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The Guelph model for evaluating the effects of Agricultural Management Systems on Erosion, Sedimentation and
Phosphorus yields (GAMESP) has been used toevaluate potential reductions in downstream sediment and phosphorus
loadings from agricultural land when best management practices are applied on problem areas of a small Ontario
agricultural watershed. This paper introduces a brief overview ofdifferent means of controlling phosphorus nonpoint
source pollution, and reveals that best management practices using a crop residue cover such as no-till and spring
moldboard plowing can potentially reduce downstream phosphorus loadings, attributed tosheet and rill erosion during the
hydrologically active spring period byas much as 83 and 74%, respectively, when compared to fall moldboard plowing
without a crop residue cover.

INTRODUCTION

In 1970, the International Joint Com
mission reported to the Governments of
Canada and the United States that 72% of

the phosphorus inputs to Lakes Erie and
Ontario was from municipal sources, 7%
from industrial sources, and 21% from
agricultural sources. In the past 15 yr,
since phosphorus inputs from municipal
and industrial sources have been reduced

by advanced waste water treatments,
phosphorus from agricultural sources
(nonpoint sources) have received a great
deal of attention. Phosphorus is recog
nized to be the nutrient limiting the pro
duction of plant biomass in surface waters
(Lee 1973; Lee et al. 1978); hence, non-
point sources of phosphorus have been
identified to be the main cause of surface

water pollution (Myers 1986). Inputs of
phosphorus from agricultural sources have
been observed to be mainly associated
with sediments (Miller et al. 1982; Nelson
and Logan 1983) carried by cropland
runoff during the spring period (Coote et
al. 1982), consequently, it is expected that
land management practices prescribed to
reduce sediment loadings to surface waters
would reduce phosphorus nonpoint source
pollution (U.S. Army Corps of Engineers
1982). However, since sediment loadings
are spatially and temporarily variable, it
becomes a major task to identify which
erodible land in an agricultural watershed
requires alternative land management
practices from the perspective of down
stream water quality impacts (Ogg and
Pionke 1986).

One cost-effective approach to identify
seasonal source areas of sediment-associ

ated phosphorus and to investigate the
impact of alternative land management
practices on phosphorus nonpoint source

pollution is to select and use a deter
ministic watershed model. GAMESP, the
Guelph model for evaluating the effects of
agricultural management systems on ero
sion, sedimentation and phosphorus yields
was developed by Rousseau et al. (1985)
and has been used for the delineation of

seasonal source areas of sediment and

phosphorus attributed to sheet and rill ero
sion in small agricultural watersheds. The
model is easy to use and makes use of
limited amounts of readily available data
bases and of easily quantifiable physical
and hydrological watershed charac
teristics. The model is based on the dis

cretization of a watershed into land and

stream cells of various shapes. Each land
cell is a field-sized cell with homogeneous
characteristics of land use, soil type and
class of slope. This modelling approach
offers an excellent means to define and

evaluate the implementation of different
environmental management strategies on
specific sites of an agricultural watershed.

The GAMESP model consists of two

major components: the potential soil loss/
sedimentation component and the phos
phorus component. The potential soil loss/
sedimentation component estimates for
each land cell the seasonal potential soil
loss, using a seasonal application of the
universal soil loss equation, and the subse
quent seasonal amount of sediment deliv
ered to the adjacent downstream land cell
and to the downstream stream cell, using a
seasonal sediment delivery ratio function.
Based on the assumption that no instream
sedimentation processes occur, the sea
sonal sediment load at the outlet of the

watershed is estimated by summing up all
predicted cell-to-stream sediment loads.
The phosphorus component predicts for
each land cell the seasonal phosphorus
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load by the amount of soil-derived particu
late phosphorus in overland runoff, using
the average total phosphorus con
centration of the surface soil (10 mm), the
potential soil loss, the sediment delivery
ratio, and the phosphorus enrichment
ratio. This concept is based on the hypoth
esis that most, if not all, of the phosphorus
carried in overland runoff is derived from

soil particles detached from the land sur
face by sheet and rill erosion. The result
ing seasonal phosphorus load at the outlet
of the watershed is calculated by summing
up all predicted cell-to-stream phosphorus
loads.

This paper introduces a brief overview
of different means of controlling phos
phorus nonpoint source pollution, and
presents an application of GAMESP to
evaluate the potential reductions in down
stream sediment and phosphorus loadings
from cropland areas when selected best
management practices (i.e. a combination
of land management practices) are applied
on problem areas of a small Ontario agri
cultural watershed.

BEST MANAGEMENT PRACTICES

Land management practices that can be
used to control phosphorus nonpoint
source pollution and that are socially and
economically acceptable are termed "best
management practices" (BMP). The types
of best management practices that are
technically feasible and socially and eco
nomically acceptable are limited. Best
management practices have been grouped
by Baker and Johnson (1983) into those
which reduce: (i) the volume of the carrier
(amount of sediments or runoff volume),
(ii) the phosphorus concentration in the
carrier, or (iii) the delivery from the field
to surface waters.
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The volume of the carrier from the field
can be reduced by use of conservation
tillage practices, contouring practices,
close-grown crops and tile drainage. The
phosphorus concentration in the carrier
can be decreased by the incorporation of
chemical fertilizer in the soil surface, the
application of chemical fertilizer during
the spring period and the application of
chemical fertilizer during a dry period.
The delivery from the field to surface
waters can be diminished by the imple
mentation of terraces, grassed waterways
and vegetative filter strips.

The U.S. Army Corps of Engineers
(1982), in its final report on The Lake Erie
Wastewater Management Study, focussed
on cultural and land management practices
as cost-effective means of reducing Lake
Erie phosphorus nonpoint source pollu
tion. The practices in this category deal
principally with cultural and land manage
ment decisions made by land owner, oper
ator and user. The land management
practices are most suitable when phos
phorus losses from a watershed are domi
nated by cropland or erosional sources.
These practices primarily affect the soil
surface and its protection from the impact
of falling raindrops. The practices have
been classified by the U.S. Army Corps of
Engineers as follows: (i) conservation
tillage, i.e. no-till, reduced tillage, and

strip tillage, (ii) winter cover crops, (iii)
conservation cropping systems (rotations)
and (iv) critical area planting.

The erosion control provided by con
servation tillage nearly always results in a
reduction of total losses of phosphorus rel
ative to losses with conventional tillage
(fall moldboardplowingfollowedby seed
bed preparation). Decreases in total phos
phorus loss are less than the decreases in
soil erosion because phosphorus enrich
ment ratios associated with conservation
tillage systems are greater than phos
phorus enrichment ratios associated with
conventional tillage systems (Logan and
Adams 1981; Logan and Forster 1982).
Logan and Adams (1981) have defined a
coefficient of phosphorus reduction effi
ciency as the ratio of the actual reduction
in total particulate phosphorus to the actual
reduction in sediment delivered. In their

study, they have indicated that on average
the coefficient of phosphorus reduction
efficiency is in the order of 0.89. The
coefficient of phosphorus reduction effi
ciency is less than 1, since reductions in
sediment and particulate phosphorus
losses resulted in greater phosphorus
enrichment ratios.

Several authors (Shear and Moschler
1969; Triplett and Van Doran 1969; Drew
and Saker 1978, 1980; Oloya and Logan
1980; Ketcheson 1980; O'Halloran et al.

1986) have observed that extractable-
phosphorus soil test values are generally
much higher with conservation tillage (no-
till) than with plowing. With plowing,
concentrations of extractable phosphorus
are approximately uniform to the max
imum depth of cultivation (20 cm). Drew
and Saker (1978) have also observed that
with no-till, the concentration of extracta
ble phosphorus in the first 2.5 cm of soil is
more than 50% greater than with plowing,
but the degree of increase is highly vari
able. Further, they pointed out that below
10 cm, the concentration falls to about
25% of that in the plowed soil.

The aforementioned overview of best

management practices has focussed on the
use of conservation tillage systems as
means of reducing phosphorus loadings
from erosional or cropland sources.
Results of conservation tillage studies
(Romkens et al. 1973; McDowell and
McGregor 1984; Mueller et al. 1983;
Angle et al. 1984) have suggested that: (i)
conservation tillage systems are expected
to greatly decrease sediment and phos
phorus losses to surface waters, (ii) the
concentrations of extractable phosphorus
of the surface soil are likely to increase
with the implementation of conservation
tillage systems and (iii) the main effect of
conservation tillage systems on phos
phorus loadings to surface waters is to
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Figure 1. Location of the Stratford/Avon Demonstration Watershed in the Avon River Basin.
(After Stratford Avon River Environmental Management Project 1983.)

164 CANADIAN AGRICULTURAL ENGINEERING, VOL. 29, NO. 2, SUMMER 1987



significantly decrease the phosphorus
yield from agricultural land with a coeffi
cient of phosphorus reduction efficiency
close to one.

STUDY AREA AND FARMING
PRACTICES

The Stratford/Avon Demonstration
Watershed has been selected as the study
area. This study watershed of 5.37 km2 is
located in North Easthope Township,
Perth County, within the 165-km2 Avon
River Basin (Fig. 1),a subwatershed of the
North Thames Basin in Southwestern
Ontario. The land is distinctlyrolling. The
predominant soil in the watershed is silt
loam (79% of the area); some clay loams,
loams, and sandy loams are also present.

The agricultural activities of the area are
mostly livestock based, including swine,
beef and dairy operations. Cropping prac
tices reflect the emphasis on livestock
operations, with rotations of hay/grain/
corn or hay/grain being preferred. Contin
uous row cropping with corn is the next
most frequent system. For the 1983 crop
year the percentages of the watershed in
corn fields, hay/pasture fields, small grain
fields, and woodlot were 48, 23, 15 and
14%, respectively.

An almost universal tillage practice in
the watershed is fall plowing with a mold-
board plow. Another popular practice in
the fall involves either discing or cultivat
ing prior to or following plowing. Second
ary tillage in the spring usually involves
two or three passes with a cultivator. The
use of fertilizers in the spring season is
another universal practice throughout the
watershed. The average drainage density
of the watershed is 6.5 m ha- {.

METHODOLOGY

To explore the potential impact of best
management practices during the hydro-
logically active spring period in South
western Ontario, GAMESP was first used
to identify the source areas of sediment
and phosphorus delivery to surface waters
of the Stratford/Avon Demonstration

Watershed for the 1983 spring season
(Rousseau et al. 1985). The application of
GAMESP involved: (i) the discretization
of the study watershed into land and
stream cells, (ii) the determination of the
drainage network of each cell to the water
shed outlet, (iii) the quantification for each
cell of the input parameters required by the
model, and (iv) the estimation of sediment
and phosphorus loads at the watershed out
let (attributed to sheet and rill erosion from
cropland for the season under considera
tion). From water discharge, sediment and
phosphorus data collected at the watershed

outlet 163 t of sediment and 257 kg of
phosphorus (i.e., 1.6 g ofphosphorus per
1000g of sediment) have been estimated to
bedelivered at the watershed outlet during
the February through May period (Rous
seau 1985). This initial application of
GAMESP has revealed that: (i) the spatial
variability of cell-to-stream phosphorus
yield reflected the spatial variability of
cell-to-stream sediment yield(Figs. 2 and
3), and (ii) mostof the phosphorus loadto
stream emanated from steeply sloped corn
and small grain fields located near the
drainage channel.

In this study, to illustrate the potential
reductions in downstream sediment and
phosphorus loadings from agricultural
land when best management practices are

applied to problem areas of the study
watershed, a variety of sets of input data
have been developed in accordance with
selected land management scenarios. The
selected land management scenarios
included: (i) fall moldboard plowing with
maximum or without crop residues left on
the field, (ii) spring moldboard plowing
with maximum or without crop residues
left on the field, (iii) conservation tillage,
i.e. planting the crop with a minimum of
seedbed disturbance in the remaining resi
dues of the previous crop by a coulter,
single chisel, or similar tool with seed
placement at the same time and (iv) cross-
slope farming with fall moldboard plow
ing without crop residues left on the field.
Each land management scenario has been
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DEMONSTRATION WATERSHED

- SEDIMENT LOAD FROM CELL TO STREAM —
1983 spring conditions

INTERVALS C t ]

0.00-0.49

0.50-1.24

1.25-2.49

2.50 -4.99

>5.00

1 km

Figure 2. Spatial variability of cell-to-stream sedimentyield in the Stratford/Avon Demonstra
tion Watershed for the 1983 spring conditions.
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Figure3. Spatial variability ofcell-to-stream phosphorus yieldintheStratford/Avon Demonstra
tion Watershed for the 1983spring conditions.

TABLE I. BEST MANAGEMENT PRACTICES-INPUT PARAMETERS FOR CORN AND SMALL
GRAIN FIELDS

Land management Silage corn fields Small grain fields

scenarios cst nsX APJ cs "s APS

Fall moldboard plowing
Without crop residues 0.503 0.07 21.0 0.335 0.04 21.0
With maximum crop

residues 0.341 0.15 21.0 0.284 0.15 21.0

Spring moldboard plowing
Without crop residues 0.420 0.07 21.0 0.268 0.04 21.0
With maximum crop

residues 0.234 0.15 21.0 0.196 0.15 21.0

Conservation tillage
No-till 0.111 0.15 27.3 0.153 0.15 27.3

Cross-slope farming
Without crop residues 0.302 0.10 21.0 0.201 0.10 21.0

tCs = seasonal crop and management factor(dimensionless).
$ns = seasonal Manning roughness coefficient (s m-1/3).
§APS = seasonal NaHC03-extractable phosphorus of the surface soil (u>g g_l).

applied on corn and small grain fields, and
has required adjustments in the following
seasonal parameters: crop and manage
ment factor Cs, manningroughness coeffi
cient ns, and NaHC03-extractable phos
phorus concentration of the surface soil
APS (Table 1). The crop and management
factor Cs was computed according to pro
cedures proposed by Cook et al. (1985)
and Wischmeier and Smith (1978). For
corn fields (silage corn and grain corn) and
small grain fields a good productivity level
was assumed when the crop and manage
ment factor was estimated. Hence, for
corn fields the crop residue cover was
assumed to be the same for silage corn and
grain corn fields. The Manning roughness
coefficient, ns, was modified according to
Cook et al. (1985). When conservation
tillage practices were simulated, the
NaHC03-extractable phosphorus of the
surface soil APS was increased by 30% to
account for surface applied fertilizer
(Drew and Saker 1978, 1980). A support
practice factor (Ps) was used to represent
cross-slope farming and was taken into
account by multiplying the crop and man
agement factor Cs by a value of 0.6
(Wischmeier and Smith 1978).

The selected land management sce
narios were applied in a first series of
simulation runs on all corn and small grain
fields found in the watershed. In a second

series of simulation runs, the selected land
management scenarios were applied on
corn and small grain fields located in prob
lem areas of the watershed. The problem
areas were defined according to van Vliet
et al. (1978)and Dickinson et al. (1983) by
cells having a gross spring erosion rate
greater than 2.5 t ha-' or a cell-to-stream
spring sediment delivery rate greater than
1 t ha~'. The problem areas represented
45% of the watershed area. Since fall

moldboard plowing with crop residues
removed was the universal tillage practice
in the study watershed for the 1983 crop
year, it was taken as the basic reference
level for the determination of potential
reductions in downstream sediment and
phosphorus loadings.

RESULTS AND DISCUSSION
Table II presents the potential reduc

tions in dowstream sediment and
phosphorus yields during the hydro-
logically active spring period (February
through May), when best management
practices are applied on the Stratford/
Avon Demonstration Watershed. These
results have prompted the following obser
vations, (i) The estimated potential reduc
tions in potential soil loss, downstream
sediment load, and downstream phos-
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TABLE II. IMPACT OF BEST MANAGEMENT PRACTICES ON POTENTIAL SOU IOSS
DOWNSTREAM SEDIMENT AND PHOSPHORUS LOADS, AND THE A^vSaGE CELL TO
STREAM PHOSPHORUS ENRICHMENT RATIO IN THE STRATFORD/AVON^SeMONSTOA-'

TION WATERSHED FOR SPRING CONDITIONS

Potential Sediment Phosphorus Average

Reductions in

Potential Sediment Phosphorus
Land management soil loss load load cell-to-stream soil loss load load

scenarios (0 (t) (kg) PERf (%) (%) (%)

Fallmoldboard plowing
Without crop residues

Entire watershed 2582$ 163$ 257$ 2.4 0 0 o
Withmaximum crop residues

Entire watershed 1830 43 90 3.2 29 74 65
Problem areas 1890 51 107 3.1 27 69 58

Spring moldboard plowing
Without crop residues

Entire watershed 2154 123 221 2.5 17 18 14
Problem areas 2213 137 227 2.5 14 16 12

With maximum crop residues
Entire watershed 1278 30 67 3.4 50 82 74
Problem areas 1890 37 83 3.4 48 78 68

Conservation tillage no-till
Entire watershed 703 17 45 3.9 73 90 83
Problem areas 790 23 60 3.7 70 86 77

Cross-slope farming
Without crop residues

Entire watershed 1576 56 111 3.0 39 67 56
Problem areas 1648 63 126 3.0 36 61 51

tPhosphorus enrichment ratio.
$ Basic reference level.

TABLE III. THE EFFECT OF BEST MANAGEMENT PRACTICES ON THE COEFFICIENT OF
PHOSPHORUS REDUCTION EFFICIENCY

Land management scenarios Entire watershed Problem areas

Fall moldboard plowing
With maximum crop residues
Spring moldboard plowing
Without crop residues
With maximum crop residues
Conservation tillage
No-till

Cross-slope farming
Without crop residues

phorus loads reveal that the best manage
ment practices considered have moderate
to significant impacts, (ii) For spring and
fall moldboard plowing on fields left with
out a residue cover, reductions in down
stream sediment load are similar to

reductions in potential soil loss. For other
land management scenarios involving a
crop residue cover on fields, reductions in
downstream sediment load are larger than
reductions in potential soil loss. This non-
linearity results from the fact that potential
soil loss is altered by changes in land use,
i.e. the seasonal crop and management
factor Cs, while the sediment load is
affected by the seasonal crop and manage
ment factor Cs and the seasonal manning
roughness coefficient ns. (iii) Reductions
in downstream phosphorus load are correl-
lated with reductions in downstream sedi

ment load, (iv) Reductions in downstream
sediment and phosphorus loads are accom
panied with increases in the average cell-

0.88

0.78

0.90

0.92

0.85

0.84

0.75

0.87

0.90

0.84

to-stream phosphorus enrichment ratio.
Consequently, when best management
practices are applied, the number of grams
of phosphorus transported by 1000 g of
sediment is greater than the one reported
for fall moldboard plowing on fields left
without a residue cover, (v) For all the best
management practices considered, the
coefficient of phosphorus reduction effi
ciency varies between 0.75 and 0.92
(Table III), a range similar to that reported
by Logan and Adams (1981). The coeffi
cient of phosphorus reduction efficiency is
greater for land managment scenarios that
use a crop residue cover than for those that
do not use one. (vi) Conservation tillage,
spring moldboard plowing on fields with a
crop residue cover, fall moldboard plow
ing on fields with a maximum crop residue
cover, and cross-slope farming on fields
without a crop residue cover can poten
tially reduce the spring load of phosphorus
attributed to field erosion by 83, 74, 65,
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and56%, respectively, when compared to
fall moldboard plowing without acrop res
idue cover, (vii) Finally, it can be
observed that best management practices
applied only on areas of high sediment
yields achieve almost the same potential
reductions in downstream phosphorus
loads as if they were applied on the entire
watershed.

CONCLUSIONS
This paper has introduced a brief over

view of best management practices and
has emphasized the use of conservation
tillagesystemsas meansof reducing phos
phorus nonpoint source pollution.
GAMESP, the Guelph model for evaluat
ing the effects of agricultural management
systems on erosion, sedimentation, and
phosphorus yields has been used to evalu
ate the impacts of best management prac
tices on specific sites of a small Ontario
agricultural watershed. This specific
investigation has revealed that best man
agement practices using a maximum crop
residue cover such as conservation tillage
(no-till) and spring moldboad plowing
could potentially reduce downstream
phosphorus loadings during the spring
period by as much as 83 and 74%, respec
tively. Further, reductions in downstream
sediment and phosphorus loadings are
likely to be accompanied with greater
increases in the average cell-to-stream
phosphorus enrichment ratio than the one
reported for fall moldboard plowing on
fields left without a crop residue cover. It
has also been observed that best manage
ment practices applied only on areas of
high sediment yields located near the
drainage channel would achieve almost
the same potential reductions in down
stream phosphorus loads as if they were
applied on the entire watershed.
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