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Gallichand, J., Aubin, E., Baril, P. and Debbailleul, G. 1998. Water
quality improvement at the watershed scale in an animal
production area. Can. Agric. Eng. 40: 067-077. Surface water quality
is a problem in many animal production areas. Water quality control
at the watershed scale is emerging as a procedure to deal with point
and nonpoint source pollution. The objectives of this paper are to
present the procedures for implementing best management practices
(BMP) in a 5.3 km2 experimental watershed and to assess the effect of
the BMPs on water quality. A monitoring station measured flowrate
and water quality parameters at the outlet of the experimental
watershed and at that of a control watershed. The experimental setup
was such that the implementation of BMPs took place one-year after
initiating the water quality monitoring program. Also, no changes in
land use and fertilization practices occurred in the control watershed.
From the data analyzed, 90% ofthe point source pollution came from
leaking liquid manure tanks and from manure piles stored directly on
the ground; corrective measures consisted in the construction ofanimal
waste tanks. Budgets ofnutrients at the field scale showed that 63% of
cultivated areas were in surplus of phosphorus compared to 42% for
nitrogen. Fertilization plans included a change in timing and amount
of manure applied. Water quality monitoring showed that the most
problematic parameters were phosphorus, fecal coliforrns, and fecal
streptococci. Time series analyses showed a highly significant
decrease in total phosphorus concentration and a significant decrease
in fecal streptococci. No significant decrease in fecal coliforrns was
observed, probably because four out of six domestic sewage systems
still discharged directly into the watercourses at the end of the
monitoring period. Water quality improvements were detected in the
watershed following the implementation ofBMPs over a period of2.6
years.

La qualite de l'eau est un problt~me dans plusieurs zones de
production animale. Le controle al'echelle du bassin versant emerge
comme moyen pour controler les pollutions ponctuelle et diffuse. Les
objectifs de cet article sont de presenter les procedures utilisees pour
mettre en place les meilleures pratiques agricoles sur un bassin versant
experimental de 5.3 km2

, et d'evaluer leurs effets sur la qualite de I'eau.
Une station de jaugeage et d'echantillonnage de I'eau a ete installee aux
exutoires des bassins versants experimental et temoin. Le dispositif
experimental fut tel que la mise en place des interventions n'eut lieu
qu'une annee apres Ie debut du suivi de la qualite de I'eau, et qu'aucun
changement dans les pratiques agricoles ne survint sur Ie bassin de
controle. Les calculs ont montre que 90% de la pollution ponctuelle
provenait de fuites de fosses a lisier et des tas de fumier entreposes
directement sur Ie sol; dans ces cas, les mesures correctives ont
consiste en la construction de fosses afumier et lisier. Un budget des
elements fertilisants au niveau de chaque champ a montre que 63% des
zones cultives etait en surplus de phosphore, compare a 42% pour
l'azote. Les plans de fertilisation incluaient Ie fractionnement et un
changement des periodes d'application. Le suivi de la qualite de I'eau

a fait ressortir Ie phosphore et les coliformes et streptocoques fecaux
comme parametres problematiques. L'analyse statistique en series
chronologiques a montre une diminution hautement significative des
concentrations de phosphore total, et une baisse significative des
streptocoques fecaux. Aucune diminution de la concentration des
coliformes fecaux ne fut observee due a la presence d'egouts
domestiques deversant directement dans Ie cours d'eau. Pour Ie bassin
versant intervention, il fut possible de detecter des ameliorations de la
qualite de l'eau al'interieur d'une periode de 2.6 annees.

INTRODUCTION

Since the 1970s, environmental management at the watershed
scale is emerging as a promising procedure to deal with water
quality problems in general (Hawkings and Geering 1989) and
in agricultural areas in particular (Staver et al. 1989; Whitelaw
and Solbe 1989). The watershed provides a reference
framework for which water quality targets can be defined. The
watershed management approach to water quality control has
been applied successfully in Australia (Laut and Taplin 1989),
France (Pierre 1987), and Switzerland (CIPEL 1988). In the
USA, it appears that the first project to improve water quality
ofa watershed by way ofdirect intervention was implemented
in Indiana in 1972 (Morrisson 1977). However, the first long
term research undertaking was initiated in 1980 with the Rural
Clean Water Program (RCWP) with 21 watershed research
projects covering most of the range in water quality problems
observed in rural areas (Robillard et al. 1992). The objective of
the RCWP was to manage and monitor water quality at the
watershed level by the implementation of best management
practices (BMP). Analyses of the RCWP showed that for well
designed and managed projects, the implementation of BMPs
can improve water quality of agricultural watersheds (Coffey
et al. 1992; Ritter et al. 1989). The effects of BMPs on water
quality can take several years to appear. Coffey et al. (1992)
recommended that projects should last from 6 to 15 years
depending on their sizes. Smaller watersheds will show water
quality improvements in less time than larger ones.
Experiments in France (Pierre 1987) showed that an adequate
analysis ofthe effects ofBMPs on water quality can be done if
the watershed is larger than 3 km 2

, which is the minimum area
required for an adequate representation of regional
characteristics, and less than 10 km2

, if conclusions are to be
drawn within a reasonable time. Pierre (1987) also suggests
comparing results from the experimental watershed with those
from a control watershed on which no BMPs are implemented.
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Robillard et al. (1992) found that water quality should be
monitored for a minimum of one year before the
implementation of any BMPs on the watershed takes place.
According to Coffey et a1. (1992), a project combining these
two features should be able to detect water quality variations
within 3 to 5 years.
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Fig. 1. Main features of the experimental watershed.

Between 1951 and 1985, agricultural production in the
province ofQuebec increased by 124% whereas the cultivated
area declined by 25% (Statistiques Canada 1987). In areas of
intense livestock production, this pressure on soil and water
resources has resulted in increased point and nonpoint source
water pollution (Simoneau 1991). Water pollution from areas
of intense livestock production is caused by deficiencies in the
management ofanimal manure (e.g. lack ofappropriate storage
facilities, no treatment of feedlot runoff) and milkhouse
wastewater (e.g. direct discharge into watercourses), and in
inadequate fertilization practices caused by excessive or
untimely field applications of manure (Cooper and Lipe 1992;
Clausen et a1. 1992). In Quebec, few watersheds have been
monitored in areas of intensive livestock production. An
inventory of these projects, up to 1992, is presented by
Gallichand (1992). Most of these projects were limited to
measuring flow and water quality at the watershed outlet, with
no BMPs to improve water quality. In 1993, a 3.5-year project
was initiated in a livestock production area near Quebec City to
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implant BMPs and to monitor water quality on paired
watersheds. In particular, the recommendations ofCoffey et at.
(1992) regarding a control watershed and a one-year no
intervention period were followed.

The objectives of this paper were 1) to present how the
BMPs were implemented in the experimental watershed, and 2)
to assess the effect of the BMPs based on the monitoring of
water quality of both watersheds.

MATERIALS and METHODS

Description of the experimental site

The experimental watershed (Fig. 1) was located in the Belair
River watershed about 60 km south ofQuebec City. The Belair
River, the source ofdrinking water for the city of Ste-Marie, is
a tributary of the Chaudiere River, a river in Quebec most
affected by water pollution due to intensive livestock
production. The experimental and control watersheds are sub
watersheds separated by 3 km. In both watersheds, soils are
mainly silty loam over a sandy loam to a clay loam. Soil
permeability was classified as low to very low and depth to
bedrock ranges from 2 to 5 m. A soil investigation was carried
out in the experimental watershed based on 72 profiles (Table
I). Phosphorus concentrations were classified as average for
hay in most fields, but excessively rich for other crops (CPVQ
1994). Fertilization was almost exclusively from manure
applications. The mean annual temperature for the area is 4.3°C
with a mean monthly temperature ranging from -II.8°C in
January to I9.1 oC in July (Environnement Canada 1993). The
annual average precipitation is 1058 mm with snow
representing about 20% of total precipitation. Similar
experimental and control watersheds were selected based on
physical and agricultural .characteristics (Table II) likely to
affect the hydrology and surface water quality, but some
differences were observed, especially for animal density (1.91
vs 3.75 animal unit/ha) and cultivated area (32 vs 63%). Being
interested in the evolution ofwater quality, the two watersheds
did not have to be identical for all characteristics. Water quality
at the outlet of each watershed is affected by its physical
characteristics, assumed constant in time, and by the
agricultural practices, also constant in the control watershed for
the duration of the project where the number of animal units
varied by less than 2% and manure application practices were
similar. Therefore, it was assumed that water quality changes
in the experimental watershed were caused by the implemented
BMPs and climate variations only. The effect of climate
variations on water quality was accounted for by analyzing
water quality differences between both watersheds.

Monitoring program

A monitoring station was installed at the outlet of each
watershed and consisted of a semi-circular control section in
the watercourse, an insulated shelterabove the watercourse, and
equipment for control, measurement, and water sampling. The
stations were operational from March 1994 to October 1996 on
a continuous basis. To operate the station in winter, wooden
boards were installed upstream and downstream from the
control section, above the water surface, to reduce the air draft,
and four 500 W infrared bulbs were used to prevent ice
formation in the control section. The shelter was heated in
winter to avoid damage to the instruments.
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Table I. Soil characteristics in the experimental watershed
(0 -150 mm).

Concentration
Parameter Units

Average Range

Total phosphorus kglha 89 6 - 259

Potassium kglha 145 54 - 395

Calcium kglha 2042 420 - 3700

Magnesium kglha 107 25 - 249

Aluminum ppm 1156 692 - 1514

Copper ppm 2.3 0.9 - 5.7

Zinc ppm 2.7 0.7 - 8.9

Cation Exchange
meq/lOO g 14.5 8 - 19

Capacity

Organic matter % 6.2 2 - II

Meteorological parameters were measured at the
experimental watershed only, while flowrate and water quality
were measured at each station. All measuring equipment was
controlled by a datalogger incorporated into a microcomputer.
Flowrate was measured in the control section, 2.5 m long by
1.5 m wide, using a pressure transducer for water elevation and
an ultrasonic sensor for water velocity. The datalogger also
monitored sensors for water pH, temperature, dissolved
oxygen, and meteorological parameters (air temperature,
rainfall, relative humidity, radiation, and wind). In all cases,
measurements were taken every 15 s and stored hourly, except
flowrate (5 min). On January 20, 1996, an increase in air
temperature caused increased flow and ice movement in the
control section. The flowrate measurement equipment was
damaged and flow measurements were not recorded until the
installation ofthe new water velocity sensor on February 26. A
40 mL volume of water was sampled every 30 min, in the
middle ofthe control section, and stored at 4°C in a refrigerated
sampler with a capacity of 24 one-liter bottles. Bottles were
retrieved every week and combined to fonn from 3 (low flow
periods) to 12 (high flow periods) composite samples.
Composite samples were analyzed for ammonia (NH4), total
nitrogen (TN), nitrate and nitrite (NN), dissolved phosphorus
(DP), total phosphorus (TP), potassium (K), and suspended
solids (SS) using spectrophotometry, except potassium for
which atomic absorption was used. For microbiological
parameters, fecal colifonns (FC), fecal streptococci (FS), and
biological oxygen demand after five days (BOD5), rapid decay
required analysis within 24 h and grab samples were taken
twice a week. Standard methods were used for the analyses
(APHA 1995). For each sub-watershed, 720 composites
samples were analyzed for the physico-chemical parameters,
and 240 grab samples for microbiological parameters, from
March 1994 to October 1996. Grab samples were also taken

twice a week from October 1993 to February 1994, when the
monitoring stations were not operational and were analyzed for
all chemical, physical, and microbiological parameters
mentioned above.

Table II. Characteristics of the experimental and control
watersheds.

Experimental Control
Characteristic

watershed watershed

Number of farms 6 6

Livestock Z

Bovines 549 168
Pigs 3,090 2,174
Chickens 0 10,500

Number of animal units (AU) Y 1,001 679

Cultivated area (ha) 331 156

Animal density I 1.91 3.75

Land use (%)
Pasture 11.86 14.27
Hay fields 46.31 17.78
Cereals 1.15 0.12
Fallow 3.19 0.00
Wooded and land 37.49 67.83
cleared area

Drainage density (km· ') 4.3 4.6

Total area (ha) 529.4 483.5

Average slope (%) 2.4 1.9

Elevation AMSL (m) 303 345

Average slope of main 2.9 2.2
watercourse (%)

z: In 1994 and 1995;
y: Animal units as defined by Gouvemement du Quebec (1996);
x: AU divided by cultivated and landcleared area.

Procedure for selection of BMPs
In the experimental watershed, surface water pollution was
caused by both point and nonpoint sources. The agricultural
practices of the six watershed fanns were studied in deta~l to
identify livestock pollution sources. For both types ofpollUtlon,
BMPs were selected in three phases: 1) identification of the
problems, 2) selection of potential BMPs, and 3) development
ofthe implementation plan. For both point and nonpoint source
pollution, the first phase included identifying, from October
1993 to May 1994, the critical water quality parameters by
visual inspection of graphs showing the concentrations of the
measured parameters with respect to the corresponding
standards. For point source pollution, sources were located
during the first phase by inspecting each watercourse and field
ditch for wastewater or manure outlets, by evaluating
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RESULTS and DISCUSSION

Selection of BMPs: point source pollution
Graphs, presenting temporal variations of water quality
parameter concentrations, from October 1993 to May 1994,
showed that high concentrations ofTP, Fe, and FS were most
often found at the outlet of both watersheds. From the visual
inspection of the watercourses and farm premises, agricultural
point source pollution was related to manure piled directly on

Analysis of water quality parameters

For each measured water quality
parameter, concentrations, loads, and
concentration exceedance frequencies
from environmental guidelines were
calculated for three years: Year 1 (March
1994 to February 1995), Year 2 (March
1995 to February 1996), and Year 3
(March 1996 to October 1996). Since
Year 3 was incomplete, it was compared
to years 1 and 2 by using only the months
of March to October; this allowed
identification of time trends in the
concentration or load of a pollutant. The
concentration exceedance frequency of a
water quality parameter, for a given
period, is the number of samples for
which the parameter value exceeded (or
did not exceed, in the case of DO) a
standard divided by total number of
samples in that same period. Because
surface water from the experimental
watershed was periodically used by the
water treatment plant of the city of Ste
Marie, the drinking water standards were
used. Ifno drinking water standards were
available for a given parameter, we used
that for aquatic life, irrigation, or
recreational uses (Table III).

To detect water quality differences between the
exp~ri.mental and control watersheds, caused by the BMPs,
statIstIcal analyses were carried out on the difference in
pollutant ~once~trations. The median of observed pollutant
concentratIOn dIfferences was determined weekly to have
complete and equally spaced time series. The statistical analysis
assumed that I) both watersheds were similar in physical,
hydrological, and soil properties, 2) meteorological variations
were negligible, due to the small distance between the
watersheds, and 3) agricultural changes, in the control
w?tershed, .were small for the duration of the project.
DIfferences In pollutant concentrations were modeled using the
ARIMAX procedure developed to detect trends in
environmental time series (Laberge 1995), based on an
autoregressive integrated moving average model (ARIMA,
SAS 1996) and transfer functions. It can detect ifa variation in
a water quality parameter is significant after the
implementation of the BMPs and whether this variation
occurred suddenly or gradually.

Reference

MNHW (1983)
Nordin and Pommen (1986)

Rodier (1976)

APHA (1995)

CCMRE (1987)

CCMRE (1987)

OMOE (1984)
MENVIQ (1990)

SBSC (1987)

Chow et at. (1993)

CCMRE (1987)

CCMRE (1987)
CCMRE (1987)

Parameter Use Standard
(ppm)

NH/(NH4) Drinking water 0.5
Aquatic life 22

N03-+N02- (NN) Drinking water 10

Total P (TP) Aquatic life 0.03
Euthrophication 0.10

K Drinking water 2000

Suspended solids (SS) Aquatic life 10

Disolved oxygen (DO) Aquatic life 8

BODs (BOD5) Drinking water 4

pH (PH) Drinking water 6.5 - 8.5

Fecal coli forms (FC) Irrigation 100*
Swimming 200*

Fecal streptococci (FS) Swimming 100*

* expressed in number ofbacteria per 100 mL

Table III. Standard values used for calculation of exceedance frequency of
water quality parameters.

wate~c.ourse bank conditions, and by observing the type and
condItIOn ofmanure storage facilities. The contribution ofeach
point source to the total farm point source pollution was
evaluated based on studies of Piche and Gangbazo (1992),
USDA (1982), Ecologistics (1988), and Young et at. (1980). In
the second phase, potential BMPs for each point source were
determined and the costlbenefit ratio was calculated for each
BMP. In our case, the benefit consisted in the reduction in
pollutant mass reaching the watercourse after implementing the
BMP. In the third phase, results from phases 1 and 2 were
presented to individual farmers who selected, with an
agronomist, the most appropriate BMPs based on their
costlbenefit analysis and on practical considerations. For
nonpoint source pollution, the first phase involved field by field
calculation of nitrogen and phosphorus surpluses and deficits
based on fertilization recommendations and actual amounts of
manure applied. Recommendations were based on soil sample
analyses from each field, requirements in Nand P for each
crop, and manure analysis. For the second phase, potential
B.M~s ~ere limited to fertilization timing and geographical
dlstnbutlOn and to manure application equipment. A
fertilization plan was developed for each field based on soil
analyses and crop requirements in nitrogen, using the software
FERTISOL (BPR 1992), giving priority to manure fertilization
and considering economical, environmental, and agronomic
aspects of soil fertilization. For the third phase, final
fertilization plans were established after considering each
farm's practical considerations.
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Table V. Costlbenefit ratios (S/g-y) of BMPs to reduce total phosphorus losses.

Table IV. Estimated relative losses (averaged for all six
farms) from point sources for the three
principal pollutants in the experimental
watershed before implementation of the BMPs.

2.67 * * 0.25 0.13

2 7.50 0.42 5.00 * *
3 1.97 0.08 1.00 0.25 0.13

4 0.50 * * * *
5 2.50 * 0.83 0.25 0.13

* not applicable

the ground, leaking liquid manure tanks, free access ofcattle to
watercourses, and direct milkhouse wastewater drainage
without treatment. Six domestic sewage systems also drained
into the watercourse (Table IV). Leaking manure tanks may
have contributed as much as 79% of the total phosphorus
pollution, compared to only 11 % from manure piling on the
ground. Although evaluated from theoretical calculations, the
TP sources seemed acceptable. Domestic wastewater accounted
for 89% ofthe FC water point source pollution. FC's are found
in greater number in human feces while FS's originate in
greater numbers from livestock feces. Point source pollution
was reduced by building storage facilities, repairing or
replacing leaking tanks, and supplying cattle with suitable
water supply systems rather than the watercourse. Milkhouse
wastewater was treated by either installing a treatment system

*

*

0.33

0.33

0.33

Filtering field +
septic tank +
grease trap

or disposing in the manure storage. The costlbenefit ratio of
each BMP was established for TP (Table V) and for FC and FS.
Five fanns, out of six in the experimental watershed,
contributed TP from point sources. Their costlbenefit varied
from $0.50 to $7.50/gm per year ofTP because of the variable
herd size, but not because of storage construction cost which
varied little. BMPs were implemented from November 1994
until December of 1996, and included installation of seven
manure storage facilities (November 1994 to November 1995),
electric fences and water supply systems for pastures next to a
watercourse (June 1995 to June 1996), grease traps and
tloculators for milkhouses (June 1995 to August 1996), and
septic tanks for domestic sewage (June 1995 to December
1996), where only two of the six septic tanks were installed
before ending the monitoring in October 1996. Thus, FC counts
were unlikely lowered from such BMPs. The first manure tank
was constructed in September 1994, seven months after
initiating the monitoring program, but still provided a full no
intervention year since winter manure seepages are negligible.

Selection of BMPs: nonpoint source pollution
At the onset of the project, several areas received surpluses of
Nand P from the fertilization practices. Phosphorus surpluses
occurred over 63% of the cropped area (Fig. 2), compared to
42% for N (Fig. 3). Timing ofmanure application was a serious
problem in the watershed as manure was spread in the fall
where crop uptake is negligible and nutrients become
susceptible to transport by runoffand intertlow in shallow silty
soils over bedrock. The BMPs selected to address the problem
of over fertilization were the development of integrated
fertilization plans. They considered 1) changing the timing of
application, 2) splitting manure applications, 3) balancing N
and/or P fertilization within fields, and 4) upgrading manure
application equipment. The watershed had surpluses ofmanure
that could be solved by either exporting some or reducing the
number oflivestock within the watershed. These solutions were
not feasible and fertilization plans were based on N. All fanns
used an integrated fertilization plan in May 1995, with

significant reductions in the
application of mineral fertilizers.
Fall (August to October) manure
applications were reduced from 70
to 13% while spring/summer (May,
June) applications were split in two.
By May 1995, all manure equipment
was upgraded to spread the seepage
collected in the solid plat-fonns.

Water quality
Based on the first two complete
years ofmonitoring (March 1994 to
February 1996), hourly tlowrate
averaged 139 and 159 LIs,
respectively, for the experimental
and control watershed, whereas
maximum values reached 3415 and
4791 LIs, and minimum values
dropped to zero in both cases. Small
yearly variations were observed

Grease
trap

o

15

27

36

22

Milkhouse wastewater treatment

7.6 X 1013

Fecal
streptococci

Floculator

2

2

6

89

Fecal
colifonns

6.7 X 1013

Losses (%)

Electric fence
+ water supply

II

79

8

787 kg

Total
phosphorus

Manure
tank

Manure
platfonn

Milkhouse
wastewater

Domestic wastewater

Liquid manure tanks

Manure piles

Total annual losses

Fann

Cattle free-access to
watercourse

Source
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Fig. 2. Total phosphorus sUI"J)lus and deficit from
fertilization in 1994.

(Fig. 4). Highest now values were observed during snowmelt
in March and April, whereas lowest values occurred at the end
orthe Slimmer in August and September. Generally, flowrates
from both watersheds were similar except after the installation
of the new water velocity sensor (Fcbrumy 26, 1996), after
which the flow from the experimental watershed systematically
surpassed that of the control. The ARJMAX lime series
procedure showed that after the installation of the new water
velocity sensor, flow of the experimental watershed was
significantly higher (p < 0.00 I) than that of the control
watershed, meaning that loads from March to October 1996
were biased upward and that too little time was len to conduct
time series analyses for pollutant loads. However, the complete
sampling period from March 1994 10 Oelober 1996 could be
llsed for pollutant concentrations analyses.

Considering the 1110st limiting standards from Table VI for
TP, Fe, and FS, with a three-year average, the exceedance
frequency was 96.0, 67.0, and 50.0%, respectively. The first
year of data confirms the diagnosis used to select BMPs to
reduce point source pollution. At 29.3 and 35.0%, respectively,
two other water quality parameters, DO and SS, were the only
parameters with frequencies above 10%. Generally, the
exceedancc frequencies were always larger in the experimental

72

Fig. 3. Total nitrogen surplus and deficit from
fertilization in 1994.

watershed, which indicates a surprisingly better quality in the
conrrol watershed with a higher livestock density (3.75 vs 1.91
AV/ha). However, less cultivated area was found in the control
watershed (32 vs 63%) and runoff may have had more time to
be filtered in the non-cultivated and forested areas. Therefore,
the definition of animal density based on the ratio of animal
units to cultivated and land cleared area may not be the most
appropriate in predicting the extent of surface water quality
problems in this region.

For DP, TP, Fe, FS, and SS, time trends were more evident
for the partial than the complete years (Table VII). For
example, mcdian TP for thc complete years increased in (he
experimental watershed then decreased, whereas it increased
abruptly after Year I in thc control. For the partial years, TP
concentrations remained stablc in the cxperimental watershed
with median values going from 0.13, to 0.13, and 0.12 for years
1,2, and 3, respectively, whereas for the control watershed, TP
increased from 0.08, to 0.10, and 0.11. Also, maximum TP
concentration decreased by a factor of ten in the experimental
watershed compared to a reduction by a factor of five in the
control watershed. Since no agricultural practices were changed
in the control watershed, its variation in mcdian TP
concentration resulted from climatic factors. Thus, TP
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Table VI. Concentration exceedance frequency (0/0) for water quality parameters measured
from March 1994 to October 1996.

o

o

o

o

13
o

13

35
22

24

26

100
56

Year 3

4

o

o

o

10
o

26
18

41

99
49

28

Year 2

Control watershed

o

o

o

o

14

24
16

21
o

94
35

28

35

Year 1

from 0.57, to 0.70, and 0.80 for years 1, 2, and 3
in the experimental watershed, compared to 0.60,
0.73, and 0.86 for the control watershed,
suggesting reduced erosion also confinned by a
decrease in measured SS in both watersheds.
Without data from the control watershed, the
implementation of BMPs in the experimental
watershed would have appeared to reduce field
and watercourse bank erosion. However, the
trend was similar for the control watershed and
this reduction could not be attributed to reduced
erosion. This analysis ofDP to TP ratios and SS
was a good example of the usefulness of a
control watershed in interpreting water quality
data.

The concentrations in FS and FC (Table VII)
were much lower in the control watershed, with
values ranging from 40 to 86, and 39 to 66,
respectively, than in the experimental watershed
with 100 to 155, and 130 to 320, respectively.
Larger values of FC and FS in the experimental
watershed were most likely due to the larger
number of animal units (1001 vs 679) and the

more extensive cultivated area (63 vs 32%). Since the drainage
density was similar for both watersheds, more extensive
cultivated area means closer contact between manure

application areas and the
watercourses resulting in
more contaminant
transport toward the
watercourses. Fecal
bacteria indicated the
origin of water pollution
since high FC/FS ratio of
4.4 points towards human
pollution, while ratios of
0.2 and 0.4 point towards
cattle, pigs, and chickens
(APHA 1995). Median
annual FC/FS ratios were
1.3,3.4, and 3.1 for years
1, 2, and 3 for the
experimental watershed,
compared to 0.5, 0.6, and
1.6 for the control
watershed, suggesting
more important water
pollution by domestic
sewage for the
experimental watershed
and by livestock for the
control watershed. In
years 1, 2, and 3 for the
experimental watershed,
only two domestic
sewage systems out ofsix
had been installed by the
end of the monitoring

--- EXPERIMENTAL VATERSHED

CONTROL VATERSHED

200

1000

1200 .........-----------------..--------,

Experimental watershed
Parameter Use

Year 1 Year 2 Year 3

Ammonia Drinking water 30 1 11
Aquatic life 0 0 0

N03-+N02" Drinking water 0 0 0

P total Aquatic life 94 99 95
Eutrophication 54 63 57

K Drinking water 0 0 0

BODs Drinking water 9 8 3

Dissolved Aquatic life 36 36 16
oxygen*

pH** Drinking water 0 0 0

Suspended solids Aquatic life 35 38 32

Fecal coliforms Irrigation 59 63 79
Swimming 47 45 45

Fecal streptococci Swimming 59 46 45

* frequency below aquatic life standard
**probability of lying outside recommended range

>
.Je400
>

~
d 800

~
I
~ 600

Fig. 4. Average weekly flowrate.

concentration in the experimental watershed decreased slightly,
. suggesting a beneficial effect ofBMPs on water quality. For the
partial year, the ratio ofdissolved to total phosphorus increased
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Table VII. Median and maximum concentrations for the most limiting parameters
from March 1994 to October 1996.

5
47

5
47

0.10
0.29

0.11
0.37

0.11
0.37

0.10
0.29

66
8,600

66
8,600

44
13,700

44
13,700

Year 3

6
210

3
210

0.07
0.22

0.10
0.39

0.11
0.39

0.08
0.30

54
1,700

86
14,000

Year 2

42
11,000

77
50,000

Control watershed

8
170

4
170

0.08
1.87

0.05
0.18

0.06
1.87

0.04
0.18

39
7,000

32
7,000

For each parameter, the
ARIMAX procedure gave the
type of change that best fitted
the observations (sudden or
gradual), the direction of that
change (increasing [+] or
decreasing [-] concentration),
and the probability that this
change was significant (Table
VIII). Results are provided for
the experimental watershed,
the control watershed, and the
effect of the BMPs in the
experimental watershed, which
is represented by the difference
between the two concentration
time series. For the
experimental watershed,
significant reductions in
concentration ofNH4, TN, NN,
SS, and K were observed.
However, these reductions may
have resulted from variations
in climatic conditions. When
concentration levels from the
control watershed were used, a
highly significant reduction in
TP, DP, and FC was observed
for the experimental
watershed. Despite the
increased level ofTP, DP, and
FS in both the experimental
and control watersheds,
differences between the two
watersheds showed that the
BMPs had beneficial effects on
the water quality. The BMPs
were successful in reducing the
concentration of the four most
important contaminants (TP,
DP, FC, FS) within less than
two years of their
implementation, except for FC.

For 1994 and 1995, the
most important TP losses
occurred during the snowmelt
period and coincided with peak
flows in March and April (Fig.
5). This figure also shows
important TP losses in October
and November following
manure applications. Fall TP

losses were less important in 1995 than in 1994, perhaps from
the implementation of integrated fertilization plans. Warm
weather during January of 1994 and 1995 resulted in increased
flowrate (Fig. 4) and TP losses. It seems that non-negligible TP
loads can reach watercourses in the winter during snowmelt
events. Total phosphorus load from the experimental watershed
was usually superior to that of the control watershed due to the
larger number of animal units.

40
12,000

Year I

36
12,000

7
110

7
110

0.09
0041

0.12
0.52

0.12
0.52

0.09
0.41

100
11,700

320
39,000

100
11,700

Year 3

320
39,000

9
340

9
340

0.08
0.39

0.13
0.63

0.14
0.63

0.09
0042

120
6,500

85
6,500

130
15,000

173
15,000

Year 2

Experimental watershed

9
280

9
280

0.07
1.20

0.07
1.20

0.13
5040

0.12
5040

155
5,800

130
8,800

Year I

260
40,000

168
40,000

ppm

ppm

ppm

ppm

ppm

ppm

Units

bacteria
/100mL

bacteria
1I00mi

bacteria
1I00mi

bacteria
1I00mL

* Year 1 (March 94 - Feb. 95); Year 2 (March 95 - Feb. 96); Year 3 (March 96 -October 96)
·*Beginning of March to end of October of each year

Fecal coliforms
Median
Maximum

Fecal streptococci
Median
Maximum

Suspended solids
Median
Maximum

Fecal streptococci
Median
Maximum

Dissolved phosphorus
Median
Maximum

Dissolved phosphorus
Median
Maximum

Partial yeart·*

Fecal coliforms
Median
Maximum

Total phosphorus
Median
Maximum

Suspended solids
Median
Maximum

Parameter

Total phosphorus
Median
Maximum

Complete Year*

period in October 1996. Therefore, no significant change in
levels of FC were expected during these three years. Also,
median annual FS concentration in the experimental watershed
decreased from 155, to 120, and 100 for years 1, 2, and 3,
respectively, likely from the implementation ofthe fertilization
plan reducing surface water pollution from massive manure
applications in the fall.
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Table VIII. Results of ARIMAX time series statistical analysis on
pollutant concentrations.

* significant (p < 0.05); ** highly significant (p < 0.01)
+ concentration increase; - concentration decrease

CONCLUSIONS

In the experimental watershed, point source pollution was
caused mainly by solid manure piled on the ground. BMPs
were selected based on their cost/benefit ratios and practical
application. Nonpoint source pollution from manure application
was resolved by implementing integrated fertilization plans.
These plans shifted the timing of the manure application from
the fall to the spring and reorganized the geographical
distribution within a farm based on nitrogen balance. Most
fields within the experimental watershed were in surplus of
phosphorus, but balancing manure P applications required
exporting manure or reducing the livestock population.

Exceedance frequency analyses using drinking water and
recreational uses standards showed that TP, Fe, and FS were
the most important pollutants. The control watershed and the
implementation of BMPs, no sooner than one year in the

This project was made possible through the
support of the "Programme de gestion de l'eau
par bassin versant de I'Entente auxiliaire
Canada-Quebec pour un environnement
durable en agriculture".
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