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Abstract Dissolved organic carbon (DOC) and
nitrogen (DON) concentrations were quantified in
urban and rural watersheds located in central Texas,
USA between 2007 and 2008. The proportion of
urban land use ranged from 6 to 100% in our 12 study
watersheds which included nine watersheds without
waste water treatment plants (WWTP) and three
watersheds sampled downstream of a WWTP.
Annual mean DOC concentrations ranged 20.4—
525 mg L™'. Annual mean DON concentrations
ranged 0.6-1.9 mg L™'. Only the rural watersheds
without a WWTP had significantly lower DOC
concentrations compared to those watersheds with a
WWTP but all the streams except two had signifi-
cantly reduced DON compared to those with a
WWTP. Analysis of the nine watersheds without a
WWTP indicated that 68% of the variability in mean
annual DOC concentration was explained by urban
open areas such as golf courses, sports fields and
neighborhood parks under turf grass. There was no
relationship between annual mean DON concentra-
tion and any land use. Urban open area also explained
a significant amount of the variance in stream sodium
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and stream sodium adsorption ratio (SAR). Ninety-
four percent of the variance in annual mean DOC
concentration was explained by SAR. Irrigation of
urban turf grass with domestic tap water high in
sodium (>181 mg Na* L™") may be inducing sodic
soil conditions in watershed soils in this region
resulting in elevated mean annual DOC concentra-
tions in our streams.
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Introduction

Allochthonous dissolved organic matter (DOM) sup-
plied to streams and rivers has wide ranging conse-
quences for aquatic chemistry and biology. While it
represents a small loss from terrestrial organic carbon
and nitrogen pools it affects the solubility and
mobility of metals (Perdue et al. 1976; Driscoll
et al. 1988) and the adsorption of pesticides to soils
(Worrall et al. 1997). Positive effects of allochtho-
nous DOM supply to aquatic systems include atten-
uation of ultraviolet-B (UV-B) radiation providing
some protection for aquatic biota (Williamson and
Zagarese 1994) and the provision of substrate for
aquatic microbial heterotrophs (Volk et al. 1997).
Export of dissolved organic carbon (DOC) in
relatively pristine streams and rivers with single
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dominant land use are extremely variable (Aitken-
head and McDowell 2000). This variability has been
shown to be driven by land cover. For example,
higher DOC exports and concentrations are usually
found in watersheds with a high proportion of
wetlands or peat (Dillon and Molot 1997; Kortelainen
et al. 1997; Aitkenhead et al. 1999; Mattson et al.
2005; Williams et al. 2005; Aitkenhead-Peterson
et al. 2007), whereas lower concentrations of DOC
are typically reported in watersheds with a higher
proportion of warm grasslands (Malcolm and Durum
1976). We have found no studies that have examined
the effect of land management practices on DOC
concentration or export in the subtropical savanna
streams of the USA.

Dissolved organic nitrogen (DON) is typically a
large proportion of aquatic total dissolved nitrogen
(TDN) concentration in relatively undisturbed water-
sheds (Hedin et al. 1995; Pellerin et al. 2006; Stanley
and Maxted 2008). However, as urban areas increase
in a watershed so does the concentration of TDN; yet
the ratio of DON:TDN tends to decrease and the
dominant dissolved N species becomes nitrate (Pell-
erin et al. 2006; Stanley and Maxted 2008). Specific
land use correlations with DON that have been
reported include organic rich peat or wetland dom-
inated watersheds (Kortelainen et al. 1997; Pellerin
et al. 2004; Aitkenhead-Peterson et al. 2005; Stanley
and Maxted 2008) which may be indicative of DON
leaching from humified organic matter (Stanley and
Maxted 2008).

Waste water treatment plants (WWTP) are sug-
gested to be a major point source of DOC in urban
watersheds by some authors (e.g. Westerhoff and
Anning 2000; Sickman et al. 2007). Waste water
treatment plants in the USA typically utilize primary
(settling) and secondary (settling + aeration) treat-
ments prior to point source discharge to local surface
waters. Sickman et al. (2007) investigated point and
non-point source loading of total organic carbon in
the metropolitan area of the Sacramento River in
California and concluded that the source of DOC in
urban watersheds was predominately from WWTPs.
Furthermore, the highest mean DOC concentration
was found in effluent dominated creeks in a study
investigating the influence of urbanization in Arizona
(Westerhoff and Anning 2000).

Other studies have suggested alternative non-point
sources of DOC to urban surface waters (e.g. Kolpin
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et al. 2002; Hope et al. 2004; Chalmers et al. 2007,
Wright et al. 2005, 2008). Hope et al. (2004) used a
rainfall simulator to quantify DOC concentration in
runoff from asphalt surfaces with increasing vehic-
ular use (residential to light industrial). They found
high but variable runoff DOC with concentrations
ranging from 26 to 296 mg C L™' with highest
concentrations running off commercial sites. Newly
laid turf grass that has been amended with biosolids
may be an additional non-point source of DOC to
urban aquatic systems (Wright et al. 2005; 2008).
Pharmaceuticals and personal care products (PPCPs),
poly aromatic hydrocarbons (PAH) and pesticides
may also contribute to DOC concentrations through
effluent discharge and asphalt runoff; however con-
centrations are typically in the parts per billion ranges
and are not likely to be major contributors to bulk
DOC concentrations.

Fewer studies have investigated what affect urban-
ization may have on dissolved organic nitrogen
(Pellerin et al. 2004, 2006; Hayakawa et al. 2006).
The Ipswich watershed and its sub-catchments in
Massachusetts comprising 35% urban area showed a
very low but nevertheless significant positive rela-
tionship (¥ = 0.09, p <0.05) between DON and
developed land but the authors suggested that
percentage wetland within the watershed and its
sub-catchments was a better predictor of DON
(Pellerin et al. 2004). Hayakawa et al. (2006)
examined two watersheds in Japan with urban land
use ranging 0.2—4.3% and found a significant positive
correlation between DON and urban land use in both
watersheds.

The majority of studies investigating land use
effects on DOC and DON have been in humid
temperate, semi-arid or tropical climatic zones and
furthermore the majority of urban studies examining
aquatic DOC and DON have been conducted in
areas where the land use, prior to urbanization, was
forest, agriculture or desert. Evaluation of DOC and
DON concentrations in urban and rural streams in
humid subtropical savannahs have received less
attention (e.g. Malcolm and Durum 1976; Mulhol-
land and Watts 1982). The objective of this study
was to examine the effect of land use and manage-
ment on mean annual DOC and DON concentrations
in rural and rapidly urbanizing watersheds of a
subtropical post oak savannah in south-central
Texas.
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Site description

The location of this study was the cities of and rural
areas surrounding Bryan and College Station in
south-central Texas (northern point N 30°50/36.63"
W 96°23'53.87" and southern point 30°29'10.46” W
96°16'16.15"). Population of the Bryan/College Sta-
tion metropolis was 184,884 in 2000 and it was
estimated at 203,371 in 2007 representing an increase
of almost 10%. Much of the new growth has resulted
in rangeland areas being cleared for sub-division
development. Impervious surfaces in the region are
typically concrete particularly in parking lots and
neighborhoods. Asphalt surfaces only occur on major
highways. Soils in the region include several soil
series, but are dominated by alfisols underlain with
marine clays. The climate is humid subtropical
having a mean annual temperature of 20°C and
annual precipitation of 1,000 mm. Precipitation is
produced by high intensity, short duration storm
events occurring in the spring and fall. In the urban
streams, storm runoff is channeled directly to storm
drains and receiving waters without treatment and
stream flow during the dry summer months is
predominately effluent downstream of a WWTP or
irrigation runoff in those streams without a WWTP.

Twelve independent watersheds which are tribu-
taries of the Brazos River were sampled for this

study. Land use in these watersheds was variable
(Table 1) ranging from 6 to 100% urbanized, O to
28% forested, 0 to 17% wetland (herbaceous and
woody), 0 to 27% rangeland (grassland and shrub/
scrub) and 0 to 67% agriculture (pasture and crop).
Three of the 12 watersheds had waste water treatment
plants within one mile upstream of our sampling
sites; the remaining nine watersheds had no point
source discharge. Fifty percent of our sampling days
were during or just after a storm event.

Materials and methods
Field sampling

Grab samples were collected from the 12 streams
mid-channel and mid depth using a sterile whirlpak
bag every 2 weeks between March 2007 and February
2008. Samples were taken from bridges on the
upstream side to aid ease of collection. Electrical
conductivity and pH were quantified on unfiltered
aliquots and the remainder of the sample was syringe
filtered through ashed (400°C for 5 h) Whatman GF/
F filters (0.7 pm nominal pore size). Further aliquots
were filtered through 0.2 pm Pall filters in readiness
for cation analysis. Samples were either analyzed on
the day of collection or frozen in acid washed

Table 1 Proportion of land use and population density in our 12 study watersheds

Watershed  Area Urban Population  Forest Wetland  Range Agricultural
(km?) , #km?) (%) (%) (%)

Open Low Med High Pasture Crop

(%) (%) (%) (%) (%) (%)
Wickson 84.1 5.6 0.5 0.2 0 25 11.2 23 12.4 63.7 3.7
Peach 58.1 5.5 0.7 0.4 0 27 37.7 16.6 9.6 27.8 0
Thompson 19 9.1 3.8 1.8 0.4 123 6.7 1.3 27.5 48.1 0.9
Turkey 20.2 10.9 7 5.5 0.6 349 29.5 9.5 12.6 20.5 29
Spring 212 13.3 8.1 72 0.7 193 25.1 3.1 13.1 29 0
Hudson 7.5 11.7 10.7 7.9 0.4 334 10 7.7 10.2 353 0
White 2.5 17 8.5 5.5 0.2 1 17 0 8.5 412 2.3
Still 235 15.6 16.8 8.8 1.6 535 12.1 7.3 16.9 20.6 0
Carter 56.9 20.9 228 18.5 52 749 5.6 44 7.4 13.2 1.3
Cottonwood 7 20.6 254 17.7 4 989 10.3 8.2 12.3 1.3 0
Bee 21.1 19.2 27 27 3.9 1405 3.4 1.6 72 10.5 0
Wolfpen 6.5 29.9 25.5 31 13.6 2634 0 0 0 0 0

Watersheds are ordered from lowest to highest total urbanization
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ultra-pure water rinsed (Barnstead Nanopure Dia-
mond water filtration) HDPE bottles for later analy-
sis. Samples of treated effluent and domestic tap
water were also collected for analyses to compare
with stream samples.

Chemical analysis

Dissolved organic carbon (DOC) and total dissolved
nitrogen (TDN) were measured using high tempera-
ture Platinum-catalyzed combustion with a Shimadzu
TOC-V sy and Shimadzu 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 bicarbonate. All
colorimetric methods were performed with a Westco
Scientific Smartchem Discrete Analyzer (Westco
Scientific Instruments Inc. Brookfield, CT, USA).
DON is the product of TDN—(NH3-N + NO3-N).
Calcium, magnesium and sodium were quantified by
ion chromatography using an Ionpac CS16 analytical
and Ionpac CG16 guard column for separation and
20 mM methanosulfonic acid as eluent at a flow rate
of 1 mL min and injection volume of 10 pL using a
DIONEX ICS 1000 (DIONEX Corp. Sunnyvale, CA,
USA). Sodium adsorption ratio was determined using
Eq. 1 after converting the cation concentration from
mg L™" to meq L.

[Na*]
VH[ca?t] + M)

Proteins were estimated after instrument calibra-
tion with Bradford assay albumin standards at
595 nm UV-VIS using a Beckman 640 spectropho-
tometer (Beckman Coulter Inc. Fullerton, CA,
USA). Sample replicates, blanks, NIST traceable
and check standards were run every 12th sample to
monitor instrument precision and co-efficient of
variance among replicate samples which was set at a
maximum of <4% CV or the sample was re-run.

SAR =

@ Springer

Spatial analysis

ArcGIS 9.1 Desktop GIS software was used to
determine the relative composition of land uses
within each of the study watersheds. Watershed
boundaries were plotted using a 1:25,000 scaled
topographic map. The resultant polygon data was
then overlaid on the digital LULC land use map
published in 2000 by USGS, the latest officially
published. Using Arc View’s spatial analyst function
the area of each of the land uses of each watershed
was estimated. Land use areas were divided by the
watershed area to derive the percentage of the
watershed covered by each type. All LULC files
were cast to the Universal Transverse Mercator
(UTM) projection, and referenced to the North
American Datum of 1983 (NADS3).

Statistical analysis

No flow data are available for these watersheds so
values represent annual arithmetical mean concentra-
tions. Independent sample #-tests were applied to each
watershed without a WWTP and compared to each
watershed with a WWTP in turn to test for a
significant difference in stream chemistry. One-way
analysis of variance (ANOVA) with post hoc Tukey
HSD tests were applied separately (a) to the group of
watersheds with a WWTP and (b) the group of
watersheds without a WWTP to test for significant
differences in stream chemistry. Correlations
between mean annual DOC, DON and protein
concentrations and land wuse classification were
investigated using Pearson bivariate correlation.
Correlations were examined on the nine watersheds
without a WWTP only. All statistical analysis was
performed using SPSS v.16.

Results

Stream chemistry in urban, suburban and rural
surface waters with and without a WTTP

The range of mean annual concentrations from the 12
study watersheds were for DOC: 20.4 (£9.8 SD) to
52.5 (£49.8 SD) mg C L™', DON: 0.6 (£0.4 SD) to
1.9 (£2.5 SD) mg N L', and proteins: 1.99 (£ 0.8
SD) to 5.75 (+ 3.8 SD) mg L™'. Independent sample
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t-tests determined that DOC concentration in seven of
the nine watersheds without a WWTP were not
significantly different from those watersheds with a
WWTP (Fig. 1). The two rural watersheds had
significantly lower DOC than the watersheds with a
WWTP (Fig. 1). While there was no significant
difference in DOC concentration among those water-
sheds with a WWTP there was a significant differ-
ence in DOC among the watersheds without WWTP
(Fig. 1).

Mean annual DON concentration was significantly
different among watersheds with a WWTP, but not
among watersheds without WWTP (Fig. 2). Two of
the nine watersheds without WWTP had statistically
similar DON concentration to those of Carter and
Still creeks and seven of the nine watersheds without
WWTP had statistically similar DON concentration
to that of Turkey Creek (Fig. 2). DOC:DON ratios
ranged from 31.7 to 194.2 in the nine watersheds
without a WWTP and from 45.3 to 67.0 in the three
watersheds with a WWTP. Ratios of DON:TDN were
significantly lower in the three watersheds sampled
below a WWTP compared to watersheds sampled
without a WWTP. The DON:TDN in the two rural
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Fig. 1 Concentrations of dissolved organic carbon at each of
our watersheds. Error bars represent the minimum and
maximum concentration, the solid bar represents the 1st and
3rd quartile, the bold line the annual median concentration and
the number at the top of each data point the mean annual
concentration. Grey data points are those sampled downstream
of a WWTP while white data points have no WWTP. Different
uppercase letters show significant difference between those
watersheds with a WWTP and those without a WWTP.
Different lowercase letters show significant difference among
sites with a WWTP or among sites without a WWTP
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Fig. 2 Concentrations of dissolved organic nitrogen at each of
our watersheds. Error bars represent the minimum and
maximum concentration, the solid bar represents the 1st and
3rd quartile, the bold line the annual median concentration and
the number at the top of each data point the mean annual
concentration. Grey data points are those sampled downstream
of a WWTP while white data points have no WWTP. Different
uppercase letters show significant difference between those
watersheds with a WWTP and those without a WWTP.
Different lowercase letters show significant difference among
sites with a WWTP or among sites without a WWTP

0.63 £ 0.13 to 0.81 £ 0.10, in the streams without
a WWTP, DON:TDN ranged from 0.57 £ 0.21 at the
100% urbanized Wolfpen creek to 0.74 + 0.14 at the
77% urbanized Bee creek. The streams with a WWTP
had DON:TDN ratios ranging from 0.13 + 0.10 to
0.24 + 0.23.

Protein concentrations were significantly higher in
three of the watersheds without WWTP compared to
all the watersheds with WWTP. The other six
watersheds without a WWTP were not significantly
higher in protein concentration than one or more of
the watersheds with WWTP (Fig. 3). Among both the
watersheds with and without a WWTP there were
significant differences in protein concentrations
(Fig. 3). Protein and DON concentrations were
significantly correlated (r = 0.84, p < 0.01) in the
watersheds without WWTP but not in the watersheds
with a WWTP (r = —0.14, p > 0.05). Neither DON
nor protein were correlated with DOC (r = 0.11,

p = 0.77 and r = 0.59, p = 0.09, respectively).

Relationships between mean annual stream DOC,
DON and land use

Mean annual DOC concentration was significantly
and positively correlated with each urban open area
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Fig. 3 Concentrations of total proteins at each of our
watersheds. Error bars represent the minimum and maximum
concentration, the solid bar represents the 1st and 3rd quartile,
the bold line the annual median concentration and the number
at the top of each data point the mean annual concentration.
Grey data points are those sampled downstream of a WWTP
while white data points have no WWTP. Different uppercase
letters show significant difference between those watersheds
with a WWTP and those without a WWTP. Different
lowercase letters show significant difference among sites with
a WWTP or among sites without a WWTP

land use, high density urban area and population
density (Table 2). There were significant negative
correlations between mean annual DOC concentra-
tion and herbaceous wetland cover and rangeland
shrub and scrub (Table 2). Mean annual DON was
not significantly correlated with any of the land use
classes (Table 2). Ratios of DOC:DON were

significantly correlated with the same independent
variables as DOC (Table 2). The ratio of DON:TDN
was positively and significantly correlated to decid-
uous forest (r = 0.77, p = 0.015).

Effect of irrigation water and waste water effluent
on stream DOC, DON and proteins

Due to the long hot summers and the plethora of
urban open areas such as golf courses, sports fields
and neighborhood parks in the region, the turf grass
was typically irrigated from early March through late
November. Irrigation water chemistry in our study
area was very high in sodium, bicarbonate and SAR
but not DOC (Table 3). In the nine watersheds
without a WWTP, mean annual sodium concentra-
tions ranged from 32 to 174 mg L', bicarbonate
concentrations from 45 to 191 mg L™" and SAR from
2.5 to 17.2 (Table 4). There were significant differ-
ences in mean annual pH, conductivity, SAR and
mean annual concentrations of sodium and bicarbon-
ate among the nine watersheds without a WWTP
(Table 4). Mean annual sodium and bicarbonate
concentrations and SAR were significantly correlated
to urban open area and urban high density land use
and significantly negatively correlated to rangeland
shrub and herbaceous wetland (Table 2). Mean
annual sodium and bicarbonate concentrations
explained a significant amount of the variance in
DOC concentrations (r2 = 0.84, p < 0.01; ¥ = 0.93,

Table 2 Pearson bivariate correlations between mean annual stream chemistry in the watersheds without A WWTP and watershed

land use
Stream Urban Population density Herbaceous wetland Range shrub ~ Agriculture
chemistry : - (#/km?) (%) (%) O EE—
Open Medium High Pasture Crop
(%) (%) (%) (%) (%)
pH 0.88 0.66 0.68 ns -0.78 ns -0.67 ns
Conductivity  0.68 0.72 0.73 0.74 ns ns -0.85 -0.74
DOC 0.82 ns 0.72 0.67 -0.73 -0.73 ns ns
DON ns ns ns ns ns ns ns ns
DOC:DON 0.84 ns 0.88 0.79 ns ns ns ns
Protein ns ns ns ns ns ns ns ns
SAR 0.81 ns 0.72 ns -0.69 -0.72 ns ns
Bicarbonate 0.75 ns ns ns -0.72 ns ns ns
Sodium 0.83 0.71 0.82 0.77 ns -0.81 ns ns

Only those land uses that showed a significant correlation (p < 0.05) with stream chemistry are shown. ns No significant correlation
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Table 3 Chemistry of treated effluent obtained from one of the waste water treatment plants and municipal tap water used in the
region for irrigating turf grass

Watershed ~pH  EC (uScm™)  DOC (mg L™" DON (mg L™ Na™ (mg L") HCO;~ (mg L™h SAR
Effluent 75 980 72.5 3.34 235.0 244.1 22.6
Irrigation 84 590 1.14 0 181.32 317.7 452

Table 4 Mean annual pH, conductivity, sodium, bicarbonate and SAR concentrations in our 12 study streams

Watershed WWTP  Number pH EC (uS cm™ ) Na® (mg Lfl) HCO;3;™ (mg Lfl) SAR
of samples

Wickson No 26 7.0 (0.2) 3368 (165) 32,4 (15.7) 5.1 (19.8) 2512
Peach 24 ®7.40.2) 9851 (511) 764 (30.9) 49.8 (21.9) ®42 (1.1)
Thompson 25 574 (0.4) 539 (421) 61.8 (51.6) 87,0 (72.3) abe5 8 (6.1)
Turkey 26 °8.2 (0.5)  °°9884 (452) de128.0 (57.0) d°136.2 (69.5) ©411.0 (5.3)
Spring 26 576 (0.2) 4695 (522) abe78 6 (54.0) 795 (41.2) abe5 7 (3.5)
Hudson 26 %76 (0.3) 619 (316) bedg9 7 (53.2) bed124.6 (71.6) bed10.2 (6.3)
White 26 ©79(0.3) 624 (247) bed103.9 (38.6) 4€154.9 (56.2) 4127 (5.8)
Still 26 47,8 (0.2) 91098 (492) 9165.1 (70.2) 4°183.7 (84.6) 914.9 (7.4)
Carter 26 “770.2)  *919 (483) 4°138.8 (65.2) 4172.0 (81.3) 9142 (7.1)
Cottonwood 26 7.7 (0.4) 691 (578) 3773 (60.7) 389.4 (61.8) 7.0 (8.3)
Bee 26 %76 (0.3) 9815 (468) bedgg.9 (40.2) abe73 8 (31.4) abeg.8 (2.9)
Wolfpen 26 °8.1(0.4) 41005 (725) 41742 (115.7) °190.8 (138.2) °17.2 (11.1)

Numbers in parenthesis are standard deviation. Streams are in order of lowest to highest total urbanization. Differences in lowercase

letter indicates a significant difference (p < 0.05) in stream chemistry among study watersheds

p < 0.001, respectively) but explained none of the
variance in mean annual DON or protein concentra-
tions. Mean annual SAR explained 94% of the
variance in DOC (Fig. 4).

60
50
40 4
30
20 4 (]

10 4

DOC (mg/L)

y=2.1177x+15.634
R2=0.94***

0 1 I 1 1
0 5 10 15 20

Sodium Adsorption Ratio

Fig. 4 The relationship between mean annual DOC concen-
trations and mean annual SAR values for the nine watersheds
without WWTP

Treated effluent obtained from one of the waste
water treatment plants also had high concentrations
of sodium, bicarbonate and sodium adsorption ratio, a
consequence of the chemistry of the municipal water
supply. The treated effluent also had very high DOC
and DON concentrations (Table 2) likely contribut-
ing to the high DOC and DON concentrations
observed downstream in the three watersheds with a
WWTP.

Discussion
Land use effect on DOC and DON concentrations

Dissolved organic carbon in most undisturbed
streams and rivers is dominated by allochthonous
sources and typically comprises recent photosynthate
during high flow and older C during baseflow
particularly in upland watersheds (Evans et al.
2007). DOC can be considered to be a loss from
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watershed soil C pools (Hope et al. 1997; Aitkenhead
et al. 1999). Some of our study streams had higher
mean annual DOC concentrations than any reported
in the literature. For example, Wolfpen creek, a
watershed which is 100% urbanized, has 29% of land
under urban open areas and mean annual DOC of
52.5 mg C L™ with a range of 10-155 mg C L™".
Our rural watersheds, Wickson and Peach both 6%
urbanized with roughly similar urban open areas (5.6
and 5.5%, respectively), had mean annual DOC
concentrations of 20.5 and 20.4 mg C L™', respec-
tively with a range of 8.9-39.8 mg C L™ (Wickson)
and 8.3-43.9 mg C L' (Peach). The dominant land
uses in Wickson and Peach creeks are agricultural
pasture and forest, respectively. Globally, land covers
with a significant positive effect on stream DOC
concentration or export have included wetland and
peatland (Mulholland and Keunzler 1979; Kortelai-
nen et al. 1997; Aitkenhead et al. 1999). Kortelainen
et al. (1997) reported annual median DOC concen-
trations ranging 5-31 mg C L™" from Finnish water-
sheds and Mulholland and Keunzler (1979) reported
mean annual concentrations of 10-19.7 mg C L™'
from North Carolina swamp draining streams. Five of
our nine watersheds without a WWTP had higher
mean annual DOC concentrations than those reported
from peat land or wetland watersheds. The key is
likely pH which ranged from 7.0 to 8.1 in our
watersheds, much higher than the range of 5.2-7.1
reported by Kortelainen et al. (1997). Our higher pH
may be responsible for solubilization of humic acids
which are less soluble in water at lower pH ranges
compared to fulvic acids which are readily soluble in
water under all pH conditions (Stevenson 1994).
Dissolved organic nitrogen concentrations ranged
0.59-4.33 across a range of land uses in Wisconsin,
where wetland streams displayed significant increases
in DON (Stanley and Maxted 2008). Our annual
mean DON concentrations ranged from 0.62 to
1.90 mg L™" and were within the range reported by
Stanley and Maxted (2008). Typically the ratio of
DON:TDN is reduced when a watershed has anthro-
pogenic impacts (Pellerin et al. 2006). In a study of
348 watersheds with varying land use and manage-
ment, Pellerin et al. (2006) reported a DON:TDN
ratio of 0.35 for urban streams compared to a ratio of
0.55 for forested streams. Our values for DON:TDN
ratios were slightly lower for urban streams with a
WWTP and higher for our urban streams without a
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WWTP compared to the values reported by Pellerin
et al. (2006).

Effect of urban land management on dissolved
organic carbon

Direct loading of DOC from urban and industrial
sources or urban contribution to aquatic DOC has
had less attention (Westerhoff and Anning 2000;
Hope et al. 2004; Sickman et al. 2007) relative to
DOC concentrations and exports reported from
relatively undisturbed ecosystems. Waste water
treatment plants are postulated as a major source
of DOC in urban streams in Arizona with effluent
dominated streams producing DOC concentrations
ranging 3.2-8.6 mg C L' (Westerhoff and Anning
2000). Median concentration of DOC in waste water
treatment effluent in California is 23 mg C L™" with
a range of 15-50 mg C L™' (Sickman et al. 2007).
The DOC in our streams sampled downstream of
WWTP ranged 36.5-40.7 mg CL™' and were
within the concentrations reported by Sickman
et al. (2007). Treated (secondary treatment but not
disinfected) effluent from one of the WWTPs in this
study had DOC and DON concentrations of 72.5
and 3.3 mg L™, respectively (Table 2) but the color
of the solution was clear and not the dark amber
color seen in our study creeks. The dark amber color
of our creeks indicates that a higher proportion of
humic acids are likely in our creeks, this assumption
is supported by our high creek pH values and the
strong and significant positive relationship between
DOC and pH (r = 0.81, p < 0.01). Non-point source
runoff from impervious surfaces is also recognized
as a contributor to aquatic DOC (Hope et al. 2004;
Sickman et al. 2007). Hope et al. (2004) reported
mean  concentrations of 47.6, 81.2, and
59.1 mg C L™" in simulated storm runoff from light
industrial, commercial and residential parking lots in
Arizona while Sickman et al. (2007) suggested that
449 mg DOC L' is derived from non-point
sources in California. Poly aromatic hydrocarbons
(PAH) derived from asphalt sealants in urban
watersheds can contribute to the DOC concentration,
but a high proportion of PAH is found in aquatic
sediments (e.g. Chalmers et al. 2007) and not the
water column which was the focus of this study. Our
watersheds were in a region that utilizes concrete for
driveways, parking lots and minor roads with
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asphalt surfaces contributing little to the impervious
road surfaces in the region.

Turf grass type and management as well as soil
conditions may be contributing to the elevated DOC
concentrations in our streams which are significantly
correlated with urban open area land use. During
irrigation and rain events, the leaking of highly
colored solution from turf grass was readily observed.
Urban turf grass in our watersheds is dominated by
warm-season C4 grasses which may have an impact
on enhancing DOC concentrations. Cynodon dactylon
is commonly used in parks and on golf courses
whereas Stenotaphrum secundatum is typically used
as turf for new sub-division housing. It is not clear
whether C, grasses will induce greater DOC release
through root exudation and decomposition or whether
the practice of mowing and mulching enhances DOC
release from grass residue to local streams. A few
studies have examined DOC production in soil under
turf grass (Wright et al. 2005, 2007, 2008). These
studies include compost amended and un-amended
Cynodon dactylon and Stenotaphrum secundatum
plots. Soil samples were removed six times over a
period of 29 months to obtain water extractable DOC
(WEDOC) at a 3:1 solution soil ratio (Wright et al.
2005, 2008). The authors do not reveal whether grass
residue or thatch was removed from the soil prior to
water extraction. Their water extractable total organic
carbon (WETOC) was significantly higher from
composted amended plots compared to un-amended
plots as would be expected but there was nevertheless
a trend of increased WEDOC from the un-amended
Stenotaphrum secundatum plots over the study period
(300-500 mg C kg~ ") (Wright et al. 2008). Similarly,
their study of WEDOC under Cynodon dactylon plots
yielded a trend of increased WEDOC (250-500 mg C
kg™') from un-amended plots over the same time
period (Wright et al. 2005). Both studies attribute the
DOC source to turf grass residue and not compost
addition.

The chemistry of municipal tap water used for
irrigation in this south central Texas region and its
interaction with watershed soil may be implicated in
our high annual mean DOC concentrations. Munici-
pal tap water for the study region is abstracted from
the 900 m deep Carrizo-Wilcox Aquifer. Sodic soil
conditions created by this high pH, high sodium
municipal water which is used to irrigate urban turf
grass in our watersheds may be inducing

solubilization of humic as well as fulvic acids
resulting in the high DOC concentrations in our
streams. Sodium adsorption ratio explained most of
the variance in our annual mean stream DOC
concentration. Skene and Oades (1995) also reported
a relationship between stream DOC and SAR. They
found stream SAR values ranging 1.2-4.0 and DOC
concentrations from 7 to 25 mg C L™" in streams of
the Mt. Lofty Range of Australia, which fit well with
our findings (Fig. 4). Other studies on soil DOC
release from soils at plot, mesocosm and field scale
suggest that sodium application, either as an irrigant
or deicer may contribute to increases in aquatic DOC.
For example, Wright et al. (2008) reported that water
extractable DOC is significantly correlated to water
extractable sodium under composted amended turf
grass (r = 0.74, p < 0.05). Recent work by Green
et al. (2008) investigated the long term effect of road
salting on the dispersion of organic matter (DOC and
DON) into drainage water. They reported that at high
NaCl exposure lower DOC concentrations are mobi-
lized from the previously salt impacted soils than
from the control soil and suggested that so much
carbon has been removed over 40 years of road salt
application that salt induced dispersion of C is less
significant. Based on the diffuse double layer theory,
solutions with a high SAR applied to a soil will
increase the proportion of sodium on the soil
exchange complex, which will result in greater clay
dispersion. Skene and Oades (1995) tested the
amount of total organic carbon (TOC) and clay
dispersed and released from soil cores and reported
significant correlations between TOC and suspended
clay. Soil aggregate stability is also impacted with
high sodium and bicarbonate irrigation water which
in turn reduces water infiltration (Pilatti et al. 2006).
Aggregate stability is associated with glomalin reac-
tive soil proteins and carbon associated with wax
compounds (Pikul et al. 2009); however the potential
release of proteins from soil disaggregation into our
surface waters by irrigating turf grass with sodic
water was not supported by our findings. Proteins,
which we analyzed as a surrogate for glomalin-like
proteins were not correlated to any of the land use
categories or DOC but they did explain a significant
amount of the variance in stream DON. Aggregate
stability may be impacted by irrigation water chem-
istry in our region, which in turn reduces water
infiltration into our watershed soils. The high DOC
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concentrations in our watersheds without a WWTP
may be due to irrigation water flow paths through the
top layers of organic material as a result of reduced
water infiltration due to soil disaggregation. Runoff
from irrigated turf grass, high in DOC, will then enter
storm drains as a non-point source to streams.

More research needs to be done using laboratory
controlled experiments to investigate the linkages
between sodium and DOC losses.

Conclusions

In this study of rural and rapidly urbanizing water-
sheds in a subtropical savanna biome of south-central
Texas we have quantified:

e High DOC concentrations in urban watershed
streams were significantly related to the propor-
tion of high density and open area urban land
uses.

e Within the streams, DOC concentration was most
strongly related to sodium adsorption ratio sug-
gesting that irrigating turf grass with high sodium
and bicarbonate irrigation water may result in
elevated DOC concentrations in urban streams.

e Dissolved organic nitrogen was not correlated to
any watershed land use.

Acknowledgments This work was supported by Texas
AgriLife Research. We thank Cara Harclerode and Nina
Stanley for help with chemical analysis and fieldwork and the
two anonymous reviewers whose advice significantly improved
this manuscript.

References

Aitkenhead JA, McDowell WH (2000) Soil C:N ratio as a
predictor of annual riverine DOC flux at local and global
scales. Global Biogeochem Cy 14:127-138

Aitkenhead JA, Hope D, Billett MF (1999) The relationship
between dissolved organic carbon in streamwater and soil
organic carbon pools at different spatial scales. Hydrol
Process 13:1289-1302

Aitkenhead-Peterson JA, Alexander JE, Clair TA (2005) Dis-
solved organic carbon and dissolved organic nitrogen
export from forested watersheds in Nova Scotia: Identi-
fying controlling factors. Global Biogeochem Cy 19.
doi:10.1029/2004GB002438

Aitkenhead-Peterson JA, Smart RP, Aitkenhead MJ et al.
(2007) Spatial and temporal variation of dissolved organic
carbon from gauged and ungauged watersheds of Dee

@ Springer

Valley, Scotland: effect of land cover and C:N. Water
Resour Res 43. doi:10.1029/2006WR004999

Chalmers AT, Van Metre PC, Callender E (2007) The chem-
ical response of particle associated contaminants in
aquatic sediments to urbanization in New England, USA.
J Contam Hydrol 91:4-25

Dillon PJ, Molot LA (1997) Effect of landscape form on export
of dissolved organic carbon, iron and phosphorous from
forested stream catchments. Water Resour Res 33:2591—
2600

Driscoll CT, Fuller RD, Simone DM (1988) Longitudinal
variations in trace metal concentrations in a northern
forested ecosystem. J Environ Qual 17:101-107

Evans CD, Freeman C, Cork LG et al. (2007) Evidence against
recent climate-induced destabilisation of soil carbon from
4c analysis of riverine dissolved organic matter. Geophys
Res Lett 34. doi:10.1029/2007GL029431

Green SM, Machin R, Cresser MS (2008) Long-term road
salting effects on dispersion of organic matter from
roadside soils into drainage water. Chem Ecol 24:221-231

Hayakawa A, Shimizu M, Woli P, Kuramochi K, Hatano R
(2006) Evaluating stream water quality through land use
analysis in two grassland catchments: impacts of wetlands
on stream nitrogen concentration. J Environ Qual 35:617—
627

Hedin LO, Armesto JJ, Johnson AH (1995) Patterns of nutrient
loss from unpolluted, old-growth temperate forests—eval-
uation of biogeochemical theory. Ecology 76:493-509

Hope D, Billett MF, Milne R et al (1997) Exports of organic
carbon in British rivers. Hydrol Process 11:325-344

Hope D, Naegeli MW, Chan AH et al (2004) Nutrients on
asphalt parking surfaces in an urban environment. Water
Air Soil Pollut 4:371-390

Kolpin DW, Furlong ET, Meyer MT et al (2002) Pharmaceu-
ticals, hormones, and other organic wastewater contami-
nants in U.S. streams, 1999-2000: a national
reconnaissance. Environ Sci Technol 36:1201-1211

Kortelainen P, Saukkonen S, Mattson T (1997) Leaching of
nitrogen from forested catchments in Finland. Global
Biogeochem Cy 11:627-638

Malcolm RL, Durum WH (1976) Organic carbon and nitrogen
concentrations and annual organic carbon load of six
selected rivers of the United States. USGS Water Supply
Paper 1817-F

Mattson T, Kortelainen P, Raike A (2005) Export of DOM
from boreal catchments: impacts of land use cover and
climate. Biogeochemistry 76:373-394

Mulholland PJ, Keunzler EJ (1979) Organic carbon export
from upland and forested wetland watersheds. Limnol
Oceanogr 14:960-966

Mulholland PJ, Watts JA (1982) Transport of organic carbon to
the oceans by rivers of North America: a synthesis of
existing data. Tellus 34:176-186

Pellerin BA, Wollheim WM, Hopkinson C et al (2004) Role of
wetlands and developed land use on dissolved organic
nitrogen concentrations and DON/TDN in northeastern
US rivers and streams. Limnol Oceanogr 49:910-918

Pellerin BA, Kaushall SS, McDowell WH (2006) Does
anthropogenic nitrogen enrichment increase organic
nitrogen concentrations in runoff from forested and
human-dominated watersheds? Ecosystems 9:852-864


http://dx.doi.org/10.1029/2004GB002438
http://dx.doi.org/10.1029/2006WR004999
http://dx.doi.org/10.1029/2007GL029431

Biogeochemistry (2009) 96:119-129

129

Perdue EM, Beck KC, Reuter JH (1976) Organic complexes of
iron and aluminum in natural waters. Nature 260:418-420

Pikul JL, Chilom G, Rice J et al (2009) Organic matter and
water stability of field aggregates affected by tillage in
South Dakota. Soil Sci Soc Am J 73:197-206

Pilatti MA, Imhoff S, Marano RP et al (2006) Changes in some
physical properties of Mollisols induced by supplemental
irrigation. Geoderma 133:431-443

Sickman JO, Zanoli MJ, Mann HL (2007) Effects of urbani-
zation on organic carbon loads in the Sacramento River,
California. Water Resour Res 43. doi:10.1029/
2007WR005954

Skene TM, Oades JM (1995) The effects of sodium adsorption
ratio and electrolyte concentration on water-quality—
laboratory studies. Soil Sci 159:65-73

Stanley EH, Maxted JT (2008) Changes in the dissolved
nitrogen pool across land cover gradients in Wisconsin
streams. Ecol Appl 18:1579-1590

Stevenson FJ (1994) Humus chemistry: genesis, composition,
reactions, 2nd edn. Wiley, NY

Volk CJ, Volk CB, Kaplan LA (1997) Chemical composition
of biodegradable dissolved organic matter in streamwater.
Limnol Oceanogr 42:39-44

Westerhoff P, Anning D (2000) Concentrations and charac-
teristics of organic carbon in surface water in Arizona:
influence of urbanization. J Hydrol 236:202-222

Williams M, Hopkinson C, Rastetter E et al (2005) Relation-
ships of land use and stream solute concentrations in the
Ipswich river basin, northeastern Massachusetts. Water
Air Soil Pollut 161:55-74

Williamson CE, Zagarese HE (1994) The impact of UV-B
radiation on pelagic fresh-water ecosystems. Archive fiir
Hydrobiologie Beiheft 43:9-11

Worrall F, Parker A, Rae JE, Johnson AC (1997) A study of the
sorption kinetics of isoproturon on soil and subsoil, the
role of dissolved organic carbon. Chemosphere 34:87-97

Wright AL, Provin TL, Hons FM et al (2005) Dissolved
organic carbon in soil from compost-amended Bermuda-
grass turf. Hortscience 40:830-835

Wright AL, Provin TL, Hons FM et al (2007) Nutrient accu-
mulation and availability in compost-amended turfgrass
soil. Hortscience 42:1473-1477

Wright AL, Provin TL, Hons FM et al (2008) Compost impacts
on dissolved organic carbon and available nitrogen and
phosphorus in turfgrass soil. Waste Manag 28:1057-1063

@ Springer


http://dx.doi.org/10.1029/2007WR005954
http://dx.doi.org/10.1029/2007WR005954

	Dissolved organic carbon and nitrogen in urban and rural watersheds of south-central Texas: land use and land management influences
	Abstract
	Introduction
	Site description
	Materials and methods
	Field sampling
	Chemical analysis
	Spatial analysis
	Statistical analysis

	Results
	Stream chemistry in urban, suburban and rural surface waters with and without a WTTP
	Relationships between mean annual stream DOC, DON and land use
	Effect of irrigation water and waste water effluent on stream DOC, DON and proteins

	Discussion
	Land use effect on DOC and DON concentrations
	Effect of urban land management on dissolved organic carbon

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


