%) 27-186 85
Ash (%) 10-65 34
Total N (ppm) 1100-10,000 4411
Total P (ppm) 59-1,200 293
NH4-N (ppm) 200-2,000 364
NO3-N (ppm) 0-464 4.2
COD (mg/L) 10,900-286,000 120,000

Note: Moisture content is expressed on dry-weight basis; the remainder are expressed on a
wet-weight basis.

1 After McCalla et al. (1972).
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source of nutrients for crop utilization and as a water pollutant depending on how the wastes

are managed.

Runoff process involves the detachment of particulates or dissolution of nutrients,

transport of sediment or nutrients in solution, and deposition of sediment or nutrients in the

receiving waters. The quantity and quality of runoff can be effected by the following factors:

Precipitation 

Rainfall and snowmelt do not always produce runoff from a feedlot. Swanson (1971)

reported that under natural conditions, runoff may not be expected from a rainfall of 0.5 inches

or less, unless rainfall has occurred within approximately the previous 72 hours. A similar value

was reported by Miner (1967). Studies by Gilbertson and associates (1972, 1971b) showed a

minimum of 0.32 and 0.29 inches of rainfall, respectively, for a runoff event to occur.

Regression equations of Manges et al. (1971) indicated that a minimum of 0.25 and 0.22

inches of antecedent rainfall must occur before runoff would result from two different locations

on a feedlot into their respective lagoons. Irwin and Robinson (1974) recorded a value of 0.21

inch for a runoff event to occur. The variability in the values reported is probably due to the

differences in the intensity of rainfall and feedlot conditions.

Quantities of waste materials removed in runoff are usually determined by the

antecedent conditions. Grub et al. (1969) stated that moisture content of the organic mass on

the feedlot is an important factor in its removal by the incident rainfall. A high intensity rain

falling on a dry lot surface may result in rapid runoff and consequent removal of large

quantities of materials from the feedlot surface while the same intensity of rain falling on a

damp feedlot might cause little or no runoff. Initial runoff usually contains a higher

concentration of pollutants, particularly BOD and. COD, than does subsequent runoff (Wells et

al. ,1972). White and Edwards (1972) reported that BOD is highest during winter and lowest

during summer months. This seemed to be related to the prevailing ground surface

temperatures; however, even during summer months, BOD concentrations may be higher

following periods of dry antecedent conditions.

Materials removed from; outdoor feedlots are highly variable in quantity and quality.

Gilbertson (1970) reported that as much as 3-6 per cent of the organic mass deposited on a

feedlot may be transported by rainfall (runoff by snowmelt excluded). Studies by Madden and
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Dornbush (1971) showed that from an unpaved beef feedlot with no detention facility and

slopes in excess of 5 per cent, about 5 per cent of the total waste produced can be removed

by surface runoff, while with some storage and mild slopes, the waste removed by runoff

represented less than 2 per cent. Gilbertson et al. (1971b) reported that the winter thaw

transported about 10 tons/acre-inch of runoff whereas rainfall runoff transported an average

of only 1.6 tons/acre-inch.

The concentration of pollutants in the winter runoff is usually much greater than that in

the summer runoff. Gilbertson et al. (1971a) reported that this variability may be as high as

10-fold. The seasonal variation in the pollutant concentration usually parallels the capacity of

downstream waters to receive the pollutant loads. The summer flows are usually smaller while

those of fall and early spring are greater. This variable nature of the pollutant concentrations

in rainstorm and snowmelt runoff is shown by the date of McCalla et al.  (1972) in Table II.D.2.

Nevertheless, these values do stress the enormity of pollution potential of these runoffs. Mean

COD concentrations of 3,100 and 41,000 mg/L for rainstorm and snowmelt runoff, respectively,

would make the typical BOD concentrations of 200-250 mg/L of municipal sewage seem quite

insignificant in light of pollution potential on the receiving waters. Much lower values of COD

and BOD in the runoff were obtained by Ogilvie and Savoie (1974) when the animal stocking

density was low.

Satterwhite and Gilbertson (1972) were interested in the nutritive value of the feedlot

runoff for plant growth. Table II.D.3 presents some selected chemical characteristics of the

nearby stream water and the feedlot runoff they used in their experiments. From this table,

it is evident that the nutrient concentration of feedlot runoff was several-fold higher compared

to that of stream water; thus it can act as a source of nutrients, or be a pollution hazard,

depending on the runoff management practice.

Surfacing of Feedlots

Surfacing may affect the pollution potential of feedlot runoff considerably. Miner et al. 

(1966) studied runoff characteristics from concrete-surfaced and unsurfaced feedlots under

simulated rainfall conditions in Kansas. Both feedlots had a constant slope of 2 percent.
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Table II.D.2 Typical Composition of Runoff from Beef Cattle Feedlots at Mead,

Nebraska1

MEASUREMENT RAINST0RM RUNOFF SNOWMELT RUNOFF
Range Mean Range Mean

pH 4.8 - 9.4 6.9 4.1 - 9.0 6.3
Conductivity         

(mmhos/cm)
0.9 - 4.9 3.2 3.0 - 19.8 7.1

Total solids (%) 0.24 - 3.30 2.04 0.8 - 21.8 7.7
Volatile solids(%) 0.12 - 1.50 0.87 0.6 - 14.3 3.9
Ash (%) 0.12 - 2.80 1.17 0.2 - 9.2 3.8
Total N, ppm 11 - 8,593 9.6 190 - 6,528 2105
NO3-N, ppm 0 - 217 10 0 - 280 17.5
NH4-N, ppm 2 - 1,425 143 6 - 2,028 780
P, ppm 4 - 5,200 361 5 - 917 292
COD, mg/L 1300 - 8200 3100 14100 - 77100 41000

1  After McCalla et al. (1972).
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Table II.D.3 Some Related Chemical Characteristics of Stream Water and Beef Cattle

Feedlot Runoff 1

CHEMICAL CONSTITUENT STREAM WATER2 FEEDLOT RUNOFF3

pH 8.7  8.4
Conductivity  (mmhos/cm) 0.4  4.6
Ca, ppm 14.5 22.2
K, ppm 57.3 1295.0    
Total N, ppm 0.5 66.0
NO3-N, ppm 1.2 19.6
Phosphate, ppm 0.5 22.9

1 After Satterwhite and Gilbertson (1972)
2 Average of three stream water sample analysis
3 Average of four feedlot runoff sample analysis from research feedlot runoff detention ponds.
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Runoff from concrete-surfaced lots was found to be more heavily polluted than that from

unsurfaced lots. The COD concentration from the concrete-surfaced lots ranged from

2,760 to 19,400 mg/L compared to that of 1,900 to 8,900 mg/L from unsurfaced lots.

Similarly, total nitrogen and suspended solids concentration were much higher from

concrete-surfaced than from unsurfaced lots. In both cases, total nitrogen was about 5

per cent of the COD concentration.

Wells et al. (1972) reported that concentration of organic pollutants in runoff from

dirt-surfaced feedlots was only about 30 to 40 per cent of the corresponding

concentrations in runoff from concrete-surfaced lots. However, their data should be

interpreted with caution as the stocking rate on dirt-surfaced lots was lower than that of

concrete-surfaced lots. Grub et al. (1969) had reached a similar conclusion that the runoff

from concrete-surfaced lots will be of poorer quality, but they stated that it is possible to

run into a parallel problem of polluting the groundwater by dissolved chemicals,

particularly nitrates, that may percolate into the groundwater beneath unsurfaceu lots.

Recently, Ifeadi and Lawhon (1974) expressed their concern about soil erosion from

unpaved feedlots due to the loosening of the surface soil by trampling of the animals.

Thus, long-term ecological consequences should be taken into consideration before

forming an opinion about the surfacing of feedlots.

Feedlot Slope

Fogg (1971) reported that a minimum slope of about 1 per cent is desirable for

surface drainage from feedlots. Usually slopes much greater than the minimum suggested

by Fogg (ibid) have been used in the studies; the slopes ranging from 2 to 13 per cent

(Miner et al., 1966, 2.5%; Gilbertson et al.,13%). However, the effect of slope on feedlot

runoff has not been studied fully in a quantitative manner.

Gilbertson et al. (1971a) and McCalla et al. (1972) conducted a series of

experiments to characterize runoff from unpaved feedlots with 3, 6 and 9 per cent slope

at the University of Nebraska Field Laboratory near Mead, Nebraska. One of their

objectives was to study the effect of feedlot slope on runoff. From their studies, they

concluded that because of the great variability in the runoff data, it was not possible to
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determine the effect of feedlot slope on runoff quantitatively. Grub et al. (1969) remarked

in a general way that steeper slopes cause a greater fraction of the incident precipitation

to run-off, and higher velocities of flow associated with steeper slopes cause greater

erosion of the accumulated organic mass on the feedlot floors. Thus, the quantity of

runoff increases and the quality of runoff decreases as the slope of a feedlot surface

increases.

Feedlot Waste-management 

Recently the number of farms raising feeder cattle has been decreasing while the

number of cattle per farm has been increasing. Also, there is a trend towards raising

cattle under confinement conditions with higher stocking densities; the densities may be

as high as 300 to 800 head/acre (McGhee et al., 1973). Animal wastes produced under

such conditions may be handled in solid, slurry, or liquid form depending upon the

building design and alternatives for ultimate disposal. Runoff by rainfall and snowmelt can

only occur from partially, or completely, open feedlots and/or from the wastes

accumulated on the feedlots.

The quantity and the chemical characteristics of animal wastes produced or a

feedlot are affected considerably by the feeding ration and the stocking density. Wells et

al. (1972) fed all-concentrate, and 10 and 12 percent roughage rations to feeders on

concrete and dirt feedlots. The animals fed on all-concentrate ration produced dry waste

quantities at the rate of 2.3 lb/head/day while those fed on 10 and 12 per cent roughage

ration produced 4.4 and 5.0 lb/head/day, respectively. Ration, in turn, affected the

concentration of pollutants in the runoff. On the average, the runoff from all-concentrate

ration was lower in BOD and COD concentrations, while higher in all forms of nitrogen in

comparison to the high-roughage rations. From another study on unpaved feedlots

(Gilbertson et al., 1971a) , it was found that a stocking density of 200 sq. ft./head yielded

animal wastes at the rate of 2.5 tons/day/acre while a density of 100 sq. ft./head yielded

3.4 tons/day/acre. This non-linearity in the amounts of wastes being removed was

probably due to the constant amount of soil being scraped along with the waste during

cleaning operations.
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Animal wastes accumulated on feedlots could be an asset in preventing runoff. In

general, greater depths of accumulated wastes have greater absorptive capacity for

incident precipitation and result in lesser quantities of runoff. Grub et al.  (1969) reported

that as much as one-half inch of moisture may be absorbed by each inch of accumulated

organic mass on the feedlot floor, particularly if the waste was derived from high

roughage-content feeds. However, if there is an excess of moisture, the water may seep

out of the organic mass creating greater pollution hazards. Cramer et al.  (1971) analyzed

the seepage from stored dairy manure, and they determined average values for BOD,

COD and total solids concentrations of 13,000 mg/L, 31,500 mg/L and 2.8% respectively.

Townshend et al. (1970) cited two incidences of downstream water pollution by

seepage from corn end pea cannery wastes stored on feedlots for use as feed. Analysis

of the leachate revealed that the BOD and the suspended solids concentrations were

64,000 and 1,500 mg/L, respectively.

If the runoff has to be discharged to a waterway, Edwards et al. (1971) found out

that the passage of the barnlot runoff through a 500 meter long grass waterway prior to

entering the receiving waters can reduce the pollutant concentration of the runoff

significantly. A 8.3-fold reduction in N concentration, a 27.9-fold reduction in P

concentration and a 30-fold reduction in BOD concentration was achieved by this method.

Recognizing the pollution potential of feedlot runoffs, it is, therefore, desirable that

the runoff may not be allowed to flow freely to the receiving waters. Rather it should be

retained in storage for its subsequent disposal in a more suitable manner. Gilbertson et

al.  (1971b) and McCalla et al. (1972) noted that the settleable solids in the feedlot runoff

were largely biodegradable. If this material reached the retention or storage tanks where

anaerobic conditions prevailed, it produced malodors, For the partial removal of settleable

solids to reduce the BOD load in retention tanks, they tested two systems which reduced

the velocity of flow to allow settling of heavier particles. One system, called the

"Continuous Flow System", consisted of a settling channel with porous dams and a

detention pond. The other system was called the "Batch System" consisted of a primary

settling basin and a secondary basin into which the supernatant from the primary basin

was pumped. The Continuous Flow System removed about 58 per cent while the Batch
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System removed about 50 per cent of the suspended material in the runoff entering the

detention ponds. Because of the operational disadvantages of the Batch System and the

fewer odors emitted by the Continuous Flow System, the authors concluded that the

continuous flow concept might be adapted to feedlots experiencing runoff pollution

problems.

In the U.S.A., federal and some state regulations exist for the discharge of feedlot

runoff into waterways. For the feedlots in southern Ontario, some recommendations have

been made to abate the pollution hazards from feedlot runoff by Townshend et al. 

(1970). This region receives about 30 inches of annual precipitation on the average. The

authors recommended that the storage capacity of 4.2 inches of feedlot runoff based on

"2-day rainfall, 10-year frequency, be used as a guideline. They further suggested that

the sides and the bottoms of detention structures be made impervious.

For the animal wastes, a storage capacity of about 5 to 6 months was proposed,

recognizing the fact that fields are unsuitable for waste disposal while frozen in the winter

and wet in the spring. It would, therefore, be desirable to have similar guidelines

established for other provinces in Canada based on hydrologic data.

WASTE DISPOSAL ALTERNATIVES 

Animal waste disposal approaches are essentially those of relocation of wastes from

the point of generation to a suitable site with a minimum of adverse environmental

effects. Alternatives for such approaches are:  (i) disposal in sanitary landfills, (ii)

incineration, (iii) treatment of a liquid waste form similar to that of municipal sewage, (iv)

reuse as animal feed after treatment, and (v) land application for crop usage. Disposal

on land seems to be the most practical and economical way of handling wastes. At the

present, other alternatives are not wholly suitable because of the relatively high cost and

the limited facilities for those means of disposal.

Land disposal of animal wastes is the oldest method known to mankind; however,

until today not enough was known quantitatively about the assimilative capacity of most

soils for wastes. 0n the average, a ton of fresh manure contains about 10 lb. N, 5 lb. P2O5
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and 10 lb. K2O (Klausner et al., 1971). From feedlot or dairy operations, it is common to

find a large quantity of manure available for disposal. Weeks et al. (1972) were interested

in the study of the effects of heavy manure applications to land on crop growth and soil

and water enrichment with nutrients. The application rates ranged from 20 to 350

tons/acre to sandy loam soils at different locations in Massachusetts. Maximum yields of

corn silage and grain were obtained with only 20 tons/acre applied. Heavier applications

resulted in NO3-N and salt accumulations in the soil profiles. Their conclusion that up to

600 tons of manure can be applied to an acre of land without any adverse effects does

not seem justified in light of their data.

In another experiment in Kansas, up to 720 tons of feedlot wastes were applied to

a silty clay loam to study its effects on plant growth and soil properties (Murphy et al.,

(1972)). Maximum yields of corn silage were realized between 225 and 300 metric

tons/hectare applications. Higher rates of application depressed crop yields which were

attributed to the accumulation of salts in the soil profile to injurious levels. Concentrations

of NH4-N in the soil were considered high enough to be at least partially responsible for

poor germination and poor seedling vigor at the highest manure rates.

The literature is replete with conflicting reports with regard to optimum rates for

crop utilization and pollution control. Nevertheless, disposal of animal wastes on land is

viewed as a beneficial recycling of nutrients. Viets (1971) calculated that 360 feeders

would produce 4,200 tons of wet manure and urine. If this waste is applied to land at the

rate of 11.7 tons of dry manure per year, then only about one-tenth as much land is

needed for productive waste disposal as for growing the feed. According to most

researchers, the rate limiting step in the application of animal wastes to land is their

nitrogen contents. Higher rates of application can result in increased contents of NO3-N

in the forages, especially when plants are experiencing a moisture stress and/or a

deficiency of S and Mo (Stewart, 1970). Adams and Gus (1965) suggested that forages

containing un to 0.4% NO3-N can be fed to most animals, but recommended that forages

containing more than this amount should not be fed to animals. In Ontario, live-stock

deaths have occurred from the consumption of forage containing 0.4 to 0.5% NO3-N

(Webber and Lane, 1969).
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Growth of a good crop on the disposal site is important to the success of the

waste-disposal-on-land alternative. The dollar value of manure is usually based on the

value of N, P and K it contains. Cramer et al. (1971) estimated the average value of

nutrients in stack manure and seepage to be $1.62/T and $0.75/T, respectively. The

usual argument advanced against the use of this alternative of waste disposal is the

availability of inorganic fertilizers at low cost. With the increased interest for confinement

feeding at very high stocking densities and the concern for the environment, large

quantities of animal wastes have to be disposed of in a manner which is not detrimental

to the environment. 

Therefore, the wastes have to be scraped or collected from the feedlots and hauled

away for suitable disposal. Also forgotten are the micronutrient values of the animal

wastes and improved soil physical conditions, e.g., water-holding capacity, infiltration, soil

structure, etc. upon the addition of animal wastes to land. Thus the evaluation of

waste-disposal

-on-land alternative in light of its N, P and K content alone does not appear to have

validity. If all the costs involved in waste disposal are considered, this alternative seems

to be the most economical and useful means of achieving the ends. In Ontario, ultimate

disposal on land is advocated (Townshend et al., 1969; Webber and Lane, 1969).
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ENVIRONMENTAL IMPLICATIONS

Under certain soil conditions, anaerobic denitrifying bacteria are capable of utilizing

nitrates as hydrogen acceptors instead of oxygen resulting in the release of gaseous

molecular nitrogen (N2) to the atmosphere. This usually occurs under anaerobic conditions

when a readily available source of energy, e.g., soluble carbon, for the growth of

microbes exists along with a high pH. Siitam (1968) observed that under favorable

laboratory conditions for denitrification, up to 80% of the added NO3-N (500 ppm) was

denitrified within 5 days after addition. Bouwer (1968) used this technique successfully

under field conditions to dispose of nitrogenous wastes. Thus, when an operator does not

have enough cropland at his disposal for optimum use of nitrogen in animal wastes, large

amounts can be disposed of on land utilizing this process of denitrification without

polluting the environment. Webber and Lane (1969) while recommending an integrated

land-feed livestock enterprise for Ontario suggested land requirements for a 200-feeder

operation to be 100 acres for crop utilisation purposes and 50 acres for pollution control

with proper management. Another sound management practice is not to spread animal

wastes on land during winter months since significant losses of nutrients in runoff can

occur from such a practice (Hensler et al., 1970/ Witzel  et al., 1969). If the wastes must

be spread on land, it is desirable to spread them in November, or early December, before

the heavy snowfall.

Greenhouse studies of Mathers and Stewart (1970) revealed that 1 unit of nitrogen

from an inorganic nitrogenous fertilizer like NH4NO3 was equivalent to 2.4 units of

nitrogen in a feedlot waste. The amount of nitrogen that can safely be applied to land for

crop utilization depends on available nitrogen in the soil and that required for plant

growth. Excess nitrogen, over and above that used by the crop and tied-up by the soil,

may be converted to nitrates and would contribute to groundwater pollution. Water

containing NO3-N in excess of 10 ppm is considered unsafe for drinking by the U.S. Public

Health Service (Stewart, 1970).

Feedlots themselves have been the concern of many for their potential to pollute

groundwaters. Smith (1967) observed that NO3-N had accumulated in the soil beneath

feedlots where cattle had been fed for more than 50 years.
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He concluded that infiltrates from the feedlots were mainly responsible fog polluting

the subsoil and subsequently the groundwater with nitrates. In another study undertaken

by Gillham and Webber (1969), the increases in inorganic nitrogen in the groundwater

were attributed to the presence of a barnyard. On the other hand, Viets (1971) concluded

in a general way that feedlots were not polluting the groundwater with nitrates. Soluble

organic carbon along with the nitrates usually infiltrates to the deeper layers under

feedlots. In the deeper layers, anaerobic conditions usually occur and the soluble organic

carbon could serve as the energy source for the denitrifying bacteria. It is, therefore, very

likely that at least some of nitrates would be denitrified before reaching the groundwater.

Nutrient losses in runoff from agricultural land are sometimes blamed for polluting

the environment. Swanson et al. (1971) were interested in comparing the magnitude of

feedlot runoff with fallow land runoff. They observed that the feedlot runoff contained

from 2 to 30 times the NH4-N, up to 4 times the NO3-N, and up to 75 times the P content

of the fallow plot runoff. In this context, the results of Taylor et al. (1971), working near

Coshocton, Ohio, are worthy of note: the input of nitrogen in the rainfall was greater than

the loss in runoff from both woodland and farmland.

The concentration of nitrogen and phosphorous are usually connected with algal

blooms in water bodies. Ifeadi and Lawhon (1974) stated that trace quantities of nitrogen

in the form of ammonia and nitrate are essential to support the aquatic ecosystem; below

approximately 0.3 mg/L inorganic nitrogen is a deficiency range for the organisms. A

phosphorous concentration above 0.02 mg/L was considered adequate for algal blooms.

However, what is usually not considered is the organic materials needed to generate CO2 

required by the algae.

In the U.S.A.,federal and state guidelines have been formulated for the

management of wastes at feedlots (Denit, 1974). In Canada, the Federal Government is

in the process of formulating such guidelines. More research data under Canadian climatic

and management conditions would be an asset in the formulation and success of the

needed guidelines to preserve and improve our environment.
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E.  HYDROLOGY OF AGRICULTURAL AREAS INTR0DUCTION

INTRODUCTION 

The importance of water runoff and policy planning and management of an

agricultural area to include water quality objectives requires predictions of chemical and

sediment movement in a watershed. The factors controlling watershed performance are

interrelated and influenced by climatic factors. The magnitude of chemical transport is

determined by the water flow, or water flow related processes such as erosion. For

instance, the nutrient phosphate is almost completely adsorbed by the soil and therefore

cannot be moved with leaching water, but can be moved by erosion (Frere, 1974). The

chemical movement in a watershed is described by the product of concentration and

water flow over the watershed. The study of factors affecting overland and subsurface

flow of water is present in the field of hydrology. Frere et al. (1974) discussed a model

which integrates hydrology, erosion and chemistry.  Figure II.E.1 illustrates his hydrologic

submodel which computes the volume and peak flow rates of runoff from each zone for

an erosion submodel.

The objective of this review is to describe hydrologic models with the emphasis on

predicting peak flow rates and total volume of storm runoff to be used for analyzing the

behavior of agricultural chemicals in a watershed.

WATERSHED CHARACTERISTICS

The hydrologic characteristics of a watershed can be divided into two classes. The

first class includes variables (characteristics) such as geometric properties of the drainage

basin, characteristics of drainage channels (geometry, slope, roughness, storage

capacity), and soil characteristics.. The second class consists of the time-dependent

variables such as land use practices, snow accumulation, climatic factors, soil moisture,

storage changes, and vegetal retardation of overland and channel flow.

It is realized that the rate and areal distribution of runoff from a watershed are

determined by these characteristics. The quantified values of watershed characteristics

which are called watershed parameters must be defined in hydrologic modelling for
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Figure II.E.1: Algorithm of Calculations and Information Flow for the

Hydrology Submodel (after Frere, 1974).
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estimating total runoff and peak flow from the watershed. Ross (1970) grouped these

parameters into two categories: (a) parameters recommended for direct estimation from

the observed watershed characteristics such as those presented in Table II.E.1, and (b)

parameters recommended for estimation by OPSET through comparison of synthesized

and recorded stream flow statistics. OPSET is a computer model developed by Liou (1970)

to estimate watershed parameters from at least one year of stream flow records of the

watershed. A list of these parameters is given in Table II.E.2. Figure II.E.2.presents an

algorithm for the parameter optimization.

FACT0RS AFFECTING RUNOFF 

1. Watershed Characteristics

The effect of watershed characteristics on the peak rate of runoff in Eastern

Colorado was studied by Chen (1960). He employed a Gumbel-type analysis for peak

flows from 13 watersheds ranging in size from 14 to 1125 sq. mi. and estimated multiple

correlations graphically between the 10-year return period flood peak and (1) watershed

area, (2) total channel length, (3) soil index, (4) location parameter, and (5) precipitation

parameter. Taylor and Schwartz (1952) related peak flow and lag of unit hydrograph to

watershed characteristics by employing characteristics data for 20 watersheds ranging

in size from 20 to 1600 sq. mi. Their study showed that the most significant watershed

characteristics were: drainage area, length of longest water course, length to the center

of the drainage area, and mainstream slope.

2. Climatic Factors

Climatic factors affecting runoff include the form and the type of precipitation,

quantity and distribution of the precipitation, prevailing evapotranspiration characteristics

and the status of the soil moisture reservoir. Kohler and Linsley (1951) developed a

graphical multiple correlation for the Monocacy River at Jug Bridge, by which they could

predict the volume of storm runoff according to: antecedent precipitation index, week of

the year, storm duration, and storm precipitation. Minshall (1960) presented a method

for extending the period of runoff records based on an analysis of existing short term
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Figure II.E.2:  Algorithm of Parameter 0ptimization Procedure (after Liou,

1970).
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Table II.E.1. Parameters which can be Estimated Directly from the Observed
Watershed.

AREA - total watershed drainage area.
FIMP - fraction of the watershed which is impervious and contributes

its runoff directly into a stream.
FWTR - fraction of total watershed covered by water surfaces.
VINTMR - watershed interception volume storage capacity.
GWETF - factor x current rate of potential evapotranspiration x current

groundwater moisture storage.
OFS - average slopes of the overland flow surface perpendicular  to

the receiving channel.
SUBWF - fraction of moisture entering groundwater storage.

Table I.E.2. Parameters Estimated by OPSET (After Liou, 1970).

Recession Constants: 
IFRC - interflow recession constant.
BFRC - base flow recession constant.
Land Phase Parameters:
Runoff Volume Parameters:
LZC - lower zone storage capacity.
BMIR - basic maximum infiltration rate within watershed.
SUZC - seasonal upper zone storage capacity factor.
ETLF - evapotranspiration loss factor.
BUZC - basic upper zone storage capacity factor.
SIAC - seasonal infiltration adjustment constant.

Interflow Volume Parameter:
BIVF - basic interflow volume factor.

Channel Routing Parameters:
NCTRI - number of current time routing increments.
CSRX - channel storage routing index.
FSRX - flood plain storage routing index.
CHCAP - channel capacity- indexed to basin outlet.
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records of runoff and rainfall for a watershed. His analysis was based on small, flat

watersheds, ranging in size from 22 to 300 acres.

By employing statistical techniques, many others have also attempted to predict

runoff peak rates by establishing the relationships between peak flow rate and rainfall

characteristics. For instance, Keifer and Chu (1957), on the basis of rainfall-runoff

relations, developed a synthetic storm pattern from the rate-duration curve for a selected

frequency. They indicated the following important characteristics affecting the peak flow

rate for a specific period of duration: (1) volume of water, (2) amount of antecedent

rainfall, (3) location of peak rainfall intensity. Foroud (1974) developed a water-balance

model by which he could calculate, with a digital computer simulation model, daily

water-table depths for 27-year period. He could relate subsurface runoff with the

durations of water-table depths, soil characteristics, and hydrologic parameters such as

return period. Daily precipitation and potential evapotranspiration, hydrologic parameters

such as return period, and soil parameters values such as drainable porosity and initial

soil moisture storage were the only inputs in the model.

3. Area

All other factors being equal, two different basins with respect to their size, will

produce runoff with different peak flows (Kraijenhoff Van de Leur, 1973). The peak flow

per unit of basin area is lower in large watersheds than in smaller ones. The reason is that

the average depth of precipitation that is likely to occur with a given frequency decreases

with the area of the watershed. Also, the time base of the runoff hydrograph will be

longer for the larger watershed. Linsley et al. (1949) presented an approximate

relationship in an envelope curve given in Figure II.E.3 which shows that peak flow varies

as an inverse function of the drainage area.

4. Soil

There are two important properties of soil which influence runoff: (a) the ability to

absorb water at the surface, (b) the ability to transmit water downward through the soil

profile, once it is fully wet.

The ability of soil to absorb water is called its infiltration capacity. An important role 
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Figure II.E.3: Envelope Curves of Extreme Floods for the South Atlantic and

Eastern Gulf of Mexico Drainage Basins (after Linsley, et al.,

1949).
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played by infiltration in a simulation model is the dividing of rainfall into components for

surface runoff and subsurface flow. For this reason, reliable estimates of infiltration must

be incorporated in any watershed model.

The rate at which water is transmitted through the surface layer of soil is highly

dependent upon condition of the surface. For instance, fine material may be moved to

seal the surface so that infiltration rates are slow even when underlaying soils are highly

permeable. After water crosses the surface interface, its rate of downward movement will

be controlled by the transmission characteristics of the underlying soil profile. The volume

of storage available below ground is also a factor affecting infiltration rates. After the soil

becomes saturated, the infiltration rate equals the subsurface drainage rate, which will

usually be less than 0.4 inches per day.

5.  Land Use

Land use is one of the most important cultural factors affecting the runoff of the

watershed. Soul characteristics of a watershed largely control land use and treatment.

Sexton et al. (1970) reported that land use significantly affected runoff volume, peak

runoff rates, surface erosion, and gully erosion from five small research watersheds in the

deep loessial region of Western Iowa.

Surface runoff from agricultural land is highly dependent upon the land used

practices. Sharp et al. (1966) indicated that the effects of land-treatment measures on

runoff should vary inversely with annual rainfall, and more especially with the average

annual rainfall/average annual potential evapotranspiration ratio. They applied many

statistical techniques (simple correlation and regression, linear and curvilinear multiple

correlation and regression, analyses of variance, time-series studies, double-mass

diagrams, and hydrograph analyses), unsuccessfully, to evaluate the effects of watershed

treatment on stream flow. Ultimately they developed a rational method and emphasized

that the rational procedure provided reasonable estimates of average annual effects of

watershed treatment on stream flow in the dry subhumid to arid areas. Their tabulated

and graphical results are respectively shown in Table II.E.3 and Figures II.E.4 to II.E.8.
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Table II.E.3. Estimated relative effects of land use and treatment measures in

depleting or increasing water yields by surface runoff on Great Plains

soils.   (After Sharp, et. al. 1966)

Practice 1

Index to 

convert from

base curve 2

Effect on

runoff

All level closed-end terraces 1.0  Depleting

Row crops:

Straight-row 3 0 Base.

Contour tillage with or without graded terraces 0.5 Depleting

Level open-end terraced with contour tillage 0.7 Do.

Small grain:

Straight-row 0.3 Do.

Contour tillage with or without graded terraces 0.6 Do.
Level open-end terraces with contour tillage

Land use conversion:
0.7 Do.

Cultivated to non cultivated range, pasture and

meadow on deep, permeable soils (good land).
0.7 Do

Cultivated to non cultivated range, pasture, and

meadow on shallow, eroded, slowly permeable

soils (poor land). 

0.4 Do.

Irrigation (as compared to former dryland farming) 0.4 Increasing.

1 To be used in conjunction with curve in figure 4.

2 These are, in effect, percentages of the maximum depleting effect of closed-end level

terraces, as compared to straight-row crops, shown by the curve in figure 4.

3 This is the base from which effects of all other practices are referenced.
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Figure II.E.4: Base Curve of Surface Runoff Depletion as Related to Relative Aridity

of Climate (after Sharp, et al., 1966).
(Row Crops in straight-row farming to level  closed-end terraces with contour

tillage).

110



Figure II.E.5: Effects of Contour Tillage on Surface Runoff (after Sharp, et

al., 1966).
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Figure II.E.6: Apparent Reduction in Surface Runoff due to Contour Tillage as

Compared to Straight-Row Tillage (after Sharp, et al., 1966).
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Figure II.E.7: Apparent Reduction in Surface Runoff due to Conservation

Treatment (after Sharp, et al., 1966).
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Figure II.E.8: Effects of Valley Transmission losses on Surface Runoff (after

Sham, et al., 1966).
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Stanley (1974), through a multiple linear regression analysis, established

relationships for depletion attributable to flood water-retarding structures from which he

could derive some general equations for predicting monthly values of depletion for several

basins in Texas with diverse climatic and physical characteristics. The results indicated

that in an area with abundant runoff the effect of structures may be less significant but,

in an area with less runoff, this effect was highly significant.

STREAMFLOW HYDR0GRAPH

Gaged Watershed 

A hydrograph is a continuous graphical representation of the stream flow, with

respect to time. The result of the physiographic and hydrometeorological effects, such as

areal variation in rainfall and rainfall intensity, of a watershed is given by its hydrograph.

Viessman et al., (1972) described how these variables modify the shape of the

hydrograph. For instance, Figure II.E.9a illustrates the delaying effects resulting from a

storm over the upstream section of the watershed and Figure II.E.9b shows the opposite

condition. Figures II.E.9c and II.E.9d illustrate the relative effects of watershed geometry.

Ungaged Watershed

From among the various methods of estimating the peak flow rates and the total

volume of the flood for ungaged watersheds, the following three methods are described.

1.  Rational Method

The simplest method applicable to the evaluation of flood peaks from small

watersheds is the rational method. Despite its weaknesses such as the uniform rainfall

intensity assumption, variation in its coefficient from one storm to another (the coefficient

is assumed constant), and determination of time of concentration, the method has been

employed by many investigators in the absence of data over more elegant techniques.

Roe and Snyder (1943) modified the rational equation by using 116 storms and their

resulting runoff from several watersheds. They assigned four values to the coefficient C

depending on the variation in durations and intensities.
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Figure II.E.9: Effects of Storm and Basin Characteristics on Hydrograph

Shape (after Viessman, et al., 1972).
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The results of 2 years of runoff data from 7 small watersheds ranging in size from

13-½  to 29 acres indicated tremendous variations in C, and that much further study,

particularly on infiltration, is required (Cardwell, 1940). Cook (1946) stated that the only

rational way to calculate the runoff from a single complex area is by means of infiltration

curves. Urban storm-drain systems are usually designed by the rational method.

2. Synthetic Hydrograph 

Gray (1961) developed a method of generating a synthetic unit hydrograph. The

method is based on dimensionalizing the incomplete gamma distribution and results in

a dimensionless graph of the form:

Qt 25 (γ)q    e -t/PR    (t/PR)
q-1

___     = ______
PR τ (q)

where Qt/PR is the ratio of percent flow to 0.25 PR at any value of t/PR

PR is period of rise, that is, the time from the centroid of rainfall to the

time of peak discharge of the unit hydrograph,

γ and q are, respectively, shape and scale parameters, 

τ denotes the gamma function which is found to be equal to (q-1);

and t is time.

The ratio of PR/γ  is related to the physiographic characteristics of the watershed

such as the length of main stream, L, and the average slope of the main channel, Sc. The

unit hydrograph for an ungaged watershed can be, therefore, established by having

obtained values of the above variables from the watershed.

A similar work was reported by Reich (1962) who employed a 3-parameter gamma

distribution which is more flexible, whereas Gray's study uses a 2-parameter equation,

time and peak flow rate, to the observed hydrographs.

Reich (1962) described the observed flood hydrographs by a mathematical model

with 3 parameters based on Pearson type III distribution curve expressed by:
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q   =   qo e
-t/G  (1 + t)m/G (1)

He reduced this equation, upon integration, to

α =  (W/qo) / G (2)

where α  =  em/G (G/m)m/G  + τ (1 +m/G) (3)

and prepared a plot of α versus m/G. The 3 parameters qo , W, and G are respectively

peak flow rate, total volume, and time between center of mass of runoff and peak flow

rate as illustrated in Figure II.E.10.

In the second step he employed multiple regression analysis to relate these 3

hydrograph parameters (dependent variables) with 3 groups of independent variables

such as topographic characteristics, land use and soil parameters, and rainfall parameters

with each flood event for predicting go, W, and G. The variables in each group are shown

in Table II.E.4. He used 47 observed flood hydrographs from 14 small agricultural and

range land watersheds with sizes from 90 to 2086 acres. He pointed out that with the

predicted values of the 3 dependent parameters and using equations (2) and (3) to obtain

the value of m, the design hydrograph for small watersheds could be sketched by

employing equation (1). Due to limited sample size, he suggested further study on a

larger scale for better accuracy.

The regression technique employed by Reich's study revealed the following

valuable results with respect to watershed characteristics:

(a) total runoff volume, W, was found to depend upon the total storm rainfall, the

existing infiltration capacity, and the time of concentration from the entire length

of the watercourse and its rise from the station to the watershed divide, and

(b) the peak flow rate per unit of watershed area depends on the 30-minute rainfall

intensity, and the lengths along the longest collector to the divide and to the mass

center of the watershed.
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Figure II.E.10: Three Parameter Flood Hydrograph
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Table II.E.4 Symbols and Definitions of Independent-Variables for Stepwise
Multiple Regression Analyses. (after Reich, 1962)

a. Topographic Parameters

  t1 - watershed area, acres.
*T2 - length of the longest collector from the gaging station carried out to the

watershed parameter, L feet.
*T3 - length along the main stream from the gaging station to the point nearest

the mass center of area, Lc, feet.
  T4 - fall over watershed, H feet.
*T5 - average main-channel slope, S , feet/foot, is the slope of a straight line

drawn through the gaging point on the longitudinal section of the longest
collector such that the area between it and the horizontal axis equals the
area below the longitudinal section.

*T6 -  average land slope, percentage
  T7 - L/ p

___
Sc  

  T8 - drainage density, in feet of mapped channel per acre.
*T9 - time of concentration, computed from the Soil Conservation Service

nomograph involving H and L, in hours.

b. Design Indices Depicting Land Use and Soils 

*D1  - infiltration capacity after one hour of continuous rainfall according to
A.S.C.E. (21) tables of soil and cover, inches/hour.

  D6 - S.C.S.'s intermediate runoff curve number (14).
  D7 - S.C.S.'s curve number after correction for antecedent rainfall (14). D2 -

runoff volume expected from S.C.S. relationship with rainfall and corrected
curve number, inches.

  D4 - watershed lag from Mockus nomogram (22) which includes S.C.S. curve
number, hours.

*D5 - Cook's W from runoff producing characteristics (23) such as soils, land use
and topography.

  D8 - Turner's C (24) for use in Q = CIA.

* Denotes parameters which were used in the final regression equations.

120



3. Simulation Techniques

Simulation in hydrology is an indirect approach to study the behavior of a

hydrologic system. Among the various simulation models, the digital simulation model,

due to the wider availability and the large storage capacity of a digital computer, is used

more frequently to analyze large and complex hydrologic systems. The mathematical

equations, which involve various parameters describing the hydrologic system, are

combined to form a digital model. Generally, this model is a deterministic one which is

structured to simulate the flow rates of a watershed for a specific period of time from

given rates of rainfall and evapotranspiration.

Crawford and Linsley were pioneers in the development of this type of hydrologic

model- the Stanford Watershed Model - beginning in 1959. Their model has been revised

in four stages. The final stage, Model IV, was completed in 1966 and has been extensively

applied in recent years.

The model can be calibrated to an individual watershed in order to verify the

watershed parameters, such as those mentioned early in this report, which cannot be

determined directly. Once the model is adjusted to fit the known period of data of a

watershed, additional periods of stream flow can be generated by the input of the

hydrologic parameter values, such as potential evapotranspiration and rainfall.

Wood and Sutherland (1972) applied a daily version of the Stanford Watershed

Model (S.W.M.) IV on 4 experimental basins and one larger watershed and stated that

changing the parameter values describing the soil moisture capacities and the associated

recession constants of the model does not significantly affect the resultant simulation. The

S.W.M. has been used to estimate flood peaks, evaluate runoff coefficients, produce

continuous hydrographs, study snowmelt process, and evaluate the effects of urbanisation

on flood peaks.

Liou (1970) developed a computerized parameter optimization procedure called

OPSET, based on a modified Fortran version of the S.W.M. known as the Kentucky

Watershed Model (K.W.M.). Ross (1970) established a method for simulating a continuous

hydrograph from climatic data and estimated parameter values for an ungaged watershed

using the K.W.M.
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RUNOFF IN  AGRICULTURAL AND F0RESTED LAND

It has been stated earlier in this report that the characteristics of runoff from farm

land is highly dependent upon the land use practices and the topography of the area.

Kirkby (1969) reported that subsurface flow is the predominant mode of hillside flow in

humid and subhumid areas, but it is of lesser importance in arid areas with less

vegetative cover. He stated that overland flow occurs when the soil profile is saturated

up to the surface. However, the experimental work of Dunne and Black (1970) on the

runoff pattern on small areas of hillside showed that the contribution of subsurface storm

flow to the channel was negligible. They stated that the major portion of the storm runoff

was produced as overland flow.

Eleven years of experimental work by Leibscher (1970) on the experimental forest

basins in the northern part of the Federal Republic of Germany showed that reforestation

growth in the area caused a reduction of about 6 mm/year of runoff depth. Blackie (1970)

reported that the land use change (forest to tea) in East Africa resulted in a small

increase in total runoff volume during the transition period, but the difference was

insignificant after 5 years.

Helvey (1974) compared hydrologic data from a burned-forested watershed with

records collected in their natural conditions. He stated that the effects of a single factor

cannot be determined precisely, (road building, vegetal growth, climate), since several

other factors are continually changing. Figure II.E.11 illustrates a sharp contrast of the

runoff from a forested watershed before and after fire, Hertzler (1939) reported that

"taking forest watershed runoff as unity, for 10% frequency of all storms over ½ inch,

abandoned farmland, over grazed pasture, and denuded lands produce peak flow rates

respectively 12, 24 and 47 times as great as forest land". His analysis of data from 22

watersheds indicated that: (a) peak flow/unit area from a forested watershed decreases

as watershed area increases; (b) the time base of a hydrograph increases with forested

watershed area.
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Figure II.E.11:  Effect of Forest Fires on Annual Hydrographs (after Helvey,

1974).
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F.  RURAL S0CIOL0GY

Social Aspects of the Implementation of Water Quality Control Policies
 at the Individual and the Community Levels.

INTRODUCTION 

Public policies for water quality control can be viewed in the theoretical framework

of (1) community change and evolution and (2) acceptance of innovation. The problem

of change and acceptance of innovation are viewed from two different levels - that of the

community and that of the individual.

At the community level , studies dealing with the factors stimulating change and

the individuals who implement these changes have been examined. Also explored have

been the methods used in identifying the leaders of the community, the importance that

background plays in determining the views of leaders and, perhaps most importantly, the

interaction of leader and community (i.e., the citizens of the community).

At the individual level, various studies have been reviewed which address (a)

probing pollution concern in specific populations, (b) indicating how much of this concern

could potentially be translated into action by the individual, and (c) how background

affects concern and action. Additionally, some studies have been reviewed which view the

problem from a different perspective - studying people who have acted in an

environmentally conscientious way - and which have tried to determine the factors that

may have influenced their actions.

COMMUNITY STUDIES

Many communities have been studied to determine their leaders, the various roles

that they and the citizens assume, and the interaction of these two elements of the

community. The studies are numerous and well known. Two of the better known are

Small Town in Mass Society (Vidich and Bensman,1958) and Community Power Structure

(Hunter, 1953). These studies touch upon change and innovation but for the most part

deal with the structure of the community.
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Ebert's 1971 study on community change gives a good theoretical perspective on

the interaction of various elements in a community and the dynamics of change -

hypothesizing that in "non-metropolitain communities" this is due to "the appearance of

a new formal, organization-type linkage between it and some other community and

communities". Other studies such as Agger and Ostronis (1971) conclude that education,

income, occupational status, and other such variables are related to political activity (e.g.,

in their study, 51% of the population was deemed non-participant and these had the

lowest education level and the smallest number of high income people in the group). The

relation of education, income and occupation to political behavior is well documented and

has been intensively studied over the last thirty years both in the U.S. (Campbell, 1964;

Berelson, 1954; Lazersfeld, 1948) and Canada (Courtney, 1967; Anderson, 1966; Meisel,

1964), although Key (1966) expressed some doubts about the consistency of these

relationships. 

However, rather than emphasize this kind of research, studies dealing with

community reaction to specific problems are herein examined. The comprehensive Crain,

Katz, and Rosenthal (1969) study of fluoridation offers a good basis from which to

examine the problems with which there is here concern. Over one thousand communities

were examined - regarding the reactions to the fluoridation debate and the result of this

debate (i.e., whether fluoridation was or was not implemented) and attributing the results

to the structure of the local government. The authors' final conclusion was that "broad

popular participation, particularly in the absence of strong executive leadership, and an

institutionalized channel for the expression of opposition, spells defeat to fluoridation". 

This is attributed to the ability of the opposition to implant doubt in the minds of

citizens on an issue where the perceived advantages are minimal from the citizens' point

of view. This theory is also upheld by Pinard's (1963) study of fluoridation referenda in

262 communities in the U.S.A. He attributes the outcomes to the strength of the citizens'

attachments to each other and to the community leaders - postulating that citizens are

more likely to support their leaders policies in a "closely knit, highly integrated

community". Pinard finds that small towns with a low rate of unemployment (i.e., less

than 4%) with a natural increase in population, will be more likely to vote for fluoridation.

The more important factor, however, will be the relationship between the citizenry and
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the leaders.

The relationship of the leader to the public is a crucial one. Gans' (1962) research

on urban redevelopment in Boston is pertinent in its conclusion that the lack of

involvement and therefore effective representation of the residents' views was due to a

failure to understand the official decision-making process - and this "can be traced back

partly to the poor information that they (the residents) received from the press and the

city agencies the West Enders...paid little attention to the press releases, and were more

receptive to distorted facts and the many rumors that they could hear from friends and

neighbours". This relationship has also been analysed in environmental studies: the

leaders being identified through an examination of local newspapers, through interviews

asking people who were the leaders, and by looking at various civic groups to see who

held positions of responsibility (Constantini, 1972; Borton and Warner, 1971). 

Maclver (1970) found in his study of the Grand River Basin in 0ntario that the lay

public often was not aware of the views of the experts and that often the public did not

even have a true understanding of the complexity of the problems (this finding is upheld

in other studies, e.g., Kasperson (1969)), It is interesting to juxtapose this finding with

responses to Mitchell's(1971) questionnaire asking among other things whether the public

could make useful suggestions - 69% of the lay public thought yes, whereas only 35%

of the professional staff thought so. Unfortunately, few of these studies deal effectively

with the channels available to citizens to make their views known or for the professionals

to communicate information to the lay public. (An experiment has been reported by

Borton and Warner, 1971 on citizen participation in the Susquehanna River Basin.) 

Another problem perhaps just as serious, if not more so, is the interaction of the

professionals and the administration. Maclver (1970) has posited three administrative

outlooks - (1) innovation, where there is a great degree of interaction and the setting is

flexible enough to allow a large range of alternatives, (2) isolation, where either the

professionals or the administration are flexible but the other is not and therefore a

creative approach is stifled, and (3) the tunnel vision, with resulting fragmentation of

responsibility. (The term "professionals" in the present context is used to designate

persons charged with preparing and/or implementing policies and programs, such as
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planners, agronomists, extension workers, etc. Professionals may be members of the

community in which they work or they may be outsiders). It is therefore surmised that

the outcome of any attempt to change and innovate will be determined by various

factors: the general nature of the community (e.g., the socioeconomic status of the

majority of its citizens, etc.), the characteristics of its leaders, the relationship of the

leaders to the professionals and to the citizens. All these are factors which would have to

be included in any model established to determine reactions to innovation.

STUDIES 0F INDIVIDUALS

Another important facet is the characteristics of the individuals in the communities

and the factors that influence them as individuals. 0pinion polls have clearly established

that environmental pollution is a concern of the public. Murch (1971) found that 74% of

the population tested (North Carolina, U.S.A.) thought that pollution was a serious

national problem. Erskine (1972) quotes a Harris survey (U.S.A.) where 44-59% of the

population tested was willing to spend $15. more a year in taxes for a federal program

for air pollution. Concern for pollution has been correlated to numerous variables. 

Tognacci  et al. (1972) (using Likert-type scales for the environmental concern

variables and the Domestic Social Welfare Scale for the sociodemographic variables),

found in a sample population in Boulder, Colorado that concern with the environment has

a negative relation to age and a positive relation to socio-economic status and to formal

education. Swan (1970) in his study with senior high school students in Detroit tried to

find a relationship between concern for air pollution and visual awareness. He found that

this was not adequate and that factors such as socio-economic status were important.

The Saccedo et al. (1971) study (where reactions to statements in interviews were

measured along a five-point Likert-type scale) found differences between urban and rural

views on the pesticide industry with the farmers being most favorable to the use of

pesticides (this being attributed to their more frequent use of pesticides). But this is again

influenced by the level of formal education, income, etc. 

A 1969 Harris poll (Erskine, 1972) also found a difference between urban and rural

populations in the percentage willing to spend $200 more a year for an environmental
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cleanup (24% in urban areas versus 16% in rural areas). This difference between rural

and urban can be broken down much more finely. Kivlin and Fliegel (1967) (zero order

and partial correlations of attribute rankings with rates of adoption were used for

analysis) have found, for example, that among farmers the rate of adoption of innovation

has a strong positive relation to wealth, income, and productivity. We find factors such

as these to be present amongst leaders of a community. 

Constantine and Hane (1972), using a Likert-type scale, have found that influential

members of a community (Lake Tahoe) who had a high concern for environmental

problems were better educated and had more 'liberal' views in a variety of areas than

those who did not. For the most part these studies deal with attitudes rather than

behavior. Wicker (1969) gives enough evidence to show fairly conclusively that attitudes

are not necessarily 'an indication of action. O'Riordan (1971) claims that this is a good

way of soliciting the views of the 'silent majority' but it doesn't allow us to get to the basic

issues - the intensity of feeling and how this intensity is translated into action.

A perhaps more valid approach (though done hand in hand with studies such as

those quoted above) are studies of actual behavior with subsequent exploration of the

possible determinants of this behavior.

Kasperson's 1969 study of allocation of water resources has shown that those he

termed 'private actors' - those who saw personal advantages or disadvantages to various

policies - were often the most active in a community. However, few studies have been

conducted which examine behavior where personal advantage or disadvantage is either

non-existent or not the primary determinant of behavior (an obvious aspect of much

action directed at preserving the environment). 

Heberlien and Black (1974) looked at individuals who bought lead-free gasoline and

then looked at the various views of these people, finding two factors influencing behavior

- AR: ascription of responsibility to self and AC: awareness of the consequences of

violation of the norm to act in an environmentally conscientious way, finding that AC has

a more direct effect on behavior, although economic rationality does come in with the

majority also believing that lead-free gasoline saves money in the long run. Thus, in order
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to predict what the individuals, who make up communities, would do in various situations

involving personal choices, the study of actual behavior in similar situations and an

attempt at understanding the rational for this behavior.

METH0DOLOGY 

Sociological literature reports a great variety of sociometric scales and indices use

to ascertain:

(1) specific characteristics of communities, such as cohesiveness,, solidarity, etc., and

(2) individual attitudes and opinions.

Many of these have been well used and have been subjected to reliability and

validity tests and have standardized scores. Likart-type and Guttman scales are the most

favored tools for analysis but by no means are the only ones.

A summary of those scales and indexes which are, deemed most applicable to this

study, may be found in Miller, D.C., A Handbook of Research Design and Social

Measurements, 2nd ed., D. McKay Co., New York, 1970, pp.272-301.
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G. M0DELLING NONPOINT WATER P0LLUTION

INTR0DUCTION 

The content of this section is logically divided into several component parts. The

first discussion argues against an optimization approach and in favor of simulation. The

following part describes the problems coincident with both dynamic and steady-state

simulation. Subsequently, an elementary example of steady-state modelling is presented.

Finally, the conclusion states that the basic needs of this project are likely to be met by

a peak-runoff, steady state model, but that dynamic models are still being explored in

order to establish both the need and feasibility of continuous simulation.

OPTIMIZATION VERSUS SIMULATION

Many successful approaches towards system optimization have used expected net

costs as the basis of an objective function employing the algorithm in Figure II.G.1. To

illustrate this processes a land use policy with two degrees of freedom is considered. The

cost space of the land use policy is represented by Figure II.G.2.

At the present time, neither analytic nor numeric methods can guarantee that the

point corresponding to the global minimum cost will be determined. The best that either

method can provide would be a local minimum. Alternatively, there may not be an

applicable analytic solution, and an appropriate numeric method may fail to converge in

a finite number of iterations.

Clearly, in this simple instance, the absolute minimum could be established by

inspection. The full range of land use policy is more complex; not only are there many

more degrees of freedom, there are alternative sets of degrees of freedom with

discontinuities imposed by human constraints throughout. The problem is further

complicated by a necessary consideration of the stochastic mechanisms involved.

It may be concluded that the application of optimization methods would not

necessarily be fruitful. In similar cases, other planning studies have recognized that the

number of alternative land use policies that are actually feasible are finite, and that the
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Figure II.G.1:  Optimization Algorithm for Land-Use Management
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Figure II.G.2: Hypothetical Land-Use Cost Space with Two Degrees of

Freedom
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expertise of the professionals involved was sufficient to restrict the alternative policies to

relatively few. Evaluating the consequences of alternative policies may be approached by

a simulation process as depicted in Figure II.G.3. In fact, an analogous rationale used

professional opinion to establish the neighborhood of a global minimum so that if a local

minimum is arrived at through an optimization process, it is described as absolute. The

temptations should be obvious; their extent is indicated by the remarkable number of

approaches which are confirmed by systems analysis. This is not to asperse either the

rigor of simulating professionally selected alternative land use policies or the usefulness

of doing so as a planning methodology. In this study of Yamaska Nord, a difficulty

presents itself elsewhere.

Net cost is the difference between the aggregate benefit to the producing units in

a drainage basin less the sum of the social costs concomitant with a specific land use

policy. The latter would include the costs of environmental degradation, risks presented

to public health, public works associated with treatment facilities, etc. It is thus seen that

net cost is determined through the superposition of dissimilar entities, since cost and

benfit fail to accrue to the same parties. In order to facilitate a comparison, a simplifying

assumption is made; that the costs and benefits to the producing units are ultimately

passed on to the consumer and that the consumer is the public. If such were the case,

corporations and entrepreneurs,  would never be subject to taxation for regulatory

purposes. When this simplifying assumption is made, it represents a form of

disproportionate and unequal taxation since the ultimate consumer is likely to be remote

from the local condition.

Even if it were facile to sort out the conflicts of interest which arise, a fundamental

concern is evident; namely, the difficulty of establishing social cost. The Yamaska Nord

study is not an exception in this regard. Currencies were originally established and

principally serve as a means of exchange. The value of the environment is in exchange 1,

use 2, and its intrinsic qualities. Social cost functions involving more than exchange values

______________
1 Property values, public works, etc. 
2 Recreational, etc.
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Figure II.G.3: Simulation Algorithm of Land-Use Management
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entail abstraction since cost was never meant to reflect values other than those of

exchange.

Because of the difficulties associated with developing a cost function which is

unquestionable, and because it would be premature to do so, it would seem

advantageous to confine technical efforts to the simulation of water quality for given land

use policies. This would constitute the most comprehensive effort to date and

furthermore, it would be a necessary first step in any more elaborate approach. It would

be reasonable for the simulation model to be sensitive to the land use policies which are

to be varied. In the following section different methods of simulation are discussed.

SIMULATION M0DELLING OF NON-POINT SOURCES

The historical interest of hydrology has been in the prediction of streamflow

quantity. Of particular interest were extreme events such as floods and droughts. To an

extent, this influenced the perspective which the discipline applied to the hydrologic cycle.

From the viewpoint of water quality, one particular assumption is of fundamental interest.

Rainfall throughout a drainage basin was considered to fill interception, detention and

depression storage and satisfy infiltration requirements; whatever was left over was

called excess rainfall and became surface runoff. Expirical procedures in the last decade

have shown that this is only true in extreme rainfall events. Thus if peak concentrations

of pollutants occur following periods of intense rainfall, as suggested by the others,

conceptualizing the entire basin as a source of surface runoff is likely to be useful.

However, for the purposes of dynamic simulation over long time periods, such a

conceptualization is likely to be naive; during ordinary rainfall events, the surface runoff

source areas are variable.

One of the hydrologic models considered in the study is the Stanford Watershed

Model (Crawford, 1966). James (1970) developed a self-calibrating version known as

OPSET. He comments that "The parameters in the Stanford Watershed Model were

designed to index specific hydrologic processes. Research into factors causing parameter

estimates which best match recorded conditions not being reasonable in terms of what

is known about a particular hydrologic process could guide the development of a
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mathematical model clearly representing the physical processes".

This would imply a tendency for even relatively sophisticated hydrologic models to

contain empirically fallacious assumptions. From a quantity outlook, the cumulative effect

may be for one error to cancel another and thus decrease the cumulative variance of

error. Concurrently, it is easily seen that from a water quality standpoint, a similar effect

would be unlikely. Clearly, hydrologic quantity parameters need to be estimated with

water quality data for water quality prediction. It is readily conceded that numerous

demands upon the state of the art in hydrology are made by non-point source simulation.

At present, dynamic modelling is receiving further study.

One possibility which was explored was the viability of a physical model. The

hydraulics of such a model would be similar to the case of unsteady, non-uniform open

channel flow along a mild slope. Dynamic considerations require that both the Reynold's

and Froude numbers be similar, such that

Lr Vr / ν   = Vr / Lr 
½

where Lr = the length scale ratio,

Vr = the velocity scale ratio, and

ν = the kinematic viscosity ratio,

or ν =  L r 
3/2

This means that the ratio of the kinematic viscosity of water and the model fluid

would have to be the three halves power of the length scales ratio. This would not be

practical. An alternative would be to use a spatially distorted physical model and include

the major effect of friction forces through an empirical form of the Manning equation.

Aside from the physical complications of building such a model, it would not be generally

applicable. Consequently, the study of physical models received a low priority.

Before proceeding further it would be useful to outline a steady state surface runoff

model conceptually-similar to that which Perez (1974) has used. For the purposes of the

Yamaska Nord study, a model such as that to follow could be used as a component of a
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conjunctive system to predict peak agricultural chemical concentration subsequent to a

probablistically determined design storm.

A STEADY STATE MODEL

Consider a map of a drainage basin. One may divide this map into incremental

areas, each of which represents a locus of equal travel time for excess rainfall to a specific

point of interest along a stream. This point is known as a control section. Each area is

known as an isochronal area and is ordinarily assigned the subscript of its most remote

temporal boundary (Figure II.G.1).The travel time from the most remote incremental area

is known as the time of concentration. Kirpich (1940) gives the following relationship:

tc   =   0.0078 L 1.125  H -0.385

where tc = time of concentration (minutes),

L = maximum length of travel of water (ft),

and H = difference in elevation between the most remote point in the

basin & the outlet (ft).

This is readily seen to be a variant of the Manning-Chezy equation in which the

boundary roughness parameters have been evaluated for a specific case. To extrapolate

from that case would not necessarily be justifiable and to estimate the appropriate

parameters for another case would require a foreknowledge of parameter values.

Nevertheless, there are methods of establishing isochronal boundaries by making

assumptions, of steady-state infiltration rates and so forth, that are compatible with

intense rainfall. 0ne may, by measuring areas, construct a chart of total area contributing

to runoff versus time after the commencement of the rain event (Figure II.G.5).

Qualitatively, the total amount of area contributing will increase until the time of

143



Figure II.G.4: Isochronal Map of a Watershed
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Figure II.G.5: Discrete Components of a Surface Runoff Hydrograph .
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concentration whereupon it will be the total area within the basin. Of  course, from that

point on, the amount of contributing area will remain  constant until the cessation of the

rain event. From that time, the area  contributing to runoff will diminish until an additional

amount of time  equal to the time of concentration, when it will cease altogether.

Mathematically, the integral of the product of rainfall intensity  and contributing

area with respect to time will result in the function for  the discharge hydrograph for a

constant rainfall intensity.

Qt    = i m
0

 T

AC dt

where Qt = volume flux at time t,

i = excess rainfall intensity,

and AC = cumulative area contributing.

Considering excess rainfall as time variant and evaluating the integral discreetly,

Qt = '
T

 t=1
 A (T-t+1) it 

∆t

where ∆t = incremental time in units analogous to the subscript intervals,

and i (T-t+1),t = average excess rainfall falling upon the (T-t+1) isochronal area

in the time interval  from t-1 to t.

Excess rainfall may be considered as time and locationally variant. 

Qt = '
T

 t=1
 A (T-t+1) i (T-t+1),t  ∆t  

If the watershed under consideration is a hydrologically large  watershed so that

the time of travel in overland flow is small relative  to the time of travel in channel flow,

flow towards the control section  follows the route schematically illustrated in Figure

II.G.6.
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Figure II.G.6: Hypothetical Flow Paths in a Watershed
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Frere (1973) presents the following relationships as descriptive of the behavior of

an agricultural chemical connected to a hydrologic model

For Adsorption 

S’ = Ka C
m

where S' = amount per unit weight of soil,

C = amount per unit volume of water,

and      Ka, m= empirical constants.

For Degradation

Xt = Xo  exp (-KDt)

where Xo = original amount,

Xt = amount at time t,

and KD = an empirical constant.

For the moment, sediment loss and the relationship between bed load and

sediment load shall be ignored in order to simplify this presentation. Accordingly the

following modification of the adsorption equation may be used:

C = Kab S
M

where S = amount per unit area of soil surface,

and    Kab,  M= empirical constants.

A specific land use policy may consist of the application of an agricultural chemical

with a varying intensity over each of j isochronal areas at a time t = Q. After an interval

of time t' has passed, the chemical concentration on the soil becomes:

Sj,t’ =   Sj,0  exp(-KDt')

The degradation process continues unabated until rainfall commences. The

concentration of pollutant in excess rainfall at a time t in the j th  isochronal area will be:
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Cj,t =  Kab (Sj,t)
m

where Sj,t = (Sj,t’ -   '
T-1

 t=1
 Cj,t)  exp[-KD (t-t')]

and Cj,t  = amount per unit volume of excess rainfall originating in the jth 

isochrone at the tth time.  

Clearly, if t>t'+1, Cj,t = 0 as excess rainfall has not yet occurred. At the control

section, the concentration of interest is simply the weighted average of the individual

contributions given as (see Figure  II.G.7)

'
t

 t=1
 A T-t+1  i T-t+1,t  S T-t+1,t

Ct = __________________

'
T

 t=1
 A T-t+1 i T-t+1,t 

CONCLUSION 

A question naturally arises concerning how the isochronal lines  are to be

determined. Effectively, Perez (1974) makes use of the EPA  storm-water quality model.

Numerous other expedient methods exist although  none are absolutely satisfactory. In

practice, isochronal areas are seldom  altogether contiguous or homologous; they are

more likely to be so in areas  without great relief, such as the receiving areas of

agricultural chemicals.

Throughout this discussion, the intricacies of steady state  modelling have been

alluded to. At this point in the literature review, it  seems that while dynamic simulation

would have advantages over steady-state  simulation, the latter is likely to be sufficient

for the purposes of this study. And, rather than forego the advantages of continuous

dynamic simulation,  several water quantity models are being explored with a view

towards adapting  them to predicting water quality. Of particular interest is the Stanford 

Watershed Model as it has been used successfully in more than a hundred  applications

to predict water quantity. In fact, it constituted the basis of the study performed by

Crawford et al.  (1973) on pesticide runoff.
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Figure II.G.7: Discrete Concentration Components of a Surface Runoff

Hydrograph
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3. Conclusions from the literature  review

A. SOILS AND FERTILIZERS

Approaches to the study of phosphorus losses from agricultural lands were placed into

two categories:

(a) those relating measured values of phosphorus in drainage waters to a variety of

factors such as land use, topography, management and soil type, and

(b) those using a budgeting system (in which Output =  Input - Storage). 

The literature summarized in the first category was of limited value for several
,reasons. Firstly, much of the work was done on small plots and extrapolations to larger

areas may not be justifiable. Secondly, comparisons among studies were hampered because

of the many different forms of phosphorus measured. Thirdly, rates of input, i.e., fertilizer

application rates.were frequently not available. Fourthly, it was not always possible to isolate

any one factor in the studies reviewed. As a result there was insufficient data from which

generalized relationships could be defined.

Many difficulties also occur in the second category as a series of complex interactions

have to be accounted for. This complexity can be reduced if the phosphorus estimates are

associated with those for sediment loss. As levels of phosphorus in solution are governed

by the nature and properties of the suspended sediment, it is probable that estimates of

relative contributions of sediments from areas within a watershed could also predict the

contribution of phosphorus.

A major problem remains in predicting the amount of phosphorus associated with the

sediment. Further, the properties of the adsorbed phosphorus may vary. Some sediments

may actually absorb phosphorus from the solution, others may release phosphorus.

The major determinants appear to be mineralogy, natural phosphorus levels, and

previous fertilizer management. Values for adsorbed phosphorus sediments in Quebec are

available from the authors' previous studies, and could be used as a first approximation.

Levels of soluble phosphorus will depend on a number of factors, but the loss by this means
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is quite small. Furthermore, phosphorus solubility varies over reasonably narrow limits.

Thus, a constant value such as that found in the authors' studies in Quebec, could be used

as a first approximation.

Thus estimates of phosphorus loss assuming constant adsorbed levels and solubilities

would likely yield initially suitable information for subsequent modelling.

B. SOILS AND PESTICIDES

The authors of papers on the losses of pesticides from agricultural land are in

agreement on the pathways of pesticide loss subsequent to application. These pathways are:

(a) runoff bound to soil particles or dissolved in water,

(b) chemical, photochemical, and biological degradation,

(c) volatilization and wind erosion, and

(d) Leaching into ground water.

Total pesticide loss in runoff from small agricultural watersheds was found to be

generally under 1% (water & suspended sediment). In the studies in which sediment was

analysed separately for pesticide residues, sediment-bound pesiticide represented up to

2.2% of that applied to the watershed. It is difficult to make many generalizations from this

information because of the small size of the runoff area that was studied, the large variation

in water and soil sampling techniques, and the frequency of sampling.

The only conclusion that can be made from the tabulated data is that the

physiochemical properties of the pesticides explain to a great extent the percentage loss to

sediment and water runoff. Thus dieldrin, DDT and Endrin losses are very low (0.01 - 1.6%)

relative to those of more water soluble pesticides such as Atrazine, Diphenamid or

Carbofuran (0.5 - 16%).

Pesticide losses from degradation processes can be assumed to be going on constantly

and can be obtained (in crude form) from the half-life if first order reactions are assumed.

With this information an accounting mechanism could be set up to subtract degradation

losses from the concentration of pesticide available to be leached or eroded from the field.

In a similar way, volatilization also occurs between storm runoff events. An accounting

153



mechanism would also have to estimate and then subtract the quantity lost by this pathway.

A model, the EPA-Hydrocomp model, attempts to carry out these functions, and some form

of this model could be used in this study.

Runoff of pesticide with water and sediment from a watershed can be combined with

sediment loss and water runoff models. A factor that must be considered for pesticide

residues is the distribution of the chemical between the water and the sediment. This is

accomplished in the EPA-Hydrocomp and ACTMO models by employing adsorption-

desorption data for the pesticide.

Leaching of pesticides (including those of moderately high solubility) into ground

water, does not appear to represent a major pathway of loss from agricultural land. It is

necessary, however, to account for movement of pesticide in the soil profile (to at least a

few inches) so that it becomes relatively unavailable for surface runoff or volatilization.

Inadvertent losses are losses from point sources in many cases. Knowledge of the

major point sources in a given watershed might allow the estimation of the contribution of

inadvertently lost pesticide to the stream.

With the possible exception of inadvertent losses, there appears to be suitable models

available that could be used in conjunction with present data in Quebec. It appears that

extensive work carried out in the U.S.A. could be profitably adapted to the conditions of this

study.

C. SEDIMENT LOSS AND TRANSPORT.

Methods of estimating soil loss from agricultural lands, originally developed as an ad

to conservation, have recently been utilized to predict sediment losses from watersheds.

Although other methods can be used, a method that is used in several areas is the Universal

Soil Loss Equation. This method is advantageous for land-use studies in that the effects of

cropping and management practices are incorporated into the equation.
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Values for the factors R, LS, C, and P are readily available from rainfall records maps

and tables provided by the U.S. Conservation Service. In any proposed study, the factor K,

soil erodibility, would have to be determined for the soil types found in the study area.

The Universal Soil Loss Equation is limited in that it emphasizes sediment losses due

to rainsplash erosion. A modification has been proposed in which the rainfall factor of the

soil loss equation is redefined.

The new rainfall factor, E, takes into account losses due to rainsplash and losses due

to the erosion of soil by overland flow. Sediment incorporated into overland flow may be

redeposited before reaching the main channel of the watershed. Use of a sediment delivery

ratio D may give a more realistic sediment yield for a particular watershed. Various values

for D are cited in the literature. Several studies conducted in the U.S.A. have indicated that

D is linearly related to the drainage area of a basin.

Thus with an estimate of K for soils of the Quebec regions involved, an estimate of

soil loss could be obtained for use in a simulation model. Data on areas covered by specific

soil types, slopes, crops, management, etc., would have to be gathered on any particular

watershed by aerial photo interpretation and field observations.

D. ANIMAL  WASTES

Numerous scientific reports indicate that the pollutant concentration in feedlot runoff

is several-fold higher than that from cultivated land. Most of these reports have originated

from the U.S.A. and generally the research had been conducted on large feedlot operations

with higher animal stocking densities than found in Quebec. In Quebec, feedlots should be

called barnlots, as they have fewer feeder cattle with lower stocking densities. Research

conducted by Ogilvie and associates on the MacDonald Campus revealed that the pollutant

concentration in the runoff from a barnlot in the Montreal region was significantly lower than

that from feedlots in the U.S.A. and other parts of Canada.

In order to assess the pollution potential of barnlots and/or feedlots in Quebec, the

following points should be noted:
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(1) The kind of barnlots and/or feedlots should be characterized, (i.e., the number of

feeders per unit operation, stocking density, type of ration fed, management, etc.).

These factors eventually affect the pollutant concentration in the runoff produced by

rainfall and snowmelt. Very few data for the concentration of pollutants in the runoff

from barnlots, especially under Quebec conditions, are available; therefore, runoff

from such sources should be monitored. If the runoff is being discharged into a

watercourse, then the flow rate should be monitored in conjunction with the pollutant

concentration.

(2) Manure management in feedlots in colder climates would be different than in warmer

climates. Therefore, various means of preventing runoff and storing animal nanure

should be researched.

(3) The best and perhaps the most economical alternative for animal manure use is to

spread the manure on land. Spreading on land could be undertaken for crop

utilization and/or for pollution control purposes. It is very likely that higher rates of

animal manure can be applied to land for both purposes considering the lower rates

of manure decomposition by the soil microbes due to lower average temperatures.

However, the actual rates can only be arrived at by experimentation under Quebec

farm conditions.

It appears that some data from the Yamaska region could be incorporated in this

study provided that information on stocking densities, location, slope, and management

practices were available. However, the general lack of this information under Quebec

conditions requires that it be produced in the course of this study.

E. HYDROLOGY OF AGRICULTURAL AREAS

Any assessment of the effect of land use on the quality of water flowing in streams

and rivers requires good data or the capability of making good estimates of the volumes and

rates of surface and subsurface runoff occurring from the realted drainage basin. In the

context of this study, hydrology addresses the quantitative determination of the volumes

and rates of surface and subsurface runoff due to a particular pattern of rainfall,
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evapotranspiration, and watershed characteristics.

The literature review has revealed that some good theoretical models of the physical

flow processes involved in runoff from a drainage basin have been developed. Computer

programs have also been developed to calculate the total runoff to be expected on a

day-by-day basis for given inputs of rainfall, evapotranspiration, and watershed

characteristics. Watershed characteristics of interception, percolation, depression storage,

distances to nearest channels, channel slope, roughness and valley storage capacities, etc.,

need to be measured or estimated for an individual drainage basin to be used in these

models.

Models currently available are suited to estimating hydrographs of flow rate vs. time

and total runoff volumes at a particular river station. If discharge vs. time as a function of

distance downstream is necessary, it is likely that the discharge vs. time estimates will have

to be made for particular river stations with interpolations made for locations between these

stations. Travel times between stations which are important for water quality models can

be estimated from the geometry of the particular channel concerned.

There is room for improvement in precision of the estimates of flow rates and volumes

obtainable with available modes. The precision of estimates of the volume or the peak

discharge rate for runoff from a particular storm event may range from ±10 to ± 60 percent.

More precision can be obtained if the aerial distribution of rainfall is better established, as

is now possible with weather radar observations.

Much controversy still exists on the division of total runoff into components of surface

flow, shallow subsurface flow, and deeper groundwater flow. Reasonable estimates of

shallow sub-surface flow can now be made for flat cultivated lands in lowland regions having

surface drains. The estimates are much poorer for undulating land and land without

subsurface drains. More measurements and analyses would be necessary to increase this

precision.

The deeper groundwater flow components can be approximated from analysis of flow

recession from the stream gauge measurements on the basin. Total annual volumes of

runoff from basins of 20 square miles or more, which do not have any complicated ground
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water connections with adjacent basins, can be reasonably well estimated by a water budget

approach using precipitation data and estimates of actual evapotranspiration.

In watersheds having very flat land adjacent to the streams or rivers, overland flow

through the flat land may be a large part of the total flow during periods of intense rainfall

or rapid snowmelt or times when the channel is blocked with ice. These overbank-overland

flow situations may be important in dispersing pollutants and in sediment and joint

water-logging damage. The precision of estimates of overbank flow is much poorer than

estimates of channel flow.

In view of this information, the following conclusions are drawn:

(1) Theoretical models have been developed in states visited to estimate watershed

runoff response to either inputs. A model has also been developed at the Macdonald

Campus of McGill University to estimate ground water levels and rates of interflow for

flatland areas in response to weather inputs. These models require verification using

weather data and river flow measurements from specific watersheds in eastern

Canada before they can be relied on for estimates of watershed response in this

region.

(2) To obtain data on flow rates near localized sources of pollution such as manure piles,

large hog or poultry establishments, local processing plants, or fields having

significant herbicide and insecticide applications, some flow recording flumes and

automatic water sampling units would have to be established. By analyzing the

measurements from a few storms and runoff events, some improvement should be

obtained in the models used to estimate flows based on the past 30 years or so of

rainfall data.

F. RURAL SOCI0LOGY

Public policies of agricultural land-use can be viewed in the theoretical framework of:

(1) community change and evolution, and

158



(2) acceptance of innovation.

Therefore, within this framework the problems have been regarded on two different levels

- that of the community and that of the individual.

Community studies have dealt with the structure of the community with particular

emphasis on the identification of leaders, their role it initiating or blocking action, their

relationships with the citizens as well as with the characteristics of the citizens (education,

income, occupation, etc.) and the correlation of these characteristics with political activity.

More specific studies have dealt with the factors which favor or retard change and the

acceptance of innovation. Some of the more intensive and extensive series of studies were

done in relation to the introduction of fluoridation with particular attention paid to. the

structure of local government, executive leadership, popular participation and

institutionalized channel for the expression of opposition. Finally, other studies have dealt

with the impact of linkages to outside institutions and the role of professionals (planners,

extension workers, etc.) in the implementation of change and the acceptance of innovation.

Opinion polls have established the public concern for environmental pollution, and

probed how far people would be willing to go in order to solve the problems. Views of urban

and rural populations have been found to differ to some extent. Environmental concern has

a positive correlation with age, education, income and more "liberal" views. Most studies

have dealt with attitudes; a few have looked at actual behaviour (for example, the adaption

to the use of lead-free gasoline) and the factors which help translate "attitudes" into

"action".

Sociological literature reports a great variety of socio-metric scales and indices used

to ascertain the following:

(1) specific characteristics of communities, such as cohesiveness, solidarity, etc., and

(2) individual attitudes and opinions.

Many of these have been used extensively and have been subjected to reliability and

validity tests and have standardized scores. Likert-type scales and Guttman scales are the
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most favored but not the exclusive tools for analysis.

It is therefore concluded that the outcome of any attempt to change and innovate will

be determined by various factors - the general nature of the community (e.g., the

socio-economic and educational status of the majority of its citizens, etc.) the characteristics

of its leaders, the relationship of the leaders to the professionals and to the citizens. Another

important facet is the characteristics of the individuals in the community and the factors that

influence them as individuals. All of these elements must be included in any evaluation of

the likelihood of acceptance or rejection of change and innovation.

G. MODELLING NON-POINT WATER POLLUTION

Water quality objectives occur within the background of other important social and

economic priorities. With respect to both water quantity and water quality, it is in the public

interest that the direct  or indirect uses of water resources in upper reaches of a watershed

do not conflict with those in lower reaches. One method of reducing conflict while

maximizing public benefit is through a quantitative systems approach, assuming that only

a systems approach can be equitable at such a large scale as a watershed.

Ideally optimization would be desirable. Many'systems analyses have used expected

net costs as the basis of an objective function. To do so in the determination of an

agricultural land use policy assumes that all of the trade-offs involved in water quality may

be expreSsed in economic terms. Recent court rulings in the United States have implied.

that this may not be possible. Even if it were,'there is no guarantee that there would be a

mathematical technique capable of performing such an optimization, given the complexities

involved in a full range of policy alternatives.

Assuming that difficulties could be overcome, the first step in such an optimization

procedure would involve the simulation of water quality indices resulting from application

of specific land-use policies. Should it not be possible to develop a function which was

comprehensive and capable of mathematical optimization, simulation would allow the

application of human judgement on a scale that the latter could assimilate.
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Because hydrology aspects are not defined in some land areas in Quebec, and

because the distribution of actual land uses may be too complex, daily simulation may not

be feasible at present. What is feasible, however, is a peak runoff steady-state model. Peak

runoff concentrations are of particular interest as they define one limit of water quality

resource use. It has been observed that extremes in water quality indices occur immediately

subsequent to major rainfall events. It is precisely these events that allow the assumption

of steady state hydrologic response in a water basin.

It should be possible to predict water quality indices that would result from a specific

land use policy and a specific design storm by taking the volume-flux weighted averages of

the chemical concentration matrices of different isochronal constituents of streamflow at a

series of selected control sections. The resulting matrices would provide an adequate basis

for comparing the implications of selected policy alternatives.
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III THE RESEARCH PROGRAM
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2. The Research Methodology

3. The Project Organization
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1. The Research Objectives 

The idyllic goal of this project, as well as projects like it, is pointed in the direction of

an economically efficient usage of waterways in agricultural areas. The efficient point must

be approached through a conjunctive consideration of both the use of land and water and

their interactions. As a precursor to this goal, the specific objectives of this study involve an

assessment of the water quality impact of various agricultural land use and waste

management policies.

This evaluation is of course prerequisite to the establishment of efficient points.

However, since efficiency is never the sole goal of water resource policy, this physical

evaluation of land use and waste management is to be coupled with a sociologic evaluation

of policy implementation. This dual evaluation is thus termed "comprehensive".

An inspection of the factors implicated in the quantity and quality of runoff from

agricultural areas immediately reveals the multifaceted nature of runoff impact assessment.

There are many alternative land uses (in terms of crops, cultivation methods, timing, etc.),

many water quality parameters (such as oxygen demand, solids, nutrients, chemicals, etc.)

and many transport mechanisms (such as sorption, leaching, sediment transport, etc.).

Furthermore, the consideration of land use and waste management policy implementation

imbeds the study in the rural cultural matrix. The apparent degree of diversity and

complexity of this problem necessitates that its solution be formulated in an analytic and

systematic fashion.

The objective of this study is then a comprehensive evaluation of agricultural waste

and runoff management policies for the purpose of water quality control with the evaluation

being conducted in the context of a systems analysis.

The Research  Methodology

The above stated research objective is to devise a management methodology for the
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evaluation of agricultural runoff and waste management policies. These policies are largely

stated in terms of land use. The proposed methodology is presented as an algorithm in

Figure III.1 where the major steps involved are given as the following: (a) generating and

screening alternative agricultural runoff and waste management policies, (b) translating the

effects of these policies, through the physical phenomena of pollution transport (runoff,

erosion-sedimentation, sorption-desorption, leaching, etc.), into terms of either load to the

receiving water or receiving water quality, (c) developing cost functions associated with

alternative land-use policies, (d) evaluating the efficacy of policies through a determination

of their acceptability to agricultural operators, and (e) developing a tradeoff mechanism to

analyze the interactions among the economic, sociologic, and water quality evaluations of

various policies. The assembly of the steps of the methodology requires a variety of activity

in what may be termed management modelling, physical modelling, and data collection.

There is, of course, some overlap of activity in different steps.

The algorithm begins with the generation of alternative agricultural runoff and waste

management policies stated largely in terms of land use. These alternatives are given by

factors that are crop associated: crop type, cropping system, growth timing, and crop

rotation; factors associated with cultivation practices: cultivation system, land modifications

(terraces, strip crops), contouring, diversions, and slope tillage; factors associated with the

application of agricultural chemicals (fertilizers and pesticides): the type of chemical,

amount, application rate, and application timing; and factors associated with the generation

of animal waste: the type of animal (waste), animal concentration, nature of the

confinement (structure-cover, site-slope), disposal methods, and land application. Clearly,

it would be impractical to consider all combinations of these factors. Some screening of the

combinations must take place. The policy generator could have built-in constraints that

automatically reject certain "unlikely" combinations, or the policy generator could be a panel

of agricultural experts who would subjectively reject infeasible combinations from

experience.
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Figure III.1:  Policy Evaluation Algorithm
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The selected, feasible land-use policies are entered in a land-use/inventory file. This

information system would keep a running inventory of both the characteristics of variable

land-uses and the nonvariable geophysical characteristics (geography, surface and

subsurface geohydrology, etc.). The method of storing this information must be keyed to

the degree of change in these characteristics. This implies that the land and land-use

characteristics are associated with coordinate locations Since there exists an infinite number

of points on the plane, the coordinate locations must be associated with cells or modules

occupying areas.

The size of the cell area is dictated by the homogeneity of characteristics the more

variable the characteristics of the region, the smaller the area of the cell. The traditional cell

geometry is the square formed by a rectangular grid. This cell geometry offers a particular

problem in that it fixes a uniform scale, or cell size, through the plane. Some areas of the

plane will require greater detail than others due to greater variability in land and land-use

characteristics. An alternate cell geometry is the triangle. The triangle not only uniquely

defined a plane in space but also provides for variably-sized cells. Cells could be sized

according to the detail of information required to describe the land and land-use of the cell

area. The geometries of the alternative land/land-use information systems are illustrated

in Figure III.2. Computer software for the triangular cell system is currently available for

fairly large scale areas and is known as ADAPT (Areal Design and Planing Tool).1

The design of this information system would be conducted in conjunction with the land

inventory. The land inventory would include topographic information which would define the

cell shapes and sizes. Further subdivision of cells would follow from information provided by

the land inventory such as soil type, infiltration capacity, depth to groundwater, etc. The

land inventory would make use of topographic and geological maps, aerial photographs,

census data, and visual inspections of the region.

Since the pollution transport phenomena are related to the region's hydrology, a

watershed model is at the heart of a water quality evaluation of agricultural land-use.

Watershed models were examined in terms of the simulation criteria of the methodology, 

________________
1 Personal communication, W. E. Gates and Associates, Inc.
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Figure III.2: Land-Use Grids for the Yamaska Nord Basin

(a)  Rectangular Cells,  (b) Triangular Cells
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the detailed meteorological/geophysical information requirements of the models, and their

running times. The nature of the water quality evaluation establishes the simulation criteria

which in turn determines the necessity of a dynamic or steady-state hydrologic model. It is

currently felt that a steady-state simulation model (such as that reported by Perez et al. 1)

is likely to be sufficient for the purposes of this study although the advantages of continuous

dynamic simulation models such as the Stanford Watershed Model and its variants2 are

considered as possibilities for the future. In fact, such a model constituted the basis of a

study performed by Crawford and Donigian3 on pesticide runoff.

This research is concerned with the transport of the following potential pollutants:

sediments, nutrients (nitrogen and phosphorous), pesticides, and oxygen demanding

materials. The transport mechanisms of the materials may carry them to local waterways

through the surface runoff or groundwater systems. Percolating water dissolves some of the

materials (e.g., pesticides) as it leaches the soil in its downward movement 4.

These materials may also be dissolved in the surface runoff and be conducted to a

water course. Alternatively, other materials (e.g., phosphates) are adsorbed on sediments

that are carried away by surface runoffs. The pollutant quantities reaching the water course

_______________________
1 Perez, et al., "A Water Quality Model for a Conjunctive Surface-Groundwater System,

U.S.Environmental Protection Agency, Report EPA-600/5-74-013, May 1974.

2 such as James, et al., "An Evaluation between Streamflow Patterns and Watershed
Characteristics through the Use of OPSET - a self calibrating version of the Stanford Watershed
Model, Research Report No.36, Water Resources Institute, University of Kentucky, 1970.

3 Crawford and Donigian, "Pesticide Transport and Runoff Model for Agricultural Lands",
U.S.Environmental Protection Agency, Report EPA-660/2-74-013, Dec.1974.

4 Crawford and Donigian, op. cit.

5 Frere, "Adsorption and Transport of Agricultural Chemicals in Watersheds", Trans., ASAE, 16,3,
p.569, 1973.
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would be traced by the flow-routing submodel. This would require the prediction of surface

runoff and base flow quantities (from the watershed model) in addition to a knowledge of

the transport mechanism (dissolved or suspended movement). The transport mechanism

model would in turn require the evaluation of model parameters (leaching rates, background

concentrations of material in the soil, adsorption isotherm constants, etc.). With this

information the routing submodel would supply a load production file with pollution

quantities at specified control sections on the waterway.

The water quality evaluation may be conducted in one of two ways. It may be

assessed in terms of the total quantities of pollutant load reaching the stream or by routing

these quantities through a water quality model of the Yamaska Nord which would produce

water quality directly. The value of a water quality output rather than a load output must

be measured in terms of the level of detail provided by the economic and sociologic

evaluations of land-use policies. Because of the high degree of detail produced by water

quality models and the expense of calibrating a water quality model to the Yamaska Nord,

the use of a water quality model is presently held in suspension. It is noted, however, that

the proposed methodology does allow for an interface with a water quality model should its

need become apparent, although it is a lower priority item at this stage of the study.

Analogously, a water quality model would allow an interface with an ecologic model which

is also a lower priority item at this time. It is mentioned here in connection with recent

advances in this field at Cornell and other universities which may make its inclusion possible

in the future.1

The complementary evaluations of alternative land-use policies are economic and

sociologic ones. The economic evaluation would include the derivation of policy costs

primarily by agricultural engineers and agronomists measuring gains/losses in crop yield,

costs of chemical applications, equipment and operating costs of culture systems, capital

____________________
1 Personal communication, D.A. Haith, Cornell University.
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costs of structural alternatives (covered confinements, drainage channels, terracing, animal

waste treatment facilities), etc. The sociologic evaluation would determine the impact of

alternative land-use policies on community characteristics and individual attitudes to

ascertain the favor or disfavor that may be exhibited towards these policies. This evaluation

would draw on a socio-economic inventory of the Yamaska Nord basin providing a

description of the inhabitants in terms of social status and income. Such descriptions would

allow an assessment of reaction to change (new land-use policies).

The results of the various evaluations would be compiled and stored in an evaluation

file for each land-use policy set that was analyzed. This file would be accessible to a tradeoff

mechanism which would weigh the results of the various evaluations in determining the

most favorable policy sets. This tradeoff mechanism is likely to be a subjective one. As this

methodology is viewed as a management planning tool, this tradeoff mechanism may not

be considered part of the methodology. A preferred view may see this tradeoff being made

in a different arena - a social or political marketplace, for example. Thus, the methodology

is seen to terminate more formally at the end of the evaluation file and the beginning of the

tradeoff mechanism.

3. The Project Organization

The responsibility for the various steps of this research project is assigned to the

members of this multidisciplinary research team. There are virtually no areas in this project

demanding the talents of only one researcher; however, some areas are more wholly the

responsibility of one researcher. This is a function of the project nature.

The algorithm of Figure III.1 illustrates the many steps of the methodology. Although

all steps are important to the methodology, some are more demanding of time and research

resources than others. The degree of anticipated difficulty and concern for each of the steps,

and consequently the anticipated allocation of time and effort to each step was included with

the formal research proposal submitted on January 31, 1975.

The research plan is organized to meet the objectives of a one, two, or three year

study in such a way that the undertakings of a year are not dependent on those of a
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following year(s). Thus, the objectives of the first year would be independent of whether it

was the first year of a one, two, or three year study. The objectives of the first year would

be to assemble the computer software associated with the various steps. Although the load

production file would not be filled with results after the first year, it would be ready to

receive results. Other steps of physical modelling would be developed to the point where

enough information was supplied in order to assemble the software. For example, transport

mechanisms would be studied to the point where there would be sufficient information to

design the land/land-use information system. 

Similarly, the detailed hydrology would be studied to a degree sufficient to establish

the programming of the watershed model. The second year's objective would be to intensify

research on the physical modelling in order to input realistic data to the already-established

software. At this point, "real" water quality evaluations could be made. Simultaneously, work

would progress on the economic and sociologic evaluations. At the end of the second year,

a re-evaluation of the data needs for physical modelling would be made. It would then be

necessary to decide on the need for further refinement of the detailed hydrology and/or

transport mechanisms. If further precision was deemed warranted at this point, the field

work associated with physical modelling would be conducted in the third year.
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