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Nutrients continue to be lost from agri-
cultural lands in many countries, despite 
efforts to conserve soils in intensively 
farmed regions (Cartwright et al. 1991; 
Chen et al. 2003; Schroder et al. 2004; 
Nakano et al. 2008). Impacts of agrochem-
icals (including fertilizers, pesticides, etc.) on 
water resources comprise the dominant envi-

Hydrology and water quality across 
gradients of agricultural intensity in  
the Little River watershed area,  
New Brunswick, Canada
L. Chow, Z. Xing, G. Benoy, H.W. Rees, F. Meng, Y. Jiang, and J.L. Daigle

Abstract: Impacts of suspended sediment and agrochemicals on water quality comprise one 
of the dominant environmental concerns affecting the agricultural sector today. Three sub-
watersheds within the Little River watershed (New Brunswick, Canada) were instrumented 
to continuously monitor discharge and sample water for suspended sediment and agrochemi-
cal analysis with the objective of determining the impacts of different agriculture and forestry 
intensities on water yield and quality on a long-term basis. The subwatersheds included (1) 
Black Brook watershed (BBW), a predominantly agricultural (65%) watershed with potato 
as the major crop; (2) Little River watershed (LRW), a combination of forest (77%) and 
agricultural (16%) land uses; and (3) Upper Little River watershed (ULRW), a forest- and 
wetland-dominated watershed (94%). Data from 2003 to 2007 showed that average water 
yields were 0.588, 0.849, and 0.901 million m3 km–2 y–1 (53.78, 77.65, and 82.41 million 
ft3 mi–2 yr–1) for the BBW, LRW, and ULRW, respectively, indicating that water yield 
decreased with increasing agricultural intensity. Average suspended sediment yield in the 
receiving water decreased from high agricultural intensity to low agricultural intensity, with 
values of 181.60, 121.60, and 57.00 Mg km–2 y–1 (470.34, 314.94, and 147.63 tn mi–2 yr–1) 
for the BBW, LRW, and ULRW, respectively, as did flow-weighted sediment concentra-
tion (0.33, 0.13, and 0.06 mg L–1 for the BBW, LRW, and ULRW, respectively). Average 
flow-weighted nitrate-nitrogen concentration in the water of the BBW was 4.39 mg L–1 
compared to 1.24 mg L–1 in the LRW and 0.45 mg L–1 in the ULRW; ortho-phosphorus in 
the BBW was 56.43 μg L–1 compared to 24.29 μg L–1 in the LRW and 19.56 μg L–1 in the 
ULRW. Major ions such as potassium, magnesium, and calcium followed similar trends to 
those observed for suspended sediments and dissolved nutrients across the watersheds. Water 
pH showed little variation among watersheds, but water conductivity and water temperature 
were highly related to the intensity of agriculture. While the differences across the watersheds 
were generally consistent, differences among years were variable-dependent. Except for the 
ortho-phosphorus load, chemical loads of nitrogen, potassium, calcium, and magnesium 
were closely related to annual precipitation, but chemical concentrations did not show much 
correlation with either rainfall amount or erosivity. The robust time-series data available for 
this study enabled meaningful assessment of agricultural impacts at a landscape scale.
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ronmental concern affecting the agricultural 
sector today (Dukes and Evans 2006; Nakano 
et al. 2008). Among agrochemicals, nitrogen 
(N) and phosphorous (P) are the dominant 
elements of concern, followed by potassium 
(K), calcium (Ca), and magnesium (Mg). 
Discharged agrochemicals can find their way 
into either groundwater systems, through 

leaching, or surface water channels, through 
surface runoff processes. Agrochemical loss 
can cause environmental problems, such as 
pollution of surface waters, which can lead to 
eutrophication (Maticic 1999; Nakano et al. 
2008) and reduction of drinking water qual-
ity (Hall et al. 1999). Scientific information 
on these impacts is important to satisfy pub-
lic demands for environmental protection, 
inform growers of the effects of their activi-
ties on the environment, and develop and 
improve best management practices (BMPs) 
to mitigate environmental consequences of 
agricultural activities (Bottcher et al. 1995; 
Inamdar et al. 2001; Agricultural and Agri-
Food Canada 2004; Boman 2007; Butler Jr. 
and Srivastava 2007; Gitau et al. 2007).

Nutrient loss occurs through water runoff, 
and it is mainly driven by precipitation, but 
human activities can substantially alter the 
pattern of the loss. To examine water runoff 
or soil loss, cumulative precipitation and ero-
sivity (Wischmeier and Smith 1978; Chow 
et al. 2000), a derived expression of rainfall 
amount and maximum intensity, are nor-
mally calculated along with considerations 
of land management (Wischmeier and Smith 
1978). Velocity of runoff plays a major role 
in sedimentation mechanisms, which can be 
more or less affected by the land use and type 
and amount of vegetative cover (Foster and 
Carter 1983).

Compared with other land uses, agricul-
ture and associated activities are more closely 
related to N and P loads to the environ-
ment (Novotny 1989; Cartwright et al. 1991; 
Morkunas et al. 2005; Oenema et al. 2005; 
Dukes and Evans 2006) that lead to water 
quality issues. Intensification of agricultural 
activities has led to more frequent applica-
tions and increased amounts of fertilizers and 
pesticides. The added agrochemicals generally 

doi:10.2489/jswc.66.1.71

C
opyright ©

 2011 Soil and W
ater C

onservation Society. A
ll rights reserved.

 
w

w
w

.sw
cs.org

 66(1):71-84 
Journal of Soil and W

ater C
onservation

http://www.swcs.org


72 journal of soil and water conservationjan/feb 2011—vol. 66, no. 1

exceed crop uptake rates, and an accumula-
tion of the agrochemicals tends to occur in 
the soil. Eventually, the agrochemicals are 
transported into the water system, potentially 
degrading water quality or threatening human 
health. Although various strategies have been 
developed to limit these impacts, the risk 
of water pollution from agricultural areas is 
still much higher than from forest areas. For 
example, both Sussmann (1983) and Hecky 
et al. (2003) found that total phosphorus loss 
and nitrate concentrations in runoff from 
drainage basins under agriculture were mark-
edly higher than those from wooded areas. In 
coastal California, Los Huertos et al. (2001) 
reported that nitrate-nitrogen (NO3-N) 
concentrations were typically <1 mg L–1 in 
grazing lands, oak woodlands, and forests but 
increased to a range of 1 to 20 mg L–1 in 
surface waters that passed through agricul-
tural lands. The same study also reported very 
high concentrations of nitrate (in excess of 
80 mg L–1) throughout the fall and winter 
in selected agricultural ditches that received 
discharge water from drainage tiles (buried 
perforated pipes). It is believed that as a result 
of many cropping cycles, unused N fertil-
izer and N generated from mineralization of 
organic matter in the soil have leached and 
accumulated in shallow groundwater, while 
some portion directly gets into surface water 
systems.

The configuration of agricultural and 
forested lands within a watershed can 
affect water quality. For example, Norton 
and Fisher (2000) found that forests in the 
Choptank Basin of the Delmarva Peninsula, 
United States, were strongly associated with 
low stream total nitrogen and NO3-N con-
centrations. Their research also indicated that 
forest placement along first order streams was 
important in maintaining low stream N con-
centrations and that forest directly adjacent to 
streams (0 to 100 m [0 to 328 ft]) acted as a 
total phosphate source, and forest further away 
(100 to 300 m [328 to 984 ft]) from streams 
acted as a total phosphate sink. Forest man-
agement activities, such as fertilization, were 
also reported to increase the nutrient concen-
trations in streamwater (Binkley et al. 1999).

The impacts of agricultural runoff on 
water quality also depend on the intensity 
(i.e., agricultural coverage, expressed as a per-
centage [Shriar 2000]) and specific location 
of agricultural activities within a watershed. 
It is possible to reduce the environmental 
risk of agricultural activities by incorporat-

ing riparian forests into agricultural planning 
or through adoption of other BMPS. For 
example, a paired watershed study consist-
ing of agroforestry (trees plus grass buffer 
strips), contour strips (grass buffer strips), and 
control treatments with a corn (Zea mays 
L.)–soybean (Glycine max [L.] Merr.) rotation 
indicated that the contour strip and agrofor-
estry treatments reduced runoff by 10% and 
1%, respectively and reduced total phosphate 
loss by 8% and 17%, respectively. This study 
reinforces the need for research to consider 
all effects of BMP implementation (Udawatta 
et al. 2002) on streamwater quality.

Perhaps the most serious soil erosion 
that leads to degraded environmental qual-
ity exists in relation to potato production 
(Chow et al. 1990; Rees et al. 2007), a major 
agricultural commodity in the provinces of 
New Brunswick and Prince Edward Island, 
Canada. To reduce environmental risk, several 
BMPs, such as grassed waterway/diversion and 
agriforest, have been developed and adopted in 
the potato production areas over the past 50 
years. However, the effect of those BMPs on 
environmental quality at different watershed 
scales could be affected by climate conditions.

In New Brunswick, most watersheds are a 
mix of agriculture and forestry. It is important 
to understand the relative contribution of 
contaminants from agricultural and forested 
area at the watershed level. Although some 
research has been done to evaluate the impacts 
of agriculture on water quality (Norton and 
Fisher 2000; Hecky et al. 2003; Morkunas et 
al. 2005; Dukes and Evans 2006) at different 
temporal and spatial levels, the complexity of 
the impacts (affected by both field and land-
scape variables) requires a long-term robust 
time-series data collection at multiple-scale 
watersheds to carry out more efficient evalu-
ation by using statistical modeling.

With the objective of determining the 
impacts of agricultural intensity on water 
yield and quality in an agricultural and for-
ested watershed, three subwatersheds within 
the Little River watershed were instrumented 
to monitor discharge and to sample water for 
suspended sediment and chemical analysis 
in order to quantify the impacts of agricul-
ture and forest land uses on water yield and 
water quality and to examine the relationships 
between cumulative precipitation and erosiv-
ity on water yield and water quality.

Materials and Methods
Research Sites. The study sites (figure 1, 
table 1) were located in the Little River 
watershed of the Upper Saint John River 
Valley ecoregion in the Atlantic Maritime 
ecozone (Marshall et al. 1999). The water-
shed is approximately 390 km2 (151 mi2), 
covers 47°2′ N to 47°20′ N, 67°31′ W to 
67°47′ W, and drains into the Saint John 
River at the town of Grand Falls in north-
western New Brunswick, Canada. The 
research area is comprised of valleys along 
the Little River and its tributaries, as well 
as some adjacent plateaus. Elevation ranges 
from 122 to 477 m (400 to 1,565 ft) above 
mean sea level. The study sites included the 
Upper Little River watershed (ULRW), 
which is a forest-dominated watershed; 
the Little River watershed (LRW), which 
has both forest and agricultural land uses; 
and the Black Brook watershed (BBW), an 
agriculture-dominated watershed.

The climate associated with the region 
is moderately cool boreal with a humid to 
perhumid moisture regime with approxi-
mately 120 frost-free days per year and an 
average daily temperature of 3.7°C (38.7°F) 
(Langmaid et al. 1976). Yearly cumula-
tive precipitation ranged from 828 mm (33 
in) in 2001 to 1,178 mm (46 in) in 1994, 
with an average of 1,066 mm (42 in), and 
monthly average precipitation ranged from 
a low of 73 mm (2.9 in) in November to 
a high of 115.6 mm (4.6 in) in July, with 
a mean monthly value of 88.9 mm (3.5 in) 
during 1992 to 2002 (Chow et al. 2009). 
Although a relatively uniform monthly pre-
cipitation distribution can be found from 
April to September, frequent summer storm 
events relocated large amounts of soil within 
the watersheds, in particular, the LRW and 
BBW. However, over 85% of the sediment 
yield from the BBW that occurred during 
March and April was essentially eroded from 
the fields during the summer months of the 
previous year and was deposited at lower 
slope positions or depressions adjacent to the 
river. The cumulative erosivity from June to 
September was over 74% of the yearly total 
(Chow et al. 2009), indicating that a major-
ity of rainfall erosion occurred during the 
growing season.

The soil in the study sites is classified 
as mineral, and it is derived from various 
geological parent materials. The major asso-
ciations are Caribou, Carlingford, Glassville, 
Grand Falls, Holmesville, McGee, Muniac, 
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Table 1
Research site descriptions. The percentages in the land-use column were based on a survey conducted in 2005.

Watershed	 Location	 Area	(km2)	 Land	use

Black Brook watershed (BBW) 47°5′ N to 47°9′ N 14.5 65% agricultural
 67°44′ W to 67°48′ W  21% forest
   14% other (residential, wet land)
Little River watershed (LRW) 47°2′ N to 47°20′ N 389.7 16.2% agricultural
 67°31′ W to 67°49′ W  77% forest
   6.8% other (residential, wet land)
Upper Little River watershed (ULRW) 47°9′ N to 47°20′ N 196.5 3.7% agricultural
 67°33′ W to 67°47′ W  91.3% forest
   5% wet land

Ogilvie Lake, Siegas, Thibault, Undine, 
Victoria, and Waasis (Chow and Rees 2007). 
Most of agricultural activities were concen-
trated on the lower area of the LRW, with 
natural similarity in terms of soil conditions. 
According to the Soil Landscape of Canada  
map, only two soil textures can be classified 
in the watersheds (Zhao et al. 2009).

Tree species that can be found in the for-
ested areas of the watersheds mainly include 
eastern cedar (Thuja occidentalis L.), black 
spruce (Picea mariana Mill.), white spruce 
(Picea glauca [Moench] Voss), red spruce (Picea 
rubens Sarg.), balsam fir (Abies balsamea [L.] 
P. Mill), white birch (Betula papyrifer Marsh) 
yellow birch (Betula alleghaniensis Brit), and 
red maple (Acer rubrum L.).

The BBW and adjacent agricultural areas 
have been in production for well in excess of 
60 years. It is part of the commercial potato 
belt in northwestern New Brunswick, 
Canada. Agricultural production evolved 
from mixed farming for dairy and livestock 
(grain, forages, and pasture land uses) to 
mixed farming coupled with some row crop 
production, and now is primarily intensive 
potato production with grain and forage as 
rotational crops.

Instrumentation and Data Collection. 
Three automated water quantity and quality 
monitoring stations were used in this study 
to assess the different land-use scenarios. 
The monitoring stations were installed at 
the outlet of each watershed in or before 
2001. This study covers the time frame 
2003 through 2007, inclusive. In addition, 
a weather station located approximately 10 
km (6 mi) from the outlet of the LRW at a 
permanent soil erosion study site was used 
to collect relevant weather information, 
such as precipitation amount and intensity, 
global radiation, air temperature and relative 

Figure 1
Location of research sites. The small map on the top left is the map of New Brunswick, 
Canada; the bright section enclosed by two arrows corresponds to the bottom large map indi-
cating the research sites. The water quality monitoring stations are indicated at the outlet of 
each watershed.

Notes: BBW = Black Brook watershed. LRW = Little River watershed. ULRW = Upper Little River 
watershed.
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humidity, wind speed and direction, and soil 
temperature at various depths.

The flow rate of the BBW was monitored 
using a composite sharp-crested V-notched 
triangular weir with 1-to-1 and 4-to-1 crests; 
nonstructured monitoring determined from 
stream riverbed configuration was used at 
the LRW and the ULRW. The relationship 
between streamwater stage height and flow 
rate was determined through calibration. 
Stage height was measured in a stilling well 
constructed with a 0.91 to 1.22 m (3 to 4 
ft) diameter corrugated culvert sunk into the 
bank of the stream and interconnected (to 
the stream) with two 10 cm (3.9 in) diameter 
polyvinyl chloride pipes located 3 m (9.8 ft) 
upstream from the weir/stream transect. An 
instrument shelter was either anchored to 
the top of the culvert (BBW) or built around 
the stilling well on the stream bank (LRW 
and ULRW) to house the monitoring and 
sampling equipment. A float-counter weight 
sensor (Lakewood Systems, Edmonton, 
Alberta, Canada) in conjunction with a 
CR10X data logger (Campbell Scientific 
Inc. Logan, Utah, USA—hereafter referred as 
CSI) was used to monitor stage heights at a 
five-minute scanning interval and recorded 
on an hourly basis if the change in the stage 
height was <2 cm (<0.79 in) compared to 
the previous recorded value. In addition to 
monitoring stage height, the datalogger (CSI) 
controlled an ISCO model 6712 automated 
water sampler (Teledyne ISCO, Lincoln, 
Nebraska, USA) that collected water samples 
at 72-hour intervals if changes in stage height 
were <5 cm (<2 in) compared to the stage 
height corresponding to the previous sample. 
An additional sample was taken when the 
stage height was 5 cm higher than the previ-
ous sampling stage height during the raising 
crest of the hydrograph to capture water 
quality changes during peak flow events. The 
stage height of the previous sample was reset 
to the current value if it dropped >5 cm to 
ensure that additional samples were taken 
when the stage height decreased more than 
the predetermined change in height. The 
datalogger (CSI) also recorded the sample 
number and time for each collected sample. 
Although the sampler was located in the 
instrument shelter, the sample intake strainer 
was placed at a location with maximum mix-
ing in the stream to ensure a representative 
sample. The collected samples were removed 
from the sampler and were transferred to the 
laboratory on a monthly basis or when the 

sampler was full. The collected samples were 
then stored at 4°C (39.2°F) until analyzed. If 
the samples were stored at 4°C for a longer 
period of time, some sulfuric acid was added 
to minimize nutrient transformation. Water 
temperature was also monitored at an hourly 
interval using a CS107B temperature sensor 
(CSI). Each gauging station was equipped 
with a Redwing CDMA cellular modem 
(AirLink Communications, Inc., Fremont, 
California, USA) for real-time communica-
tions and data downloading.

Laboratory Analysis. Laboratory analy-
sis of water samples included determination 
of suspended sediment concentration, pH, 
conductivity, and concentrations of NO3-N, 
ortho-phosphorus (ortho-P), K, Ca, and 
Mg. In the laboratory, each sample was 
subjected to the following procedure. After 
measuring the volume, each sample was first 
filtered through a 0.45 μm (0.000018 in) 
semipermeable membrane (Millipore Corp., 
Billerica, Massachusetts, USA) for determi-
nation of suspended sediment concentration. 
The remaining filtrate was measured for 
pH and conductivity and then was ana-
lyzed for NO3-N, ortho-P, K, Ca, and Mg 
concentrations. The laboratory results were 
synchronized with sampling information 
downloaded from the datalogger storage and 
then were compiled into a spreadsheet file 
for further analysis.

Suspended sediment concentration was 
determined as follows: after filtration, all 
materials collected on the membrane were 
transferred to an aluminum dish and were 
oven dried at 105°C (221°F) for 24 hours. 
Suspended sediment concentration was 
taken as the ratio of the collected mass to 
the collected volume in g L–1. Conductivity 
was determined using a YSI 3200 conduc-
tivity instrument model 3200 cell (YSI 
Incorporated, Yellow Springs, Ohio, USA), 
with the measured value corrected to 20°C 
(68°F) expressed in mS cm–1. An Orion 
model 420A pH meter (Thermo Orion, 
Massachusetts, USA) was used to determine 
the pH of water samples. Concentrations 
of NO3-N and ortho-P were deter-
mined with a Technicon Auto-Analyzer 
II (Pulse Instrumentation Ltd., Saskatoon, 
Saskatchewan, Canada) by using a hydrazine 
sulfate reduction technique based on US 
Environmental Protection Agency (USEPA) 
method 353.2 (USEPA 1983) and an ascor-
bic acid technique based on USEPA method 
365.1 (USEPA 1983), respectively. A NAP 

analogue data acquisition and peak analy-
sis system (Labtronics Inc. Guelph, Ontario, 
Canada) was used in conjunction with the 
Auto-Analyzer to determine concentration 
of NO3-N and ortho-P under the continu-
ous flow analyses.

Concentrations of K, Ca, and Mg were 
determined with AAnalyst 400 (Atomic 
Absorption Spectrometer; PerkinElmer, 
USA) using USEPA methods 258.1, 215.1, 
and 242.1, respectively (USEPA 1983). 
Output from both the Auto-Analyzer and 
the atomic absorption spectrometer was 
automatically uploaded to a spreadsheet.

All sample analyses were conducted in the 
Soil and Water Research Laboratory at the 
Potato Research Centre, Agriculture and 
Agri-Food Canada, located in Fredericton, 
New Brunswick, Canada.

Raw Data Processing. Flow rate is defined 
as flow volume per second (m3 s–1) and is 
expressed as a polynomial function of water 
stage height for a given measurement point 
based on calibration. The function was 
described as

F = a + bx + cx2 + dx3 + ex4 + fx5, (1)

where F is flow rate and a, b, c, d, e, and f 
are coefficients calibrated through the flow 
meter under various stage height and flow 
conditions. The coefficients and the number 
of the function order were site dependent. At 
each stage height, flow rate was determined 
at 10 cm (3.9 in) intervals across the stream 
at 70% of water depth, and total flow volume 
was calculated by integrating the flow rate 
with depth and the entire cross section of 
the stream. The x variable is the water stage 
height (cm), which was determined by the 
datalogger (CSI) through an AC half-bridge 
function to measure the resistance of a 
tension variable potentiometer used in con-
junction with a flow-counter weight sensor. 
The stage height was then calculated using 
the relationship between the stage height and 
the resistance, which was established through 
calibration.

Discharge was defined as the total vol-
ume of water flowing through the point of 
measurement in any specific time period. An 
integration of discharge over a year gave the 
yearly discharge.

The yearly erosivity index (EI) in MJ mm 
ha–1 h–1 was computed from each rainfall 
event and was summed for an entire year by 
using the following equation modified from 
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Figure 2
(a) Daily discharge, (b) weather variables, (c) accumulated discharge, and (d) accumulated sediment yield  in the three watersheds with different 
land-use characteristics during year 2007. 
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the model described by Wischmeier and 
Smith (1978):

EI = 0.0000155 ∑ Max(Ii,1,Ii,m) ∑   [(Pi, j  - 

   Pi,j-1)(916 + 3311og(0.00164             )]

n

i = 1

m

j = 1
Pi, j-Pi, j-1
Di, j-Di, j-1  

, (2)

where n is the total rainstorm events for a 
year, i is the ith rainstorm event (i = 1…n), m 
is the total measurement number during each 
rainstorm event, j is the jth record during a 
rainstorm ( j = 1 …m), Pi,j (mm) is the jth 
recorded rainstorm amount during the rain-
storm event i, Di,j is the fractional Julian day 
corresponding to the jth recorded rainstorm 
amount during the ith rainstorm event, and 
Ii,1 and Ii,m are the first and last rainfall inten-
sity (mm h–1) in rainstorm event i. The j – 1 
defines the record prior to jth record value 
for a given rainstorm event.

Results and Discussion
Discharge Rate and Sediment Yield. To exam-
ine within-year patterns, the time-series of 
2007 are shown with corresponding weather 
parameters as an example (figure 2). Several 
points can be made about this dataset.
1. Yearly average daily discharges varied from 

0.0013 (0.0002; standard error, hereafter) 
million m3 km–2 (0.119 [0.018] million ft3 
mi–2) in the BBW to 0.002 (0.00008 and 
0.0001) million m3 km–2 (0.183 [0.007 
and 0.009] million ft3 mi–2) in the ULRW 
and LRW, respectively. However, the 
highest daily discharge reached 0.032 m3 
km–2 (2.927 ft3 mi–2) in the BBW, twice 
as high as that in the ULRW or LRW 
(figure 2a). This may be attributed to two 
interrelated reasons. First, the highest 
daily discharge in the BBW was mainly 
the result of snowmelt events that formed 
the freshets of discharge. The quicker 
snowmelt may have occurred because of 
direct exposure to sunlight, and a quicker 
flow of runoff can be formed in the 
BBW, where there was less forest cover 
than in the other watersheds. Second, the 
smaller size of the BBW meant a smaller 
buffer for runoff and a short distance 
from the places where runoff initialized 
to the stream, compared with the other 
watersheds, which translated into a quick 
concentration of runoff to the stream. 
These factors may play a role individually 
or together, depending on rainfall pattern 
and locations of forest land.

2. The discharges were primarily a function 
of climatic driving factors, like rainfall 
and snowmelt, while human activities, 
such as agricultural operations may sec-
ondarily affect variations in pattern. The 
highest peak period started Julian day 
70, and it corresponded to heavy rainfall 
events accompanied by high air tempera-
ture and rapid decreases in snow depth 
(i.e., accelerated snow melt) (figure 2b). 
During the growing season, many factors 
like cropping system, hilling, fertilizer 
application, crop canopy development, 
land management practices (BMPs), 
and watershed size could significantly 
influence the discharges as reported in 
previous research (Yang et al. 2009). For 
example, hilling up-down slope in potato 
production could increase discharge, 
while hilling along contour lines could 
potentially reduce discharge. However, 
the effect may be affected by other factors, 
such as BMPs and the slope conditions 
at the field level. At the watershed level, 
the effect may be affected by the ratio 
of both hilling approaches as well as by 
other factors like agricultural land cover-
age percent for a given growing area.

3. The smallest watershed, the BBW, had 
the highest discharge peak for days, with 
daily rainfall of >10 mm (>0.39 in). 
During the period around mid-April, 
both air and soil temperatures were above 
0°C (32°F), resulting in significant snow-
melt. Furthermore, the BBW showed a 
peak flow earlier than the ULRW and 
LRW but with shorter duration. This pat-
tern of relatively faster response with a 
shorter duration is consistent with results 
reported by other studies that have dem-
onstrated the influences of land use and 
size of watershed on discharge (Foster 
and Carter 1983; Gras et al. 1983).

4. Compared to the BBW, the ULRW was 
usually second, while the LRW was the 
third in the time of peak concentration 
and peak discharge values with regard to 
discharge. The slower response, the lower 
peak flow, and longer duration of the 
LRW and ULRW hydrographs may be 
attributed to the relatively larger size of 
both watersheds compared to the BBW 
and other factors, such as the presence of 
well-established forest, ground cover, and 
associated relatively lower temperatures, 
which delayed the initiation and rate of 
snowmelt in the LRW and ULRW.

5. For most periods of the year, the dis-
charge rate from the BBW was the 
lowest, which may be associated with the 
higher percentage of agricultural activi-
ties and the implementation of BMPs for 
soil and water conservation in the water-
shed. Contour cultivation along diversion 
terraces and disposition of concentrated 
water flow in grassed waterways con-
structed perpendicular to contour lines 
in the BBW (54% of the farmland) may 
have significantly increased infiltration 
and reduced surface runoff to the stream. 
This is consistent with previous research 
(Chow et al. 1999), which found that 
contour planting of potatoes associated 
with terracing/grassed waterway systems 
reduced runoff by as much as 150 mm 
(5.91 in) of rainfall equivalent per year.

6. Accumulated discharge, an integration 
of daily discharge over time (figure 2c), 
clearly displayed contrasting accumula-
tion patterns for the different watersheds. 
The total yearly discharge in the ULRW 
was 0.880 million m3 km–2 (80.490 ft3 
mi–2), which was only 11% higher than 
0.792 million m3 km–2 (72.440 ft3 mi–2) 
in the LRW but was 85% higher than 
0.476 million m3 km–2 (43.540 ft3 mi–2) in 
the BBW. The BBW had a shorter run-
off response time to changes in rainfall 
or other factors, such as land manage-
ment operations, compared to the other 
watersheds. The considerably greater 
increase in accumulated discharge around 
Julian day 110 in the BBW was probably 
associated with faster snowmelt on bare 
ground compared to forested ground in 
the other watersheds. However, the BBW 
had a relatively low discharge accumula-
tion over the entire year, either because 
a higher proportion of farmland was 
intensively plowed and managed, which 
may have increased evapotranspiration, or 
because a higher percentage (54%) of the 
farmland in this watershed (versus 3.7% 
for LRW and 0% for ULRW) was pro-
tected by diversion terraces and grassed 
waterways. These engineering practices 
can temporarily retain runoff from snow-
melt or rainfall and enhance infiltration, 
which in turn reduces runoff, resulting in 
a relatively lower discharge rate.

7. The accumulation rate of sediments per 
unit area (figure 2d) showed a very differ-
ent pattern from accumulated discharge. 
Preceding snowmelt, the ULRW had the 

C
opyright ©

 2011 Soil and W
ater C

onservation Society. A
ll rights reserved.

 
w

w
w

.sw
cs.org

 66(1):71-84 
Journal of Soil and W

ater C
onservation

http://www.swcs.org


77jan/feb 2011—vol. 66, no. 1journal of soil and water conservation

lowest accumulation of sediment, while 
the accumulation of sediment from the 
LRW was higher than that from the 
BBW. The higher cumulative sediment 
from the LRW may be related to a higher 
percentage of runoff from the town of 
Grand Falls and Drummond during this 
period. The accumulated sediment in the 
ULRW increased steadily over time, sug-
gesting that a constant supply of sediment 
was washed into streamwater because 
this watershed was minimally disturbed 
by human activities. Over the course of 
a year and across this primarily forested 
watershed, plant coverage varied very lit-
tle. Sediment yield in the LRW displayed 
a similar pattern to the ULRW after the 
snow was completely melted. In contrast, 
the accumulation of sediment yield dur-
ing the snowmelt season in the LRW was 
much higher than that in the ULRW. 
This may be attributed to the vigorous 
washing-out effect by the water on the 
surface of the newly thawed soil and field 
preparation for planting in the spring 
season in the LRW. In comparison, the 
sediment load in the BBW had a slightly 
lower accumulation rate before the 
snowmelt season but increased sharply 
during snowmelt, field preparation, and 
planting season. Results indicate that, on 
average, approximately 53% of discharge 
and 65% of sediment load from the BBW 
occurred during the spring snowmelt 
events in April. The high sediment load, 
which occurred during the spring snow-
melt events, may be primarily attributed 
to the retransportation of sediment from 
depression areas along the stream where 
sediment had been deposited during the 
runoff from previous growing season. 
These deposited sediments were washed 
into the stream during the spring snow-
melt events when the water level was 
higher. The deposited sediment became 
soil loss, which was measured during 
snowmelt period (Chow et al. 2000). In 
addition, the higher proportion of farm-
land in the BBW was also responsible for 
the dramatic increase in sediment dur-
ing the snow melting season (because 
over 60% of the farmland used for potato 
production was left bare over winter). 
Later in the growing season, significant 
increases of sediment accumulation in 
the BBW (around Julian day 180) may be 
caused by major rainstorms.

Discharge decreased with increasing agri-
cultural intensity, whereas the reverse was 
true for sediment. For example, during the 
period from 2003 to 2007, the mean yearly 
total discharge in the ULRW was 0.900 
(0.084) million m3 km–2 (82.320 [7.680] mil-
lion ft3 mi–2), 34.7% higher than the 0.587 
(0.069) million m3 km–2 (53.690 [6.310] 
million ft3 mi–2) from the BBW and 5.6% 
higher than the 0.849 (0.0836) million m3 
km–2 (77.650 [7.450] million ft3 mi–2) from 
the LRW (figure 3a). On the other hand, 
sediment yield in the BBW was the high-
est at 181.6 (36.26) Mg km–2 (470.34 [93.91] 
tn mi–2), followed by 121.6 (45.59) Mg km–2 
(314.94 [118.08] tn mi–2) for the LRW and 
57.0 (28.77) Mg km–2 (147.63 [74.51] tn 
mi–2) in the ULRW (figure 3b). Sediment 
yield from the BBW was twice that observed 
from the ULRW and was 50% higher than 
that from the LRW. A two-factor (water-
shed and year) ANOVA indicated that there 
were significant differences in the discharge 
rates among the watersheds (p < 0.001) but 
no significant differences among years (p > 
0.05). The analysis also showed that differ-
ences in sediment yields were significantly 
different among watersheds (p = 0.016) and 
among years (p = 0.025).

Although there are risks associated with 
deriving multiple-year trends based on 
restricted time-series data, our comparison 
of climatic variations between climate vari-
ables during this research period and the 
1970 to 2009 standard variables provided 
confidence in the multiple-year trends. The 
comparison indicated that the precipitation 

Figure 3
Comparison of (a) mean annual discharge and (b) suspended sediment yield from the three  
watersheds under different land use between 2003 and 2007. Error bars show standard error.

Notes: BBW = Black Brook watershed. LRW = Little River watershed. ULRW = Upper Little River 
watershed.
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during this period is higher by 3.8%, mean 
temperature is higher by 9.9% (3.5°C versus 
3.2°C [38.3°F versus 37.8°F]), average mini-
mum temperature is higher by 9.7% (–2.2°C 
versus –2.4°C [28.0°F versus 27.7°F]), and 
maximum temperature is higher by 4.4% 
(9.2°C versus 8.8°C [48.6°F versus 47.8°F]) 
than the standard variables, respectively. Given 
the less than 10% of variability compared to 
the standard variables, we believe that our 
findings from this study period can be used to 
describe the general trend for this region.

Annual Variations of Flow-Weighted 
Nitrogen, Phosphorus, and Potassium 
Concentrations. Figure 4a shows NO3-N 
concentrations measured from the outlets of 
the three watersheds in 2006 (2006 data were 
used because there were the fewest data gaps). 
A higher NO3-N concentration was identi-
fied in the water of the BBW than in that 
of the LRW (64% less than from the BBW), 
while a very low NO3-N concentration was 
found in the water of the ULRW (91% less 
than that from the BBW). On an annual 
basis, the NO3-N concentrations measured 
4.96, 1.76, and 0.51 mg L–1 for BBW, LRW, 
and ULRW, respectively. These measure-
ments were within the maximum acceptable 
concentration of 10 mg L–1 regulated by the 
Canadian Environmental Quality Guidelines 
(Canadian Council of Ministers of the 
Environment 1999). There was less day to 
day variation of NO3-N concentrations in 
the ULRW, while there appeared to be sea-
sonal variations in the BBW and the LRW. 
Solute dynamics in the LRW were similar to 
that in the BBW but were delayed by two to 
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eight weeks and appeared with much smaller 
magnitude. This indicates that the relatively 
large LRW may buffer and delay transporta-
tion of NO3-N to the stream.

Lower NO3-N concentrations in the 
ULRW may be attributed to zero agricul-
tural activities with no input of fertilizer. 
The only source of N input was from slow 
decomposition of litter material on the for-
est floor, resulting in a relative constant but 
low NO3-N supply in this watershed. The 
slight NO3-N reduction during the early 
spring/snowmelt season may be caused by 
the high-volume of discharge from snow-
melt, which would contain low levels of N 
and would have diluted the concentration. 
The NO3-N remained at very low level of 
<1 mg L–1 during the growing season due 
to active absorption of nitrogen by tree and 
shrub vegetations. In contrast, for the BBW 
and LRW, fertilizer application was a stan-
dard commercial agricultural practice that 
promoted growth and production of crops. 
Significant inputs of N fertilizer to cropped 
fields aiming to increase crop production 
could have changed the content of NO3-N 
in soil and soil water as well as in runoff. For 
example, statistics (1988 to 2005) showed 
that, on average, more than 80 Mg (80 tn) of 
NO3-N fertilizers were applied annually to 
the BBW (Xing et al. 2009). Before 1994, the 
total annual nitrogen fertilization load was 
below 80 Mg y–1 (80 tn yr–1). However, the 
amount of the nitrogen fertilizer varied from 
110 to 125 Mg since 1994. Even with a slight 
decreasing trend in recent years, the amount 
of the nitrogen fertilizer applied was around 
110 Mg, representing 75 kg ha–1 (67 lb ac–1) 
when calculated based on the entire area of 
the watershed or 116 kg ha–1 (103 lb ac–1) 
based only on agricultural land, averaged for 
all crops. This high amount of N fertilizer 
may have significantly enriched the NO3-N 
pool in the soil. Furthermore, the temporal 
distribution of uptake of NO3-N through 
plant growth may not precisely match these 
inputs; excess NO3-N is then either washed 
away by rainfall events to surface water sys-
tems or is leached into the groundwater. 
There was a similar process in the LRW, but 
a lower proportion of farmland (16% of total 
land area) in the watershed made the average 
NO3-N concentration in the water drained 
from the watershed lower than that from the 
BBW. While a relatively high proportion of 
forest cover in the LRW led to a high vol-
ume of discharge, which diluted the NO3-N 

 0 30 60 90 120 150 180 210 240 270 300 330 360

Figure 4
Flow-weighted concentrations of major agrichemicals measured in 2006 at the outlets of the 
watersheds with different land-use compositions. Yearly averages indicate the average of flow-
weighted concentrations. Yearly averages for nitrate-nitrogen were 4.96 mg L–1 (0.12)* for the 
BBW, 1.76 mg L–1 (0.08) for the LRW, and 0.51 mg L–1 (0.02) for the ULRW. Yearly averages for 
ortho-P were 59.93 µg L–1 (1.88) for the BBW, 22.32 µg L–1 (1.83) for the LRW, and 12.82 µg L–1 
(0.61) for the ULRW. Yearly averages for potassium were 1.85 mg L–1 (0.02) for the BBW, 0.69 mg 
L–1 (0.03) for the LRW, and 0.31 mg L–1 (0.01) for the ULRW.

Notes: BBW = Black Brook watershed. LRW = Little River watershed. ULRW = Upper Little River 
watershed. NO3-N = nitrate-nitrogen. Ortho-P = ortho-phosphorus. K = potassium. 
* Numbers in parentheses are standard error.
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released from agricultural fields, riparian 
areas along the river may also have played a 
role in trapping some of NO3-N loss dur-
ing NO3-N transport. Both of these factors 
could have helped reduce NO3-N concen-
tration in the discharge of the LRW.

A couple of observations can confi-
dently be identified on the yearly variation 
of ortho-P concentrations (figure 4b). First, 
a higher average concentration of ortho-P 
(59.33 [1.88] μg L–1) was observed in the 
water of the BBW than in that of the LRW 
(22.32 [1.83] μg L–1) (63% less) and ULRW 
(12.86 [0.61] μg L–1) (79% less). Second, there 
seemed to be seasonal patterns in ortho-P 
concentrations (higher than an average con-
centration line during Julian days 180 to 250 
and lower than an average concentration line 
during both snowmelt, i.e., around Julian 
day 100, and late fall, i.e., day 250 to 330) 
observed in the LRW and ULRW, although 
some exceptional values existed in the spring 
data of LRW (unknown reason). The lower-
than average concentration periods can 
be explained by the dilution effect result-
ing from the high volume discharge during 
spring snowmelt and higher rainfall during 
late fall following crop harvest. The higher-
than average concentrations of ortho-P 
may be attributed to active decomposition 
during the growing season and possibly fer-
tilization in agricultural areas, such as in the 
LRW. Several higher pulses of ortho-P can be 
noticed in the LRW, and these pulses may be 
associated with the washing out of P fertil-
izer during heavy rainfall events. The yearly 
pattern in the BBW was similar to those in 
other watersheds but with much higher mag-
nitude, which may be directly associated with 
fertilizer application and soil management 
activities resulting from the intensive potato 
production in the watershed. For example, 
from 1988 to 2005, approximately 55 kg of 
phosphorus pentoxide ha–1 (49 lb ac–1) was 
applied annually in the BBW, although there 
were large interyear variations (Xing et al. 
2009), which could impact annual distribu-
tions of ortho-P in the water.

Based on the 2006 dataset, the K concen-
tration was found to have several peak periods 
during the snowmelt season and again dur-
ing late fall. Higher daily flow-weighted K 
concentrations were observed in the BBW 
(1.853 [0.02] mg L–1) than in the LRW 
(0.692 [0.03] mg L–1) (64% less) and ULRW 
(0.306 [0.01] mg L–1) (83% less) (figure 4c). 
The higher K concentrations during Julian 

day 70 to 100 and 270 to 310 in the BBW 
may be related to snowmelt and bare soil 
leaching after harvest, respectively. Neither 
the LRW nor the ULRW showed any appar-
ent variations over time. Large spikes from 
Julian day 180 to day 330 observed in the 
BBW may have been due to major events 
(snowmelt, storms) coupled with serious 
disturbances of potato cropping. The K con-
centration peaks in the LRW were mostly 
synchronized with the peaks in the BBW, 
suggesting that runoff from agricultural lands 
were captured by both the BBW and LRW 
monitoring stations. Potassium application 
in farmed lands followed the same pattern 
as phosphate (Xing et al. 2009). Statistics for 
1988 to 2005 indicated that an average of 69 
kg ha–1 (62 lb ac–1) of K fertilizer was loaded 
into the BBW every year, with a fluctuation 
of every five years, probably associated with 
variation in potato growing areas in rotation 
with grain.

Multiple-Year Variations of Flow-Weighted 
Sediment and Chemical Concentrations. From 
the 2003 to 2007 dataset, flow-weighted 
sediment mean concentration varied from 
0.06 g L–1 in the ULRW to >0.3 g L–1 in the 
BBW and was around 0.13 g L–1 in the LRW 
(figure 5a). The concentration of sediment in 
the water from the BBW was 5 times higher 
than that from the ULRW and was 2.5 times 

higher than that from the LRW. Two-factor 
ANOVA indicated significant differences in 
flow-weighted concentrations among differ-
ent watersheds (p < 0.014) but no differences 
among years (p = 0.29). However, the inter-
action term between year and watershed 
yield displayed significant differences.

The mean annual flow-weighted NO3-N 
concentration (2003 to 2007) in the BBW 
was 4.39 (0.17) mg L–1, compared to 1.24 
(0.08) mg L–1 in the LRW and 0.45 (0.02) 
mg L–1 in the ULRW (figure 5b; table 2). 
Two-factor ANOVA indicated a significant 
difference among different watersheds with 
p-values < 0.0005, but there was no differ-
ence among years (py = 0.21). The NO3-N 
concentration in the water from the BBW 
was about 8.7 times higher than that from 
the ULRW and 2.5 times higher than that 
from the LRW.

The multiple year dataset (2003 to 2007) 
indicated that average yearly flow-weighted 
ortho-P concentrations were 56.43 (16.60), 
24.29 (9.8), and 19.56 (9.0) μg L–1 for the 
BBW, LRW, and ULRW, respectively (figure 
5c; table 2). Two-factor ANOVA suggested 
significant differences among watersheds and 
among years (all p < 0.001). The BBW had 
4.1 times the ortho-P concentration of the 
ULRW and 2.6 times the ortho-P concen-
tration of the LRW.

Table 2
Comparisons of flow-weighted nitrate-nitrogen (NO3-N), ortho-phosphorus (ortho-P), potassium 
(K), calcium (Ca), and magnesium (Mg) mean concentrations and other water quality indicators 
measured at the outlets of three watersheds during 2003 to 2007. (The numbers in brackets 
indicate standard errors, and py is the p-value between years while pw is the p-value between 
watersheds when a two-factor ANOVA was carried out).

Variables/indicators	 BBW	 LRW	 ULRW	 p-value

NO3-N (mg L–1) 4.39 (0.17) 1.24 (0.08) 0.45 (0.02) py < 0.21
    pw < 0.0001
Ortho-P (μg L–1) 56.43 (16.60) 24.29 (9.80) 19.56 (9.00) py < 0.0005
    pw < 0.001
K (mg L–1) 1.71 (0.20) 0.60 (0.09) 0.34 (0.04) py = 0.03
    pw < 0.001
Mg (mg L–1) 5.08 (0.47) 2.31 (0.07) 1.30 (0.02) py = 0.004
    pw < 0.0001
Ca (mg L–1) 46.89 (1.50) 24.64 (0.64) 21.10 (0.67) py < 0.04
    pw < 0.0001
pH 8.26 (0.03) 8.15 (0.06) 8.08 (0.02) py = 0.06
    pw = 0.06
Conductivity (μS s–1) 0.4 (0.03) 0.19 (0.01) 0.16 (0.01) py = 0.004
    pw < 0.0001
Water temperature (°C) 7.6 (0.48) 7.2 (0.25) 5.9 (0.20) py = 0.11
    pw = 0.005

Notes: BBW = Black Brook watershed. LRW = Little River watershed. ULRW = Upper Little River 
watershed.
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Figure 5
Flow-weighted chemical concentration means measured at the outlets of the three watersheds between 2003 and 2007. Error bars show  
standard error.

Notes: BBW = Black Brook watershed. LRW = Little River watershed. ULRW = Upper Little River watershed. NO3-N = nitrate-nitrogen. Ortho-P =  
ortho-phosphorus. K = potassium. Ca = calcium. Mg = magnesium.

Su
sp

en
de

d	
se

di
m

en
t

(g
	L

–1
)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0
 BBW LRW ULRW

Watershed

(a)

N
O

3–
N

	(m
g	

L–1
)

6

5

4

3

2

1

0
 BBW LRW ULRW

Watershed

(b)

O
rt

ho
-P

	(µ
g	

L–1
)

140

120

100

80

60

40

20

0
 BBW LRW ULRW

Watershed

(c)

K
	(m

g	
L–1

)

2.5

2.0

1.5

1.0

0.5

0.0
 BBW LRW ULRW

Watershed

(d)

Ca
	(m

g	
L–1

)

60

50

40

30

20

10

0
 BBW LRW ULRW

Watershed

(e)

M
g	

(m
g	

L–1
)

7

6

5

4

3

2

1

0
 BBW LRW ULRW

Watershed

(f)

pH

8.30

8.25

8.20

8.15

8.10

8.05

8.00
 BBW LRW ULRW

Watershed

(g)

Co
nd

uc
tiv

ity
	(µ

s	
s–1

)

0.5

0.4

0.3

0.2

0.1

0.0
 BBW LRW ULRW

Watershed

(h)

There were significant differences among 
the flow-weighted K concentrations of the 
BBW (1.71 [0.20] mg L–1), LRW (0.60 [0.09] 
mg L–1), and ULRW (0.34 [0.04] mg L–1) and 
between years (2003 to 2007) (all pw < 0.001) 
(figure 5d; table 2). However, pairwise com-
parison indicated that while the differences 

between the LRW and ULRW were statisti-
cally significant (p < 0.001), the differences 
among years between these two watersheds 
were not significant (p > 0.05). The dif-
ferences between the BBW and either the 
LRW or the ULRW were significant.

The results for indicators Ca, Mg, pH, water 
conductivity, and streamwater temperature 
showed that there were generally significant 
differences among different years and among 
watersheds for each indicator, except for pH 
and streamwater temperature (table 2; figure 
5e to 5h). The average stream temperature 
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measured at the outlet of the BBW (7.6°C 
[45.7°F]) during 2003 to 2007 was 0.4°C 
(32.7°F) higher than the temperature at the 
outlet of the LRW (7.2°C [45°F]) and was 
1.7°C (35.1°F) higher than that at the outlet 
of the ULRW (5.9°C [42.6°F]) (figure 6a). 
The differences either between the ULRW 
and the LRW or between the ULRW and 
the BBW were significant (all pw < 0.008), 
but there was no difference between the 
BBW and the LRW (pw > 0.05). The yearly 
pattern of stream temperature was very simi-
lar in different watersheds except for year 
2003 (figure 6b), although we do not have 
a reasonable explanation. While vegetation 
coverage was the predominant factor affect-
ing streamwater temperature, the distance of 
the stream exposed to direct sunlight and the 
distance from the water source to the stream 
may also have affected streamwater tempera-
ture. The relatively high concentrations of 
Ca and Mg in all watersheds may be related 
to the underlying bedrock, which is weakly 
calcareous, argillaceous, shale, and slate with 
some limestone.

Multiple-Year Agrichemical Loads. 
Agrichemical loads showed a similar pattern 
with corresponding flow-weighted concen-
trations based on statistics for the dataset 
collected from 2003 to 2007 (table 3). In 
terms of agrichemical load rates examined, 
the BBW normally had the highest values, 
while the loading for the LRW and ULRW 
were close to each other. For example, the 
NO3-N load in BBW (2.5 [0.26] Mg km–2 
y–1 [6.47 (0.67) tn mi–2 yr–1]) was 6 times 
higher than that in the ULRW (0.4 [0.04] 
Mg km–2 y–1 [1.04 (0.10) tn mi–2 yr–1]) and 
2.4 times as high as that in the LRW (1.06 
[0.12] Mg km–2 y–1 [2.75 (0.31) tn mi–2 yr–1]). 
The same dataset suggested that mean ortho-
P annual load rate did not differ much (table 
3) with values of 0.03 (0.01), 0.02 (0.01), and 
0.02 (0.01) Mg km–2 y–1 (0.08 [0.03], 0.05 
[0.03], and 0.05 [0.03] tn mi–2 yr–1) for the 
BBW, LRW, and ULRW, respectively. Mean 
annual K load did not vary much between 
the LRW and ULRW, but there was a sig-
nificant difference between the BBW and 
ULRW (table 3). Mean annual Mg loads 
were 2.86 (0.027), 1.93 (0.16), and 1.15 
(0.07) Mg km–2 y–1 (7.41 [0.07], 5.00 [0.41], 
and 2.98 [0.20] tn mi–2 y–1) for the BBW, 
LRW, and ULRW, respectively, with no sig-
nificant statistical differences among the 
different watersheds. Mean annual Ca load 
rate did not differ much between watersheds 

Figure 6
Streamwater temperature measured at the outlets of the three watersheds during years 2003 to 
year 2007: (a) Yearly mean water temperature of the different watersheds and (b) mean annual 
water temperature at the outlet of the different watersheds. Error bars show standard error.

Notes: BBW = Black Brook watershed. LRW = Little River watershed. ULRW = Upper Little River 
watershed.
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with loads of 26.93 (3.01), 20.82 (1.81), 
and 18.66 (1.30) Mg km–2 y–1 (54.21 [7.80], 
53.92 [4.69], 48.33 [3.37] tn mi–2 yr–1) for 
BBW, LRW, and ULRW, respectively.

Further Evaluation of Control Factors of 
Water Quality. A correlation analysis was 
performed to explore relationships between 
discharge, chemical loading, sediment yield, 
and either precipitation or erosivity (table 
4). Discharge rates were found to be highly 
correlated with precipitation and erosiv-
ity regardless of watershed, suggesting that 
rainfall was the main driving factor of dis-
charge. This research also revealed that there 
was a weak relationship between sediment 
loads and either precipitation or erosivity in 
the BBW, compared to higher correlations 
in other watersheds. This was probably due 
to the various soil and water conservation 
practices, like terraces/grassed waterways, 
in the BBW. These conservation practices 
in the BBW reduced carrying capacity of 
runoff to transport sediment. With a well-
calibrated Soil and Water Assessment Tool 
model, Yang et al. (2009) assessed seasonal 
and annual effects of flow diversion terraces 
on water quality for the entire BBW dur-
ing the period of 1995 to 2005 and indicated 
that flow diversion terraces implemented in 
BBW contributed to the reduction of sedi-
ment yield by 4 Mg ha–1 y–1 (1.61 tn ac–1 yr–1) 
on average, which represented a reduction 

of 56%. The flow diversion terraces system 
not only reduced the sediment loading at a 
watershed level but also reduced water yield 
during the summer growing seasons by 158 
mm y–1 (6.2 in yr–1), which represented a 
reduction of 20%.

In general, NO3-N load was highly corre-
lated with precipitation and erosivity, followed 
by K, Mg, and Ca loads for all watersheds, 
which may be related to their transporta-
tion during major rainfall events and to their 
solubility. The ortho-P load was weakly asso-
ciated with either precipitation or erosivity, 
which could have been affected by variations 
in phosphorus contents and phosphorus 
immobility in the soil, hydrologically effec-
tive rainfall or storm size, erosion potential, 
farm type, land use, and fertilization (Gaynor 
and Findlay 1995; Heathwaite and Dils 2000; 
Haygarth et al. 2005; Heathwaite et al. 2005; 
Sharpley et al. 2008). It is also noted that cor-
relations between precipitation, erosivity, and 
agrichemical parameters varied. They were 
more closely related in the BBW than in the 
LRW, followed by the ULRW. These patterns 
reflected a combination effect that resulted 
from transport distance of agrichemicals to 
streams, agricultural intensity, and spatial 
distributions of the agricultural activities. 
For example, for the correlations between 
various chemical loads and precipitation, 
erosivity was generally higher in the BBW 
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Table 3
A comparison of various chemical load means measured at the outlets of the three watersheds in northwestern New Brunswick, Canada (during 
2003 to 2007) (the value in brackets indicates the standard errors).

	 NO3-N	 Ortho-P	 K	 Mg	 Ca

Watershed	 (Mg	km–2	y–1)	 (Mg	km–2	y–1)	 (Mg	km–2	y–1)	 (Mg	km–2	y–1)	 (Mg	km–2	y–1)

BBW 2.50 (0.26)* 0.03 (0.01) 1.00 (0.18)† 2.86 (0.027) 26.93 (3.01)
LRW 1.06 (0.12)* 0.02 (0.01) 0.52 (0.11) 1.93 (0.16) 20.82 (1.81)
ULRW 0.40 (0.04)* 0.02 (0.01) 0.31 (0.05) 1.15 (0.07) 18.66 (1.30)
Notes: NO3-N = nitrate-nitrogen. Ortho-P = ortho-phosphorus. K = potassium. Mg = magnesium. Ca = calcium. BBW = Black Brook watershed. LRW = 
Little River watershed. ULRW = Upper Little River watershed.
* Indicates that significant difference can be found among three watersheds.
† Indicates that significant difference was found between the BBW and ULRW watersheds.

than in other watersheds, which indicated a 
relatively higher fertilization activity in the 
BBW because of its higher percentage of 
agricultural land than in other watersheds.

Flow-weighted concentrations of agro-
chemicals did not show close relationships 
with precipitation and erosivity, except for 
the NO3-N concentrations in the BBW. The 
high correlation between flow-weighted 
NO3-N concentration and precipitation 
was attributed to the added amount of 
nitrate as fertilizer and its extremely soluble 
nature, which makes it easily transported by 
water. Sediment concentration in the LRW 
displayed a close relationship with precipita-
tion and erosivity. Although the watershed 
is relatively large and could potentially buf-
fer the inputs from the BBW and ULRW, 

the farmland area (4.3 times the entire size 
of the BBW) likely coupled sediment yield 
to rainfall. In contrast, sediment concentra-
tion in the BBW may be affected by the high 
percentage of land with conservation systems 
(Yang et al. 2009), and in the ULRW, may be 
due to the interception of rainfall by the for-
est canopy, which can reduce the energy of 
rainfall impact.

Summary and Conclusions
This research showed that chemical loads to 
streamwater systems were a function of mul-
tiple variables, such as vegetation type, spatial 
extent of land coverage, and level of human 
activities in the watersheds.

The yearly total discharge in 2007 was 
0.880 million m3 km–2 (80.490 million ft3 

mi–2) in the ULRW, 11% higher than 0.792 
million m3 km–2 (72.440 million ft3 mi–2) 
from the LRW, and 85% higher than the 
0.476 million m3 km–2 (43.540 million ft3 
mi–2) from the BBW. Daily mean discharge 
fluctuated with different driving factors but 
mostly was associated with snowmelt, heavy 
rainfall, and the influences of land use.

Mean yearly discharge (2003 to 2007) 
from the ULRW of 0.901 million m3 km–2 
(82.320 million ft3 mi–2) was higher than 
that from the BBW (0.588 million m3 km–2 
[53.690 million ft3 mi–2]) and LRW (0.850 
million m3 km–2 [77.650 million ft3 mi–2]). 
The yearly discharge patterns were closely 
associated with rainfall amount and land 
management activities.

Multiple-year average suspended sediment 
loads (2003 to 2007) increased with increas-
ing agricultural intensity, with values of 181.6, 
121.6, and 57.0 Mg km–2 y–1 (470.34, 314.94, 
and 147.63 tn mi–2 yr–1) for the BBW, LRW, 
and ULRW, respectively, whereas the flow-
weighted suspended sediment concentrations 
were 0.33, 0.13, and 0.06 g L–1, respectively. 
The watershed dominated by forest (ULRW) 
displayed a significant reduction in suspended 
sediment load and concentration.

The multiple-year average flow-weighted 
NO3-N concentration in the BBW was 4.39 
mg L–1 compared to 1.24 mg L–1 in the LRW 
and 0.45 mg L–1 in the ULRW. The differ-
ences were statistically significant among 
watersheds but not among years.

The multiple-year averaged ortho-P concen-
tration from the BBW (56.4 μg L–1) was 63% 
higher than that from the ULRW (19.56 μg L-1) 
and was 56% higher than that from the LRW 
(24.29 μg L–1). The mean ortho-P loads and 
concentrations showed significant differences 
between different watersheds and increased 
with increasing intensity of agriculture.

The multiple-year average flow-weighted 
K concentration showed significant dif-

Table 4
Correlations between precipitation, erosivity, and various water quality variables in the Black 
Brook watershed (bold numbers indicate a correlation value > 0.6, an indicator of obvious  
correlation between two variables in this research).

	 Precipitation	 	 Erosivity

Parameters	 BBW	 LRW	 ULRW	 BBW	 LRW	 ULRW

Discharge 0.74	 0.7	 0.74	 0.76	 0.6 0.59
Sediment load 0.1 0.74 0.52 0.28 0.74 0.52
NO3-N load 0.93	 0.75 0.58 0.97	 0.92 0.58
Ortho-P load 0.25 0.28 0.17 0.1 0.63 0.17
K load 0.65	 0.66 0.48 0.87	 0.84 0.48
Mg load 0.69 0.45 0.66	 0.92	 0.69	 0.66
Ca load 0.87	 0.63	 0.76	 0.97	 0.76	 0.76
Sediment concentration 0.4 0.76 0.17 0.33 0.89 0.36
NO3-N concentration 0.62 0.4 0.01 0.25 0.69 0.35
Ortho-P concentration 0.03 0.1 0.2 0.41 0.72 0.59
K concentration 0.17 0.48 0.1 0.51 0.77 0.49
Mg concentration 0.5 0.57 0.36 0.2 0.17 0.01
Ca concentration 0.53 0.17 0.04 0.66 0.17 0.4
Notes: BBW = Black Brook watershed. LRW = Little River watershed. ULRW = Upper Little River 
watershed. NO3-N = nitrate-nitrogen. Ortho-P = ortho-phosphorus. K = potassium. Mg = 
magnesium. Ca = calcium.
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ferences between different watersheds and 
between years. The highest K concentration 
was 1.71 mg L–1 from the BBW, while it was 
0.34 mg L–1 for the ULRW and 0.60 mg L–1 
for the LRW.

Various chemical loads, except for ortho-P, 
were closely related to annual precipitation 
in the BBW but were less related to annual 
precipitation in the ULRW.

The correlation between chemical con-
centrations and rainfall and erosivity in the 
watersheds varied without any apparent 
pattern, although they were more closely 
correlated in the LRW.

The robust data collected in this research 
represents the uniqueness of high-quality 
time-series on multiple spatial scales in this 
region, which is required for further model-
ing evaluation of the impacts of agricultural 
activities on streamwater quality and for 
environmental protection under agricultural 
operation. By maintaining stream instrumen-
tation in agricultural watersheds over long 
periods of time, improvements in agricultural 
operations can be tracked and compared to 
more pristine (i.e., forested in northwestern 
New Brunswick) watersheds.
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