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Abstract Diffuse sources of surface water pathogens
and nutrients can be difficult to isolate in larger river
basins. This study used a geographical or nested ap-
proach to isolate diffuse sources of Escherichia coli
and other water quality constituents in a 145.7-km”
river basin in south central Texas, USA. Average
numbers of E. coli ranged from 49 to 64,000 colony
forming units (CFU) per 100 mL depending upon
season and stream flow over the l-year sampling
period. Nitrate-N concentrations ranged from 48 to
14,041 pugL™' and orthophosphate-P from 27 to
2,721 ugL™'. High concentrations of nitrate-N, dis-
solved organic nitrogen, and orthophosphate-P were
observed downstream of waste water treatment plants
but E. coli values were higher in a watershed draining
an older part of the city. Total urban land use explained
between 56 and 72 % of the variance in mean annual
E. coli values (p<0.05) in nine hydrologically discon-
nected creeks. Of the types of urban land use, com-
mercial land use explained most of the variance in E.
coli values in the fall and winter. Surface water sodi-
um, alkalinity, and potassium concentrations in sur-
face water were best described by the proportion of
commercial land use in the watershed. Based on our
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nested approach in examining surface water, city offi-
cials are able to direct funding to specific areas of the
basin in order to mitigate high surface water E. coli
numbers and nutrient concentrations.
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Introduction

Point source discharges are often a relatively constant
source of contamination, as the discharge permit hold-
er typically operates at a steady capacity (Cotman et
al. 2008). One major point source in urban watersheds
is wastewater treatment plant effluent which has been
shown to have a large impact on stream water quality
(Petersen et al. 2006; Carey and Migliaccio 2009;
Aitkenhead-Peterson et al. 2009, 2011). Yet, wastewa-
ter treatment is imperative for maintaining clean cities,
preserving healthy surface waters and lowering the
incidence of devastating water-borne diseases. Non-
point or diffuse sources, on the other hand, contribute
Escherichia coli, nutrients, and other chemical constit-
uents to surface waters diffusely from a large area,
often without immediate or obvious signs of contam-
ination. Common nonpoint sources in urban and rural
watersheds include landscape and lawn fertilizer, top-
soil erosion, municipal tap water used for irrigation,
domestic animal and wildlife waste, and runoff from
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impervious surfaces. These sources generally have a
varying influence based on frequency and intensity of
precipitation events (Cotman et al. 2008). Two notable
exceptions to this are the impacts of irrigation water
chemistry seen more often during dry weather and the
contribution of septic systems, which yield a steady-
state nutrient enrichment and also have more of an
impact on water quality during low flow when dilution
effects are minimal (Clinton and Vose 2006).

In 2002, only 19 % of rivers and streams in the USA
had been evaluated for designated uses, and 39 % of
this evaluated river mileage had bacterial impairments
(Arnone and Walling 2007). In response, watershed
managers with surface water fecal bacteria impair-
ments sought methods for determining the source of
bacterial impairment. A large bacterial load to a stream
may come from a number of source vectors, including
wildlife, birds, pets, livestock, or humans. Although
bird and wildlife contributions cannot be readily
changed and in many cases are encouraged in natural
riparian areas (Tufford and Marshall 2002), planning,
research, and management of the watershed can reduce
contributions from human and domesticated animal
waste through the implementation of best management
practices (Dickerson et al. 2007).

E. coli are easily culturable, gram-negative coliform
bacteria which grow abundantly in the lower intestines
of warm-blooded animals and are expelled in feces
(Winfield and Groisman 2003). The presence of fecal
indicator bacteria in surface waters such as E. coli also
means that there is a potential for pathogens as well.
Besides pathogenic strains of E. coli (e.g., 0157:H7),
other water-borne pathogenic bacteria include Salmo-
nella spp., Shigella spp., Vibrio cholerae, and Legion-
ella pneumophila (Arnone and Walling 2007).
Reducing the amount of indicator bacteria reaching
surface water by eliminating human sources will also
reduce pathogens, and thus reduce the potential for
water-borne diseases (Clinton and Vose 2006). Weather
patterns also play a major role in fluxes of fecal bacteria.
Muirhead et al. (2004) postulated that during dry peri-
ods, fecal bacteria in a watershed are stored on the land
surface and in the bottom sediments of the stream chan-
nel. These two pools of fecal bacteria then are likely to
become sources during a rain event, causing a dramatic
increase in surface water E. coli numbers at high flow.
During this “first flush,” colony forming units (CFU)
per 100 mL of E. coli increased by 2 orders of magni-
tude compared to base flow values (Muirhead et al.

@ Springer

2004). The objective of this study was to examine the
creek chemistry and E. coli in a large subtropical basin
in south central Texas with the view of identifying
nonpoint source areas of E. coli and other water quality
constituents.

Materials and methods
Site description

The Carters Creek basin, situated in the Coastal Plains
ecoregion, is a tributary of the Navasota River situated in
Brazos County, Texas, USA. The Carters Creek basin is
dominated by the twin cities of Bryan and College Station
with a combined metropolitan population of 190,000.
Average annual temperature is 20 °C and annual precip-
itation averages 1,000 mm. The underlying parent mate-
rial is predominantly residuum from sandstone and shale
or loamy/clayey alluvium over the Yegua geologic forma-
tion from the Eocene age. Soils are mainly alfisols under-
lain with marine clays (Aitkenhead-Peterson et al. 2011).

Carters Creek has been identified by the Texas
Commission on Environmental Quality as impaired
for bacteria since 1999; in addition, Burton Creek, a
tributary of Carters Creek, has been identified as im-
paired for bacteria since 2006. Both Carters Creek and
Burton Creek were also listed as concerns for water
use attainment and screening levels in June 2007 for
nitrate and orthophosphate.

Fifteen watersheds within Carters Creek basin drain
land with uses varying from agriculture and rangeland
to developed urban and residential areas (Fig. 1;
Table 1). A nested watershed design was used for this
study to better monitor and isolate those watersheds
responsible for high E. coli and nutrient concentrations
in the Carters Creek basin.

Geographical analysis

To examine the effect of land use on E. coli and nutrient
concentrations, we examined land use within nine of the
15 watersheds to produce a set of independent, hydrolog-
ically disconnected watersheds (headwaters) (Fig. 1).
Land use was estimated using geographical information
systems in ArcView 9.3 (ESRI Inc., Redlands, CA). To
determine the polygon shapes of the watersheds, a Strat-
map DEM was overlaid with the National Hydrography
Dataset or NHD to find the ridges of the watershed
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Fig. 1 Spatial distribution
of our nested and indepen-
dent study watersheds. All
circles represent complete
group of 15 nested water-
sheds. Black circles repre-
sent the nine hydrologically
disconnected watersheds
used for regression and cor-
relation analysis and gray
circles represent the water-
sheds sampled downstream
of waste water treatment
plants

boundaries. Zoning data from 2008 were obtained from College Station city limits, the USGS National Land
the cities of Bryan and College Station to provide the most Cover Dataset for 2001 was used. This land cover data
recent land use data. For the land area outside of Bryan or set was clipped with the watershed polygons upstream of

Table 1 Land use in the 15 nested watersheds sampled between July 2007 and June 2008

Urban

Residential Commercial Industrial Transport Other urban Crop/pasture Forest Range

(%) (%) (%) (%) (%) (o) (o) (%)
Bee® 61 13 2 1 4 4 0 14
Briar 1 73 14 0 0 13 0 0 0
Briar 2* 88 4 0 0 8 0 0 0
Burton 1 57 32 6 0 5 1 0 0
Burton 2 53 31 8 0 7 0 0 0
Burton 3* 67 30 0 0 1 2 0 0
Burton 4° 59 39 0 0 1 0 0 0
Burton 5° 38 23 21 0 16 1 0 0
Carter 1 20 10 5 2 2 18 0 42
Carter 2° 42 24 1 4 6 0 1 21
Carter 3° 14 8 32 4 0 2 0 39
Carter 4 38 18 4 2 5 8 0 24
Carter 5 34 14 3 1 7 9 5 29
Hudson® 8 2 0 0 55 1 2 33
Wolfpen® 43 49 0 0 2 0 5 0

Land use was classified according to city zoning maps

? The independent watersheds used for regression analysis with land use to avoid upstream bias
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each sampling site, and the land use percentages for each
watershed were calculated.

Sample collection and analysis

Grab samples were collected from the 15 creeks mid-
channel and mid-depth using a sterile 500-mL whirl-pak
bag every 2 weeks between July 2007 and June 2008.
Samples were taken from bridges on the upstream side
to aid ease of collection. Electrical conductivity
(EC) and pH were quantified on unfiltered aliquots
and the samples were transported on ice for analysis of
E. coli and chemical constituents within 6 h of
collection.

Determination of E. coli

Aliquots of creek samples were filtered through a sterile
0.45-um Millipore filters and incubated on modified
mTEC agar for 2 h at 35 °C and 22-24 h at 44.5 °C
according to EPA Method 1603 (USEPA 2002).

Water chemistry analysis

Aliquots of creek samples were syringe filtered
through ashed (400 °C for 5 h) Whatman GF/F filters
(0.7 um nominal pore size). Further aliquots were
filtered through 0.2 pum Pall filters in readiness for
cation and anion analysis. Samples were either ana-
lyzed on the day of collection or frozen in acid-washed
high-density polyethylene bottles. Dissolved organic
carbon (DOC) and total dissolved nitrogen (TDN)
were measured using high-temperature Pt-catalyzed
combustion with a Shimadzu TOC-Vcgy and Shi-
madzu total measuring unit TNM-1 (Shimadzu Corp.
Houston, TX, USA). Dissolved organic carbon was
measured as non-purgeable carbon using USEPA
method 415.1 which entails acidifying the sample
and sparging for 4 min with C-free air. Ammonium
was analyzed using the phenate hypochlorite method
with sodium nitroprusside enhancement (USEPA
method 350.1) and nitrate was analyzed using Cd-Cu
reduction (USEPA method 353.3). Alkalinity was
quantified using methyl orange (USEPA method
310.2) and was assumed to be in the form of bicar-
bonate. All colorimetric methods were performed with a
Smartchem Discrete Analyzer (Westco Scientific Instru-
ments Inc. Brookfield, CT, USA). Dissolved organic
nitrogen (DON) is the difference of TDN — (NH4-N +
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NO;-N). Calcium, magnesium, potassium, and sodium
were quantified by ion chromatography using an Ionpac
CS16 analytical and Ionpac CG16 guard column for
separation and 20 mM methanesulfonic acid as eluent
at a flow rate of | mLmin ' and injection volume of
10 pL using a Dionex ICS 1000 (Dionex Corp. Sunny-
vale, CA, USA). A Dionex ICS 2000 was used to
quantify F~, CI", Br, NO,~, SO,*", and PO,*". The
anions were separated using an lonpak AS20 analytical
and Ionpak AG20 guard columns, with 35 mM KOH as
eluent, a flow rate of 1 mLmin ', and an injection
volume of 25 pL.

Check standards and NIST traceable standards were
run every 12th sample to test for instrument precision.
The coefficient of variance between replicates was
typically less than 2 % for colorimetric analysis and
ion chromatography and less than 5 % for DOC and
TDN. The sodium adsorption ratio (SAR) of each
creek was calculated in units of milliequivalents per
liter (Eq. 1)

[Na"]
V3 ((Cart] + [Mg>))
SAR takes into account not only the concentration
of dispersing sodium-derived positive charge but also

the opposing flocculent effect of the divalent cation
charge.

SAR = (1)

Statistical analysis

Data were checked for normality and transformed
prior to statistical analysis if necessary. Mean values
and standard deviation for high flow and low flow for
each season (summer, June—August; fall, September—
November; winter, December—February; and spring,
March—-May) were calculated for E. coli, nitrate-N,
and orthophosphate-P. The mean annual concentra-
tions and standard deviation for high flow and low
flow were calculated for pH, electrical conductivity,
DOC, DON, ammonium-N, cations, and anions. A
two-tailed two sample ¢ test assuming equal variance
was used to determine if high or low flow produced
significantly higher E. coli or creek chemical constit-
uents during each season or over the annual sampling
period. To examine relationships between surface wa-
ter E. coli and watershed land use, we used linear
regression analysis on an independent set of nine
watersheds that were not hydrologically connected.
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We also used the independent set of watersheds for
Pearson bivariate correlation analysis to examine cor-
relations between surface water chemistry and surface
water chemistry and land use as an aid to determine
likely sources to surface waters. SPSS v.16 was used
for statistical analysis.

Results
E. coli

Colony forming units of E. coli tended to be higher in
creeks during high flow and during the spring and
summer seasons (Table 2). Only one high flow sample
was taken during the summer season so we were
unable to run statistical analysis of significant differ-
ences between low and high flow. Nevertheless, sum-
mer high flow E. coli values were an order of
magnitude higher during high flow relative to low
flow (Table 2). During the fall, Bee, Burton 3 and 5,
Carter 2 and 3, and Wolfpen had significantly higher
E. coli during high flow (Table 2). In the winter,
Burton 1 and 4, Carter 1, Hudson, and Wolfpen had
significantly higher E. coli values during high flow
(Table 2). In the spring, all creeks had significantly
higher E. coli values during high flow with the excep-
tion of Briar 1, Burton 3 and 5, and Carter 4 and 5
(Table 2). No single creek had consistently highest or
lowest E. coli values through seasons and flows. The
Burton creeks tended to have higher E. coli values
during summer and fall low flows and during the
summer, fall, and winter high flows (Table 2). During
low flow in the fall, winter, and spring, Burton 1 had
the lowest E. coli values illustrating a dilution effect as
the surface water traveled from the headwaters of
Burton 3, 4, and 5 to the confluence at Burton 1 prior
to joining the main stem of Carters Creek.

Because of the potential fecal source of E. coli in our
creeks, we also examined nitrate-N and orthophosphate-
P concentrations by season and flow. Nitrate-N concen-
trations were higher at the creeks sampled downstream
of a wastewater treatment plant (WWTP) during all
seasons and flow (Table 3). No one creek had consis-
tently lower nitrate-N concentrations, although Carter 3,
the most rural of the creeks, had lower nitrate-N con-
centrations in the summer and spring during low flow
and during the winter and spring during high flow. There
were some significant differences in nitrate-N

concentration between low and high flow. During the
fall, Bee and Burton 14 all had significantly higher
nitrate concentrations during high flow (Table 3). Dur-
ing the winter, Carter 5 and Burton 3 had higher nitrate-
N concentrations during high flow relative to low flow,
and during the spring, Bee, Briar 2, Burton 1, 2, and 4,
and Carter 2 and 3 had higher nitrate-N concentrations at
high flow relative to low flow (Table 3).

Orthophosphate-P concentrations were also
higher in those creeks sampled downstream of a
WWTP during all seasons and flows except high
flow in winter when Wolfpen had the highest
concentration of orthophosphate-P and during high
flow and in the summer when Burton 4 had the
highest concentration of orthophosphate-P. The head-
water creeks of the Carters Creek basins (Carter 2 and
3) tended to have lower orthophosphate-P concentra-
tions over all seasons and flow (Table 4). There were
significantly higher orthophosphate-P concentrations in
some of the creeks during high flow relative to low
flow and in some of the creeks significantly higher
orthophosphate-P concentrations at low flow relative
to high flow (Table 3). Orthophosphate-P concentra-
tions were significantly higher during high flow in
Burton 1, Burton 3, and Carter 3 during the spring,
winter, and fall, respectively. Carter 5 had signifi-
cantly higher orthophosphate-P concentrations during
low flow in the winter and Wolfpen significantly
higher concentrations during low flow in the spring
(Table 3).

There was no statistically significant seasonal trend
in creek orthophosphate concentrations during either
low or high flow. Some creeks had lower orthophos-
phate concentrations in the fall and others in the winter
during low flow but during high flow a similar pattern
was not observed.

pH and electrical conductivity

There was no significant difference in creek pH be-
tween high and low flow (Table 5). During low flow
pH ranged from 7.3 to 8.9 and during high flow it
ranged from 7.4 to 8.3. Conductivity ranged from 292
to 1,198 uS cm ' during low flow conditions and from
218 to 721 uS cm ' during high flow conditions.
There were some significant differences in conductiv-
ity between low and high flow in some of the creeks
with low flow conductivity being significantly higher
than high flow conductivity (Table 5).
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Fig. 2 Relationships between E. coli and land use during high
flow in nine hydrologically disconnected creeks. Note differ-
ences in values along the y-axis. *p<0.05, significant; ** p<

Dissolved organic carbon and organic nitrogen

Dissolved organic carbon ranged from 26.0 to
58.9 mgL™' during low flow and from 22.0 to
49.0 mgL™" during high flow. There was no signifi-
cant difference in DOC concentrations between high
and low flow in any of the study creeks. Dissolved
organic nitrogen ranged from 0.58 to 3.29 mgL '
during low flow and from 0.76 to 1.45 mgL™" during
high flow. Similar to DOC, there was no significant
difference in DON concentrations between low and
high flow in any of the creeks (Table 5).

Ammonium-N

Ammonium-N ranged from 0.05 to 0.15 mgL ™" during
low flow and from 0.03 to 0.17 mgL ™" during high flow.

@ Springer
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0.01, significant. Only seven of the nine streams had samples for
the summer high flow (a)

We found no significant difference in concentrations
between low and high flow in any of the creeks.

Base cations

Sodium was the dominant base cation in all creeks.
There was no significant difference between low and
high flow concentrations of base cations in any of the
creeks sampled (Table 6). Sodium concentrations
ranged from 36 to 232 mgL ™' during low flow and
from 28 to 139 mgL™' during high flow with the
highest concentrations during both flows observed at
Wolfpen creek and the two sites downstream of waste-
water treatment plants. Potassium concentrations
ranged from 3.7 to 7.0 mgL™" during low flow and
from 3.3 to 5.9 mgL™' during high flow with the
highest concentrations observed in those creeks
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sampled downstream of a wastewater treatment plant.
Magnesium concentrations ranged from 1.6 to 5.7 mg
L' during low flow and from 1.6 to 3.6 mgL ™" during
high flow. The highest magnesium concentrations
were observed at Bee Creek during both high and
low flows. Calcium concentrations ranged from 9.4
to 20.4 mgL™" during low flow and from 10.2 to
15.6 mgL™" during high flow with the highest con-
centration of calcium observed in Bee Creek during
low flow and Burton 3 during high flow.

Sodium adsorption ratio was calculated for the
creeks for high and low flow and tended to be higher
during low flow relative to high flow though not
significantly higher in any of the creeks between the
two flows. SAR values ranged from 3.2 to 23.4 during
low flow and from 2.5 to 14.7 during high flow. High-
est SAR values were observed in Wolfpen Creek and
the two creeks sampled downstream of the waste
water treatment plants.

Anions

Bicarbonate was the dominant anion in all creeks and
it was not significantly different between flows
(Table 7). Bicarbonate concentrations ranged from 80
to 347 mgL ™" at low flow and 76 to 213 mgL ™" during
high flow. Bicarbonate concentrations were highest at
Wolfpen Creek during both low flow and high flow.
Sulfate ranged from 7.9 to 88.6 mgL ™' during low
flow and from 8.6 to 70.0 mgL ™" during high flow.
The highest concentrations were observed at Bee
Creek during both low and high flows. There was no
significant difference in sulfate concentrations with
flow at individual creeks except for Briar 1, Burton
1, and Burton 5 where concentrations were significant-
ly higher during low flow (Table 7). Concentrations
were also noticeably higher at most of the other creeks
during low flow (Table 7). Chloride concentrations
ranged from 17.4 to 86.6 mgL ™' during low flow
and from 18.5 to 48.0 mgL ™' during high flow. There
was no significant difference between high and low
flow concentrations at any creek although con-
centrations tended to be higher during low flow
(Table 7). Fluoride concentrations ranged from 0.13
to 0.92 mgL™' during low flow and from 0.23 to
0.67 mgL™" during high flow. Because of the high
amount of variability, there was no significant differ-
ence in fluoride concentrations between high and low
flow for any creek (Table 7). However, there was a

pattern of higher concentrations of fluoride during
high flow for many of the creeks without a WWTP
and higher concentration during low flow for creeks
with a WWTP (Table 7). Bromide concentrations were
highest at Wolfpen Creek during both high and low
flows. Bromide concentrations tended to be higher
during low flow but this was only significant at Burton
5 (Table 7). Bromide concentrations ranged from 0.07
to 0.31 mgL™" at low flow and from 0.05 to
0.57 mgL™" at high flow.

Correlations between E. coli and other water quality
constituents and land use

Between 56 and 72 % of the variance in E. coli during
high flow was explained by urban land use during
summer, spring, fall, and winter seasons (Fig. 2).
While no one urban land use was able to significantly
describe the variance in high flow E. coli during each
season, urban residential land use explained the most
variance in the summer and fall high flow E. coli
values and urban commercial land use explained most
of the variance in high flow E. coli values during the
winter and spring high flow. There were no significant
relationships observed between E. coli and land use
during low flow.

Urban commercial land use was positively and
significantly correlated with concentrations of bicar-
bonate and sodium and the creeks SAR value during
low flow but not during high flow (Table 8). Creek
water magnesium and calcium concentrations were
significantly correlated with shrub and scrub land use
during both low and high flow. Potassium was signif-
icantly and positively correlated with transport during
low flow but with shrub and scrub land use during
high flow (Table 8).

Examination of correlations among creek water
quality constituents may give a better explanation of
the mechanisms occurring in our watersheds. Dis-
solved organic carbon was significantly and positively
correlated with creek SAR, bicarbonate concentra-
tions, and pH and EC during both high and low flow
(Table 9). Dissolved organic nitrogen was positively
and significantly correlated with DOC and SAR but
was not correlated with pH and EC during both low
and high flow conditions. Most of the anions with the
exception of sulfate were significantly and positively
correlated with each other during high flow (Table 9).
E. coli was not correlated with any water quality

@ Springer
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constituent (Table 9). However, there were positive
correlations between E. coli and NHy4-N (R=0.54;
p>0.05), a positive correlation with pH (R=0.64;
p>0.05), and a negative correlation with potassium
(R=—0.65; p>0.05) during high flow but not under
low flow conditions.

Discussion

This study investigated the geographical patterns of
bacteria and nutrients using a nested watershed ap-
proach. “Targeted sampling” is a method developed
by Kuntz et al. (2003), who used repeated, geograph-
ically narrowing sample collection and visual obser-
vation to pinpoint the source of fecal contamination.
The nested sampling strategy of our study had a sim-
ilar aim, which was to determine the contributing area
for bacteria and nutrient impairment of the Carters
Creek basin. Although no nutrient in a river basin
has only one source, the pattern of their concentrations
and land uses in the various watersheds in the basin
can help pinpoint major contributors as a first step to
mitigation. Using the nested design, we were able to
pinpoint the major watersheds contributing to E. coli;
during the summer and fall, Burton 4 had significantly
higher values than the other headwater creeks within
the Burton Creek group and numbers remained elevat-
ed at Burton 2 but were diluted prior to the confluence
of Burton 2 and 3 to form Burton 1.

The state water geometric mean criterion for E. coli
is 126 CFU/100 mL for primary contact recreation
with a single sample criterion of 399 CFU/100 mL.
For secondary contact recreation 1, the geometric
mean criterion is 630 CFU/100 mL, and for secondary
contact recreation 2 the geometric mean criterion is
1,030 CFU/100 mL. For non-contact recreation, the
geometric mean criterion is 2,060 CFU/100 mL (EPA
2010). The mean seasonal E. coli counts in all our
watersheds during high flow were higher than the
secondary contact recreation standard of 630 CFU/
100 mL and some sites exceeded this threshold during
low flow as well. In a similar study conducted in
southern California, both non-urban creek and urban
creek headwaters exceeded contact recreation stand-
ards for bacteria and were within an order of magni-
tude of each other and the watershed outlets,
indicating a diffuse, widespread source for bacteria
in both sub-catchments (Schiff and Kinney 2001).

@ Springer

Tufford and Marshall (2002) found that commercial
and urban open land uses contributed more heavily to
bacterial loads because of increased impervious sur-
face, compacted soil such as athletic fields, higher
runoff, and a tendency to attract urban birds and
rodents. We also observed that commercial land use
explained more of the variance in E. coli especially
during the winter and spring season during high flow
whereas residential land use explained a greater portion
of the variance in E. coli during the summer season
during high flow. In a runoff experiment, Muirhead et
al. (2006) found that tap water accumulated
26,000 MPN/100 mL E. coli as it traveled the length
of'a 5-m grass plot containing fresh cowpats. In an urban
setting, it is highly likely that fecal matter derived from
birds, typically grackles in commercial lots in Texas,
and dogs in residential lots may be the greater contrib-
utors to surface water E. coli. Grackles tend to roost in
ornamental trees in commercial parking lots over night
and the buildup of fecal matter beneath the trees can be
considerable. Homeowners are less likely to pick up
after their pets during the summer because the summer
temperatures tend to decompose fecal matter within a
few days and regular irrigation of residential lots ensures
that the decomposed fecal matter is removed. In another
recent study in Texas, Harmel et al. (2010) reported
mean E. coli concentrations of 1,159 CFU/100 mL for
a relatively unimpacted rural stream and 1,473 CFU/
100 mL for a rural stream with dairy and WWTP inputs.
These high E. coli numbers from other studies and our
own research put into question the feasibility of obtain-
ing current water quality standards. For example, even if
all the sections of the Carters Creek basin were to be
reclassified from secondary contact recreation to no
recreation, the state requirement of <2,060 CFU/
100 mL would still render the majority of our creeks
impaired during high flow.

Apart from the two wastewater treatment plants
which increased concentrations of nitrate-N and ortho-
phosphate in the Carters Creek basin, the nested de-
sign also helped to identify which watersheds in the
basin were contributors to surface water quality for
high nutrients. While none of the watersheds contrib-
uted significantly to high nitrate-N concentrations,
Carter 2, Hudson, and Wolfpen watersheds all contrib-
uted significantly higher orthophosphate. Hudson and
Wolfpen both have large golf courses in their head-
waters and Carter 2 drains a commercial area com-
prised of parking lots and landscape plantings.
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Stream chemistry and land use

One of the dominant features in the urban watersheds
of Carters Creek basin is the ubiquitous elevated con-
centration of DOC (Aitkenhead-Peterson et al. 2009;
Steele and Aitkenhead-Peterson 2012a). While no
land use was significantly related to high DOC con-
centrations in our watersheds, there was a relatively
high but nonsignificant correlation between DOC and
commercial land use during both low and high flows
(low flow R=0.59, p=0.09 and high flow R=0.60, p=
0.09). Commercial land use was also significantly
correlated to stream SAR during low flow (R=0.73,
p<0.05). These results differ somewhat compared to
the findings of Aitkenhead-Peterson et al. (2009) who
reported that irrigation of urban open areas was likely
responsible for increasing DOC concentrations in sur-
face waters. The difference between the two studies is
the range of watersheds sampled and the method of
classifying watershed land use. Aitkenhead-Peterson
et al. (2009) examined 12 independent watersheds
along a rural to urban gradient and included some of
the watersheds used in our study, namely Hudson,
Wolfpen, Carter 4, and Bee, but the land use classes
for each watershed were derived from the 2000 USGS
LULC database. In our study, land use classes were
derived from the city’s zoning maps in which com-
mercial land use included urban open area land use
such as golf courses and athletic parks. What was
evident in this study was that residential land use did
not contribute to excess irrigation and hence increased
low flow surface water DOC and SAR as much as
commercial land use. The importance of increasing
sodium and SAR in surface waters cannot be ignored.
A recent study found that as SAR increased from 2 to
30 the percentage of carbon leached from St Augus-
tine grass more than doubled (Steele and Aitkenhead-
Peterson 2012a). Transport of senescent vegetation to
surface waters is a natural phenomenon but the higher
release of DOC to surface waters with high SAR
values may compromise treatment at facilities down-
stream which extract water for potable use. It is well
documented that DOC is a precursor for trihalome-
thanes production when water is chlorinated (e.g.,
Peterson et al. 1993).

There are several mechanisms that might explain
the effect that high pH sodium bicarbonate irrigation
water may have on DOC. The significant positive
correlation between DOC and pH may infer

solubilization of humic acids with high pH, but Kipton
et al. (1992) suggested that pH needs to be at least 8.0
to solubilize a representative fraction of humic acid.
The mean annual pH values for low and high flow
ranged from 7.4 to 8.9 with higher pH evident during
dry flow when irrigation water likely represented
much of the stream flow. The mean annual surface
water SAR, bicarbonate, and sodium were strongly
and significantly correlated with all anions except
sulfate suggesting that (a) there may be some anion
competition for positively charged watershed soil min-
erals and (b) high sodium may have induced clay and
aggregate dispersion in watershed soils which caused
soil erosion including the loss of adsorped anions to
surface waters.

Unlike dissolved organic carbon and the majority
of anions, nitrate-N appeared to act independently of
the high sodium concentrations and SAR. Nitrate-N
concentrations according to Stackelberg et al. (1997)
were 0.07 mgL ™" in undeveloped areas, 2.6 mgL_1 for
new urban areas, 3.5 mgL ™' for old urban areas, and
13 mgL™" for agricultural land use. Several water-
sheds in the Carters Creek basin had comparable val-
ues; nitrate-N concentrations between 0.07 mgL™'
NOs-N at Burton 2 and 0.23 mgL71 NOs-N at Bee
Creek is indicative of healthy concentrations of nitrate.
Wolfpen Creek, our most urbanized creek, had nitrate-
N concentrations ranging from 0.27 to 0.47 mgL™",
much lower than concentrations reported by
Stackelberg et al. (1997). Our creeks sampled down-
stream of waste water treatment plants had higher
concentrations of nitrate-N than reported for old urban
areas and sometimes they were higher than the 13 mg
L' reported for agricultural land use. Slow-flowing
waters with high temperatures draining golf courses
and neighborhood parks, such as Wolfpen, Hudson,
Bee, and Briar creeks in our study, are likely to have
significant denitrification potential, thus moderating
the effect of urbanization on surface water nitrate-N
concentrations (Schaffner et al. 2009). In addition to
nitrate, Carter 4 and 5 sites also had the largest ortho-
phosphate concentrations in the Carters Creek basin.
The sites with the next highest orthophosphate con-
centrations were those with headwaters in golf
courses. According to King et al. (2007), a golf course
in Austin, Texas produced 0.51 kg PO,-P ha ' year '
or the equivalent of 6.2 % applied P. The phosphate
contribution from point source effluent posed a threat
to aquatic habitat according to the USEPA standard of
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0.1 mgL ™! (King et al. 2007), and it is likely that the
aquatic habitats in the Carters Creek basin are also
threatened by the high orthophosphate-P inputs ob-
served. Our study also showed a significant
orthophosphate-P contribution from some watersheds
with golf courses. Surface water orthophosphate-P
also revealed a relationship with surface water SAR
in this study. As sodium is adsorbed onto soil cation
exchange sites under high pH conditions and it repla-
ces divalent and trivalent cations, the increasing neg-
ative charge of the soil particle repels any nearby
soluble orthophosphate, which will render it more
transportable (Naidu and Rengasamy 1993). Curtin
et al. (1995) reported that a SAR of 20 significantly
decreased the binding ability of clay minerals and
greatly increased the water-extractable fraction of total
phosphorus. Steele and Aitkenhead-Peterson (2012b)
suggested that irrigation water with a SAR of less than 5
would mitigate losses of DOC and orthophosphate
based on a study of irrigation water and water-
extractable soil DOC and orthophosphate under turf-
grass across 26 cities in the state of Texas. This would
suggest in context of our study that all but the most rural
watersheds or those least likely to have in ground irri-
gation systems would show significantly lower concen-
trations of DOC and orthophosphate in surface waters.

Wastewater effluent adds significant amounts of N
and P that can have a severe impact on streams (Lewis
et al. 2007; Phillips et al. 2007; Fitzpatrick et al. 2007,
Zampella et al. 2007). One of the significant sources
for increases in both cations and anions within the
urban area of Bryan/College Station was WWTP ef-
fluent discharge to the creeks. Wastewater effluent can
provide the hydrologic benefit of stable flow even
during periods of drought, when the creek might oth-
erwise dry up or be reduced to a mere trickle (Cotman
et al. 2008). For the creeks sampled downstream of a
wastewater treatment plant in this study, the effluent-
dominated creeks were enriched with calcium and
magnesium but not enough to counterbalance the
highly dispersive characteristics of sodium. Wastewa-
ter effluent was not found to significantly contribute to
either high E. coli values or DOC concentrations in the
Carters Creek basin. Several electrolytes, namely so-
dium, potassium, and chloride, were found by Rose
(2007) to be higher in municipal wastewater effluent
than in other urban streams. These electrolytes are
typically added to effluent during the treatment pro-
cess prior to permitted discharge; however, in the
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Carters Creek basin, potable water is also high in
sodium and chloride and as this potable water is used
for landscape irrigation which runs off to surface
waters, thus observation of significantly higher sodi-
um and chloride in those creeks downstream of a
waste water treatment plant was not possible.

There was a stark contrast between the ion concen-
trations found in Georgia (Rose 2007) and South
Carolina (Lewis et al. 2007) and those found in the
Carter Creek basin. Burton 1 contained at least triple
the concentrations of chloride, sulfate, and sodium as
those observed in southeastern USA. Whether these
differences were because of the ion-rich irrigation
water signature or the geologic input of inorganic
solutes during base flow (Aitkenhead-Peterson et al.
2011) is unknown. Most of our creeks had lower
chloride concentrations than those reported in Duchess
County, New York, but this is best explained by the
frequent use of road salt (NaCl or CaCl,) during the
winter in northern climates, which will maintain high
chloride concentrations into the summer (Cunningham
et al. 2009).

In commercial areas where impervious surfaces are
prevalent, storm runoff from urban streets often
flushes bromide-containing gasoline residues into sur-
face waters, increasing bromide concentrations and
reducing the Cl/Br ratio (Davis et al. 1998). Other
sources of bromide may include private pool mainte-
nance chemicals, rainwater, and irrigation water resi-
dues (Aitkenhead-Peterson et al. 2011). In addition to
having high concentrations of sodium and chloride,
Wolfpen also had the highest bromide concentrations.
Surprisingly, no significant correlation was found be-
tween chloride and any urban land use, in contrast to
other studies (Cunningham et al. 2009; Zampella et al.
2007; Rose 2007).

Conclusion

This study examined diffuse sources of E. coli and
other water quality constituents in a river basin in
south central Texas. The sources of E. coli were likely
the result of urban wildlife such as birds and skunks
and domestic pets such as cats and dogs. Further work
has been initiated using bacterial source tracking in
this basin with a focus on Burton Creeks. Some mit-
igation methods might include public education on pet
feces in residential areas.
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The major source of nutrients nitrogen and ortho-
phosphate was wastewater treatment effluent dis-
charge. Minor diffuse sources of orthophosphate
were observed from some watersheds containing golf
courses, but not all watersheds containing golf courses
had high orthophosphate-P concentrations. Irrigation
with municipal tap water high in pH and sodium likely
has an effect on watershed soil anion adsorption result-
ing in diffuse release of anions during high flow
conditions.

Water quality can influence human and environ-
mental health, thus monitoring and assessing sources
of diffuse pollutants to surface waters can aid in the
recognition of where problems might be occurring in
our watersheds so that steps to ameliorate water qual-
ity issues can be initiated.
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