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ABSTRACT. We investigated downstream changes in dissolved oxygen (DO), pH, nitrate, total nitrogen 
(TN), total phosphorus (TP), Atrazine®, E. coli, and total suspended sediments (TSS) levels in two second
order watersheds with various amounts of riparian buffer coverage, and with more than 80% agriculture and 
3% residential land-use in the headwaters and 60-65% agriculture and 10% residential land-use lower in the 
watersheds. DO, pH, nitrate, TP, E. coli and TSS showed little variation in the downstream direction along 
this land-use gradient or as a function of riparian buffer coverage. However, a decrease in Atrazine and TN 
concentrations was associated with the increased percentage of land used for housing in the downstream 
direction from less than 3% to approximately 10% urban land-use. Benchmark analysis indicated overall poor 
water quality in both watersheds with respect to nitrate, E. coli, TN and TP. This study provides a baseline of 
water quality data for future studies assessing the impact of changing land-use and riparian zones on water 
quality at the watershed scale in till landscapes of the midwestern U.S., where rapid population growth leads 
to the conversion of agricultural lands into residential areas. 
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Understanding the impact of changing land
use on water quality in glacial till landscapes of 
the midwestern U.S. is critical for proper 
management of water resources at the water
shed scale. Land-use has been shown to affect 
nutrients, suspended sediment concentrations 
and overall stream water quality (Cooke & 
Prepas 1998; Sharpley et al. 1992; Kuhnle et al. 
2000; Vanni et al. 2001). For instance, there is a 
significant positive correlation between N 
exports at the watershed scale and the percent
age of watershed in crop (Hill 1978; Cooke & 
Prepas 1998). Urbanization generally results in 
higher runoff coefficients and higher losses of 
sediment and associated contaminants (McMa
hon & Harned 1998; Almendinger 2003). 
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Coulter et al. (2004) also reported that soluble 
reactive phosphorus (SRP) losses were greater 
in agricultural watersheds than in urban 
watersheds but that total phosphorus (TP) 
losses were similar in both settings, suggesting 
that the relative amount of TP and SRP varies 
as a function of land-use. McKergrow et al. 
(2003) studied the impact of a l. 7 km stretch of 
riparian zone on sediment exports in a catch
ment in Australia and showed that riparian 
zones led to a 90% reduction in sediment 
exports at the watershed scale. Data therefore 
suggest that land-use (agricultural vs. urban) 
and the occurrence of buffer zones along 
streams have an effect on water quality. There 
is nevertheless a lack of data on the impact of 
subtle land-use changes (< 20% change) on 
water quality. Understanding the impact of 
subtle land-use changes on water quality is 
nevertheless important in order to predict how 
water quality will evolve in the future as more 
land is converted from agricultural to residen
tial (urban) land-use. 
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Studies in till landscapes of the midwestem 
U.S. are especially important since nutrient 
exports from midwestem states like Indiana, 
Ohio and Illinois have been linked to pollution 
in the Gulf of Mexico where an anoxic zone 
develops every summer (Goolsby 2000; Royer 
et al. 2006). Land-use is also quickly changing 
in many watersheds of the midwestem U.S. 
that are traditionally dominated by agriculture. 
For instance, Coulter et al. (2004) indicated 
that in Fayette County, in the Inner Bluegrass 
region of Kentucky, population grew 15.6% 
between 1990 and 2000 and that many rural 
lands that were once managed for agriculture 
now support urban land-uses. Similarly, in the 
Tipton Till Plain region of central Indiana, 
Tedesco et al. (2003) estimated that the 
population in the Eagle Creek watershed, 
northwest of Indianapolis, has tripled in the 
last 40 years. The authors also project that 
population will continue to grow in this 
watershed in the years to come leading to the 
conversion of many agricultural lands into 
residential areas. Assessing water quality in 
these changing watersheds is critical in order to 
comprehend the impact of changing land-use 
on water quality and gather baseline informa
tion on water quality in these watersheds as 
these changes are taking place. 

Nutrient concentration in streams is often 
reported as an indicator of water quality as 
excess nutrient in streams has been linked to 
eutrophication (Cooke & Prepas 1998; Martin 
et al. 1999). Many studies have also focused on 
pesticide mobility in soil (Benoit et al. 1998), 
including Atrazine® losses from artificially
drained landscapes of the American midwest 
as Atrazine is widely used in this area of the 
country (Kladivko et al. 1999). Many studies 
also looked at suspended sediment concentra
tion in streams (Rostad et al. 1993; Kronvang 
et al. 1997) as high levels of suspended 
sediments have been shown to increase turbid
ity and limit the amount of light available to 
aquatic plants (U.S. EPA 2006a). The impact 
of buffer zones and various land-uses on 
bacteria concentrations such as total coliform 
and/or E. coli (Escherichia coli) concentration 
(as an indicator of fecal contamination) in 
streams have also received significant attention 
in the past few decades (Young et al. 1980; 
Schmitt et al. 1999; Dosskey 2002; Tate et al. 
2006). Other indicators of stream health re
ported in the literature include pH and 

dissolved oxygen concentration (DO). DO 
levels less than 4 mg/l have been reported to 
negatively impact aquatic life productivity and 
fish health in particular (IAC 2006). High levels 
of DO (> 125% DO saturation) have also been 
used as an indicator of poor stream health as 
they typically result from excessive algal growth 
in nutrient rich streams (Bright & Cutler 2000). 

In this study, we used dissolved oxygen 
concentration (DO), pH, nitrate (N-N03 -), 

total nitrogen (TN), total phosphorus (TP), E. 
coli, Atrazine and total suspended sediment 
(TSS) concentrations measured over a two-year 
period between April 2004 and April 2006 to 
assess water quality in two second-order 
watersheds with various amounts of riparian 
zone coverage and with more than 80% 
agriculture and 3% residential land-use in the 
headwaters and 60-65% agriculture and 10% 
residential land-use lower in the watersheds. 
Variations in DO, pH, N03-, TN, TP, E.coli, 
Atrazine and TSS as a function of land-use 
were analyzed, and the frequency at which 
water quality thresholds or water quality 
criteria identified from the literature for each 
of these parameters were exceeded or not met 
are discussed as a function of land-use (agri
cultural/urban), discharge (event flow vs. base
flow), seasons (winter/spring vs. summer/fall), 
and the occurrence of riparian buffers. 

METHODS 

Site description.-The two experimental wa
tersheds used for this study are located in Eagle 
Creek Watershed (ECW) in the Tipton Till 
Plain near Indianapolis, Indiana (Fig. 1). In
diana has a humid temperate continental 
climate. The average annual temperature for 
central Indiana is 11. 7°C with an average 
January temperature for Eagle Creek water
shed of - 3.0°C and an average July tempera
ture of 23.7°C. The long term average annual 
precipitation (1971-2000) in the watershed is 
105 cm (NOAA 2005). Highest stream dis
charge is observed in March while the lowest 
discharge occurs in September (Clark 1980). 
Topography in the area is nearly flat with slope 
angles mainly between 1-2% despite steeper 
areas with 2-6% slopes (Waldrip & Roberts 
1972). Sediments are mainly composed of till, 
outwash and patchy thin loess. These uncon
solidated glacial deposits may be several 
hundred feet thick in the watershed and are 
dominated by till. Soil profiles in Central 
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Figure 1.-Experimental site location. l) State of Indiana; 2) Eagle Creek Watershed (ECW), and 
Fishback Creek (FB) and School Branch (SB) watershed locations in ECW; 3) Stream monitoring stations in 
FB and SB watersheds (FB6, FB7, FB8, SB2, SB3, SB4). Unlabelled black dots indicate the outlets of FB and 
SB watersheds. 

Indiana and in Eagle Creek Watershed in 
particular are characterized by a 30 cm thick 
A horizon and an E horizon unless the soil has 
been ploughed extensively and generally belong 
to the Crosby-Treaty-Miami association. The B 
horizon is typically higher in clay than overly
ing and underlying horizons (Hall 1999). Most 
of central Indiana soils are poorly-drained and 
require artificial drainage in the nearly-flat till 
plain. 

The two second order watersheds used in this 
study are Fishback Creek (58 km2) and School 
Branch (23 km2). These two watersheds feed 
directly into Eagle Creek Reservoir and are 
part of the larger Eagle Creek watershed 
(Fig. 1). Land-use is similar in both watersheds 
with 60-66% of land used for row-crop 
agriculture (mainly corn-soy rotation) and 9-
10% of land used for medium density residen
tial development (urban) (Table 1). The re-

maining 30% of each watershed mainly com
prise forested or herbaceous areas. However, 
Fishback Creek has a steeper topography than 
School Branch (1.3% vs. 0.9%) and a higher 
percentage of stream bordered by riparian 
buffer at least 8 m wide (approximately 25 
feet) (66% stream length for Fishback Creek, 
33% stream length for School Branch). In 
addition, a significant land-use gradient is 
observed in both watersheds (Table 1). Six 
stream monitoring stations were established in 
these two watersheds to capture changes in 
water quality as land-use changes (Fig. 1). 
Stream monitoring stations FB8 and FB7 are 
located in the upper reaches of Fishback Creek 
and were chosen to capture the water quality 
signature of the section of the watershed with 
more than 80% agricultural land-use and little 
to no riparian buffer at least 8 m wide (approx. 
25 feet). Monitoring station FB6 was chosen 
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Table !.-Land-use information for Fishback Creek and School Branch watersheds and between each 
stream monitoring station. Total area and area between stream monitoring stations (km2), land-use (%), 
percent of stream length bordered with riparian buffer at least 8 m wide, and mean slope are also indicated. 
(* Legend: Agr.= agriculture, Urb. = urban, For.= forested, Herb = herbaceous, BZ = buffer zone). 

Area Agr.* Urb. 
(Km2) (%) (%) 

Fishback Creek 57.84 59.6 9.42 
upstream from FB8 13.29 82.19 4.31 
FB8 to FB7 10.20 84.76 3.31 
FB7 to FB6 7.88 66.68 4.81 
FB6 to outlet 26.47 39.36 16.08 

School Branch 23.2 65.9 10.5 
Upstream from SB4 13.67 86.95 3.44 
SB4 to SB3 1.22 84.67 0.41 
SB3 to SB2 3.09 53.04 26.48 
SB2 to outlet 5.22 34.22 20.92 

because 100% of the stream is buffered with at 
least 8 m wide riparian zones between FB6 and 
FB7, so the effect of buffer zones on water 
quality could be studied. In School Branch, 
stream monitoring station SB4 was established 
to capture the water quality signature of the 
upper reaches of the watershed with little to no 
buffer and mainly agricultural land-use. Stream 
monitoring station SB2 was installed to capture 
changes in water quality as urbanization 
increases from less than 4% upstream from 
SB3 to 26% between SB3 and SB2 (10% total). 

Methodology.-Watershed boundaries were 
established using ArcGIS surface hydrology 
tools and 30 m USGS digital elevation model 
(DEM) data. NRCS 1 m imagery was used to 
determine land-use in each of the watersheds 
studied. The NRCS imagery was also used to 
delineate portions of Fishback Creek and 
School Branch Creek with more than 8 m 
(approximately 25 feet) of riparian buffer. 
Stream discharge was estimated at the outlet 
of each watershed based on daily discharge 
measurements made at the USGS Zionsville 
stream gage station (Station #3353200) (Fig. 1) 
following the general equation: 

Qstation = [Astation/Azionville] Qzionsville (1) 

where Qstation is the discharge for each stream 
monitoring station (m3 per s), Qzionsville is the 
discharge measured at the USGS Zionsville 
stream gauging station (m3 per sec), Azionville is 
the area upstream from Zionsville monitoring 
station (km2) and Astation the area upstream 
from each station (km2) (USGS 2005). This 
equation was used because discharge typically 

For. Herb. BZ (%stream Mean Slope 
(%) (%) length) (%) 

15.2 14.48 65.7 1.3 
5.86 8.41 0.00 0.47 
3.51 8.93 18.68 0.56 

16.50 10.76 100.00 1.14 
22.12 21.44 88.80 1.91 

9.7 13.90 33.5 0.9 
3.23 6.21 4.51 0.39 
3.73 10.32 23.38 0.56 
2.61 2.61 7.41 0.62 

18.94 21.93 97.36 1.48 

scales linearly or nearly-linearly with contrib
uting area (Dunne & Leopold,1978; Pazzaglia 
et al. 1998). Instantaneous discharge was also 
measured in the field in 2004 to check for the 
accuracy of estimated discharge using a Dopp
ler velocity meter (SONTEK Flow Tracker). 
Daily precipitation was measured at Eagle 
Creek Airpark (Fig. 1) and high flow defined 
as the 75t percentile for discharge (Q75), i.e., 
the discharge exceeded 25% of the time based 
on long-term discharge measurements obtained 
at the USGS stream gauging station. 

Water samples were collected monthly to 
bimonthly between April 2004 and April 2005 
(8 sampling dates) and on a biweekly to 
monthly basis between April 2005 and April 
2006 (27 sampling dates). A total of 13 
sampling dates correspond to high flow condi
tions (Q > Q75). Field blanks and triplicate 
analysis of selected samples were performed for 
quality control/quality assurance and samples 
were kept on ice after sampling until return to 
the laboratory. E. coli concentration was 
measured within a few hours of collection and 
samples for total phosphorus (TP) and total 
Kjeldahl nitrogen (TKN) analyses were collect
ed in pre-acidified containers to maintain the 
pH < 2 until analysis. All other samples were 
filtered using disposable GF/F filters within 
36 h of sampling and frozen until analysis. 
Dissolved oxygen concentration and pH were 
measured in the field using a multi-parameter 
probe (YSI, 600XLM-SV). Nitrate, nitrite and 
ammonium were measured using standard 
colorimetric methods (Clesceri et al. 1998) 
using a photometric analyzer (Aquachem 20 -
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Table 2.-Dissolved oxygen (DO), pH, nitrate (N-N03 -), total nitrogen (TN), total phosphorus (TP), E. 
coli, Atrazine and total suspended sediment (TSS) thresholds used to assess stream health and water quality. 
When two thresholds are identified for one parameter, the one in italic indicates the one used primarily in this 
study. * EPA Standard for Atrazine is based on an annual average. 

Parameter Threshold Remarks Reference 

Dissolved oxygen Min: 4 mg/! For aquatic life protection IAC 2006 
If> 125% saturation Indicate excessive algal Bright & Cutler 2000 

activity due to nutrient 
enrichment 

pH Min: 6 and Max: 9 For aquatic life protection IAC, 2006 
Nitrate Max: 10 mg NII Human Toxicity EPA Drinking Water Standard 
Total nitrogen Max: 2.75 mg/! National Average for US Omernik 1977 

watersheds with 50-75% 
agriculture 

Total phosphorus Max: 0.125 mg/I National Average for US Omernik 1977 
watersheds with 50-75% 
agriculture 

E. coli Max: 235 CFU/IOOml Max for full body contact IAC 2006 
Atrazine Max: 3 µg/l* Human Toxicity EPA Drinking water standard 
Total suspended Max: 40 mg/I For aquatic life protection New Jersey Department of 

sediment 

EST Analytical). TKN was measured using the 
standard Kjeldahl Method (EPA method 
351.4) and total nitrogen (TN) calculated as 
the sum of TKN, nitrate and nitrite concentra
tions in each sample. TP was determined using 
EPA standard method 4500 PE consisting of a 
strong acid and persulfate digestion analyzed 
colorimetrically using the ascorbic acid-molyb
date blue method. E. coli concentration (most 
probable number (MPN) of colony forming 
unit (CFU) per 100 ml) was measured using the 
E. coli test using EC-MUG Medium and read 
using a fluorometer (long-wavelength UV) 
(standard method SM922l-F). The most prob
able number of colony forming units was used 
as an estimate of CFU. E. coli concentration is 
therefore reported as CFU/100 ml hereafter. 
Atrazine levels were determined by immunoas
say using the Beacon Analytical Immunoassay. 
Total suspended sediment concentrations (TSS) 
were determined by weighing oven dried (65°C) 
sediment collected on pre-washed GF/F What
man Fiber Glass filters (0.7 µm pore size). In 
order to characterize the impact of changing 
land-use (agriculture > medium density hous
ing (urban) and no buffer to buffer) on water 
quality, an analysis of the probability that 
water quality thresholds or criteria identified in 
Table 2 are exceeded or not met was conducted 
for the entire study period, the summer/fall 
period, and event flow conditions. Seasons are 

Environmental Protection 
2003 

based on the calendar year. The summer/fall 
period therefore starts on June 21 and termi
nates on December 20. 

RESULTS 

Hydrological functioning.-Figure 2 shows 
daily precipitation in mm per day from April 
2004 until April 2006 as well as daily discharge 
(m3 per sec) at the outlet of Fishback Creek 
watershed (School Branch data are not shown) 
and the distribution of sampling points for all 
stations for both watersheds over the duration of 
the study. Total precipitation from 1 April 2004 
until 31 March 2005 (Year 1) was 987 mm and 
1000 mm from 1April2005 until 31March2006 
(Year 2). When compared to monthly normals 
(1971-2000), monthly precipitation amounts 
varied on average by 45% of normal values. 
However, over the entire duration of the study 
period, Year 1 and Year 2 were only 3.0% and 
1.6% drier than the 30-year normal, respectively. 

Because discharge estimates in School 
Branch and Fishback Creek are proportional 
to discharge at the USGS stream gauging 
station (equation 1), discharge data are not 
graphed for School Branch to avoid redundan
cy and to limit the number of figures. During 
Year 1 and Year 2, discharge varied from 
0.007 m3 per sec (7 I/sec) to 19.8 m3 per sec in 
Fishback Creek (outlet) with an average 
discharge of 0.8 m3 per sec. Discharge in 
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Figure 2.-Daily precipitation (mm), average daily discharge at the outlet of Fishback Creek (m3 per s), 
and sampling dates (black dots) for all stream monitoring stations in Fishback Creek and School Branch 
watersheds between April 2004 and April 2006. 

School Branch (outlet) varied from 0.002 m3 

per sec to 8.4 m3 per sec (average = 0.3 m3 per 
sec) (data not shown). Periods of low discharge 
in both watersheds corresponded to the June
November period, especially in Year 1 during 
which no major increase in discharge was 
observed (Fig. 2). Highest discharge occurred 
during the December-May period in both years. 

In order to determine the proportion of 
annual streamflow occurring during high flow 
conditions (Q > Q75), the discharge exceeded 
25% of the time (751h discharge percentile) was 
established for each station based on long term 
discharge data at the USGS Zionsville stream 
gauging station. Figure 3 shows the results for 
the outlet of Fishback Creek as an example. 
The 75th percentile for discharge (Q75) was 
0.66 m3 per sec for Fishback Creek (outlet) 

(Fig. 3) and was 0.25 m3 per sec at the outlet 
for School Branch (data not shown). Using Q75 

and Fig. 3, which also shows cumulated daily 
discharge in descending order expressed as a 
function of the percent of the year, data 
indicated that 83. 7% of total discharge 
(377 mm) during Year 1 and 78.8% of total 
discharge (325 mm) during Year 2 occurred 
during high flow (Q > Q75) in Fishback Creek. 
Similar results were obtained for School 
Branch Creek as estimated discharge in School 
Branch is proportional to estimated discharge 
in Fishback Creek. 

Water quality data.-Average, minimum and 
maximum values for DO, pH, nitrate, TN, TP, 
E. coli, Atrazine and TSS for each stream 
monitoring station are presented in Table 3. In 
Fishback Creek, DO, pH, nitrate, TN, TP and 
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Figure 3.-Average daily discharge distribution curve (m3 per s) at the outlet of Fishback Creek (left) and 
cumulated discharge (mm) at the outlet of Fishback Creek for year I (April 2004 - March 2005) and year 2 
(April 2005 - March 2006) (right). 

E. coli values showed little variation between 
stations FB8 and FB6 with average values of 
9.7 mg/I for DO, 7.9 for pH, 5.6 mg/I for 
nitrate, 6.9 mg/I for TN, 0.2 mg/I for TP and 
2763 CFU/100 ml for E. coli. However, Atra
zine levels showed a consistent increase down
stream between FB8 and FB6 with Atrazine 
levels increasing from 1.5 to 2.4 to 3.3. 
Contrary to what was found at Fishback 
Creek, Atrazine concentrations tended to de
crease in the downstream direction in School 
Branch with average Atrazine levels for the 
study period of 2.3, 2.3 and 1. 7 µfl at SB4, SB3 
and SB2, respectively. Average TSS concentra
tions were higher in Fishback Creek (34 mg/I) 
than in School Branch (22 mg/I). TSS levels 
showed a slight decrease (16%) between FB8 
and FB6 with an average TSS concentration of 
38 mg/l at FB8, and 32 mg/I and 33 mg/I at 
FB7 and FB6, respectively. Similarly, TSS 
concentrations dropped by 13% in School 
Branch between SB4 (24 mg/l) and SB3 and 
SB2 (21 mg/l). 

Average E. coli levels in both Fishback Creek 
and School Branch varied between 1598 CFU/ 
100 ml and 4374 CFU/100 ml. TP concentra
tions were slightly higher in Fishback Creek 
(0.21 mg/I) than School Branch (0.14 mg/I) but 
showed little variation among stations as a 
function of land-use. Indeed, TP concentrations 
were comparable at SB3 (0.14 mg/I) and SB2 
(0.13 mg/I) even though land-use changed from 
< 3% urban upstream from SB3 to approxi
mately 10% urban upstream from SB2. Con
trary to Fishback Creek, where average TN 
values remained in the 6.9-7.0 mg/I range, TN 
concentrations dropped from 9.2-9.0 mg/I at 
SB4-SB3 to 7.5 mg/I at SB2 in School Branch. 

In School Branch, nitrate concentrations were 
25% higher at SB3 than at SB4 and SB2; 
however, in Fishback Creek, nitrate concentra
tions remained between 5.6--5.7 mg/I for all 
stations. As for Fishback Creek, pH (7.8-7.9) 
and DO (10.6--10.7 mg/I) values showed little 
variation between stations in School Branch. 

Benchmark analysis.-Over the duration of 
the study, DO concentrations < 4 mg/I oc
curred relatively rarely at all stations ( < 19% of 
the time); however, DO levels < 4 mg/I 
occurred more often in the upper reaches of 
the watershed (e.g., FB8, SB4) (13-19% of the 
time) than in the lower reaches (3-7% of the 
time) (Fig. 4). The pH levels remained between 
6 and 9 pH units all year for all stations. 
Nitrate levels exceeded IO mg/I, 20-30% of the 
time in School Branch and FB8 and approxi
mately 14% of the time at FB7 and FB6. A 
concentration of 2.75 mg/I for TN is exceeded 
approximately 70% of the time for both 
watersheds. In Fishback Creek and SB4, TP 
exceeded 0.125 mg/I approximately 47% of the 
time; however, this threshold was exceeded 
only 41%and35% of the time at SB3 and SB2, 
respectively. The E. coli standard for full body 
contact (235 CFU/100 ml) was exceeded be
tween 53-70% of the year in both Fishback and 
School Branch. TSS concentration exceeded 
the 40 mg/I benchmark for non-trout surface 
water (New Jersey DEP 2003) more often in 
Fishback Creek (23-31 % ) than in School 
Branch (12-18%); however, the frequency at 
which this threshold was exceeded did not vary 
consistently in the downstream direction as a 
function of land-use (School Branch) or as a 
function of the occurrence of buffer zones 
(Fishback Creek). 
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The probabilities that these same thresholds 
or criteria are exceeded or not met during the 
low flow period each year (summer/fall) are 
shown in Fig. 5. The proportion of summer/fall 
samples not meeting the water quality criteria 
identified in Table 2 was comparable to the rest 
of the year for DO and pH. However, during 
summer/fall months, water quality thresholds 
were exceeded less often for nitrate, TN, and 
Atrazine than during the entire year. For 
instance, nitrate concentrations never exceeded 
10 mg/I during the summer/fall period, even 
during summer precipitation events. Although 
Atrazine concentrations sometime exceeded the 
drinking water limit of 3 µg/l, this happened 
less often in the summer/fall period (0-9% in 
FB and 0% in SB) than during a 12-month 
period (4-12% in FB and 9-17% in SB). Data 
also indicated that although there was very 
little variation (approximately 10%) between 
stations (except at SB2) regarding TN when 
looking at 12-month averages, there was a large 
decrease (approx. 40%) in the probability of 
TN being greater than 2.75 mg/I in the down
stream direction in both watersheds in the 
summer/fall period with this threshold being 
exceeded 56%, 44% and 31 % of the time at 
FB8, FB7, and FB6, and 50%, 29% and 31% at 
SB4, SB3 and SB2, respectively. 

Contrary to other variables, high values for 
E. coli and TP occurred more often in the 
summer/fall period than during the rest of the 
year. E. coli levels above 235 CFU/100 ml 
occurred 80% of the time of the summer/fall 
period in Fishback Creek, and 68% of the time 
in School Branch, as opposed to only 60% and 
59% of the time in Fishback Creek and School 
Branch over a 12-month period, respectively. 
During summer/fall, FB7 experienced large 
increases in percent exceedence for the E. coli 
standard (93%) but average counts increased 
only slightly (Table 2). Similarly, for TP, a 
concentration of 0.125 mg/I was exceeded 53% 
of the time in the summer/fall period in both 
watersheds (44% of the time for the whole 
year). There was nevertheless one exception to 
this pattern as TP did not exceed the 0.125 mg/I 
threshold more often in summer/fall (33.3%) 
than during the rest of the year (35.5%) at SB2. 

Figure 6 indicates the probability of each 
variable exceeding thresholds identified in 
Table 2 during high flow conditions (Q > 
Q75). DO and pH levels did not exceed water 
quality criteria more often during events than 
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Figure 4.-Water quality benchmark analysis. Bar graphs indicate the probability that the water quality 
thresholds or criteria identified in Table I are exceeded or not met during a 12-month period between April 
2004 and April 2006 for each stream monitoring station in Fishback Creek (FB8, FB7, FB6) and School 
Branch (SB4, SB3, SB2). (DO =dissolved oxygen concentration, N-N03 =nitrate, TN= total nitrogen, TP 
= total phosphorus, TSS = total suspended sediments). 
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Figure 5.-Water quality benchmark analysis. Bar graphs indicate the probability that the water quality 
thresholds or criteria identified in Table I are exceeded or not met during the Summer/Fall period (June 21 to 
December 20) between April 2004 and April 2006 for each stream monitoring station in Fishback Creek (FBS, 
FB7, FB6) and School Branch (SB4, SB3, SB2). (DO = dissolved oxygen concentration, N-N03 = nitrate, 
TN = total nitrogen, TP = total phosphorus, TSS = total suspended sediments). 
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Figure 6.-Water quality benchmark analysis. Bar graphs indicate the probability that the water quality 
thresholds or criteria identified in Table 1 are exceeded or not met during high flow (Q>Q75) between April 
2004 and April 2006 for each stream monitoring station in Fishback Creek (FB8, FB7, FB6) and School 
Branch (SB4, SB3, SB2). (DO= dissolved oxygen concentration, N-N03 =nitrate, TN= total nitrogen, TP 
= total phosphorus, TSS = total suspended sediments). 
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during a 12-month period. TSS values were 
higher in the winter/spring period (36 mg/I) 
than during the summer/fall period (20 mg/l) 
(data not shown) and exceeded the 40 mg/I 
benchmark more often during events (31-53% 
of the time) than during a 12-month period 
(12-32% of the time). In Fishback Creek, 
Atrazine levels exceeded 3 µg/l an average of 
21 % of the time during events as opposed to 
only 10% of the time over a 12-month period. 
In School Branch, the probability of Atrazine 
levels being > 3 µg/l was the same during high 
flow conditions as during a 12-month period 
(13%). 

For nitrate, TN, and TP, the probability of 
these variables exceeding thresholds identified 
in Table 2 was higher during high flow 
conditions than during either the summer/fall 
period or the entire year. Nitrate concentra
tions were > 10 mg/I for 20-43% of the time 
during high flow in Fishback Creek, and for 
19-58% of the time in School Branch. TN 
levels of 2.75 mg/I were exceeded between 86-
100% of the time in Fishback Creek and 82-
85% of the time in School Branch during 
events. Similarly, the probability of TP con
centrations exceeding the 0.125 mg/I bench
mark during high flow periods was 73-79% in 
Fishback Creek, SB4 and SB3 and 58% at SB2. 

The probability of E. coli levels exceeding the 
235 CFU/100 ml maximum concentration for 
full body contact was higher during the 
summer/fall period (80% in Fishback Creek 
and 68% in School Branch) and high flow 
periods (73% in Fishback Creek and 89% in 
School Branch) than during a 12-month period 
(60% in Fishback Creek, 59% in School 
Branch). 

DISCUSSION 

Changes in water quality along the agricul
turaUurban land-use gradient.-Land-use anal
ysis indicated that there was a change in land
use from more than 80% agriculture and 3% 
residential land-use in the headwaters to 60-
65% agriculture and 10% residential land-use 
lower in the watersheds, as well as an increase 
in buffer zone coverage in the downstream 
direction in Fishback Creek. 

Changes in land-use and in the percent of the 
stream where at least 8 m wide riparian buffers 
are present seemed to have little impact on 
dissolved oxygen concentration (DO) and pH 
as little variations in pH or DO were observed 

between stations. DO values around 8-10 mg/I 
indicate a relatively well-oxygenated system 
most of the year. There are nevertheless times 
when streams were depleted in oxygen (DO < 
4 mg/I) or where DO level exceeded 125% DO 
saturation (data not shown) which indicates 
excessive algal growth due to nutrient enrich
ment (Bright & Cutler 2000). 

Similarly, when viewed over a 12-month 
period, nitrate did not seem to be affected by 
changes in land-use or buffer coverage as no 
large variations (> 25%) in nitrate concentra
tions were observed in a downstream direction 
in either watershed. Nitrate likely bypassed 
most riparian zones in drainage pipes in these 
watersheds where artificial drainage is com
mon. The fact that nitrate concentration does 
not decrease between SB4 and SB2 as land-use 
changes from < 4% urban to approximately 9-
10% urban (locally 27%) suggests that despite 
an increase in urbanization, 10% urban land
use is not enough to strongly affect nitrate 
concentration at the watershed scale over a 12-
month period. TP concentrations did not seem 
to be affected by the presence of riparian buffer 
(FB8-FB6) or land-use as TP did not vary by 
more than 0.01 mg/I between SB3 and SB2, as 
residential land-use increased (Table 1). The 
12% drop (0.16 to 0.14 mg/I) in TP concentra
tion between SB4 and SB3 did not correspond 
to any change in land-use or buffer coverage 
and was likely due to differences in phosphorus 
application or leaching rates between stations. 
This result is consistent with results reported by 
Coulter et al. (2004) in two watersheds of the 
Inner Blue Grass region of Kentucky where no 
significant changes in TP concentrations were 
observed across an agricultural to urban land
use gradient. Overall, TP concentrations were 
higher in Fishback Creek than School Branch; 
however, both watersheds had similar land-uses 
(Table !). Differences in TP concentrations 
were therefore likely due to higher P inputs in 
Fishback Creek. 

Annual averages for TN values between 7 
and 10 mg/I were high compared to other 
catchments in the United States with 50-70% 
agricultural land-use (see Table 2) (Omernik 
1977), suggesting that agricultural land-use in 
the watersheds studied generated above average 
nitrogen losses over a 12-month period. School 
Branch watershed (66% agricultural) had high
er annual TN concentrations than Fishback 
Creek (60% agricultural) despite similar per-
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centage of agricultural land-use. Buffer cover
age was higher in Fishback Creek than in 
School Branch (66% vs. 33%); however nitrate 
and TN concentrations did not decrease in 
Fishback Creek as buffer coverage increased. 
This suggests that, in addition to having little 
impact on nitrate concentrations in the stream, 
buffer zones also had little effect on stream TN 
concentrations. This result was not unexpected 
as nitrate, which constitutes most of TN, may 
bypass riparian zones via subsurface drainage. 
TN values were nevertheless typically lower at 
SB2 (7.5 mg/I) than at SB3 and SB4 (9.0-
9.2 mg/I), suggesting that the change in land
use from less than 4% urban to 10% urban 
(locally 27% urban) likely contributed to lower 
in-stream TN concentrations. These results 
were consistent with those reported by Coulter 
et al. (2004) who reported lower total nitrogen 
concentration in streams as urbanization in
creased. 

Over a 12-month period, instantaneous E. 
coli concentrations varied by several orders of 
magnitude in both streams (Table 3); however, 
average E. coli levels remained in the 1500-4500 
CFU/100 ml at all locations. Atrazine concen
trations increased downstream from 1.5 to 
3.3 µg/l in Fishback Creek and drop from 2.3 
to 1. 7 µg/l in School Branch. Although the 
decrease in Atrazine concentration in School 
Branch can be easily explained by the increase 
in urbanization in the lower reaches of School 
Branch, the increase in Atrazine level in Fish
back Creek did not correspond to either an 
increase in agricultural land-use or a decrease 
in the percentage of the stream where riparian 
zones are present. The reason for observed 
increases in Atrazine levels in Fishback Creek 
between FB8 and FB6 during events and 
winter/spring was not determined, but these 
increases were likely due to inflow from 
agricultural ditches that are concentrated in 
this area. Despite better buffer coverage in 
Fishback Creek than School Branch (66% vs. 
33% ), TSS concentrations were typically 36% 
lower in School Branch than Fishback Creek. 
This suggested that the presence of riparian 
buffer in the two watersheds studied had little 
impact on TSS concentration in these streams. 
However, other research suggests that buffer 
zones are typically very efficient at intercepting 
TSS in overland flow, with overall efficiencies 
varying between 60% and 98% depending on 
the study (Schmitt et al. 1999; Clausen et al. 
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2000; Abu-Zreig 2004). Our results therefore 
suggest that most of the suspended sediment in 
the stream may be due to stream bank erosion 
and stream incision rather than sediment losses 
from agricultural fields via overland flow. High 
sediment losses due to stream bank erosion 
have been reported in incised agricultural 
streams in northwest Mississippi (Shields et al. 
1995), and other studies have shown that in
stream sediment losses could contribute signif
icantly to overall sediment budgets at the 
watershed scale (Sekely et al. 2002; Jackson et 
al. 2005). This suggests that stream rehabilita
tion may be more effective than buffer resto
ration to minimize sediment losses in these 
watersheds. Overall, data suggest that the 
changes in land-use and buffer zone coverage 
in the watersheds studied have little impact on 
DO, pH, nitrate, TSS, E. coli, and TP. 
However, higher urbanization in the lower 
reaches of School Branch affects average 
Atrazine and TN concentrations. 

Timing of contaminant exports.-Although 
the analysis of average annual values for the 
variables investigated in this study in relation to 
changes in land-use can bring insight; a more 
detailed analysis looking at contaminant ex
ports as a function of season or discharge is 
critical to achieve a thorough understanding of 
nutrient/contaminant dynamics in the water
sheds studied. In addition, although different 
thresholds could be used to assess water 
quality, an analysis of the frequency at which 
certain water quality thresholds were exceeded 
can bring additional insights into the severity of 
water quality concerns. The analysis of stream 
discharge dynamics during the year indicated 
that discharge varied over three orders of 
magnitude between baseflow and high flow 
and that 78% to 84% of annual discharge 
occurred during only 23 to 28% of the time, i.e., 
at high flow. This illustrates the importance of 
understanding the timing of contaminant ex
port during the year and how water quality 
parameters vary as a function of discharge. The 
importance of understanding nutrient dynam
ics during high flow periods is also illustrated 
by a recent study (Royer et al. 2006) showing 
that nearly all nutrient exports in three 
watersheds in Illinois occurred at high flow. 
Seasonal trends in water quality, including 
during low flow periods, are nevertheless also 
critical to understand when it comes to 
characterizing the impact of changing land-
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use on in-stream water quality. Indeed, the 
summer/fall period corresponds to the period 
of the year when water resources are the most 
limited and when most water quality problems 
related to excess nutrients or bacteria in 
streams are observed. 

E. coli levels of 235 CFU/100 ml (maximum 
concentration for full body contact; Table 2) 
were exceeded more than 50% of the time 
throughout the watershed, suggesting a signif
icant impairment of the streams studied with 
respect to E. coli contamination. E. coli 
bacteria are typically associated with mamma
lian intestinal tracts, which suggests that some 
contamination from defective septic systems or 
runoff from livestock operations may occur in 
the watersheds. When looking at the distribu
tion of E. coli levels throughout the year, the 
235 CFU/100 ml threshold was exceeded more 
often in the summer and during events than 
during the rest of the year. This is consistent 
with the fact that E. coli colonies are more 
likely to thrive in the stream at higher 
temperature during the summer when flow is 
low, as well as likely to be transported to the 
stream with overland flow during precipitation 
events (Collins 2004). 

Contrary to E. coli, nitrate levels > 10 mg/I 
were never observed during the summer/fall 
period, including during summer/fall events. 
Nitrate losses in these two watersheds were 
therefore highly seasonal. Nitrate concentra
tions > 10 mg/I also occurred 1.5 to 2 times 
more often during events (high flow) than 
during the rest of the year. These results are 
consistent with previous data reported by Royer 
et al. (2006) indicating that most nitrate losses in 
artificially-drained landscapes of the mid western 
U.S. occur during winter-spring months and 
during events. In Fishback Creek, benchmark 
analysis indicated that nitrate concentrations > 
10 mg/I occurred more often in the upper 
reaches of the watershed during events where 
no buffer is present than in the lower reaches of 
the watershed where up to l 00% buffer coverage 
is observed. However, in School Branch, higher 
nitrate concentration occurred more often at 
SB3 (24% buffer) than SB4 (5% buffer). High 
nitrate concentrations therefore did not appear 
to be clearly linked to the percentage of stream 
with riparian buffer. As discussed earlier, this is 
not an unexpected result as most nitrate 
bypasses the riparian zone in these artificially 
drained watersheds. Differences in nitrate con-

centration between stations are therefore more 
likely to be related to differences in drain density 
than the presence of riparian buffer. 

Atrazine concentrations > 3 µg/l are also 
seasonal and rarely occurred in summer. In 
Fishback Creek, the probability of Atrazine 
exceeding 3 µg/l was twice as high during high 
flow as it was the rest of the year. In School 
Branch, the probability of Atrazine concentra
tion being > 3 µg/l during events was the same 
as for the rest of the year (12.6%). However, for 
both watersheds, Atrazine concentrations were 
much higher in the spring than during the rest 
of the year. This is illustrated by higher 
Atrazine concentrations in the streams in 
spring with average Atrazine levels of 5.5 µg/l 
in Fishback Creek (annual average = 2.4 µg/l) 
and 5.6 µg/l in School Branch (annual average 
= 2.3 µg/l) for the months of April, May and 
June. This is consistent with previous research 
on Atrazine delivery to streams. For instance, 
in a study of the transport of pesticides 
(including Atrazine) in artificially drained soil, 
Kladivko et al. (1999) indicate that 55-90% of 
pesticide losses occurred during the first storm 
event after application in the spring. Overall, 
data therefore suggest that nitrate concentra
tions in streams (and to some extent E. coli 
levels) are seasonal and that the timing of the 
first precipitation event after Atrazine applica
tion in the spring is a key factor in controlling 
Atrazine losses at the watershed scale. 

The other set of criteria used to assess the 
impact of changing land-use on water quality 
focused on variables that are indicative of some 
level of anthropogenic impact or poor stream 
health (Table 2). High TSS concentrations in
crease turbidity and decrease the amount of light 
available for stream organisms, change benthic 
habitat (U.S. EPA 2006a), and many contami
nants are also exported in association with 
suspended sediments (Rostad et al. 1993; Kron
vang et al. 1997; McDowell & Wilcock 2004). 
The 40 mg/I TSS threshold was exceeded ap
proximately 26% of the time in Fishback Creek 
and 15% of the time in School Branch suggesting 
that contamination by suspended sediments 
occurred in both watersheds but was more acute 
in Fishback Creek. This was consistent with 
higher average TSS concentration in Fishback 
Creek than School Branch despite better buffer 
coverage in Fishback Creek than School Branch. 

DO concentrations below 4 mg/I occurred 
occasionally (3-19% of the time) during the 
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year. There was nevertheless no consistent 
seasonal pattern in the occurrence of low DO 
concentration; however, low DO concentra
tions typically occur more often at FB8, FB7 
and SB4. One possibility is that lower discharge 
in the upper reaches of the watershed favors 
algal growth, which could lead to a higher 
BOD (Biological Oxygen Demand) during 
periods of algal decay. 

The thresholds used in this study for TN 
(2.75 mg/l) and TP (0.125 mg/l) are the average 
values for TN and TP concentrations in 
streams in US watersheds with 50--75% agri
cultural land-use (Omernik 1977). Exceeding 
these thresholds does not necessarily indicate 
poor water quality but rather indicates how 
high TN and TP concentrations are in the two 
watersheds studied compared to other US 
watersheds with similar land-use. TN values 
> 2.75 mg/l occurred between 69-79% of the 
time in Fishback Creek and School Branch, 
especially during high flow conditions; howev
er, as for nitrate, TN was less likely to exceed 
the 2.75 mg/l mark in the summer (29-56% of 
the time) than during a 12-month period or 
high flow conditions. For TP, concentrations 
above 0.125 mg/l were more common during 
events (58-79% of the time) than during a 12-
month period (35--48% of the time) or the 
summer/fall period (33-64% of the time). This 
is consistent with higher TP losses during 
events when in stream sediment losses and 
overland flow are likely to occur. The percent 
of stream buffered does not seem to affect TN 
or TP values. Over a 12-month period, TN was 
equally likely to exceed 2.75 mg/lat all stations 
regardless of land-use or presence of buffer 
(Fig. 4). However, TP was less likely to exceed 
0.125 mg/l at SB2 than at any other stations. 
This suggests that although average TP con
centration were comparable at SB2 (0.13 mg/l) 
(10% urban) and SB3 (0.14 mg/l) (< 4% 
urban), medium density housing likely did not 
contribute as much to high TP concentration in 
streams as agricultural land-use. 

Overall, this study provides a baseline of 
water quality data for future studies assessing 
the impact of riparian buffers and changing 
land-use on water quality in till landscapes of 
the midwestem U.S. as well as an assessment of 
the frequency at which water quality impair
ment occurs in these two watersheds. Data also 
indicate that small changes in land-use (3-10% 
urban) can have an impact on water quality 
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and suggest that more studies investigating the 
impact of subtle land-use changes on water 
quality should be conducted to predict water 
quality changes in watersheds where rapid 
population growth leads to the conversion of 
agricultural lands into residential areas. 

ACKNOWLEDGMENTS 

This research was supported by Central 
Indiana Water Resources Partnership 
(CIWRP) grants to Drs. Vidon, Tedesco and 
Wilson and by two Central Indiana Water 
Resources Partnership Fellowships to L.R. 
Casey and M.A. Campbell. The CIWRP is a 
research and development partnership between 
IUPUI and Veolia Water Indianapolis, LLC. 
The authors would like to thank the Center for 
Earth and Environmental Science at Indiana 
University-Purdue University at Indianapolis 
for logistical support and Bob. E. Hall and 
Vince Hernly for technical and field support. 

LITERATURE CITED 

Abu-Zreig, M.R.P. Rudra, M.N. Lalonde, H.R. 
Whiteley & N.K. Kaushik. 2004. Experimental 
investigation of runoff reduction and sediment 
removal by vegetated filter strips. Hydrological 
Processes 18:2029-2037. 

Almendinger, J. 2003. Watershed hydrology of 
Valley Creek and Browns Creek: Trout streams 
influenced by agriculture and urbanization in 
eastern Washington County, Minnesota, 1998-
99. Report to the Legislative Commission on 
Minnesota Resources: St. Croix Watershed Re
search Station, Science Museum of Minnesota. 86. 

Benoit, P., E. Barriuso, P. Vidon & B. Real. 1998. 
Isoproturon sorption and degradation in a soil 
from grassed buffer strip. Journal of Environmen
tal Quality 28:121-129. 

Bright, G. & A. Cutler. 2000. A biological assessment 
of the Eagle Creek Reservoir watershed to 
diagnose water quality problems. Commonwealth 
Biomonitoring. Indianapolis, Indiana. http://men. 
tcon.net/5012/0614/eaglecr.pdf. (date accessed: 07/ 
14/05). 

Clark, G.D. 1980. The Indiana Water Resource -
Availability, Uses, and Needs. Governor's Water 
Resource Study Commission. State of Indiana: 
Indiana Department of Natural Resources. 508. 

Clausen, J.C., K. Guillard, C.M. Sigmund & K.M. 
Dors. 2000. Water quality changes from riparian 
buffer restoration in Connecticut. Journal of 
Environmental Quality 29:1751-1761. 

Clesceri, L.S., A.E. Greenberg & A.D. Eaton. 1998. 
Standard Methods for the Examination of Water 
and Waste Water. 20th Edition. American Public 
Health Association, Washington, DC2005-2605. 



122 PROCEEDINGS OF THE INDIANA ACADEMY OF SCIENCE 

Collins, R. 2004. Fecal contamination of pastoral 
wetlands. Journal of Environmental Quality 
33:1912-1918. 

Cooke, S.E. & E.E. Prepas. 1998. Stream phosphorus 
and nitrogen export from agricultural and forested 
watersheds on the boreal plain. Canadian Journal 
of Fisheries and Aquatic Sciences 55:2292-2299. 

Coulter, C.B., R.K. Kolka & J.A. Thompson. Water 
quality in agricultural, urban and mixed land use 
watersheds. Journal of the American Water 
Resources Association 40(6):1593-1601. 

Dosskey, M.G. 2002. Setting priorities for research 
on pollution reduction functions of agricultural 
buffers. Environmental Management 30:641-650. 

Dunne, T. & L.B. Leopold. 1978. Water in Environ
mental Planning: New York. W.H. Freeman and 
Company. 818. 

Goolsby, D.A. 2000. Mississippi basin nitrogen flux 
believed to cause Gulf hypoxia: EOS, American 
Geophysical Union. Transactions 8129:321-327. 

Hall, R.D. 1999. Geology of Indiana. 2nd Edition, 
IUPUI Department of Geology and Center for 
Earth and Environmental Science. 153. 

Hill, A.R. 1978. Factors affecting the export of 
nitrate-nitrogen from drainage basins in southern 
Ontario. Water Research 12:1045-1057. 

Indiana Administrative Code Title 327. Water 
Pollution Control Board. 2006. http://www.state. 
in. us/legislative/iac/title327 .html (date accessed: 
10/24/06). 

Jackson, C.R., J.K. Martin, D.S. Leigh & L.T. West. 
2005. A southeastern Piedmont watershed sedi
ment budget: Evidence for a multi-millennial 
agricultural legacy. Journal of Soil and Water 
Conservation 606:298-310. 

Kladivko, E.J., J. Grochulska, R.F. Turco, G.E. Van 
Scoyoc & J.D. Eigel. 1999. Pecticide and nitrate 
transport into subsurface tile drains of different 
spacings. Journal of Environmental Quality 28: 
997-1004. 

Kronvang, B., A. Laube! & R. Grant. 1997. 
Suspended sediment and particulate phosphorus 
transport and delivery pathways in an arable 
catchment, Gelbaek stream, Denmark. Hydrolog
ical Processes 11:627-642. 

Kuhnle, R., S. Bennett, C. Alonso, R. Bingner & E. 
Langendoen. 2000. Sediment transport processes 
in agricultural watersheds. International Journal 
of Sediment Research 15:182-197. 

Martin, T.L., N.K. Kaushik, J.T. Trevors & H.R. 
Whiteley. 1999. Review: Denitrification in tem
perate climate riparian zones. Water, Air and Soil 
Pollution 111: 171-186. 

McDowell, R.W. & R.J. Wilcock. 2004. Particulate 
phosphorus transport within streamflow of an 
agricultural catchment. Journal of Environmental 
Quality 33:2111-2121. 

McKergrow, L.A., D.M. Weaver, I.P. Prosser, R.B. 
Grayson & A.E. Reed. 2003. Before and after 

riparian management: Sediment and nutrient 
exports from a small agricultural catchment, 
Western Australia. Journal of Hydrology 270: 
253-272. 

McMahon, G. & D.A. Harned. 1998. Effect of 
environmental setting on sediment, nitrogen, and 
phosphorus concentrations in Albemarle-Pamlico 
drainage basin, North Carolina and Virginia, 
USA. Environmental Management 22:887-903. 

New Jersey Department of Environmental Protec
tion. 2003. Surface Water Quality Standards 
N.J.A.C. 7:9B. http://www.state.nj.us/dep/wmm/ 
sgwqt/swqsdocs.html (accessed on 11/09/06). 127. 

NOAA. 2005. Climatological Data, Indianapolis. 
National Oceanic and Atmospheric Administra
tion, National Climatic Data Center: http://www. 
crh.noaa.gov/ind/climatenormals.txt. Date accessed: 
16 January 2005. 

Omernik, J.M. 1977. Nonpoint source - stream 
nutrient level relationships: A nationwide study. 
EPA Ecological Research Series EPA-600/3-77-
105, U.S. Environmental Protection Agency -
Corvallis, Environmental Research Laboratory, 
Corvallis, Oregon. 151. 

Pazzaglia, F.J., T.W. Gardner & D.J. Merritts. 1998. 
Bedrock fluvial incision and longitudinal profile 
development over geologic time scales determined 
by fluvial terraces. In Rivers over rock: Fluvial 
processes in bedrock channels (K.J. Tinkler & 
E.E. Wohl, eds.). American Geophysical Union 
Geophysical Monograph, 107:207-236. 

Rostad, C.E., L.M. Bishop, G.S. Ellis, T.J. Leiker, 
S.G. Monsterleet & W.E. Pereira. 1993. Organic 
contaminants associated with suspended sediment 
collected during five cruises of the Mississippi River 
and its principal tributaries, May 1988 to June 1990. 
US Geological Survey. Open-file Report. 93-360. 

Royer, T.V., M.B. David & L.E. Gentry. 2006. 
Timing of riverine export of nitrate and phospho
rus from agricultural watersheds in Illinois: 
Implications for reducing nutrient loading to the 
Mississippi River. Environmental Science and 
Technology 40:4126-4131. 

Schmitt, T.J., M.G. Dosskey & K.D. Hoagland. 
1999. Filter strip performance and processes for 
different vegetation, widths, and contaminants. 
Journal of Environmental Quality 28:1479-1489. 

Sekely, A.C., D.J. Mulla & D.W. Bauer. 2002. 
Streambank slumping and its contribution to the 
phosphorus and suspended sediment loads of the 
Blue Earth River, Minnesota. Journal of Soil and 
Water Conservation 575:243-250. 

Sharpley, A.N., S.J. Smith, O.R. Jones, W.A. Berg & 
G.A. Coleman. 1992. The transport of bioavail
able phosphorus in agricultural runoff. Journal of 
Environmental Quality 21 :30-35. 

Shields, F.D., S.S. Knight & C.M. Cooper. 1995. 
Rehabilitation of watersheds with incising chan
nels. Water Resources Bulletin 316:971-982. 



VIDON ET AL-STREAM WATER QUALITY 

Tate, K.W., E.R. Atwill, J.W. Bartolome & G. 
Nader. 2006. Significant Escherichia coli atten
uation by vegetative buffers on annual grass
lands. Journal of Environmental Quality 35:795-
805. 

Tedesco, L., E. Atekwana, G. Filippelli, K. Licht, L. 
Shrake, B. Hall, D. Pascual, J. Latimer, R. Raftis, 
D. Sapp & G. Lindsey. 2003. Water quality and 
nutrient cycling in three Indiana watersheds and 
their reservoirs: Eagle Creek/Eagle Creek reser
voir, Fall Creek/Geist reservoir and Cicero Creek/ 
Morse reservoir. Central Indiana Water Resourc
es Partnership - Preliminary Report of Findings 
of an In-depth Research Program. CEES Pub
lication 2003-01. IUPUI, Indianapolis, Indi
ana. 163 pp. (http://www.cees.iupui.edu/Research/ 
Water_Resources/CIWRP/Publications/Reports/ 
W a tersheds-2003/index. h tm) 

U.S. Environmental Protection Agency. 2006a. 
Monitoring and assessing water quality. http:// 
www.epa.gov/volunteer/stream/vms55.html (date 
accessed: 10/24/06). 

123 

U.S. Environmental Protection Agency. 2006b. Water 
quality standards. http://epa.gov/waterscience/ 
standards/wqslibrary/in (date accessed: 10/24/06). 

U.S. Geological Survey. 2005. Evaluation of drain
age-area ratio method used to estimate streamflow 
for the Red River of the North Basin, North 
Dakota and Minnesota. Scientific Investigations 
Report 2005-5017. 

Vanni, M., W. Renwick, J. Headworth, J. Auch & 
M. Schaus. Dissolved and particulate nutrient flux 
from three adjacent agricultural watersheds: A five
year study. Biogeochemistry 54:85-114. 

Waldrip, D.B. & M.C. Roberts. 1972. The distribu
tion of slopes in Indiana. Proceedings of Indiana 
Academy of Science 81 :251-257. 

Young, R.A., T. Hundtrods & W. Anderson. 1980. 
Effectiveness of vegetated buffer strips in control
ling pollution from feedlot runoff. Journal of 
Environmental Quality 9:483-487. 

Manuscript received 15 January 2008, revised 20 June 
2008. 


	2008vol117no2 img015_page 107
	2008vol117no2 img016_page 108
	2008vol117no2 img017_page 109
	2008vol117no2 img018_page 110
	2008vol117no2 img019_page 111
	2008vol117no2 img020_page 112
	2008vol117no2 img021_page 113
	2008vol117no2 img022_page 114
	2008vol117no2 img023_page 115
	2008vol117no2 img024_page 116
	2008vol117no2 img025_page 117
	2008vol117no2 img026_page 118
	2008vol117no2 img027_page 119
	2008vol117no2 img028_page 120
	2008vol117no2 img029_page 121
	2008vol117no2 img030_page 122
	2008vol117no2 img031_page 123

