ABSTRACT

GURLEY, JOHN WALTER. Analyzing the Dynamics of Riverine Nitrate and Dissolved
Organic Matter in Watersheds Impacted by Agricultural Inputs. (Under the direction of
William J. Showers.)

The spatial variation in chemical parameters of nitrate and dissolved organic matter (DOM)
were analyzed in four small streams located within agricultural watersheds of the Black
River Sub-basin in Sampson County, North Carolina. In situ riverine nitrate concentrations
were measured at a high-spatial resolution (~2 m) in two gaining streams to determine
sources and sinks at a reach scale (< 15 km). Concentrations were stable at lengths ranging
from hundreds of meters to kilometers but showed significant increases below inputs from
smaller streams and open ditch agricultural drains and decreases related to organic debris
dams. Nitrate dynamics were largely a function of source and method of transport to the
stream with artificial drainages contributing significant amounts of nitrate to the streams and
little to no in-stream reduction occurring in absence of dam-induced slowing of downstream
transport. While debris dams may facilitate in-stream nitrate reduction, the spatial
consistency of concentrated artificial drainage inputs more than offsets this removal.
Analysis of land use/land cover revealed significant correlations between the proportion of
agricultural land (r = 0.78) and wetland cover (r = -0.93) of input drainage basins adjacent to
stream transects and nitrate concentration in the main streams. Spatial variation of DOM
composition was evaluated across four streams at varying discharge using excitation
emission matrix (EEM) spectroscopy combined with parallel factor analysis (PARAFAC).
Three allochthonous humic-like components (C1-C3) and one autochthonous humic-like
component (C4) were validated with PARAFAC. C1 represented recalcitrant terrestrial
humic-like material and was ubiquitous across streams. C2 and C3 were suggestive of less
degraded soil humic-like material and related positively to discharge. A negative correlation
existed between C1 and nitrate, while C2 and C3 were positively correlated with nitrate.
These relationships suggest that nitrate from shallow soils is likely the largest source of
nitrate during rain events. C4 represented autochthonous production and showed a

significant increase related to low discharge. This indicates that physical and climatic factors



that control stream flow may play an important role in the degree of primary production in

these streams.
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PREFACE

The Cape Fear River Basin is an area of intensive agricultural production, with over
1.5 million acres designated as farmland (USDA, 2009). Environmental consequences
associated with agricultural activity include alterations to the cycling of inorganic and
organic subsidies in aquatic ecosystems. The increased delivery of the inorganic nutrient
nitrate to streams in areas of agricultural land use is a worldwide phenomenon that threatens
aquatic life and water quality (Berka et al., 2000; Carpenter et al., 1998). High fluvial nitrate
levels are connected to eutrophication of aquatic ecosystems, while nitrate contamination in
drinking water has been linked to increased incidence of cancers and methemoglobinemia
(blue-baby syndrome) in infants (Wolfe & Patz, 2002). Recent studies have also identified
impacts of farming on dissolved organic matter (DOM) source and character (Wilson and
Xenopolous, 2009; Williams et al., 2010). The quantity and quality of DOM present in
streams may play an important role in the local and global transport of carbon, as DOM
represents the largest pool of bioavailable carbon in aquatic systems (Wilson and
Xenopoulos, 2009). Variations in fluvial DOM composition and bioavailability have the
potential to alter rates of microbial metabolism of carbon in streams, thus affecting local
ecosystem health as well as modifying the global carbon cycle (Hernes et al., 2008).
Determining possible relationships between nitrate, DOM composition, and agricultural
activities are vital for understanding anthropogenic impacts on aquatic ecosystems.

Nitrate originating from anthropogenic sources can be classified as either point or

non-point inputs. While point sources can be identified as direct inputs into a river system,



identification of non-point sources is complicated by the fact that these inputs are emitted
over a larger spatial gradient. Increases in riverine nitrate have been linked primarily to non-
point discharge in agricultural watersheds, with elevated concentrations attributed to nitrogen
based fertilizer application (Panno et al., 2006) and intensive livestock production (Sloan et
al., 1999; Karr et al., 2001). This is largely a result of runoff and groundwater mobilization
of nitrate leached from soils fertilized with synthetic or organic nitrogen fertilizers and
disposed animal manures (Carpenter et al., 1998).

After introduction into the environment, the fate of mobilized nitrate depends largely
on landscape and stream characteristics that affect flow paths and nitrate removal. For
instance, high riverine nitrate concentrations could result from shallow groundwater or
surface runoff preferentially discharged to streams from agricultural drainages (Sloan et al.,
1999). However, nitrate removal through denitrification, biotic uptake, or chemical sorption
may occur in areas of saturated soils or dense vegetative cover, such as wetlands or riparian
buffers (Johnston et al., 2001). Nitrate processing occurs within streams as well, with
nitrification, denitrification, and biotic uptake occuring in the water column and benthic
interface during downstream transport. While in-stream nitrification is generally a less
extensive source of nitrate in agricultural watersheds, studies have indicated the benthic
denitrification may be a common nitrate removal process in smaller streams (Kemp and
Dodds 2002, Seitzinger et al., 2002). These terrestrial and aquatic addition and removal
processes control the spatial and temporal variability of nitrate concentration in streams.
Therefore, determining nitrate dynamics in fluvial systems depends on a sufficient

understanding of nitrate sources and sinks across a watershed.



DOM is a ubiquitous constituent of fluvial systems that can originate from a variety
of sources. The majority of DOM is derived from the terrestrial environment and transported
to the aquatic environment (allochthonous), while some is created in situ by biological
processes producing new organic matter or recycling older organic matter (autochthonous).
The contribution of each is governed by the environmental conditions within and without a
body of water. The concentration and quality of DOM in streams is driven by the source of
the material and the subsequent chemical and biological alterations that occur during
transport to and within the fluvial system. Agricultural practices have the potential to modify
these factors by directly influencing the terrestrial landscape as well as indirectly affecting
rates of stream autochthonous production and organic matter cycling.

A useful tool for examining the characteristics of DOM in natural waters is the optical
measurement of chromophoric dissolved organic matter (CDOM), the fraction of DOM that
absorbs and emits ultraviolet (UV)-visible light. The absorbance and fluorescent properties
of CDOM contain information on DOM source, quantity, and quality (Green & Blough,
1994). For example, the optical properties of CDOM have been applied to aquatic studies of
dissolved organic carbon (DOC) concentration (Cumberland & Baker, 2007), microbial
alteration of DOM (Wilson & Xenopoulos, 2009; Williams et al., 2010), and the
identification of pollutant sources (Baker et al., 2003). Application of optical techniques to
analyze DOM in agriculturally impacted streams coupled with nitrate analysis may provide
useful information on nutrient influence on biogeochemical cycling as well as possible

linkages for nitrate source identification.
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CHAPTER 1

High-resolution spatial dynamics of nitrate over short stream reaches in agriculturally

influenced watersheds

1.1 Introduction

Human activities have altered the nitrogen cycle, increasing the delivery of nitrogen
to terrestrial and aquatic ecosystems (Boyer et al., 2002; Seitzinger et al., 2002). It is
estimated that humans now produce over 160 Tg of nitrogen per year globally, approximately
30% to 45% of all nitrogen fixed on the planet (Howarth, 2004). The majority of this
nitrogen is transported from terrestrial to aquatic ecosystems through groundwater and
surface water in the form of nitrate (NOg3’); a highly soluble, inorganic oxidized species of
nitrogen (Galloway, 2003). Nitrate has been identified as a limiting nutrient linked to
increased primary production and eutrophication in aquatic ecosystems worldwide (Rabalais
et al., 1996; Paerl et al., 1998; Nestler et al., 2010). Increased algal blooms, oxygen
depletion, and fish kills related to excessive concentrations of nitrate in riverine and estuarine
systems have raised concerns on nitrate discharge from anthropogenic sources. Elevated
nitrate levels in many aquatic systems can be related to changes in land use/land cover
(LULC) and agricultural practices (Carpenter et al., 1998). However, these relations are
often based on synoptic sampling of independent drainage basins, neglecting in-stream
processes that may affect nitrate dynamics upstream and resulting in correlations based on

large spatial areas. Determining the sources and dynamics of nitrate over small scale stream



reaches may improve the focus of nitrate management strategies and the prediction of
regional trends.

Technology utilizing UV spectrophotometry to measure nitrate concentration has
greatly improved the ability of in situ data collection (Johnson and Coletti, 2002). High
frequency sampling afforded by these devices has provided significant insight into patterns of
nitrate in freshwaters at resolutions not previously possible (Pellerin et al., 2009;
Prestigiacomo et al., 2009; Pellerin et al., 2010). To date, most published data has focused
on the temporal variations of nitrate, while fewer studies have reported on changes over
spatial scales (Johnson and Coletti, 2002; Prestigiacomo et al., 2009). A relevant application
of this technology is for the analysis of small scale spatial dynamics of nitrate in streams. In
particular, high-resolution spatial sampling may be beneficial for the identification of sources
and sinks of nitrate in waters receiving agricultural inputs. This type of information would
improve the resolution of source apportionment and be of significant use for nutrient
management strategies in targeting areas of focus.

Previous studies have identified relationships linking riverine nitrate dynamics to
hydrologic (Silva et al., 2002), geomorphic (Rosenblatt et al., 2000; Johnston et al., 2001),
and land use/land cover (LULC) variables (Floyd et al., 2009) at various scales. While not
entirely exclusive, each of these mechanisms can have significant effects on the loading and
export of nitrate within a stream. For example, nitrate characteristics are known to change
temporally in relation to seasonal and short hydrologic events, but the manner of these
changes can differ widely within and among watersheds (Inamdar & Mitchell, 2005). The

inconsistent pattern of nitrate dynamics across different systems, even under similar



hydrologic forcing, can in part be related to spatial variability of landscape characteristics.
Thus, analyzing how source and landscape affect riverine nitrate has important implications
for spatial nitrate dynamics.

Sampson County, North Carolina, is an area of intensive agriculture, with over 53%
of land area designated as farmland, and a potentially substantial source of nitrate to the Cape
Fear River and Estuary. Additionally the county contains two million hogs and pigs, the
second highest number per county in the state, and over 22.0 million broilers and 10.0
million turkeys (USDA, 2009). In this high-animal-density county, manure and litter
production is greater than 100% of plant-required nitrogen, and nearly half of all nitrogen
from land-applied waste has the potential to be lost through volatilization, runoff, or soil
drainage (Karr et al., 2001). The objective of this study was to determine the dynamics of
riverine nitrate at a reach scale using high-resolution spatial analyses within streams that
receive agricultural inputs. These measurements, coupled with major ion analysis were used
to evaluate sources and sinks of nitrate over short distances and to examine spatial
correlations among nitrate concentrations in surface water and localized LULC. Two
hypotheses were tested: (1) nitrate is dynamic over small spatial scales along stream reaches
and (2) stream nitrate concentration is largely a function of LULC characteristics of small

watersheds lateral to the analyzed streams.
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Figure 1 Map of downstream transects within the Black River Sub-Basin.

1.2 Methods
1.2.1 Site description

Analyses were conducted over downstream transects on two streams, the Great
Coharie (GC) and the Little Coharie (LC), within different sub-watersheds (GC sub-
watershed hyrologic unit code [HUC] 03030006090060, LC sub-watershed HUC
03030006080050) of the Black River Sub-Basin (HUC 03030006) in Sampson County,
North Carolina in the summer of 2010 (Fig 1). The topography of each sub-watershed is
similar and typical of a coastal plain landscape, with flat uplands and gentle to steep slopes

along rivers and streams (Brandon, 1986). Both streams are relatively small with average



channel widths < 20 m and mean annual discharge of ~3 m*/s. Discharge averaged 3.31 +
0.12 m*/s in GC and 1.17 + 0.03 m*/s in LC at the time of analysis. The length of measured
transect ranged in distance from 10.3 km to 14.9 km on GC and LC, respectively. The
contributing area of land lateral to the length of stream measured was 42.9 km? on GC and
43.0 km? on LC and drained areas of elevated agricultural production with possible nitrate
sources from fertilizer and animal waste. Both streams contained municipal wastewater
treatment plants upstream of the stream sections measured that may contribute nitrate to the
stream. While discharge from these plants may affect stream water chemistry, no municipal
wastewater sources occurred in the drainage areas lateral to either stream. Therefore,
variation in nitrate along the analyzed transects are not believed to be related to municipal
wastewater input.
1.2.2 In situ measurements

High-resolution downstream water quality profiles were obtained on each stream. In
situ nitrate concentration was measured using a Satlantic Submersible Ultraviolet Nitrate
Analyzer (SUNA) which calculates nitrate concentration using light absorbance
measurements in the spectrum from 190 to 370 nm. Ancillary water quality measurements of
water temperature, specific conductance, pH, and dissolved oxygen concentration were made
with a YSI 6600 Sonde. Water quality parameters were measured from a kayak fitted with a
plate constructed to house the instruments and batteries for powering the SUNA and a
submerged water pump. Water was continuously pumped from approximately 30 cm depth
through Tygon tubing attached to each instrument fitted with a flow-through cell in series.

The pump was weighted to ensure that measurements were made at a constant depth. Nitrate
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concentrations were measured at a 2 second frequency and all other parameters at a 30
second frequency. The average kayaking speed for all sample runs was 3.0 km/hr with the
distance between samples averaging 1.6 m and 20 m for the SUNA and Sonde, respectively.

Real-time in situ nitrate data was logged using SatView optical systems software
(Satlantic, Nova Scotia, Canada) installed on an onboard Trimble Yuma tablet computer
(Trimble Navigation Ltd, Sunnyvale, CA) with GPS capabilities. Each data point was
stamped with a corresponding time and latitude and longitude coordinates for geospatial
referencing. Ancillary data was time stamped and recorded internally on the Sonde. This
data was later downloaded in the laboratory and assigned correct latitude and longitude
coordinates recorded with SatView by matching the time variable of each data set.
1.2.3 Data Processing

In order to remove high-frequency variation in nitrate concentration related to
instrument noise, each spatial data set was interpolated over distance using a linear method at
an interval of 1 m and then smoothed using a 19 point (equivalent to 19 m) second-order
Savitzky-Golay filter. This allowed for finer identification of observable changes in
concentration related to inputs and in-stream processes. After identifying locations of
change, the original spatial nitrate data sets were divided into stream sections consisting of
normally distributed groups of concentration. Normality was verified using Shapiro-Wilk
tests. Each normally distributed segment was assumed to represent a pool of nitrate
influenced mainly by one source or process. The mean concentration of the original data

from each stream section was compared using one-way analysis of variance (ANOVA) and
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Tukey-Kramer multiple comparison test. All statistical tests were considered significant at a
p-value < 0.05.
1.2.4 Sample collection and laboratory analyses

Water samples were collected along each transect for major ion analysis. Samples
were collected in 1 L pre-rinsed HDPE bottles or 50 mL polypropylene centrifuge tubes.
After collection, all samples were kept in a cooler on ice and filtered in the laboratory within
24 h. All samples were filtered through pre-combusted glass fiber filters (0.07 um) and kept
in the dark at 4°C until analysis.

lon concentration analysis was performed on a Lachat autoanalyzer. Nitrate,
ammonia, phosphate, silica, and chloride concentrations were determined to within £10%
uncertainty based on replicate analysis of check standards. Calibration curves for instrument
response relative to the concentration of each ion were determined before each run and
correlated at R*> 0.995.
1.2.5 Geographic Analysis

To determine the influence of landscape properties on stream nitrate variability, the
area of land lateral to each stream transect was divided into smaller, independent basins (Fig
2, Tables 1.1 and 1.2). Delineation of these basins was completed using Arc Hydro (ESRI)
with a base 3-m digital elevation model (DEM) obtained from the USGS National Elevation
Dataset (USGS, 2006). There were 22 independent basins defined for GC and 18 for LC.
Basin size ranged from 0.10 to 11.06 km? in the GC sub-watershed and 0.11 to 10.48 km? in
the LC sub-watershed. Each independent basin was classified as being drained either by a

stream, artificial drainage (open ditch system), or no channelized drainage system.
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Figure 2 Map of contributing watersheds lateral to stream transects.

For each defined watershed, LULC was determined using the 30-m x 30-m cell
USDA-NASS Cropland Data Layer (USDA-NRCS, 2010). This data set was divided into
four major classes: Agriculture, Urban, Woody Vegetation, and Wetland. The Agricultural
class included row crops, sod and grass seed, hay fields, pastures, and idle cropland. The
Urban classification consisted of all developed areas. Forests, shrubland, and herbaceous
grassland composed the Woody Vegetation classification, while the Wetland classification
included woody and herbaceous wetlands. Additionally, the number of animal operations,
total steady state live weight of all reported facilities, and number of hog lagoons in each

basin were determined.
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Table 1.1 Independent basin attributes for Great Coharie

Number of Number
Area Drainage Animal  Steady State Live of Hog
Basin (km?) Type Operations Weight (Ibs) Lagoons
1 2.793  Artificial 1 (hog) 6.0 x 10° 3
2 0.482 None
3 2.617 Artificial 1 (Cattle)
4 2.165 None
5 1.994 Artificial
6 0.997 None 1
7 2.090 Artificial 1 (hog) 2.1 x 10* 4
8 0.328 None
9 0.882 Artificial 1 (Cattle)
10 2.888 Artificial 1 (Cattle)
11 0.948 None 1 (hog) 8.1 x 10° 1
12 5.033 Artificial
13 11.063 Stream 4 (hog) 2.1x 10° 7
14 0.095 None
15 3.899 Stream 1 (hog) 4.0x 10° 1
16 1.310 None
17 0.145 Artificial
18 0.334 Artificial
19 0.403 None
20 1.314 Artificial 1 (Cattle)
21 0.781 Artificial 1 (Cattle)
22 0.305 None

14



Table 1.2 Independent basin attributes for Little Coharie

Number of Number
Area Drainage Animal  Steady State Live of Hog
Basin  (km?) Type Operations Weight (Ibs) Lagoons
1 0.183 None
2 1.230 Stream 1 (hog) 1.2 x 10° 2
3 2104 None
4 4747  Artificial 2 (hog) 2.7 x 10° 2
5 0.106 Artificial
6 2411 Stream
7 2.652 None 1 (hog) 1.8x 10° 2
8 2.629 Stream 1 (hog) 7.8x 10° 1
9 3.188 Artificial
10 1.075 None
11 10.481 Stream 3 (hog) 4.0 x 10° 5
12 0.158 None
13 4.075 Artificial
14 1.245 None 1
15 1.109 Stream
16 3.033 Atrtificial 2 (hog) 3.4 x 10° 3

Land use/land cover was characterized in each defined watershed using two methods.

The first method was a simple percent total of each class, while the second was based on
inverse-distance weight (IDW) percentages. Inverse distance weights were calculated as
LULC percentages weighted by their inverse distance from the main stream channel. The
distance from the main stream to each LULC cell was calculated using linear (Euclidian)
measurements. LULC cells were assigned to distance groups of 0-100 m, 101-250 m, 251-

500 m, 501-1000 m, 1001-2000 m, 2000-5000 m (Fig B.1). The IDW of each defined

watershed was calculated following an equation derived by King et al. (2005):
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G -1
IDW % basin LULC = 100 x Liza M di /Z (1)

G -1

where G is the number of LULC distance groups, d; is the highest distance value in distance
group i (e.g., d; = 100 m for distance group 0-100 m), ny is the cell count of a specific LULC
class within i, and nr is the total number of LULC cells within i.

Relationships between stream nitrate concentration and geographic variables were
determined by Pearson’s correlation (r). The average nitrate concentration of in situ
measurements from basin inputs or, in the case where no measurements were made within an
input, segments downstream of inputs was used to represent total basin nitrate contribution.
Entire segments downstream of inputs were considered to be representative of total basin
nitrate input if the average nitrate concentration was derived from a normally distributed
population as determined by a Shapiro-Wilk test (p < 0.05). The use of downstream
segments may also serve to reduce bias related to incomplete mixing at the confluence of
inputs with the main stream. Correlations with p-values < 0.05 were considered significant.
1.3 Results
1.3.1 Insitu nitrate mapping

Variations in nitrate concentration were observed along each stream profile, with in
situ values ranging from 0.25 to 4.5 mg/L on GC (Fig B.1) and 0.13 to 0.87 mg/L on LC (Fig
B.2). In general, nitrate concentrations increased downstream in each stream. Significant
changes in concentration, both increases and decreases, were common at inputs of smaller

streams and artificial drainages and in relation to debris dams.
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Figure 3 Simplified diagrams of stream segment divisions and sampled inputs. Thinner
blue lines represent channelized drainage inputs and thick black hashes represent debris
dams. Transects not drawn to scale.

Stream GC was divided into 13 stream segments of nitrate concentration bound by
either independent basin inputs or flow obstructions and 7 input measurements (Fig 2, Fig
B.2, and Table A.1). Each segment was influenced by one main input and ranged in length
from 0.08 to 1.78 km. Segments 8 and 10 did contain small artificial drainages, but
measurements from these inputs indicated no difference from main stream nitrate
concentration. Because these smaller inputs did not influence concentration, they were not
used to bound segments. All segment nitrate values were normally distributed except for two

high concentration inputs (Input 3 and Input 6). Significant differences between the average

17



nitrate concentrations of stream segments occurred at eight locations. Segments 2 and 3 were
significantly greater than upstream segments (Fig 3a). Both segments were bound upstream
by artificial drainage inputs (Basin 1 and Basin 3 for Segments 2 and 3, respectively), while
Segment 3 was bound downstream by a debris dam. Downstream of this dam to the input of
Basin 5, which bound Segment 4, a significant decrease of ~0.05 mg/L was observed. A
significant increase occurred in Segment 6, which was bound by the artificial drainage of
Basin 7 upstream and a debris dam downstream. Nitrate concentration was significantly less
below this debris dam in Segment 7. Segment 8 was bound upstream by Input 3 (an artificial
drainage) and displayed a significant increase in concentration. A significant increase was
observed in Segment 10, bound upstream by an artificial drainage, while a final increase
occurred at Segment 11, which was significantly greater than all previous stream segments.
Of the inputs sampled, Inputs 2, 3, 5, and 6 were significantly greater than surrounding
stream segment averages (Table A.1).

Spatially mapped nitrate on LC was divided into 11 main stream segments bound by
basin inputs or flow blockages and 3 inputs (Fig 2, Fig B.3, and Table A.2). Segment length
ranged between 0.22 and 3.38 km, and all segments except Input 3 followed a normal
distribution. The first significant decrease in average nitrate concentration (Fig 3b) occurred
in Segment 2, below a debris dam and above the input of Basin 2. Segment 4 was
significantly greater than Segments 3 and 2 with an increase of ~0.09 mg/L. This segment
was bound upstream by the input of Basin 4, an artificial drainage, and downstream by the
input of Basin 6. Segment 5, the length of stream below the small stream input of Basin 6

and above Basin 7, also showed a significant increase of ~0.03 mg/L. A significant decrease
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Figure 4 Results of Tukey-Kramer multiple comparison tests for a) Great Coharie and b)
Little Coharie Creek stream segments. The average nitrate concentration and 95%
confidence interval of each segment are shown. Segments are considered significantly
different if their confidence intervals do not overlap.

occurred at Segment 7, which was bound by the input of Basin 9 and Basin 11. Segment 9
was significantly greater than Segment 8 and was bound by the inputs of Basin 15 upstream
and Basin 16 downstream. Segment 10 was significantly greater than all upstream segments,

and was bound upstream by the input of Basin 15 and downstream by the input of Basin 17.

1.3.2 Insitu Sonde and major ion data

Besides nitrate, in situ Sonde water quality variables and major ions showed little
variation in main stream segments apart from a steady increase in temperature and dissolved
oxygen related to diurnal heating on GC. Variations did occur in measurements from inputs
however. Inputs 4 and 7 on GC (both artificial drainages and locations of highest nitrate)
showed sharp increases in specific conductivity, dissolved oxygen, and acidity, while Input 4

had a lower temperature and Input 7 a higher temperature. A rise in ammonia and silica was
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found to occur in these two inputs as well as Input 2. Input 4 was distinguished from the
other inputs by a decrease in dissolved chloride.

Similar to GC, measurements from inputs showed greater variation than
measurements made in the main stream on LC. Inputs 1 and 2 were wetland surficial inputs
with low nitrate concentrations and showed significant decreases in dissolved oxygen. Input
1 was also identified as having higher ammonia and silica and decreased chloride. There
were two samples from inputs with high nitrate concentration, both were artificial drainages.
The first was from the mouth of the input of Basin 4 and showed a very sharp increase in
nitrate and chloride concentration, 3.30 and 22.30 mg/L, respectively. The increase in nitrate
was less significant in Input 3 and chloride and silica were found to decrease as ammonia
increased. In situ measurements from this input showed rises in dissolved oxygen and
temperature and a drop in specific conductivity.

1.3.3 Land Use/Land Cover and nitrate

The distribution of LULC varied among basins, with agriculture ranging from 0 to
54%, woody vegetation ranging from 12 to 82%, and wetland ranging from 5 to 79% (Fig 4).
Urban LULC occurred in 32 of the 40 basins and comprised <10% total land cover within
these basins. All urban influences consisted of developed open space or low intensity
developed land and were generally not in close proximity to the streams. Therefore, the
effects of urban land use on riverine nitrate would likely be minimal and are not considered
further. Relative to basin drainage type, agriculture was greatest in basins with artificial
drainages, woody vegetation was greatest in basins drained by streams, while basins with no

surface drainage system contained the largest amount of wetland.
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Agricultural and wetland LULC showed significant relationships with average

segment nitrate (Table 1.5). Both streams showed a positive correlation with proportion of

agricultural land within a basin and stream nitrate concentration. The correlation was greater

on GC (r=0.78) than on LC (r = 0.70). However, a strong negative relationship was found
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between wetland cover and nitrate concentration on LC (r = -0.93) that was not identified on
GC.

Weighting LULC by inverse distance from stream had mixed results (Table 1.5). On
GC IDW did not improve correlation between stream nitrate and agricultural or wetland
LULC. In fact, each correlation lost significance (p > 0.05) after applying the IDW function.
The IDW function decreased the degree of correlation between wetland and stream nitrate
while having little impact on the relationship of agricultural land use and nitrate on LC. The
only significant improvement was in the correlation of woody vegetation with stream nitrate
on LC (r=0.50 to r = 0.76). However, this correlation is likely an artifact of the strong
colinearity between IDW wetland cover and IDW woody vegetation on LC (r = -0.91) rather
than an actual relationship between woody vegetation and nitrate concentration.

Of the 22 basins analyzed on GC, six had at least one hog operation or hog lagoon,
while five basins contained cattle pastures (Table 1.1). There were six basins with hog
operations and hog lagoons, but no cattle were identified on LC (Table 1.2). There was not
sufficient data to determine statistical correlations between livestock influence and nitrate
concentration. However, of the six basins related to nitrate increases on GC, two contained

cattle operations (Basins 3 and 10) and three contained hog operations (Basins 1, 7, 15).

Table 1.3 Pearson’s correlation (r) among nitrate and independent basin LULC and
IDW independent basin LULC

IDW Woody  IDW Woody IDW
Agriculture Agriculture Vegetation Vegetation Wetland Wetland
GC NO3 0.78 0.50 -0.29 0.13 -0.27 -0.32
LC NO3 0.70 0.71 0.50 0.76 -0.93 -0.83

Bold indicates significance at p < 0.05 (n=14 for GC and n=11 for LC)
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Basin 4 on LC was the only basin that contained an animal operation (hog) and was related

increased nitrate concentration.

1.4 Discussion
1.4.1 Nitrate dynamics at a reach scale: sources and sinks

High frequency spatial concentration profiles revealed the dynamic nature of riverine
nitrate at small scales within sub-watersheds. Small, yet significant variations in average
nitrate concentration demonstrate the influence of processes at the reach scale on nitrogen
gains and reductions. Spatial variability in nitrate is a function of three processes: the supply
of terrestrial sources, rates of in-stream production, and rates of removal through
denitrification and biotic uptake. In the two streams studied, nitrate loads were relatively
constant at stream lengths ranging from hundreds of meters to several kilometers but showed
significant changes downstream of inputs of smaller drainages and flow obstructions.
Contrary to other studies that have identified stream channels as reactive zones of nitrogen
transformations (Dent and Grimm, 1999; Peterson et al., 2001; Bohlke et al., 2004), these
patterns represent nitrate variation as a stepped progression with little to no observable
gradual in-stream processing over short distances. This discrepancy may be in part be
explained by the relatively larger size of the streams analyzed in this study. Data on nitrogen
transport in fluvial systems suggests that smaller streams are more efficient at nitrate
processing and removal than large rivers (Alexander et al., 2000). Based on the relation
between discharge and nitrate uptake identified by Peterson et al (2001) for streams across

the United States, losses of nitrate in GC and LC may only be observable at distances >1000
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m. Additionally, as observed in isotope tracer studies of gaining agricultural streams, any
observable loss may be obscured by the input of other nitrate sources (Bohlke et al., 2004).
If nitrate reduction did occur during transport, it was more than offset by the observed high
concentration inputs.

The precipitous character of nitrate variation observed in this study does provide
insight on other processes influencing the dynamics of nitrate within these stream systems.
Immediate rises in concentration below inputs indicate that nitrate is introduced to the system
largely through point source inputs; in-stream nitrification and non-point input are minimal.
This idea is contradictory to the understanding of nitrate pollution in agricultural areas as
related primarily to non-point sources (Carpenter et al., 1998). These streams behave as
point source dominated systems because of their hydrologic connection to open ditch
drainage structures. Drainage ditch networks are ubiquitous in this study area due to the low
topography of the region and predominance of poorly drained soils requiring artificial
drainage to support crop production. These networks serve as conduits for agricultural
pollutants, concentrating point and non-point sources derived over large geographic areas to
a specific discharge point (Scholefield et al., 1993; Skaggs and Cheschier, 2003; Strock et al.,
2007). In this sense, ditches circumvent natural surface and subsurface flow by directly
connecting agricultural land to local waters.

Two ditches on GC (Inputs 2 and 4) showed nitrate increases associated with
anomalously high silica concentrations and low water temperatures indicating groundwater
nitrate contribution not observed in the adjacent main stream. This demonstrates the solute

concentrating effect of altering groundwater flow paths to discharge at localized positions in
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the landscape. Additionally, the alteration of flow paths may also reduce the potential of
groundwater denitrification. Denitrifying bacteria require suboxic conditions and a supply of
organic matter to function. Altering flow paths can reduce the chance of groundwater
encountering these conditions in soils by decreasing subsurface water residence times,
lowering the water table, and diverting flow to bypass stream riparian buffers (Ranalli and
Macalady, 2010). As little in-stream nitrate reduction occurred in either stream, the loss of
this groundwater process may have important implications for elevated nitrate loads.

In addition to nitrate transport, open ditch systems themselves may function as
sources of nitrate. Ditches are essentially low order waterways that can serve as mediums for
nitrogen cycling similar to other small agricultural streams. Although much less is known
about the exact dynamics within artificial drains, regular ditch maintenance disrupts the
formation of natural physical and biological aquatic and riparian regimes (Strock et al.,
2007). Conditions favorable for nitrification, the biological oxidation of ammonia to nitrate,
were observed in three drainages on GC. Nitrification occurs rapidly in aquatic sediments
under aerobic conditions and results in the decrease of ambient pH (Strauss et al., 2002).
Increased ammonia, dissolved oxygen, and acidity concurrent with increased nitrate in Inputs
2, 4, and 6 on GC indicates that these drainages may be effective zones of nitrification.

There was not enough data to precisely append the nitrate coming from any of the
drainages to a whole fertilizer or animal waste source. Nitrate increases were related to
basins with and basins without animal operations. The lack of a comprehensive geospatial
livestock dataset prevented in-depth analysis of the possible impact of animal operations on

stream nitrate concentration. Only hog and cattle operations could be confidently identified
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even though turkey and chicken operations likely exist in these watersheds. However,
because of the large amounts of waste produced from hog farms, it is likely that basins with
hog operations contained spray fields in which excess manure is applied. Spray fields have
been identified as a source of elevated nitrate concentrations in a stream in the eastern Black
River Sub-basin similar in character to the streams analyzed in this study (Karr et al., 2001).
Therefore, it is possible that increased stream nitrate concentrations related to the four basins
with hog operations could in part be related to nitrate leached from spray fields.

The reduction in nitrate concentration downstream of dams indicates that these
structures prevent transport and may facilitate in-stream nitrate removal processes that are
less efficient in unobstructed flow. The organic debris dams in GC and LC consisted of
woody debris that may have accumulated in response to hydrologic and morphologic
conditions or constructed by beavers. By blocking flow, these dams serve to increase water
residence time, promote groundwater-surface water mixing, and support anaerobic
conditions, all of which may increase the chances of nitrate removal (Craig et al., 2008).
Furthermore, the coupled decrease in oxygen and high organic matter content of debris dams
can create localized “hotspots” of denitrification, especially in streams with higher nitrate
concentrations (Groffman et al., 2009). This study did not have samples other than nitrate
concentration directly above and below dams and therefore may have missed any evidence of
localized nitrate removal, such as an increase in the 5*°N value of nitrate directly downstream
or a drop in dissolved oxygen above the dam followed by an increase below. Despite the
lack of direct evidence for denitrification or other nitrate removal processes occurring within

debris dames, it is clear that these structures serve a function in nitrate reduction.
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1.4.2 Influence of Land Use/Land Cover

The observed positive correlation between nitrate concentration and the proportion of
agricultural land within a drainage basin is in line with numerous other studies that have
analyzed this relationship (Tufford et al., 1998; Gove et al., 2001; Lattin et al., 2004; Woli et
al., 2004; Floyd et al., 2009). However, most of these relations are based on large geographic
scales with only single measurements from diverse independent catchments. When smaller
scale studies have been conducted land cover classifications are usually based on orthogonal
distances from a stream and do not take into account the hydrologic influence of small
drainage basins within the larger catchment (Gove et al., 2001; King et al., 2005; Floyd et al.,
2009). The present study scaled down the approaches of other researchers to short stream
reaches in order to determine if the same relationship existed among the drainage basins of
low order streams with similar landscape characteristics. Based on the correlations
determined for each stream, even minor increases in stream nitrate concentration can be
related in part to the inputs of small basins draining elevated proportions of agricultural land.

The flat topography of this region allows for significant soil saturation and the
formation of wetlands proximal to streams. Wetlands play an important role in the regulation
of nutrients and can be highly efficient systems of nitrate removal, even when occurring over
small areas within a landscape (Johnston et al., 2001; Whitmire and Hamilton, 2005). Itis
not surprising than that a significant negative correlation existed between average nitrate
concentration and proportion of wetland cover within a basin on LC. The degree of this
correlation suggests that wetland cover may be a better predictor of surface water nitrate in

LC than agricultural land use. The section of stream analyzed on LC was dominated by
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basins with no surficial channelized input and a higher proportion of wetland cover, which
may indicate a higher capacity of this landscape to remove nitrate or prevent it from entering
the stream. Two wetland samples from LC (Inputs 1 and 2) did exhibit possible signs of
denitrification with significantly reduced nitrate and dissolved oxygen concentrations.

The loss in strength of correlation when applying the IDW function for both percent
agricultural land and wetland with stream nitrate concentrations has implications for the
critical scales of effects of LULC classes. There is no consensus on the importance of
proximity to the stream when using LULC in the prediction of nutrient concentrations. Some
studies have identified LULC cover of riparian land and land adjacent to streams as a better
predictor of water quality than entire watersheds (Tufford et al., 1998; Osburne and Willey,
1988), others have found no improvement in prediction when accounting for proximity
(Omernik et al., 1981), while some have indicated that proximity is important but does not
improve prediction at all watershed scales (King et al., 2005). Based on this study, weighting
LULC by distance is not beneficial in predicting gains or losses in stream nitrate based on
agricultural or wetland cover, respectively. This would indicate that sources or sinks of
nitrate proximal to the stream are not significantly more important than those far away.
Because of the small scale of this study, distance from the stream may not be as important of
a factor. In many basins the total distance from the stream was less than 500m and rarely did
any basin approach 5000 m, thus the weighting factor was not as significant as it would be in
larger basins. Another factor that may weaken the importance of distance is artificial
drainage. As previously stated, artificial drainages enhance the delivery of nitrate to streams,

and their presence in a basin may result in greater contribution from distal sources.
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Additionally, since exact nitrate sources could not be apportioned, it cannot be ruled out that
a point source, such as a leaking hog lagoon, distal from the stream could distort the results
by providing a disproportionate amount of nitrate to a basin while not being considered in
IDW LULC analysis.

Although the improvement in the correlation between IDW woody vegetation and
nitrate concentration on LC is statistically significant, this result may be misleading. It is
unlikely that percent woody vegetation has a true positive relationship with stream nitrate
(Mayer et al. 2005; Floyd et al. 2009). Instead, this correlation can be attributed to the
colinearity of IDW woody vegetation and IDW wetland cover (King et al., 2005). The
strongest relationship with nitrate on LC was a negative correlation with percent wetlands,
and there was a strong negative relationship between percent wetland and percent woody
vegetation. Therefore, simple correlation analysis between nitrate and woody vegetation
would logically result in a positive correlation. This superficial relationship is an example of
how colinearity of LULC classes can produce misleading results when making
environmental correlations.

1.5 Conclusions

This study identified significant variation in nitrate over short longitudinal river
transects within agricultural watersheds of the Black River Sub-basin. Increases in stream
nitrate concentration were attributed to the input of artificial open ditch drainage systems.
These drainages functioned as point source inputs, acting as conduits for non-point sources of
nitrate. While the exact source of the nitrate could not be identified, the absence of livestock

within a basin was not indicative of reduced concentrations. This indicates nitrate increases
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in these streams are likely from a mixture of fertilizer and waste sources. Effective
mitigation strategies should consider contributions from both sources. Undoubtedly though,
future work that incorporates capable source identification methods would be beneficial.

In-stream nitrate loss was not observable in either section of stream unless debris
dams were present. These structures may have served to enhance nitrate removal processes
that were inhibited in steady flow. However, the regular input of artificial drainages with
elevated nitrate concentrations outweighed the removal capacity of debris dams. These
findings point towards the need for land-based management plans that reduce nitrate before
entering the stream. In particular, management objectives that focus on
developing/maintaining drainage systems that are capable of removing excess nutrients from
agricultural lands may help reduce a considerable amount of nitrate pollution to these
streams.

The results of geographic analysis indicate that LULC of small basins drained by low
order streams and artificial drainages can be related to nitrate concentrations of the receiving
higher order stream. At this small scale, percent agricultural land had a strong, positive
correlation with stream nitrate concentration in both streams. Proportion of wetlands was
negatively correlated with nitrate concentration and was highly significant on stream LC due
to its greater occurrence. The loss of correlation strength (except for the erroneous increase
in Woody Vegetation on LC) when taking into account the proximity of LULC to the streams
indicates that source distance does not significantly affect nitrate delivery, or in the case of
wetlands, nitrate removal. The weakness of distance weighted correlations may be a result of

a weak weighting effect due to small basin size, enhanced distal delivery through open ditch
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drainages, disproportional input from point sources, or a combination of each effect. Based
on these results, future work should focus on nitrate landscape processes at a varied scale.
Additionally, the apparent ability of wetlands to remove nitrate regardless of distance from
the stream signifies the importance of this type of ecosystem in areas beyond the main
riparian buffer and the need for wetland analyses and protection/maintenance at headwater

streams and drainages.
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CHAPTER 2

The character of dissolved organic matter in agricultural streams and its implications for

tracing the source and variation of fluvial nitrate

2.1 Introduction

The concentration and character of dissolved organic matter (DOM) in aquatic
systems is driven by the source of the material and the subsequent chemical and biological
alterations that occur during transport to and within a body of water. Several studies indicate
anthropogenic land use-related, and climate-induced, alterations to these biogeochemical
factors and subsequent variations in the aquatic DOM pool (Hejzlar et al., 2003; Vidon et al.,
2008; Wilson & Xenopoulos, 2008). More recently, researchers have identified the potential
impact of agriculture land use on DOM source and character in streams (Wilson and
Xenopolous, 2009; Williams et al., 2010). Agricultural practices can have a significant
influence on the DOM pool by directly altering the terrestrial landscape and indirectly
affecting rates of stream autochthonous production and cycling. While particularly relevant
for stream carbon dynamics (Battin et al., 2008), fluvial DOM variability may also have
implications for identifying and assessing the impact of agricultural pollution with regards to
inorganic nutrient export and processing. It is understood that increased loads of nitrogen
and phosphorous to streams can often be attributed to agricultural practices (Carpenter et al.,
1998), but a concise understanding of nutrient dynamics in agriculturally impacted fluvial

systems is lacking. Using the DOM properties of a mass of water coupled with inorganic
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nutrient measurements can provide valuable information on the source and processes
influencing nutrient cycling.

A useful technique for examining the characteristics of DOM in natural waters is
spectroscopic analysis of the optical properties of chromophoric dissolved organic matter
(CDOM), the fraction of DOM that absorbs and fluoresces light at both ultraviolet (UV) and
visible wavelengths. The absorbance and fluorescent properties of CDOM contain
information on DOM source, quantity, and quality (Green & Blough, 1994; Helms et al.,
2008; Fellman et al., 2010). Excitation-emission matrix (EEM) spectroscopy measures
fluorescence emmision spectra over a range of excitation wavelengths to create a three-
dimensional map of fluorescence intensity. EEM spectroscopy allows for the visualization
and measurement of the various fluorescing organic compounds in a water sample. Coble et
al. (1990, 1998) described characteristic natural fluorescence peaks of EEM spectra
ubiquitous to aquatic environments. This classification consists of three humic-like peaks
(A, C, and M) and two protein-like peaks (T and B). Humic peaks A and C (UV humic and
visible humic-like, respectively) are attributed to highly conjugated, aromatic organic
material from terrestrial plants or soil organic matter (Fellman et al., 2010), while Peak M
has been used as a marker for in situ microbial and planktonic production and degradation
(Coble, 1998; Wilson and Xenopolus, 2009; Castillo et al., 2010). The protein-like peaks T
and B are identified as tryptophan (T) and tyrosine (B) because of their similarity to the
fluorescence of tryptophan and tyrosine laboratory standards. However, because these amino
acids do not commonly occur in their pure form in natural waters protein-like fluorescence is

likely derived from a mixture of amino-acids and other nitrogen bearing compounds
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(‘YYamashita and Tanoue, 2003; Fellman et al., 2010). Protein-like fluorescence is indicative
of biological activity and has been used to identify in situ production of DOM (Castillo et al.,
2010) and to identify anthropogenic waste sources (Baker, 2002; Baker et al., 2003).

Fluorescence indices derived from the EEMs are commonly used for determining the
relative contributions of terrestrial or autochthonous sources to the DOM pool. Two
environmentally relevant fluorescence indices are humification index (H1X) and M/C ratio.
HIX is a ratio of the summed emission regions from 434-480 nm and 300-346 nm at 255 nm
excitation, and is a method for determining the relative humification of a DOM sample
(Zsolnay et al., 1999). Low HIX values are reported for algae, non-humified plant material
and animal waste (Zsolnay et al., 1999; Hunt and Ohno, 2007), while higher values are
representative of a greater degree of DOM decomposition (Hunt and Ohno, 2007). The M/C
ratio is a calculation of the emission intensity in the M peak region divided by the emission
intensity of the C peak region. This ratio is used to determine the relative contribution of
recently derived DOM to more degraded DOM and has been found to decrease over long
periods of time as labile DOM is removed (Parlanti et al., 2000; Wilson and Xenopolous,
2009). High M/C values indicate DOM of autochthonous origin whereas low values are
representative of a more allochthonous source.

Excitation-emission data can also be analyzed using the three-way modeling
technique parallel factor analysis (PARAFAC). PARAFAC is a multivariate data analysis
technique which can decompose the fluorescence signal of an EEM into its underlying
individual fluorescent components (Stedmon & Bro, 2008). A PARAFAC model of a set of

EEMs provides an estimate of the number of statistically significant fluorophore groups,
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referred to as components, as well as the corresponding excitation/emission spectra and
relative contribution of each. PARAFAC is advantageous to traditional peak picking
methods in that it allows for a more complete analysis of the underlying variation in EEM
structure. Studies have applied this method to characterize DOM from a variety of
environments ranging from the hyporheic zone of alpine streams (Miller et al., 2006), soils
from a forest stand (Ohno et al., 2007), to agriculturally influenced streams (Williams et al.,
2010). Variations in fluorescence properties of DOM have been attributed to biogeochemical
processes controlling redox state in a variety of aquatic environments (Miller et al., 2006;
Jaffe et al., 2008; Williams et al., 2010). The redox index (RI) was propsed by Miller et al.
(2006), and consists of the ratio of the sum of the reduced PARAFAC components to the sum
of both the reduced and oxidized components. RI values are high for redox active DOM in a
more reduced state and generally decrease with greater oxidation.

Sampson County, North Carolina is an area of intensive agriculture with over 53% of
land area designated as farmland and over two million hogs and pigs, the second highest
number per county in the state, 22.0 million broilers, and 10.0 million turkeys (USDA, 2009).
Thus, agricultural pollution in the form of alterations to the natural cycling of organic matter
and nitrate contamination from inorganic fertilizers or animal waste is a potential issue for
streams of this area. The objective of this study was to analyze the interaction between DOM
and multiple water quality parameters in streams draining watersheds of mixed natural and
agricultural land use/land cover within the Black River Sub-Basin in Sampson County, North
Carolina. The optical properties of CDOM were analyzed to determine variations in the

source and characteristics of the DOM pool within and across streams draining similar
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watersheds. Large-scale processes common to all streams of the study area were examined
using the entire dataset. In particular, the optical properties of CDOM were used to
determine DOM characteristics that may be related to agricultural nitrate (NO3") pollution.
Possible links between DOM cycling and nitrate dynamics as well as characteristics of DOM
that may be used for source tracking of nitrate were explored. Additionally, average whole
stream values of DOM optical properties, nitrate, and other environmental variables where
used for comparisons between streams in order to identify influences of discharge. These
analyses were used to test the hypotheses that (1) agricultural practices alter the character of
fluvial DOM, (2) observed optical characteristics of DOM provide information on the source
and transport of agriculturally sourced nitrate, and (3) the source and processes of transport
of stream DOM and nitrate are influenced by hydrologic variability.

2.2 Methods

2.2.1 Site description

Analyses were conducted at five sites on four streams of the Black River Sub-Basin
(Hydrologic Unit Code [HUC] 03030006) in Sampson County, North Carolina in the
summer of 2010 (Fig 5). Measurements were made on single downstream transects of Great
Coharie Creek (GC), Little Coharie Creek (LC), the confluence of LC and GC (LC/GC), Six
Runs Creek (SR), and two downstream transects of the Black River (BR1 and BR2).
Streams GC, LC, and SR are relatively small with average channel widths <20 m and

ultimately converge to form the larger BR which has an average channel width of ~35 m.
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Black River Sub-Basi
Figure 6 Map of study area with downstream transects indicated.

Discharge at the time of sample collection was highly variable between streams, and
ranged from 0.09 m*/s on LC/GC to 21.86 m®/s on SR (Table 2.1). Each watershed-was
similar and typical of a coastal plain landscape with flat uplands and gentle to steep slopes
along its rivers and streams. The soil profile of this area consists of a mixture of well-drained
sandy soils, to loamy soils, to organic rich, poorly drained soils (Brandon, 1986). Streams of
the Black River Sub-Basin are organic-rich with high concentrations of DOM leached
primarily from riparian wetland systems. While wetlands dominated riparian land cover,
entire basin land use/land cover was nearly uniform across watersheds, dominated by woody
vegetation, grassland/shrubland, and agriculture (Table 2.1). Each stream received inputs

from minor wastewater treatment plants, while GC received the only large urban influence
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from the City of Clinton with possible nitrate inputs from a major wastewater treatment plant
(tertiary system, 5 million GPD allowed). This source was over 8 km upstream of the
sampling area on GC, and as such, agricultural inputs are likely the dominant source of
localized nitrate variation. In general, anthropogenic influence decreased and natural land
cover increased from the smaller streams to BR.
2.2.2 In situ environmental measurements and secondary nutrients

Environment measurements of water temperature (T °C), specific conductivity (SC
mS/cm), pH, and dissolved oxygen (DO %) were made in situ at each sampling location with
a YSI Sonde 660. Water samples were collected in 1 L pre-rinsed HDPE bottles at some
locations for ammonia (NH3) and phosphate (PO,%) (n = 47) analysis. Concentrations were
determined following standard colorimetric methods (U.S. EPA, 1983) on a Lachat
autoanalyzer to +10% uncertainty.
2.2.3 DOM and nitrate spectroscopic analysis

Water samples for spectroscopic analyses (n = 96) were collected in pre-combusted
40 mL glass vials and kept in a cooler on ice for transport to the laboratory. Samples were
filtered through pre-combusted 0.7 um glass fiber filters within 24 h and stored in the dark at
4°C. All spectroscopic measurements were performed within 1 week of sampling. Because
of the high CDOM concentration of these blackwater rivers, most samples were diluted with
Milli-Q water prior to absorbance and fluorescence measurement to prevent inner filtering
effects.

Absorbance spectra were collected on samples between 200 and 800 nm at intervals

of 1 nm using a Varian 300UV spectrophotometer. Raw absorbance values (A) were
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Table 2.1 Stream discharge, land use/land cover and average whole stream values for DOM optical characteristics, nitrate

concentration, and environmental measurements. Subscripts indicate grouping based on multiple comparison analysis. Mean

values with more than one group number had a standard error range that fell within multiple groups.

Q Ag WV GIS Wi %Fmax  %Fmax  %Fma  YoFmax NO;y T (;CS/ DO
Steam  (m%s) (%) (%) (%) (%) HIX M/C (Cl) (C2) (C3) (C4) Rl (mglL) (°C) cm) pH (%)
SR 21.86 279 301 191 168 114, 066 59.7, 169 169, 64, 036; 111, 223 0.078 43 57.0
GC 331 274 251 190 163 179, 068 66.2;, 153 16.4, 213 032, 0223 253 0.09 59 60.1
LC 1.17 275 284 200 204 17.1, 0.69 64.4, 154 17.7, 263 034, 0.38; 275 0.079 6.1 73.0
Lc/icc 0.09 274 262 193 177 943 0.89 582, 139 138, 142, 032, 0.66, 23.0 0.124 50 726
BR1 6.96 17.6 36.7 224 196 124, 0.71 64.1; 153 156, 50,3 033, 072, 269 0.103 6.0 77.6
BR2 121 176 36.7 224 196 13.1, 0.75 654, 144 147, 55, 0313 0.37; 299 0.127 53 733

Q, discharge; Ag, agricultural; WV, woody vegetation; G/S, grassland/shrubland; WI, wetland
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measured using a 1 cm cuvette, and each sample was corrected by subtracting raw absorbance
values measured for a Milli-Q water blank before each sample run. Corrected raw absorbance
values were converted to absorption coefficients (a) using the equation:
a(l) = 2.3034(1)/1 2

where A is wavelength in nanometers, and [ is the pathlength in meters. Nitrate
concentration was determined for all CDOM samples using absorbance data determined on the
spectrophotometer (Crumpton et al., 1992). A second order differentiation filter with a frame
size of 31 data points was designed to perform a polynomial fit to corrected sample absorption
coefficients over 200 to 250 nm. This filter was used to estimate the second order derivative
while minimizing the least-squares error in each frame. The amplitude of the resultant derivative
was determined and related to nitrate concentration based on calibration with dissolved KNO3
standards. Data correction, second order differentiation, and nitrate determination were
performed using an in-house code written in MATLAB (R2010a). Bivariate analysis with
colorimetric determined nitrate concentration validated this method (R? = 0.99, Fig D.1).

Fluorescence EEM measurements were carried out on a Varian Cary Eclipse fluorescence
spectrophotometer using a 1 cm cuvette. Samples were excited over a 240-450 nm wavelength
range at an interval of 5 nm and emission was measured at wavelengths from 300-600 nm at 2
nm intervals. EEMs were corrected for inner-filtering using absorbance data (McKnight et al.,
2001) and a factory supplied instrument correction was applied. A Milli-Q blank was subtracted
from each sample, and EEMs were normalized to an integration of the Raman peak area and
converted to quinine sulfate equivalents (QSE) based on prior calibration. Peak identification,

HIX, and M/C ratio were determined from corrected EEM data.
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2.2.4 PARAFAC analysis

The pooled EEMs from each stream were combined in a three-way array of size X X Y X
Z, where X is the number of samples, Y is the number of emission wavelengths, and Z is the
number of excitation wavelengths. The structure of this three-way data was analyzed in
MATLAB (2010a) using the DOMFlour Toolbox (www.models.life.ku.dk/al_DOMFluor)
following methods outlined in Stedmon and Bro (2008) to determine the components that
correspond to the significant fluorophores present in the suite of samples. PARAFAC models
with 3-7 components were computed. Split half validation and random initialization of each
PARAFAC model was used to estimate the robustness of the number of determined components.
Each modeled sample EEM contained a fluorescence maximum score (Fmnax QSE) for the
components identified. In order to analyze the variation in fluorophore composition between
samples rather than changes in fluorophore concentration, each sample component Fyax Was

expressed as a percentage of total component fluorescence maxima (%Fmax) using the equation:

 FppC
O%F, . C; = max 1/2?_ g %100 3)

where FnaxCi is fluorescence maximum of component i and n is the number of components
(Williams et al., 2010).
2.2.5 Statistical analyses

Pearson’s correlation (r) was used to determine significant (p < 0.05) relationships
between the entire data set of DOM optical properties, nitrate, and other environmental variables.
Average whole stream values were used to explore relationships with discharge. Do to the large

range of discharge measurements, this variable was natural log transformed prior to analysis.
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Correlations with PARAFAC results were conducted on normalized Fpax values (%Fmax ).
Because some data were not normally distributed, correlation significance was further verified
using a bootstrap method (Trauth, 2007) that resampled each data set one thousand times and
calculated Pearson’s correlation coefficient for each set of subsamples. The analytically derived
correlation coefficient was compared to the average of all bootstrap subsample correlation
coefficients for validation. A correlation was considered significant if the derived p-value was
less than 0.05 and the percent difference between the analytical and the average bootstrap
derived values was less than 10%. Correlations are reported at p < 0.05, while percent difference
was always <10%, unless otherwise noted. Average whole stream optical properties and nitrate
concentration were compared across streams using one-way analysis of variance (ANOVA) and
Tukey-Kramer multiple comparison tests (p < 0.05) to determine significant differences between
streams when no correlation existed with discharge. This allowed for comparisons between
streams to be made when discharge was not significantly correlated with DOM or nutrient
parameters.
2.3 Results
2.3.1 Insitu environmental measurements and nutrients

Over all the streams sampled, temperature ranged from 22.0 to 31.9 °C, specific
conductivity ranged from 0.07 to 0.17 mS/cm, pH ranged from 4.1 to 6.2, and dissolved oxygen
ranged from 45.9 to 81.0 % (Table C.1). Ammonia and phosphate ranged from below detection
limits to 0.35 and 0.53 mg/L, respectively (Table C.1). Nitrate concentration was more variable,
ranging from 0.15 to 1.73 mg/L (Table C.1). There were no significant correlations with average

whole stream in situ measured environmental variables or nitrate and discharge (Table 2.1).
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Ammonia and phosphate concentrations were not compared with discharge because these
nutrients were not measured in every stream. Average whole stream nitrate did however vary
significantly between streams (Table 2.1). A multiple comparison test indicated that nitrate was
significantly elevated in SR. Streams LC/GC and BR1 grouped together with similar mid-range
values relative to the other streams, while streams GC, LC, and BR2 had significantly lower
values. Analysis of data across the entire system indicated that all in situ environmental
measurements were positively correlated with one another(Table 2.2). All nutrients showed
positive correlations with one another, although correlations with phosphate were weaker. All
nutrients showed negative correlations with temperature, pH, and dissolved oxygen, while only
nitrate and ammonia showed significant negative correlations with specific conductivity (Table
2.2).
2.3.2 DOM optical Indices

HIX values ranged from 5.7 to 20.0 and are slightly lower than previously measured
values from mixed land use streams (Williams et al., 2010). Compared with nutrients, HIX
correlated negatively with nitrate, ammonia, and phosphate (Table 2.2). There were positive
correlations between HIX and temperature and pH. The ratio of M/C ranged between 0.64 and
1.10 and correlated negatively with HIX (r =-0.47). Nitrate and ammonia correlated negatively
with M/C, while a positive correlation existed between M/C and specific conductivity and
dissolved oxygen. When compared across streams, average whole stream M/C showed an
increase with decreasing discharge (Fig 6). There was no relationship between HIX and
discharge. However, based on a multiple comparison test, average HIX was significantly greater

in GC and LC and significantly less in LC/GC compared to BR1, BR2 and SR, (Table 2.1).
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Table 2.2 Pearson's correlation (r) between nutrients, environmental measurements, and optical properties.
All correlations are significant at p < 0.05.

%Fmax %Fmax %Fmax %Fmax
NO;, NH; PO T sc pH DO HIX M/C (Cl) (C2) (C3) (C4) RI

NOy -

NH; 0.65 -

PO 0.31 0.38 -

T -0.78 -0.71 -0.42 -

SC -048 -061 ns 0.60 -

pH -0.76 -0.70 -0.52 056 0.34 -

DO -0.67 -062 -0.60 0.71 057 0.61 -

HIX -048 -0.39 -030 037 ns 056 ns -
MC -0.31 -0.62 ns ns 050 ns 051 -0.47

%Fmx (C1) -0.66 -0.72 -032 0.77 043 061 039 071 -032 -

%F.(C2) 074 074 029 -0.61 -0.75 -056 -0.77 ns -0.80 -0.28 -

%Fmx (C3) 041 047 ns -041 -085 -023 -060 037 -078 ns 0.83 -

%F.(C4) 023 042 037 -037 014 -031 ns -079 082 -0.79 -0.34 -0.50 -

RI 078 077 ns -0.79 -086 -061 -073 ns -046 -069 085 0.79 ns -

ns = no significance
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Figure 7 Relationships between discharge and a) average whole stream M/C ratio
and b) relative abundance of PARAFAC component C2.

2.3.3 PARAFAC model

A four-component (C1-C4) PARAFAC model was validated for the entire stream
network (Fig 7, Table 2.3). The relative abundance (%Fmax) of C1 was greatest for all streams

and accounted for more than half of total component fluorescence in every stream (Fig 8). C2

and C3 were similar in abundance and showed little variation. Of all the components C4 was the

most variable. This component was the least abundant in all streams except for LC/GC where it
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Figure 8 EEMs of the four validated PARAFAC components.

Table 2.3 Peak position and range of relative
abundance of four-component PARAFAC model.

Excitation Emission
maximum maximum Range

Component (nm) (nm) INY%0F max

C1 < 240 (310) 432 49.0-66.8
C2 365 (260) 446 12.6-17.5
C3 < 240 (430) 510 12.1-17.9
C4 < 240 (290) 340 1.8-25.2
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Figure 9 Average whole stream relative abundance of PARAFAC components.

was the second most abundant, being only slightly higher than C2 and C3. In comparison to
peaks identified by Coble et al. (1990, 1998), C1 was dominated by the aromatic, humic-like A
peak with a shoulder into the humic-like C peak range, and C2 was composed of a dominant C
peak and a weaker but separate A peak. A red-shifted emission peak in the A region and a fulvic
acid-sourced peak E, were observed in C3. C4 showed a broad emission range with a protein-
like T peak and fluorescence in the N peak region, suggesting freshly produced DOM.

C1 correlated positively with HIX and negatively with M/C (Table 2.2), suggesting this
component was characteristic of degraded humic material ubiquitous to fluvial systems. Also, a
negative correlation was found between nutrients and C1, which was stronger for nitrate and
ammonia, while a positive correlation was found between all environmental measurements and

C1. Inrelation to DOM optical parameters, C2 and C3 were similar with negative correlations to
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M/C, while C2 had no correlation to and C3 a positive correlation to HIX. Both components
correlated positively with nitrate and ammonia and negatively with all environmental
measurements. C4 was similar to recently derived organic material and as such correlated
positively with M/C and negatively with HIX. Interestingly, given the negative relationship
between M/C and nutrients, C4 showed a strong positive correlation with ammonia and weakly
correlated positively with nitrate and phosphate. All environmental variables correlated
negatively with this component.

Average whole stream values of PARAFAC components showed some variation, but
only the relative abundance of C2 was significantly correlated with discharge (r = 0.90, Table
2.1, Fig 6). A multiple comparison test showed that C1 was significantly less in SR and LC/GC
compared to the other streams (Table 2.1). Average whole stream C3 was highest in LC and SR,
but was only significantly greater than all other streams in LC. This variable was lowest in
LC/GC though both LC/GC and BR2 were significantly less than the other streams. Stream
LC/GC stood out as being significantly greater than other streams with regards to relative
abundance of C4. LC and GC had the lowest C4 values but could not be statistically separated
from BR1.

Components C1, C2, and C3 were similar to quinone-like components identified by Cory
and McKbnight (2005). C1 was comparable to an oxidized quinone-like fluorophore (Q3) with
excitation/emission spectra very similar to the model quinone lawsone, a tannic acid. This is not
surprising given the tannin-rich characteristics of these black rivers. With distinct peaks in the
UV and visible humic range, C2 showed characteristics of a semiquinone-like fluorophore

(SQ3). C3 had an intense UV humic-like emission peak and a longer-wavelength peak > 400

52



similar to a reduced hydroquinone-like fluorophore (HQ). RI was calculated as the ratio of the
reduced quinones to the sum of the reduced and oxidized quinones (C2+C3/C1+C2+C3). The
values of RI ranged from 0.30 to 0.37 and are similar to, but slightly lower than, an average
value of 0.39 reported for forest streams in Colorado (Miller et al., 2006). Ammonia and nitrate
correlated positively with RI, whereas environmental parameters correlated negatively (Table
2.2). Average whole stream values of RI did not correlate with discharge, but a multiple
comparison test indicated that RI was significantly higher in SR and significantly lower in BR2
than all other streams.
2.4 Discussion
2.4.1 DOM characterization

Streams of the Black River Sub-Basin are CDOM rich with contributions of DOM from
allochthonous and autochthonous sources. Differences in the relative contribution of each source
were linked to variations in hydrology and primary production. PARAFAC modeling indicated
the presence of four fluorophore groups common to each stream. The UV humic-like component
(C1) was dominant in all streams, and likely reflects the high proportion of wetland area in these
watersheds. Williams et al. (2010) found a similar PARAFAC component in mixed agriculture
and natural land cover watersheds that correlated positively to percent wetland cover. The
similarity of C1 to oxidized quinones of tannic acid further indicates that the majority of DOM is
derived from decayed terrestrial plant material and can account for the characteristic dark color
of these blackwater streams. Additionally, this material appeared more humified and recalcitrant
(i.e., increased HIX and weak correlation with M/C), and its dominance may be related to the

refractory nature of phenolic DOM (Killops and Killops, 2005). Though much less abundant, C2
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and C3 also remained constant across all streams. These components had similar distributions
and displayed fluorescence properties indicative of degraded terrestrial humic material, with a
strong visible humic-like peak (C2) and a peak similar to that observed in soil fulvic acid (C3).
The similarity of the optical properties of C2 and C3 to reduced semiquinone- and hydroquinone-
like fluorophores may relate this DOM material to reduced terrestrial environments. Reduced
quinone-like fluorophores have been observed in terrestrial landscapes associated with wetlands,
hydric soils, or soils under agricultural fields (Miller et al., 2006, Williams et al., 2010). The
protein-like C4 peak was present in each stream but in most streams it was <10% of the relative
total fluorescence of PARAFAC components. An exception was LC/GC, in which C4 was ~15%
of the total fluorescence, a percentage similar to the reduced OM indicators, C2 and C3. C4 was
correlated positively with M/C ratio and negatively with HIX, suggesting the confluence at
LC/GC was heavily influenced by recent autochthonous production.
2.4.2 Variation of DOM and nitrate

Across the streams analyzed in this study, nitrate tended to increase in association with
DOM characteristic of terrestrial humic-like and reduced quinone-like material. This
relationship could indicate two things: first, elevated nitrate concentrations and reduced
terrestrial DOM originate from similar sources and/or second, that processes promoting in-
stream production/loss of nitrate are the same process or covary with processes of DOM
reduction/oxidation. DOM redox state has been shown to vary across streams of mixed land use
with oxidized components more abundant in areas of increased wetlands and reduced
components more abundant in areas of intense agriculture (Williams et al., 2010). This

difference is attributed partially to the loss of oxidized quinone-like fluorophores with increased
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microbial activity in anthropogenic influenced streams. As such, agricultural input in the current
study could be identified as an increase in the Rl and M/C ratio of CDOM concurrent with an
increase in nitrate concentration. There was a strong direct relationship between nitrate and Rl,
but a weak negative correlation between M/C ratio and nitrate confounds this method of
identification. A weak positive correlation did exist between nitrate and the protein-like
PARAFAC component (C4). This component may actually be more representative of
autochthonous production than M/C given that C4 exhibits low wavelength excitation and
emission similar to protein-like material. If C4 is substituted for M/C there is evidence of a
relationship between the nitrate concentration of these streams, the redox state of DOM, and
primary production. Due to the lack of variation in land use/land cover in these stream
watersheds, direct comparisons cannot be made between these relationships and the proportion
of agricultural land use. Thus, increases of reduced DOM concurrent with elevated primary
productivity and nitrate concentration cannot be indisputably attributed to agricultural activities.
However, since elevated nitrate levels in at least two of these streams can be confidently related
to agricultural sources (see section 1.3.3) it is possible that a relationship between nitrate and
DOM biogeochemistry could be associated with agricultural activity.

DOM and nitrogen species in wetland/stream ecosystems are expected to occur in a more
reduced state in the wetland and oxidized as they are transported into the stream body and
downstream (Miller et al., 2006). Differences between the redox states of wetlands versus
streams are not compared in this study as optical measurements were not conducted on wetland
samples. However, RI values observed in these streams are lower than previously identified

values for streams draining wetland and agricultural areas (Miller et al., 2006, Williams et al.,
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2010). If the redox state of stream DOM and nitrogen species analyzed in this study covary,
oxidation of reduced DOM should be accompanied by a decrease in ammonia and an increase in
nitrate (Miller et al., 2006). This relationship was not observed in the present study. Instead,
nitrate and ammonia were both found to decrease with increased DOM in an oxidized state. This
implies that DOM redox state and nutrient concentrations are more a function of source than of
biogeochemical in-stream processing.
2.4.3 Influence of discharge and stream transport

Whole stream averages allowed for comparisons between DOM character and variation
in discharge and in-stream physical and biological processes. Low discharge was associated
with higher autochthonous DOM production, as evidenced by the greater relative abundance of
C4, while allochthonous DOM became more prominent as discharge increased. Despite the
dominance of DOM represented by C1 across streams, this fluorophore group was relatively
diminished in the cases of extreme high and low discharge events on SR and LC/GC,
respectively. C1 was linked to oxidized humic-like material from wetlands, and because the
majority of riparian land cover is composed of wetland systems this component is likely to be a
constant source to streams regardless of flow regimes. In periods of high flow, the signal of C1
is weakened by the input of more reduced terrestrial humic-like components (C2 and C3).
Previous studies have identified changes in stream DOM character during precipitation events
related to the mobilization of different sources of terrestrial DOM (Hood et al., 2006; Vidon et
al., 2008). In the current study, increases in C2 and C3 could be related to the mobilization of
DOM from shallow organic soils. During a rising hydrograph, the relatively shallow

groundwater table of many areas of Black River Sub-Basin may promote increased shallow
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subsurface groundwater flow through organic rich soils and surface water runoff. Additionally,
artificial drainage ditch networks were ubiquitous in this study area due to the low topography of
the region and predominance of poorly drained soils requiring artificial drainage to support crop
production. These structures can serve as efficient transfer mechanisms of near surface soil
DOM during high flow events (Vidon et al., 2008).

Low velocity stream flow can promote the accumulation of organic matter and
decomposition. The inverse relationship between discharge and M/C ratio is evident of
increased in situ production with lower flow. It is not surprising that the contribution of recently
produced DOM increased with decreasing discharge, as slow moving water is likely to facilitate
greater primary productivity than fast moving water. Additionally, increased water residence
time associated with decreased flow can facilitate photodegradation of DOM and stimulate
bacterial production of protein like components (Moran and Zepp, 1997). It appears that during
low flow conditions in the LC/GC confluence, residence time was long enough for
autochthonous production to accumulate. This resulted in a reduction of the relative abundance
of PARAFAC component C1 and a subsequent increase in the relative the abundance of C4,
even to levels greater than C2 and C3. Thus, the physical and climatic factors that control stream
flow may play an important role in the degree of primary production in these streams.

Interestingly, nitrate concentration did not show a consistent pattern with discharge.
Nitrate concentrations were greatest in streams with exceptionally high discharge (SR and BR1)
or exceptionally low discharge (LC/GC). In relation to optical parameters, greater discharge was
associated with increased RI, C2, and C3. The land application of fertilizer or manure onto

croplands likely led to the accumulation of nitrate in cropland soils. During high flow events,
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both nitrate and DOM was then mobilized from shallow soils into streams. Nitrate and DOM
loading could be further exacerbated by the presence of artificial drainages that short-circuit
natural groundwater flow and have the potential to transport larger amounts of soil-derived
solutes from croplands more efficiently than other terrestrial systems. The relationship between
nitrate and the reduced humic-like components C2 and C3 supports the conclusion that soil
derived nitrate is a major source of pollution during increased flow. The increase of nitrate
observed during low flow may be related more to the absence of C1 than the increase of other
components. If C1 is representative of a wetland source, a decrease in the abundance of this
component may be indicative of a decrease in wetland input and therefore their effect on stream
chemistry. Wetlands serve as efficient systems of nitrate removal and play an important role in
the regulation of nutrient input into streams. During extreme low flow, riparian wetlands may be
hydrologically isolated from the main stream, and gains to the stream may circumvent the
wetland system. Thus, greater concentrations of nitrate may be added to the stream due to the
loss of wetland system influence on nitrate removal.
2.4.4 Possible implications for source identification of nitrate

In this study, DOM optical properties have been used to elucidate the general transport
mechanisms that govern nitrate input over a varying hydrograph. Of particular importance to
management strategies is the identification of specific sources of nitrate in a watershed. In
agricultural watersheds this consists primarily of delineating inorganic fertilizer nitrate from
animal waste nitrate. Previous research has demonstrated that protein-like fluorescence can be
associated with animal and human waste contamination in surface waters (Baker, 2001; Baker,

2002; Baker and Inverarity, 2004). Samples of cattle and pig slurries show high fluorescence
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intensities in the region of tryptophan-like fluorescence (Baker, 2002). Furthermore, tryptophan
fluorescence intensity has been positively correlated with elevated nitrate concentrations related
to sewage inputs in the River Tyne, England (Baker and Inverarity, 2004). PARAFAC
component C4 was used in this study to represent protein-like fluorescence, and a weak positive
relationship was observed between C4 and nitrate. Because this component indicated possible
autochthonous production of DOM, its strong protein-like fluorescence signal overlaps with a
discrete indicator of terrestrial animal waste. To reduce the possible influence of in-situ
production on C4, the dataset was analyzed after removing the samples from LC/GC (i.e., the
stream in which protein-like fluorescence is most likely related to primary production). After
removing these samples, the correlation between C4 and nitrate was significantly improved (after
sample removal, r = 0.50, p < 0.01). Therefore, it may be possible to attribute increases in C4 to
the input of animal wastes. However, since C4 cannot be attributed to in-situ production or
animal waste exclusively, caution should be applied with this interpretation because the same
relationship could be observed with enhanced primary production driven by increased fertilizer
inputs (Wilson and Xenopolous, 2009). Furthermore, T peak fluorescence was not very strong in
these streams due possibly to the high intensity of A and C peak fluorescence. In blackwater
streams such as these it may be hard to identify possible waste fluorescence due to the masking
effect of highly fluorescing humic-like DOM.
2.5 Conclusions

This study has demonstrated the variability of DOM source and character in streams
subject to agricultural pollution. The optical properties of DOM coupled with EEM-PARAFAC

modeling showed that alterations in the DOM pool of a stream are a function of the relative
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contribution of different sources and of the biogeochemical processes that alter DOM during
transport to and within a stream. These factors varied between similar watersheds and varied in
response to discharge. The high discharge events encountered in this study were associated with
the input of soil derived organic matter, while an increase in autochthonous DOM production
was observed during low discharge. Riparian wetland systems were a constant source of DOM
and contributed the majority of all CDOM observed in each stream, modeled as the ubiquitous
C1 component. Some PARAFAC components were similar to oxidized and reduced quinone-
like DOM and provided information on the general redox state of each stream’s DOM pool.
DOM attributed to wetlands appeared to be more oxidized than agriculturally derived DOM.
Overall, differences in RI were likely related to source or terrestrial processes rather than in
stream processing. Nitrate concentration was observed to covary with DOM optical properties
that provided insight on the source and transport of this nutrient to the streams. The positive
relationships between RI, a protein-like PARAFAC component, and nitrate may be an indicator
that agricultural nitrate inputs have a strong effect on the biogeochemical cycling of DOM in
these streams. The increase in nitrate observed during high discharge was accompanied by a
greater input of soil derived DOM and indicated that nitrate from shallow soils is likely the
largest source of nitrate during rain events to small streams in agriculturally-dominated
watersheds. Conversely, during low flow, elevated nitrate concentrations occurred
simultaneously with a decrease in DOM from wetlands. This relationship may be indicative of a
hydrologic disconnect between the streams and wetland systems and the loss of potential nitrate
reduction in soils of wetland systems. The use of protein-like fluorescence as an indicator of

waste inputs could not be evaluated as this fluorescence signal could be related to either in situ
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production or protein-like material originating from animal waste. While specific nitrate source
apportionment was not achieved, stream DOM optical properties allowed for the identification of

the general sources and transport processes of nitrate in the analyzed watersheds.
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SUMMARY AND FUTURE WORK

The potential degradation of water quality associated with agricultural activities is a
growing environmental issue as already extensive agricultural areas expand. Effective water
resource protection relies on an understanding of the processes that regulate the influx and
removal of contaminants in linked terrestrial-aquatic systems. This study attempted to
elucidate the patterns of nitrate and DOM dynamics in agriculturally influenced streams,
focusing on the small-scale spatial variability of nitrate sources and sinks while utilizing
DOM character as a novel tracking tool for nitrate source, transport, and transformations.
High-resolution in situ measurements revealed the variability of nitrate over short river
reaches. Two primary influences on stream nitrate concentration were identified: 1)
increases were observed at the input of artificial drainages that served as efficient transport
structures of agricultural contaminants, and 2) reductions occurred below flow-obstructing
debris dams that enhanced conditions for stream nitrate removal processes. Over a broader
spatial scale, analysis of nitrate concentration and DOM properties provided insight into the
mobilization of nitrate pools within a watershed. A possible link between reduced organic
matter, protein-like fluorescence, and nitrate may be an indicator of agricultural impacts on
stream biogeochemical cycling. Relationships between nitrate and DOM properties with
respect to discharge suggest that during high flow events shallow soil-derived nitrate is likely
the largest source of nitrate to these agriculturally influenced streams. Conversely, during
low flow, hydrologic disconnect between streams and wetland systems and the loss of

potential nitrate reduction in wetlands may have led to increased nitrate concentrations.
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These findings demonstrate the spatial and hydrologic variability of stream nitrate and
provide insight into the influencing factors. Advances in this type of research will come
from improvements in situ measurement and source-tracking methodology.

Establishing methods of continuous water quality measurements over spatial and
temporal gradients in surface waters can provide vital information for future environmental
research. High-resolution temporal monitoring is common, but spatial mapping data is
lacking. This study demonstrated the ability of in situ analyzers in the collection of high-
resolution spatial water quality data. Continuous measurements can be used to create fine
scale spatial records of contamination and are advantageous in determining spatial trends and
patterns that may be neglected in studies using only point samples. This method can
conceivably be applied to any substance that can be measured in a continuous flow
instrument and in any traversable body of water.

While source is the defining characteristic of a pollutant, certain physical, biological,
and chemical factors can strongly influence the state of a substance during transport.
Utilizing techniques that provide information on the characteristics imprinted by source and
transformation give valuable insight into pollution cycles. The results of this research
demonstrated that PARAFAC modeling is promising for future work as a source tracking
method. This study lacked sample diversity and hence, only a four component PARAFAC
model could be validated. Other fluorophore groups likely exist in these streams, and
specificity would be improved by a larger sampling scheme that incorporates samples from a

range of sources. Further, given the optical properties of organic matter, PARAFAC may be
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more appropriate for the identification of dissolved organic nitrogen (DON), another possible

source of nitrogen pollution in addition to nitrate.
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Chapter 1 Ancillary Data Tables

Appendix A

Table A.1 Attributes of main stream segments and inputs on Great Coharie. Basin names in bold indicate
basins with surface discharge directly into the respective segment and therefore, the greatest influence on nitrate
concentration.

Mean
NO3 Standard Length Tukey-Kramer

Segment Influence (mg/L)  Deviation n  (km) Results

1 na 0.28 0.03 282 0.25

2 Basin 1, Basin 2 0.29 0.03 321 0.31  Significant Increase
Inputl Basin 3 0.35 0.03 42 na

3 Basin 3, Basin 4, Above Dam 1 0.33 0.03 415 0.61  Significant Increase
4 Below Dam 1, Basin 4 0.28 0.03 805 1.13  Significant Decrease
Input2  Basin5 0.39 0.03 190 na Significantly Greater
5 Basin 5, Basin 6 0.27 0.03 1180 1.78

6 Basin 7, Basins 8, 9; Above Dam 2 0.31 0.03 912 132  Significant Increase
7 Below Dam 2, Basins 8, 9 0.28 0.04 266 1.06  Significant Decrease
Input3  Basin 10 2.05 0.35 598 na Significantly Greater
8 Basin 10, Basins 11, 12 0.31 0.03 702 1.24  Significant Increase
9 Basin 13, Basin 12,14 0.31 0.04 205 0.26

Input4  Basin 15 0.32 0.04 39 na

10 Basins 15, Basins 16, 17 0.34 0.04 573 0.78  Significant Increase
Input5  Basin 18 0.44 0.06 28 na Significantly Greater
11 Basin 18, Basin 16 0.39 0.04 602 0.97  Significant Increase
Input6  Basin 20 4.25 0.34 443 na Significantly Greater
12 Basin 20, Basin 16 0.37 0.05 43 0.08

Input 7 Basin 21 0.36 0.09 66 na

13 Basin 21, Basins 16, 22 0.38 0.04 389 1.14
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Table A.2 Attributes of main stream segments and inputs on Little Goharie. Basin names in
bold indicate basins with surface discharge directly into the respective segment and therefore,
the greatest influence on nitrate concentration.

Mean

NO;  Standard Length Tukey-Kramer
Segment Influence (mg/L) Deviation n (km) Results
1 Basin 1, Above Dam1 0.50 0.03 140 0.22
2 Basin 1, BelowDam1 0.40 0.03 261 0.42 Significant Decrease
3 Basin 2, Basin 3 0.40 0.04 1685 2.43
Inputl Basin 3 0.26 0.04 127 na Significantly Less
4 Basin 4, Basin 5 0.49 0.05 134 0.23 Significant Increase
5 Basin 6, Basin 7 0.52 0.05 1749 2.66 Significant Increase
6 Basin 7, Basin 8 0.50 0.05 86 0.16
7 Basin 9, Basin 10 0.49 0.05 1498 2.22 Significant Decrease
Input2  Basin 10 0.30 0.09 73 na Significantly Less
8 Basin 11, Basin 12 0.48 0.05 359 0.60
Input3  Basin 13 0.85 0.03 177 na Significantly Greater
9 Basin 13, Basin 14 0.50 0.05 543 1.05 Significant Increase
10 Basin 15, Basin 16 0.53 0.05 1974 3.38 Significant Increase
11 Basin 17, Basin 18 0.53 0.04 960 1.81
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Table A.3 Average and standard deviation (SD) of in situ data for segments and inputs on

Great Coharie.

Mean Mean Specific Mean
Temperature Conductivty Mean Dissolved
Segment (°C) SD (ms/cm) SD pH SD Oxygen (%) SD
1 24.73 0.03 0.096 <0.001 590 0.01 54.2 0.81
2 24.74 0.05 0.096 0.001 588  0.02 54.3 0.46
Input 1 24.64 0.07 0.095 <0.001 587 0.01 54.9 0.34
3 24.74 0.03 0.096 <0.001 588 0.02 54.9 0.25
4 24.86 0.04 0.095 <0.001 590 0.01 56.8 1.41
Input 2 25.32 0.18 0.098 <0.001 576 0.05 58.7 0.45
5 25.12 0.12 0.096 <0.001 594 0.06 60.4 2.36
6 25.33 0.06 0.096 <0.001 594 0.02 61.6 0.75
7 25.58 0.12 0.096 <0.001 597 0.02 64.3 1.19
Input 3 24.28 0.46 0.142 0.013 3.84 0.50 67.5 0.72
8 25.73 0.13 0.097 0.002 591  0.09 65.5 1.34
9 25.91 0.03 0.096 <0.001 596 <0.01 66.3 0.10
Input 4 25.94 0.02 0.094 0.001 589  0.05 65.4 0.95
10 25.99 0.04 0.096 <0.001 595 0.02 66.7 0.57
Input 5 25.99 0.02 0.098 <0.001 595 <0.01 67.0 0.04
11 26.01 0.02 0.096 <0.001 595 <0.01 67.0 0.05
Input 6 29.96 0.38 0.169 0.006 465 0.5 79.1 2.09
12 26.44 0.40 0.098 0.003 574  0.16 71.1 3.53
Input 7 26.16 0.10 0.098 <0.001 561 0.22 65.8 1.64
13 26.18 0.05 0.097 <0.001 593 0.08 68.2 1.04
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Table A.4 Major ion results for samples collected within Great
Coharie stream segments.

Stream  NOj NH; PO,”  SiO, CI
Sample Segment (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 1 0.28 0.03 0.19 5.82 14.60
2 2 0.26 0.04 0.19 578 13.70
3 3 0.30 0.05 0.19 5.67 14.30
4 Input 2 0.37 0.07 0.16 6.80 13.70
5 6 0.27 0.04 0.18 574 14.30
6 7 0.28 0.05 0.18 574 14.40
7 8 0.22 0.04 0.18 5,81 14.40
8 Input 4 2.20 0.16 0.02 10.20 8.56
9 Input 4 1.92 0.15 0.03 9.68 9.41
10 11 0.29 0.06 0.16 596 14.40
11 13 0.34 0.09 0.16 599 13.60
12 Input 6 4.29 0.60 0.05 6.74 13.20
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Table A.5 Average and standard deviation (SD) of in situ data for segments and inputs
on Little Coharie.

Mean Mean Specific Mean
Temperature Conductivty Mean Dissolved
Segment (°C) SD (ms/cm) SD pH SD  Oxygen (%) SD
1 27.3 0.03 0.082 <0.001 6.18 <0.01 73.6 0.26
2 27.4 0.01 0.082 <0.001 6.17 <0.01 73.1 0.08
3 27.6 0.12 0.080 <0.01 6.18 0.11 75.2 1.07
Input 1 24.8 0.59 0.071 <0.001 4.10 0.44 65.3 2.54
4 27.6 0.16 0.078 0.001 6.12 0.04 76.4 0.79
5 27.7 0.14 0.079 <0.001 6.15 0.02 76.4 0.55
6 27.6 0.01 0.080 <0.001 6.12 <0.01 75.2 0.07
7 27.5 0.10 0.079 0.002 6.07 0.07 73.9 1.83
Input 2 27.8 0.21 0.081 0.001 6.00 0.04 68.5 4.23
8 27.4 0.01 0.079 <0.001 6.10 0.03 73.8 0.17
Input 3 29.3 0.39 0.070 0.002 5.82 0.06 76.7 0.57
9 27.5 0.20 0.073 0.002 6.04 0.07 72.3 2.95
10 27.5 0.04 0.074 <0.001 6.09 0.03 74.3 0.84
11 27.3 0.06 0.074 <0.001 6.07 0.01 73.1 0.47
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Table A.6 Major ion results for samples collected within Little Coharie

stream segments.

NO; NHz; PO~ SO, CI
Sample Stream Segment (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 1 0.332 0.05 0.04 6.25 10.70
2 2 0.408 0.16 0.03 571 1130
3 3 0.323 0.04 0.03 593 11.00
4 Input 1 0.244 0.66 0.02 8.55 5.32
5 4 (Basin 4 Input) 3.295 0.09 0.10 716 2230
6 5 0.53 0.09 0.03 6.02 11.30
7 5 0.501 0.05 0.03 583 11.30
8 7 0.08 0.02 7.24 9.63
9 Input 3 0.772 0.12 0.01 3.97 7.19
10 9 0.08 0.02 451 11.00
11 10 0.394 0.06 0.03 6.08 11.00
12 11 0.409 0.04 0.03 592 10.90
13 11 0.41 0.13 0.03 579 10.70
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Appendix B

Chapter 1 Ancillary Figures
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Figure B.1 Inverse distance weighted classes as determined by Euclidian distance from the stream.
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Appendix C

Chapter 2 Ancillary Table

Table C.1 Summary statistics for in situ environmental
measurements and nutrients.

Standard
Range Mean Median Deviation
NO;3™ (mg/L) 0.15-1.73 0.59 0.43 0.34
NH; (mg/L) bdl — 0.35 0.08 0.07 0.06
PO,* (mg/L) bdl — 0.53 0.14 0.17 0.08
T (°C) 220-319 2668 274 3.4
SC (mS/cm) 0.073-0.169 0.110 0.116 0.026
pH 41-6.2 51 5.2 0.6
DO (%) 45.9-81.0 68.8 72.0 8.1

bdl = below detection limit
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Appendix D

Chapter 2 Ancillary Figure
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Figure D.1 Plot of nitrate concentration determined by colorimetric analysis against nitrate

concentration determined by spectroscopic analysis (n = 58).
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