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APPLICATION OF SPARROW MODELING TO UNDERSTANDING CONTAMINANT FATE
AND TRANSPORT FROM UPLANDS TO STREAMS'

Scott W. Ator and Ana Maria Garcia®

ABSTRACT: Understanding spatial variability in contaminant fate and transport is critical to efficient regional
water-quality restoration. An approach to capitalize on previously calibrated spatially referenced regression
(SPARROW) models to improve the understanding of contaminant fate and transport was developed and applied
to the case of nitrogen in the 166,000 km? Chesapeake Bay watershed. A continuous function of four hydrogeo-
logic, soil, and other landscape properties significant (o = 0.10) to nitrogen transport from uplands to streams
was evaluated and compared among each of the more than 80,000 individual catchments (mean area, 2.1 km?)
in the watershed. Budgets (including inputs, losses or net change in storage in uplands and stream corridors,
and delivery to tidal waters) were also estimated for nitrogen applied to these catchments from selected upland
sources. Most (81%) of such inputs are removed, retained, or otherwise processed in uplands rather than trans-
ported to surface waters. Combining SPARROW results with previous budget estimates suggests 55% of this
processing is attributable to denitrification, 23% to crop or timber harvest, and 6% to volatilization. Remaining
upland inputs represent a net annual increase in landscape storage in soils or biomass exceeding 10 kg per hec-
tare in some areas. Such insights are important for planning watershed restoration and for improving future
watershed models.
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INTRODUCTION billion by 2025 and $900 million, annually, thereafter
(Birch et al., 2011; Shortle et al., 2013). Efficient and

cost-effective design and location of restoration invest-

Watershed management to improve water quality
in large streams and estuaries is often complex and
costly. Restoration practices required to meet man-
dated nutrient and sediment reductions to improve
ecological conditions in Chesapeake Bay from the
agricultural sector, alone, will cost an estimated $3.6

ment to improve water quality requires a sufficient
understanding of processes and conditions controlling
contaminant fate and transport, including (in particu-
lar) the spatial variability in contaminant delivery
from upland source areas to streams (Bohlke and
Denver, 1995; Puckett, 2004; Tesoriero et al., 2005).
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Excessive nutrients are among the most common
contributors to poor surface-water quality (Vitousek
et al., 1997; Carpenter et al., 1998; Paulsen et al.,
2006; Compton et al., 2011). Harmful algal blooms,
hypoxia, decreased biodiversity, and declining
fisheries attributable to excess nutrients have been
documented in freshwater streams (Mulholland and
Webster, 2010; Davidson et al., 2012), lakes (U.S.
Environmental Protection Agency, 2009b), and
coastal estuaries (Kemp et al., 2005; Bricker et al.,
2007) in many parts of the world (Carpenter et al.,
1998). Primary production is often limited by nitro-
gen concentrations in temperate estuaries (Vitousek
et al., 1997; Murphy et al., 2011) and by either nitro-
gen or phosphorus in streams (Mulholland and Web-
ster, 2010). Although direct point sources may
dominate nutrient fluxes to surface waters locally
where they occur, the majority of nitrogen is con-
tributed to surface waters by nonpoint sources to
watershed uplands, such as through fertilizer appli-
cations or atmospheric deposition (Howarth et al.,
1996; Carpenter et al., 1998; Ator et al., 2011).

Spatially variable landscape conditions affect the
fate of nitrogen during transport from uplands to sur-
face waters. A portion of upland nitrogen is seques-
tered in biomass of terrestrial plants and may be
removed from watersheds during harvest (Howarth
et al., 1996; Van Breemen et al., 2002; Shenk and
Linker, 2013). Remaining surplus nitrogen may be
volatilized to the atmosphere as ammonia (Van Bree-
men et al., 2002), stored in soils, or carried to surface
waters in overland runoff, but is commonly converted
to nitrate and transported with infiltration to ground-
water (Vitousek et al., 1997; Nolan and Stoner, 2000;
Bohlke, 2002). Nitrate is persistent and effectively
transported through aquifers in which dissolved oxy-
gen is sufficient to preclude denitrification (Bohlke
and Denver, 1995; Reichard and Brown, 2009; Tesor-
iero et al., 2009; Denver et al., 2010, 2014; Ator and
Denver, 2012), and groundwater is an important vec-
tor for nitrogen transport from uplands to surface
waters in many areas (Staver and Brinsfield, 1996;
Bohlke, 2002; Phillips and Lindsey, 2003; Nolan and
Hitt, 2006; Spruill and Bratton, 2008; Hirsch et al.,
2010). Ator and Denver (2012) estimated that 70% of
the nitrogen flux to Chesapeake Bay tributaries on
the Delmarva Peninsula moves through groundwater
as nitrate, and best-management practices designed
to limit nitrogen losses to surface waters in the area
are increasingly focusing on limiting nitrate in
groundwater (Staver and Brinsfield, 1998; Hively
et al., 2009; Ator and Denver, 2015). In reducing
environments, nitrate is commonly lost to denitrifica-
tion (Puckett, 2004), which has been observed in
upland terrestrial soils (Van Breemen et al., 2002;
Groffman, 2012), current and former wetlands

JAWRA

(Whigham and Jordan, 2003; Puckett, 2004; Denver
et al., 2014), riparian and hyporheic sediments (Wha-
len et al., 2008; Curie et al., 2009; Kennedy et al.,
2009), and groundwater (Bohlke and Denver, 1995;
Tesoriero et al., 2000; Spruill et al., 2005; Bohlke
et al., 2007; Denver et al., 2010, 2014). Van Breemen
et al. (2002) estimated that more than a third (37%)
of nitrogen inputs to the mid-Atlantic and northeast-
ern United States (including nearly half of such
inputs to agricultural areas) is lost to terrestrial deni-
trification, and Seitzinger et al. (2006) estimated that
45% of global upland nitrogen applications is lost to
denitrification in soils or groundwater.

The design of water-quality restoration practices is
often complicated by uncertainty about the location,
extent, or magnitude of the interacting natural and
human factors that affect upland fate and transport
of contaminants. Landscape processes or conditions
that affect nitrogen delivery from uplands to surface
waters have been identified in many areas (Ator
et al., 2005a; Domagalski et al., 2008; Harden and
Spruill, 2008; Denver et al., 2014) and nitrogen bud-
gets including estimated losses to various landscapes
sinks have been developed for large regions (Howarth
et al., 1996; Bouwman et al., 2013) and for individual
watersheds at various scales (Boyer et al., 2002;
Boynton et al., 2008, 2013; Shenk and Linker, 2013).
Disaggregating regional summaries or extrapolating
local observations consistently over large areas is
problematic, however, and consistent, comparable,
and spatially explicit estimates of nitrogen delivery
for multiple individual catchments potentially useful
for prioritizing restoration locations over large
regions are therefore generally lacking. Deterministic
or mechanistic watershed models have been -cali-
brated to provide estimates of nitrogen budgets or
delivery from uplands to surface waters (Kannan
et al., 2005; Sadeghi et al., 2007; Garcia, 2009; Shenk
and Linker, 2013), but often cover limited areas (such
as relatively small watersheds) or lack spatial detail
for large regions. Spatially Referenced Regression on
Watershed Attributes (SPARROW) models (Smith
et al., 1997, Schwarz et al., 2006) have been cali-
brated to provide spatially detailed estimates of
nutrient fluxes and yields within large areas of the
United States (U.S.) (Smith et al., 1997; Brakebill
et al., 2010; Brown, 2011; Garcia et al., 2011; Moore
et al., 2011; Robertson and Saad, 2011; Hoos et al.,
2013) and elsewhere (Elliot et al., 2005; Duan et al.,
2012). Hoos and McMahon (2009) used such models
to compare landscape delivery of nitrogen among
moderately sized catchments (mean area, 87 km?) in
the southeastern U.S. SPARROW predictions and
model-estimated coefficients have not been analyzed
to estimate budgets from upland application areas to
surface waters for individual catchments within large
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regions, however, or to evaluate spatial variability in
landscape delivery of nutrients to streams at a finer
scale that may be particularly useful for locating
restoration practices.

An approach to capitalize on previously calibrated
SPARROW models to improve the understanding of
upland contaminant fate and transport is described
in this article and demonstrated for the case of nitro-
gen in the Chesapeake Bay watershed (Figure 1).
Spatially explicit, consistently estimated, detailed
budgets (including selected upland inputs, losses or
net change in storage in uplands and stream corri-
dors, and delivery to tidal waters) were estimated
and are presented for nitrogen applied to each of
more than 80,000 individual medium-resolution
(1:100,000-scale) catchments (mean area, 2.1 km?)
within the bay watershed. These quantitative esti-
mates of upland fate and transport in individual
catchments are derived from estimated coefficients
and predictions of the previously calibrated SPAR-
ROW model, CBTN_v4, that was developed for nitro-
gen in the Chesapeake Bay watershed (Ator et al.,
2011). The estimated loss or retention of nitrogen in
upland landscapes within and among different catch-
ments is compared to estimated delivery to surface
waters to quantify the relative importance of upland

and stream-corridor or water-column processes to
nitrogen fate and transport. Also, the relative capac-
ity of each catchment to retain or transmit applied
nitrogen to surface waters is quantified and explained
in terms of an empirically derived function of multi-
ple landscape properties. This evaluation of upland
nutrient delivery was conducted at a much finer scale
than has previously been reported. Hoos and McMa-
hon (2009) observed that landscape properties impor-
tant to upland nutrient delivery vary over multiple
spatial scales and suggested caution in extrapolating
interpretation from such studies beyond the scale at
which they were conducted. Finally, the annual mass
of upland nitrogen removal is compared to previous
estimates for watersheds of major Chesapeake Bay
tributaries (Van Breemen et al., 2002) to infer the
relative importance of major processes (including har-
vest of agricultural and forest products, denitrifica-
tion, volatilization as ammonia, and sequestration in
soil or biomass) to the loss or retention of nitrogen in
Chesapeake Bay watershed uplands. Analyses and
discussions are limited to nitrogen from agricultural
or atmospheric sources, which contribute 86% of the
nonpoint nitrogen flux to Chesapeake Bay (Ator
et al., 2011). Other nonpoint nitrogen applications to
the watershed such as in urban areas are relatively

PHYSIOGRAPHIC SETTING
Predominant Lithology
(modified from Bachman et al., 1998)

APPALACHIAN PLATEAU
Il Carbonate
Siliciclastic
VALLEY AND RIDGE
I Carbonate
Siliciclastic
BLUE RIDGE
Crystalline
PIEDMONT
Siliciclastic
I Carbonate
Crystalline
COASTAL PLAIN
Unconsolidated

MAJOR TRIBUTARIES
@ Susquehanna River at Conowingo, MD
@ Potomac River at Washington, DC
@ James River at Cartersville, VA
@ Rappahannock River near Fredericksburg, VA
@ Appamattox River near Matoaca, VA
@ Pamunkey River near Hanover, VA
@ Mattaponi River near Beulahville, VA
Patuxent River near Bowie, MD

@ Choptank River near Greensboro, MD

FIGURE 1. Major Physiographic and Geologic Settings and the Locations of Watersheds of Major Tributaries
Within the Chesapeake Bay Watershed.
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minor. Spatially explicit (catchment-specific) esti-
mated budgets and contaminant transport derived
from SPARROW models will support improved model
development and targeting of restoration activities.
Further estimates of processes contributing to nitro-
gen processing in uplands will support improved
understanding of nitrogen dynamics in the Chesa-
peake Bay watershed.

BACKGROUND

Nutrient Management Challenges in Chesapeake Bay

Water-quality management and restoration efforts
in the Chesapeake Bay watershed in recent decades
have been insufficient to meet established ecological
standards in the bay (U.S. Environmental Protection
Agency, 2010). Chesapeake Bay drains 166,000 km?
of diverse land use (Wieczorek and LaMotte, 2010b),
nutrient sources (Ator et al., 2011), and natural
hydrogeologic (Bachman et al., 1998; Ator et al.,
2005b) and soil conditions (Wieczorek and LaMotte,
2010f) in the mid-Atlantic region of the U.S. (Fig-
ure 1). The bay receives an estimated 132,000 metric
tons of nitrogen annually from its watershed, primar-
ily from nonpoint sources applied to or generated
within watershed uplands (Ator et al., 2011). Nitro-
gen and phosphorus concentrations have generally
decreased in the estuary (Prasad et al., 2010) and in
many nontidal tributaries (Moyer et al., 2012) since
the mid-1980s. Standards for water clarity and dis-
solved oxygen and chlorophyll concentrations in the
estuary have not been achieved (U.S. Environmental
Protection Agency, 2009a), however, and nitrogen
contamination in the watershed, alone, causes more
than $6 billion worth of ecosystem and human health
damage, annually (Birch et al., 2011). Under the
authority of the Clean Water Act, Chesapeake Bay
was listed as “impaired” in 2000 (Langland and Cro-
nin, 2003), and a Total Maximum Daily Load (TMDL)
for nitrogen, phosphorus, and suspended sediment
was established for the bay in 2010 (U.S. Environ-
mental Protection Agency, 2011; Shenk and Linker,
2013). The TMDL includes mandatory nitrogen load
reductions from specific source sectors in the water-
shed, but does not specify where management prac-
tices designed to meet those reductions must be
located. The watershed model used to develop the
Chesapeake TMDL was developed with 309 land seg-
ments defined primarily by county boundaries (Shenk
and Linker, 2013), and therefore does not provide
predictions useful for targeting restoration at finer
spatial scales.
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The CBTN_v4 SPARROW Model

The CBTN_v4 SPARROW model was developed to
improve the understanding of the sources, fate, and,
and transport of nitrogen within the Chesapeake Bay
watershed (Ator et al.,, 2011). SPARROW (Smith
et al., 1997; Schwarz et al., 2006) is a spatially expli-
cit, mass-balance watershed model that employs non-
linear regression to relate observed mean-annual
loads of selected contaminants (such as nitrogen) in
nontidal streams (the calibration or dependent vari-
able) to sources and landscape factors affecting fate
and transport in uplands and stream corridors (the
explanatory or independent variables). Explanatory
variables in SPARROW models are specified to repre-
sent contaminant sources (“source terms”) or the
delivery of contaminants from uplands to stream cor-
ridors (“land-to-water delivery terms”) or within
stream corridors (“aquatic or reservoir decay terms”)
(Schwarz et al., 2006). Estimated coefficients from
SPARROW models provide empirical insight on
sources, fate, and transport of contaminants, and the
models provide incremental and total flux predictions
specific to each source and stream reach.

The CBTN_v4 model estimates mean-annual flux
of total nitrogen from different sources to each of
80,579 nontidal stream and shoreline reaches in the
Chesapeake Bay watershed (Ator et al., 2011). Details
of the model construction, specification, and predic-
tions are presented in Ator et al. (2011). Briefly,
80,579 individual stream reaches for the models were
defined at the 1:100,000-scale using NHDPIlus stream
hydrography (Simley et al., 2009), and drain corre-
sponding individual catchments with a mean area of
2.1 km? The model was calibrated to estimates of
annual total nitrogen flux for 2002 that were adjusted
to remove any effects of long-term trends or variable
hydrologic conditions within the bay watershed, and
therefore represent conditions that would have
occurred in the watershed during 2002 if long-term
mean-annual hydrologic conditions had occurred
throughout the Chesapeake Bay watershed during
that year (Ator et al., 2011). Selected inputs and
predictions from the model are available at
http://cida.usgs.gov/sparrow/map.jsp?model=54.

METHODS

Inputs, estimated coefficients, and predictions
from the CBTN_v4 model (Ator et al., 2011) were
used to estimate local nitrogen budgets (comprising
upland inputs, losses or net change in storage in
uplands and stream corridors, and delivery to tidal
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waters) within each of 80,579 individual catchments
in the Chesapeake Bay watershed. As part of this
process, the relative likelihood of uplands within
each catchment to remove or retain vs. transmit
nitrogen to its associated local surface-water body
was defined and compared among various settings.
The relative importance of various processes con-
tributing to upland losses estimated from the
CBTN_v4 model was further inferred from previous
nitrogen budget summaries of Van Breemen et al.
(2002) for watersheds of major Chesapeake Bay
tributaries. Spatial variability in nitrogen fate and
transport was compared among watersheds of major
Chesapeake Bay tributaries and among physio-
graphic settings, including (from west to east) moun-
tainous areas, primarily rolling hills of the
Piedmont, and the Coastal Plain (Figure 1). Streams
and groundwater in areas of the watershed under-
lain by carbonate rocks are particularly vulnerable
to nitrogen contamination (Ator and Denis, 1997,
Ator and Ferrari, 1997; Miller et al., 1997; Bachman
et al., 1998) and were examined separately for that
reason. The fundamentally different hydrogeologic
conditions (Ator et al., 2005b), land-use (Wieczorek
and LaMotte, 2010b), and resulting surface-water
nitrogen concentrations (Ator and Denver, 2012)
within the Coastal Plain on either side of Chesa-
peake Bay were similarly examined individually.

Conceptual Nitrogen Budget

The fate and transport of nitrogen through a
watershed can be expressed as a simple mass balance
of inputs and outputs along with any net change in
internal storage. Over some multi-year period, a gen-
eralized mean-annual budget for nitrogen from an
individual source, n, applied to or generated within
the uplands of a catchment, i, contributing to a single
stream reach, i, can be expressed as:

Sni = UPLy; + AQLy,; + Dy (1)

where:

S,; = the annual mass of nitrogen from source n that
is applied to or generated within the uplands of
catchment i.

UPL,,; = the annual mass loss or net change in
storage of nitrogen from source n applied to or gener-
ated within the uplands of catchment i that occurs
within the uplands of catchment i.

AQL,; = the annual mass loss or net change in
storage of nitrogen from source n applied to or gener-
ated within the uplands of catchment i that occurs
within stream corridors within or downstream of
reach i.

JOURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

D,; = the annual mass of nitrogen from source n
applied to or generated within the uplands of catch-
ment i that is delivered through the stream network
to tidal receiving waters.

Assuming long-term, mean-annual conditions, as in
SPARROW models calibrated to detrended contami-
nant fluxes (Schwarz et al., 2006), each term in Equa-
tion (1) can be considered the mean annual mass
input to or output from catchment i over some num-
ber of years. All nitrogen input to or generated within
catchment i that is not retained or removed directly
from uplands is assumed to move only to surface
waters within catchment ¢ (i.e., to stream reach i);
this movement may occur over the land surface or
through groundwater. Nitrogen flux in deep ground-
water flow that may pass from uplands in catchment i
beneath the local stream reach, i, and discharge
downstream to a larger stream is assumed to be negli-
gible. Such deep groundwater often contains limited
nitrogen and represents a minimal portion of overall
groundwater flow (Sanford et al., 2012). Groundwater
flow within each catchment is assumed to be steady-
state, such that recharge at the water table is gener-
ally equivalent to discharge to surface waters, and
nitrogen flux at the water table is equivalent to the
sum of flux delivered in groundwater discharge to sur-
face waters and any mass lost to denitrification along
groundwater flow paths. Temporal changes in the
chemistry (and nitrogen flux) of recharging groundwa-
ter over the time period required for shallow flow
through relatively small catchments is also assumed
to be negligible. In this way, groundwater is conceived
as a vector for nitrogen transport from uplands to sur-
face waters, rather than a potential nitrogen storage
location, as in previous conceptual and numerical
watershed models (Howarth et al., 1996).

The form of Equation (1) provides budget terms
with several properties particularly useful for com-
paring and contrasting nitrogen fate and transport
among multiple catchments within a large watershed.
In particular, each term is specific to nitrogen applied
to or generated within a particular catchment, i,
without regard to other catchments that may be
upstream or downstream. The source (S,;) and
upland loss (UPL,,;) terms are specific to catchment i,
and the aquatic loss (AQL,;) and delivery (D,;) terms
are specific to contaminant generated within catch-
ment i, regardless of whether or not aquatic decay or
delivery of nitrogen to downstream receiving waters
from other reaches may be occurring coincident with
that from catchment i. Budget terms may thus be
summed, averaged, or otherwise summarized over
larger regions without regard to upstream-down-
stream relations within the stream network. Also, the
budget terms have common units of mass per year
and are specific to individual sources as well as catch-
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ments, and may therefore be evaluated for contami-
nants from individual sources or summed across mul-
tiple sources.

Estimation of Budget Terms

Inputs to and predictions from the CBTN_v4 model
were used to estimate the value of budget terms in
Equation (1) for each catchment within the Chesa-
peake Bay watershed. Estimated applications of
nitrogen from selected agricultural sources (Wiec-
zorek and LaMotte, 2010c, d) and atmospheric deposi-
tion (Wieczorek and LaMotte, 2010a) to each
catchment in the Chesapeake Bay watershed were
used as explanatory variables (“source terms”) in the
initial calibration of the CBTN_v4 SPARROW model
(Ator et al., 2011) and serve as the input (S,;) terms
in the catchment budgets (Equation 1).

Estimated loss or net change in storage of nitrogen
within watershed uplands (UPL,,;) within each catch-
ment was computed from inputs to and estimated coef-
ficients of the calibrated CBTN_v4 model, such that:

UPL,,; = Sui[1 — (a,DVF,;)] (2)

where o, is the model-estimated coefficient corre-
sponding to source, n, and DVF,; is the delivery vari-
ation factor for contamination from source, n, in
catchment i. Of particular importance to the repre-
sentation of contaminant delivery through uplands in
SPARROW models are landscape conditions (“land-to-
water terms”) specified in the model to represent spa-
tial variability in transport from uplands to streams
(Hoos and McMahon, 2009). DVF,; is a function of
these land-to-water terms and their corresponding
model-estimated coefficients (Schwarz et al., 2006;
Hoos and McMahon, 2009):

DVF,: = exp[> " (0nnZmiOn] 3)

where:
m = an individual land-to-water term in the model
(one of M total land-to-water terms).
Wy = 1 if land-to-water term m interacts with source
n as specified in model calibration, 0 if otherwise
(0, 1s equal to 1 for all m and upland sources, n, in
the CBTN_v4 model).
Z,,; = the mean-adjusted value of land-to-water term
m in catchment i.
0,, = the model-estimated coefficient for land-to-
water term m.

The DVF,,; is thus an empirically derived function
of landscape properties demonstrated by the model to
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be significant (¢ = 0.10) to the delivery of nitrogen
from uplands to surface waters, and allows the
SPARROW model to estimate spatially variable nitro-
gen delivery among catchments (Schwarz et al., 2006;
Hoos and McMahon, 2009). To estimate the uncer-
tainty in nitrogen delivery to streams, variance in
the DVF,,; was estimated by bootstrap resampling to
obtain 200 estimates of each land-to-water coefficient,
0,, (see http:/dx.doi.org/10.5066/F70863CT), which
were then used in Equation (3) to compute 200 esti-
mates of DVF,; (Schwarz et al., 2006; Ator et al.,
2011). The product of the source coefficient, o, and
the DVF,,; is the landscape delivery ratio (LDR,;), or
the proportion of contaminant from source n in catch-
ment i that reaches the local stream (segment i).
LDR,,; was constrained to be less than or equal to 1
in Equation (2); outlier values in land-to-water vari-
ables resulted in LDR,,; > 1 for a small portion (< 2%)
of catchments in the Chesapeake Bay watershed
study area.

The CBTN_v4 model includes four significant
(o = 0.10) land-to-water delivery terms (Table 1, Fig-
ure 2) (Ator et al., 2011). An estimate of groundwater
recharge and the occurrence of selected carbonate
rocks were selected to represent delivery of nitrogen
as nitrate through groundwater to streams, which is
an important vector for nitrogen transport to Chesa-
peake Bay tributaries and is particularly efficient in
areas of carbonate geology (Lizarraga, 1997; Miller
et al., 1997). Estimated coefficients for these terms
are positive (Table 1), indicating an increase in rela-
tive nitrogen delivery in areas with greater ground-
water recharge or carbonate geology (Figure 2). The
mean soil available water capacity (AWC) and mean
satellite-measured enhanced vegetative index (EVI)
during October 2001 through September 2002 were
selected to represent potential losses of nitrogen on
the landscape to denitrification or plant growth (re-
spectively). Estimated coefficients for these terms are
negative (Table 1, Figure 2).

Aquatic loss (AQL,;) and delivery (D,,;) terms for
each catchment were computed from SPARROW
model predictions and Equation (1). The delivery of
nitrogen generated within each catchment to tidal
waters is estimated in the model output as the pro-
duct of a source-specific incremental flux generated
within each catchment that leaves the catchment in
streamflow and an estimate of the proportion of that
flux that reaches tidal waters (Schwarz et al., 2006).
Once S,;, UPL,;, and D,; were computed for each
catchment, AQL,,; was computed using Equation (1).
SPARROW produces parametric and bootstrap pre-
dictions for incremental flux and delivery fractions,
although mass-balance constraints in the model are
not maintained in the bootstrap predictions (Schwarz
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TABLE 1. Summary of the Land-to-Water Specification in the CBTN_v4 SPARROW Model (Ator et al., 2011) and the Interpretation
of the Effect of Each Delivery Variable on Nitrogen Transport from Uplands to Streams.

Model Estimates

Coefficient Interpretation of the Effect of the Land-to-Water

Land-to-Water [90% Confidence Standard 2-Sided p Delivery Variable on Nitrogen Delivery from
Delivery Variable Interval] Error Value Uplands to Streams
In(mean EVI, WY2002") —-1.70 0.580 0.0039 Delivery decreases with increasing plant growth

[—2.65 to —0.737]
In(mean soil AWC?) —0.829 0.260 0.0016 Delivery decreases with increasing soil AWC and conditions

[—1.26 to —0.401] conducive to denitrification
In(groundwater recharge®) 0.707 0.126 < 0.0001 Delivery increases with increasing groundwater flow

[0.499 to 0.916]
In(Piedmont carbonate®) 0.158 0.0500 0.0018 Delivery is greater in areas of the Piedmont underlain by

[0.0755 to 0.241] carbonate rocks than elsewhere

Mean satellite-derived enhanced vegetative index (EVI) during October 2001 through September 2002 (dimensionless) (Huete et al., 2002).
2Mean soil available water capacity (AWC) (fraction) (Wolock, 1997; Wieczorek and LaMotte, 2010f).

3Mean annual groundwater recharge (millimeters) (Wolock, 2003; Wieczorek and LaMotte, 2010e).

4Occurrence of carbonate rocks in the Piedmont (percent of area) (Bachman et al., 1998).
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a=0.237

LANDSCAPE
DELIVERY RATIO

o

b,

! ! ! ! 4 ke

Qb vk s ‘ s s L s s s
-33-29-25-21-17-13 52 54 56 58 6.0 6.20 1 2 3 4 544 48 52 56 6.0
NATURAL LOG of NATURAL LOG of

NATURAL LOG of MEAN ENHANCED NATURAL LOG of GROUNDWATER
SOIL AVAILABLE WATER VEGETATIVE INDEX PIEDMONT CARBONATE RECHARGE
CAPACITY (FRACTION) *  (PERCENT OF CATCHMENT)

OCT 2001-SEP 2002 (MILLIMETERS)
The LANDSCAPE DELIVERY RATIO (LDR) is the proportion of nitrogen applied to uplands

from a particular source that is delivered to the adjacent stream channel, and is the product of

the DVFni and the model-estimated source coefficient, a.. The relation of the LDR for nitrogen

from fertilizer and direct fixation to crops to each land-to-water term was computed by

computing the DVFni while holding each other land-to-water term at its mean value.

o= the model-estimated source coefficient for nitrogen from fertilizer application or direct
fixation by crops. This is the estimated landscape delivery ratio for nitrogen from these
sources to streams when all land-to-water variables are at their mean values.

FIGURE 2. SPARROW Model CBTN_v4 Predictions of the Response of the Landscape Delivery Ratio (LDR) of Nitrogen
from Upland Fertilizer Applications or Direct Fixation by Crops to Adjacent Streams to Changes
in Four Landscape Properties Significant as Land-to-Water Terms in the Model.

et al., 2006). For this reason, parametric predictions
were used for this application.

Estimation of the Relative Importance of Upland Loss
Processes

Upland losses in catchments of the Chesapeake
Bay watershed (UPL,;) estimated from Equation (2)
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were further apportioned among various processes
based on previous estimates of Van Breemen et al.
(2002) for major watersheds in the northeastern Uni-
ted States (NEUS), including major Chesapeake Bay
tributaries (Table 2). Although land-to-water terms
were selected during the specification of the
CBTN_v4 model to represent some of the processes
that may remove or sequester nitrogen in watershed
uplands (Ator et al., 2011), much of the UPL,; in
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SPARROW models is lumped into the model-esti-
mated source coefficient, o,, and the portion of UPL,,;
attributable to each land-to-water term (or, therefore,
each of the landscape processes it represents) cannot
be estimated from SPARROW results, alone.
Estimates of the relative importance of various
processes contributing to UPL,; include uncertainty
inherent in previous estimates for major watersheds
as well as in the application of these estimates to
catchments in the CBTN_v4 model. These estimates
should therefore be considered tentative and only
useful when averaged over relatively large areas.
Van Breemen et al. (2002) used published data and
empirical and deterministic models to estimate
annual nitrogen budgets for 16 major watersheds
along the northeastern coast of the U.S., including
those of the four largest tributaries (the Susque-
hanna, Potomac, James, and Rappahannock Rivers)
to Chesapeake Bay. Sources of uncertainty in these
NEUS budget estimates include uncertainty in input
data and assumptions inherent in the models used
and in apportioning these data spatially and tempo-
rally to match targeted watersheds and time periods
(Van Breemen et al., 2002). Although most NEUS
budget terms were estimated independently, losses
from soil denitrification were estimated as the differ-
ence between total inputs and outputs in each water-
shed and are therefore particularly uncertain (Van
Breemen et al.,, 2002). The relative proportion of
upland nitrogen losses attributable to various pro-
cesses in each major watershed (Table 2) from the
NEUS models were assumed to be scale-independent
and therefore applicable to CBTN_v4 catchments
within that watershed and in nearby areas, including
the Patuxent and Choptank River watersheds and
the remainder of the Eastern Shore (from NEUS esti-
mates for the Potomac River watershed, Table 2), the
remainder of the Western Shore (from NEUS esti-

mates for the Rappahannock River watershed), and
the Appamattox, Pamunkey, and Mattaponi River
watersheds (from NEUS estimates for the James
River watershed) (Figure 1). Estimated upland losses
(UPL,,;) within each model catchment were appor-
tioned among various processes independently within
agricultural, forested, and other areas (Table 2); for
these estimates, the proportion of atmospheric deposi-
tion falling on these areas within each catchment
was assumed equivalent to the proportion of land use
in each catchment. Because spatial variability in the
relative importance of various processes to nitrogen
fate and transport in uplands is likely considerable,
these estimates may be particularly unreliable when
considered for individual CBTN_v4 catchments, but
should be useful when averaged over large areas such
as the major NEUS watersheds. Applying NEUS esti-
mates of the relative importance of upland processes
for the early 1990s (Van Breemen et al., 2002) to
gross budgets estimated by the CBTN_v4 model for
2002 (Ator et al., 2011) may introduce additional
uncertainty, although both models were designed to
represent conditions averaged over multiple years
and nitrogen inputs to the Chesapeake Bay water-
shed were relatively stable between 1990 and 2002
(Debrewer et al., 2008; Ator and Denver, 2015).

RESULTS

Nitrogen Delivery from Uplands to Stream Corridors

The efficiency of nitrogen transport from uplands
to streams varies substantially among different areas
of the Chesapeake Bay watershed. The DVF,,; from
the CBTN_v4 model varies by more than a factor of

TABLE 2. Proportion (in percent) of Upland Storage or Loss of Nitrogen from Agricultural or Atmospheric Sources
that Is Attributable to Selected Processes in Watersheds of Major Chesapeake Bay Tributaries
(Adapted from Mass Budget Estimates in Van Breemen et al., 2002).

Process

Susquehanna River

Potomac River Rappahannock River James River

On forested land®

Harvest and removal of forest products 17

Denitrification 18

Increase in storage in soil or biomass 66
On agricultural land

Harvest and removal of agricultural products 27

Denitrification 58

Volatilization from fertilizer or manure 5

Increase in soil storage 10
On other (nonagricultural or forested) land*

Denitrification 68

Increase in storage in soil or biomass 32

15 30 32
21 25 28
63 45 40
26 15 16
53 69 65

9 4 7
11 12 12
70 76 68
30 23 33

"ncluding only nitrogen that may be attributable to atmospheric deposition.
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four among different areas (Figure 3). Delivery effi-
ciency from uplands to surface waters is generally
greatest in mountainous areas (particularly in central
Pennsylvania and western Maryland), parts of the
northern Piedmont (particularly in southern Pennsyl-
vania) and the Eastern Shore, and areas underlain
by carbonate rock; DVF,,; is lowest in much of Vir-
ginia and southern Maryland and along the Pennsyl-
vania/New York border (Figures 3 and 4). As a
result, nitrogen delivery from uplands to stream cor-
ridors is generally greatest in watersheds of the
northern-most major Chesapeake Bay tributaries (in-
cluding the Susquehanna, Choptank, Potomac, and
Patuxent Rivers) and lowest in those of tributaries in
the southern part of the watershed in Virginia (in-
cluding the James, Rappahannock, Mattaponi,
Pamunkey, and Appomattox Rivers) (Figure 5).
Uncertainty in model-estimated nitrogen delivery is
generally greatest in areas underlain by carbonate
rocks of the Piedmont and in urban areas around

Baltimore, Maryland, Washington, D.C., and Rich-
mond, Virginia, although the coefficient of variation
in DVF,; is generally less than 15% throughout most
of the bay watershed (Figures 1 and 3).

The Importance of Uplands to Nitrogen Processing
and Retention

The vast majority of nonpoint nitrogen inputs to
the Chesapeake Bay watershed from agricultural or
atmospheric sources are processed, removed, or
retained in uplands (Figures 6 and 7); only a minor
portion of such nitrogen is transported to surface
waters. Of the 615,000 metric tons of nitrogen reach-
ing the watershed annually through atmospheric
deposition, agricultural fertilizer or manure applica-
tions, or direct fixation by crops, only 19% is trans-
ported to surface waters; the remaining 81% is
removed or retained in watershed uplands (Figure 6).

RELATIVE EFFICIENCY OF
NITROGEN TRANSPORT
FROM UPLANDS TO
SURFACE WATERS
(DVFni)

0.35TO 0.62
0.62 TO 0.71

N 07110079

B 07970088

B 0388700.96

B 09701.08

B 10670117

B 11710132

B 13210159

Il GREATER THAN 1.59

MAJOR TRIBUTARIES
@ Susquehanna River at Conowingo, MD
@ Potomac River at Washington, DC

~age== |NCREASING TRANSPORT

@ James River at Cartersville, VA

@ Rappahannock River near
Fredericksburg, VA

@ Appamattox River near Matoaca, VA
(6) Pamunkey River near Hanover, VA
@ Mattaponi River near Beulahville, VA
Patuxent River near Bowie, MD

(9) Choptank River near Greensboro, MD

T

COEFFICIENT OF VARIATION'

OF DVFni
less than 5 percent
5 to 10 percent
- 10 to 15 percent
[l more than 15 percent

Tof 200 estimates of DVFni in each catchment
computed using equation 3 from 200 bootstrap-
estimated values of each land-to-water
coefficient, Om

FIGURE 3. The Estimated Relative Efficiency of Nitrogen Transport and Its Coefficient of Variation for the Chesapeake Bay Watershed.
Nitrogen transport efficiency from nonpoint upland sources to streams varies by more than a factor
of four among different areas of the watershed.
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FIGURE 4. The Distribution of the Relative Efficiency of Nitrogen Delivery from Uplands to Streams among Different Physiographic
and Geologic Settings within the Chesapeake Bay Watershed. Delivery is generally most efficient in mountainous areas,
the Coastal Plain east of the bay, and areas underlain by carbonate rocks.

Most of this nitrogen reaching streams is further
transported to tidal waters; only 4% of these nonpoint
nitrogen applications are removed or retained in
flowing streams or impoundments (Figure 6). Upland
processing and retention is generally greater in the
southern and western watersheds than in areas fur-
ther to the north or east (Figure 8), as reflected in
the similar spatial pattern in DVF,,; (Figure 3). Boyer
et al. (2002) similarly estimated that upland storage
or removal accounts for 89% of nitrogen inputs to
watersheds of the James and Rappahannock Rivers,
but only 77 and 81% of such inputs to the Susque-
hanna and Potomac River watersheds, respectively.
Although nitrogen inputs vary from around 20 kg/ha
in dominantly forested areas (such as the James or
Mattaponi River watersheds and the Western Shore)
to more than 60 kg/ha in dominantly agricultural
areas (such as the Choptank River watershed, the
remainder of the Eastern Shore, and areas underlain
by carbonate rocks), estimates of average annual
upland losses (UPL,;) are between 77 and 90% of
total inputs in each major subwatershed (Figure 6)
and hydrogeologic setting (Figure 7).

Terrestrial denitrification is the largest upland
sink for nitrogen from agricultural or atmospheric
sources in the Chesapeake Bay watershed (Fig-
ures 6 and 7). Although crop growth is the intended
target of the majority of nitrogen applications, crop
harvest is a relatively minor sink for upland nitro-
gen, representing only 12-22% (on average) of nitro-
gen applied as part of fertilizer or direct fixation,
manure, or atmospheric deposition. Volatilization of
ammonia removes < 10% of nitrogen applications,
and approximately 10-15% of such applications (on
average) are added to storage in soils or biomass in
watershed uplands. This estimated increase in stor-
age can be > 10 kg per hectare, annually, in agri-
cultural areas where nitrogen inputs are relatively
high (Figure 9).
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DISCUSSION

Application of SPARROW Models to Understanding
Contaminant Fate and Transport

Evaluation and further analysis of previously cali-
brated SPARROW models as proposed in Equa-
tions (1), (2), and (3) illustrate the relative
importance of upland processes to contaminant fate
and transport and the spatial variability in contami-
nant delivery from uplands to streams (Figures 2, 3,
6, and 7). The statistical foundation of the SPARROW
model also supports estimates of the uncertainty in
contaminant fate and transport (Figure 3). Such
information can be particularly useful for prioritizing
locations or strategies for management activities,
which can substantially reduce restoration costs
(Shortle et al., 2013). These predictions could also
help explain observed temporal trends in surface-
water quality or provide valuable input to other
lumped-parameter or less spatially explicit models.
The National Research Council recently recom-
mended a suite of multiple models be employed to
improve simulations applied to Chesapeake Bay man-
agement, along with more explicit communication of
the uncertainties inherent in model predictions (Reck-
how et al., 2011). The SPARROW model structure is
also flexible, and future modeling could further illus-
trate interacting effects of different combinations of
landscape conditions or landscape conditions impor-
tant to nitrogen from different sources.

Along with improved understanding of contami-
nant fate and transport from uplands to surface
waters, SPARROW model predictions can also be
used as proposed herein to estimate contaminant
budgets specific to individual watershed catchments.
Estimated inputs and outputs from various sources
and processes have been used to compile average
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FIGURE 5. The Distribution of the Relative Efficiency of Nitrogen Delivery from Uplands to Streams within the Chesapeake Bay Watershed
and among Watersheds of Major Tributaries. Delivery is generally most efficient to northern tributaries and less efficient to the south.
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Choptank River watershed (see fig. 1)
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FIGURE 6. Estimated Sources and Fate of Nonpoint Nitrogen Inputs from Agricultural or Atmospheric Sources to the Chesapeake Bay
Watershed and among Watersheds of Major Tributaries. Budget estimates are adapted from the CBTN_v4 SPARROW model (Ator et al.,
2011) and (for outputs within uplands) the NEUS models (Van Breemen et al., 2002).

contaminant budgets for large regions (Howarth
et al., 1996; Boyer et al., 2002; Van Breemen et al.,
2002), but typically lack spatial detail. Deterministic
models have similarly been used to allocate contami-
nants among various watershed processes or environ-
mental compartments (Shenk and Linker, 2013), but
are difficult to extrapolate over large areas. The
SPARROW modeling framework provides spatially
explicit empirical estimates of contaminant fate that
are consistently estimated for individual catchments
over large regions. Such estimates in the CBTN_v4
model were limited to relatively general processes,
including loss or retention in uplands (UPL,;), loss or
retention in stream channels (AQL,;), or delivery to
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tidal waters (D,;) (Equation 1). Although estimated
aquatic-decay coefficients in the CBTN_v4 model do
provide some insight on processes likely contributing
to nitrogen losses in streams (Schwarz et al., 2006;
Ator et al., 2011), the current model structure (par-
ticularly the contribution of the source coefficient, a,,,
to estimated upland losses) complicates further eval-
uation of processes contributing to upland losses. It
may be possible to modify the specification or struc-
ture of future SPARROW models to further allocate
upland losses among various processes and to
thereby extend the current approach summarized in
Equation (1) to estimate more detailed contaminant
budgets.
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FIGURE 7. Estimated Sources and Fate of Nonpoint Nitrogen Inputs from Agricultural or Atmospheric Sources to Major Physiographic
and Geologic Settings within the Chesapeake Bay Watershed. Budget estimates are adapted from the CBTN_v4 SPARROW model
(Ator et al., 2011) and (for outputs within uplands) the NEUS models (Van Breemen et al., 2002).
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FIGURE 8. The Geographic Distribution of the Average Proportion of Agricultural or Atmospheric Nitrogen Applications (in percent) that
Are Removed or Retained in Watershed Uplands rather than Transported to Streams among Selected Areas of the Chesapeake Bay Water-
shed. Areas included in the plots are the watersheds of the nine major Chesapeake Bay tributaries (Figure 1) along with the remainder of
the Chesapeake Bay watershed east of the bay and west of the bay. Percent upland losses are averaged over all catchments within each area.
Delivery of nitrogen from uplands to streams is generally most efficient in the northern and eastern parts of the watershed.

The complexity of the land-to-water specification is
a primary factor controlling the utility of calibrated
SPARROW models for evaluation and interpretation
of upland fate and transport as proposed herein.
SPARROW models have been developed for a variety
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of applications and may include a limited number of
land-to-water variables and (or) such variables for
which the conceptual basis for their importance to
contaminant fate and transport remains unknown or
unclear. Evaluation of the spatial variability of con-
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FIGURE 9. The Estimated Average Annual Net Increase in Storage of Nitrogen from Agricultural or Atmospheric Sources
within Upland Landscapes of the Chesapeake Bay Watershed Is > 10 kg per Hectare in Some Areas.

taminant delivery (DVF,,;, Equation 3) in models with
a single land-to-water variable resolves to an evalua-
tion of the spatial variability in that single variable,
and little insight is gained from SPARROW other
than the importance (statistical significance) of that
variable to contaminant transport. SPARROW pro-
vides a useful framework for simultaneous empirical
evaluation of multiple land-to-water variables
through the DVF,;; however, little insight may be
gained about contaminant fate and transport from
the modeling exercise if the conceptual basis for the
importance of certain variables to contaminant fate
and transport (and, therefore, their inclusion in the
models) remains unknown or unclear.

The utility of calibrated SPARROW models for
developing contaminant budgets (Equation 1; Equa-
tion 2) is also dependent on available explanatory
data and the resulting source specification. Sources of
contaminants to individual catchments in SPARROW
models may be specified as intensive or extensive
(Schwarz et al., 2006). Intensive sources include
direct measurements or estimates of contaminant
mass applied to each watershed catchment, while ex-
tensive sources are typically surrogate measures of
contaminant inputs that are used when such inten-
sive source estimates are unavailable. Budgets can be
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developed for individual catchments where the inten-
sive source provides the S,; term in Equations (1)
and (2). For extensive sources, however, the mass
applied to each catchment is unknown, and SPAR-
ROW results can only be used to estimate the contam-
inant mass reaching individual streams (the
difference, S,; — UPL,;), rather than the source (S,;)
or upland loss (UPL,,;), individually. For this reason,
contaminant budgets such as in Equation (1) can be
estimated only for intensive sources in SPARROW
models, such as the agricultural applications and
atmospheric deposition of nitrogen as specified in the
CBTN_v4 model (Ator et al., 2011).

A detailed analysis of the spatial variability in con-
taminant transport (such as through the DVF,;) and
the allocation of input contaminants in individual
catchments among various watershed sinks (such as
loss or retention in uplands or stream corridors or
movement to downstream receiving waters; Figures 6
and 7) within the SPARROW model could be very
informative to the model development process, partic-
ularly in the land-to-water specification. Computa-
tions presented herein could be packaged for use as a
post-processor following SPARROW model calibration
to support review of DVF,; and estimated watershed
budgets in a manner similar to residual plots,
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coefficient estimates, and other standard output.
Model representation of contaminant fate and trans-
port that does not match previous understanding
may suggest modifications to the model specification.

The Fate and Transport of Nitrogen from Uplands to
Chesapeake Bay Tributaries

Estimated nitrogen budgets for watersheds of the
Chesapeake Bay and major tributaries (Figure 6) and
hydrogeologic settings (Figure 7) demonstrate the
importance of upland processes to nitrogen fate and
transport. The estimated source coefficients (o,) in
the CBTN_v4 model suggest that (on average)
streams in the Chesapeake Bay watershed receive
only 24% of nitrogen applied to uplands in inorganic
fertilizer or direct fixation by crops, 5.8% of nitrogen
applied in manure, and 27% of nitrogen in atmo-
spheric deposition (Ator et al., 2011). Howarth et al.
(1996) similarly estimated that riverine flux of nitro-
gen from North America and Europe to the northern
Atlantic Ocean represents only 25% of nonpoint
inputs to upland watersheds, and Boyer et al. (2002)
estimated that the Susquehanna, Potomac, Rappa-
hannock, and James Rivers carry only 11-23% of
nitrogen applications in upland watersheds to Chesa-
peake Bay. Shenk and Linker (2013) estimated that
29% of nitrogen applied to cropland and 11-16% of
nitrogen applied to pasture and hayland in the Che-
sapeake Bay watershed is exported to rivers. Predic-
tions from the CBTN_v4 model are based on
estimated source and land-to-water coefficients repre-
sentative of average conditions for the entire Chesa-
peake Bay watershed, although the relevant
landscape properties (land-to-water variables) vary
spatially. Additional modeling with more complex
(particularly land-to-water) specification may help
further illustrate how the relative importance of dif-
ferent upland or stream-corridor loss processes varies
with different application intensities or among differ-
ent sources.

Spatial variability in groundwater recharge (Fig-
ure 10) and local geology (specifically the occurrence
of carbonate rocks; Figure 1) are important factors
controlling nitrogen delivery to streams, as reflected
in the DVF,,; (Table 1; Figure 2). A substantial por-
tion of nitrogen transport from terrestrial uplands to
surface waters in the Chesapeake Bay watershed
occurs through shallow groundwater (Bohlke and
Denver, 1995; Lizarraga, 1997; Domagalski et al.,
2008; Ator and Denver, 2012; Sanford and Pope,
2013), and hydrogeologic and soil properties that
affect infiltration and groundwater hydrology are
therefore also critical to nitrogen transport to streams
(Miller et al., 1997; Ator et al., 2005a, b). Particularly
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efficient groundwater flow and associated nitrate
transport has been reported through dissolution-
enlarged fractures in carbonate rocks (Ator and Fer-
rari, 1997; Miller et al., 1997; Bachman et al., 1998).

Terrestrial denitrification is a particularly impor-
tant upland sink for nitrogen applied in excess of
crop or other plant needs. Denitrification in soils and
groundwater has been estimated to remove 33 and
12% (respectively) of land-applied nitrogen, globally
(Seitzinger et al., 2006) and as much as 63% of such
nitrogen in some agricultural areas (Van Breemen
et al., 2002). Although estimates in the current model
are particularly uncertain, upland (terrestrial) deni-
trification similarly removes a large portion of total
agricultural and atmospheric nitrogen inputs to the
Chesapeake Bay watershed and a majority of total
losses in uplands (Figures 6 and 7). Denitrification
has been observed in numerous upland areas in the
Chesapeake Bay watershed, including depressional
wetlands (Denver et al., 2014) and along groundwater
flow paths (Bohlke and Denver, 1995; Ator and Denis,
1997). Denitrification also likely occurs in watershed
soils, although soil denitrification is particularly diffi-
cult to measure due to extreme spatial and temporal
variability and the large reservoir of atmospheric
nitrogen (Groffman, 2012). Soil AWC is generally
greatest in poorly drained soils with abundant
organic matter (U.S. Department of Agriculture,
1998), and was selected for the CBTN_v4 model to
represent areas likely conducive to terrestrial,
wetland, or other upland denitrification, which is
similarly most likely in such areas (Ator et al., 2011).
Terrestrial denitrification estimated for the Chesa-
peake Bay watershed in the NEUS models may also
include increased nitrogen storage in groundwater
(Van Breemen et al., 2002). Assuming relatively
steady-state groundwater flow conditions and mini-
mal changes in groundwater nitrate concentrations
over time periods typically required for shallow
groundwater flow to streams in the watershed, how-
ever, such changes in groundwater storage should be
minimal. Increasing nitrate concentrations over time
have been observed recently in some areas of the
watershed (Debrewer et al., 2008; Hirsch et al.,
2010), however, and further research would be
needed to clarify the relative importance of soil deni-
trification and groundwater storage to nitrogen fate
and transport in such areas.

Upland loss or retention of applied nitrogen from
agricultural and atmospheric sources in the Chesa-
peake Bay watershed occurs through volatilization,
harvest, and increased storage, as well as denitrifica-
tion. While the vast majority (more than 80%) of
upland nitrogen losses result in actual removal from
the catchment through harvest or to the atmosphere
(through denitrification or volatilization) (Figures 6
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MEAN ANNUAL NATURAL GROUNDWATER
RECHARGE, IN MILLIMETERS
(Wolock, 2003; Wieczorek and
LaMotte, 2010e)

less than 155

MEAN SOIL AVAILABLE WATER
CAPACITY (FRACTION)
(Wolock, 1997; Wieczorek and
LaMotte, 2010f)

[ less than 0.10

MEAN ENHANCED VEGETATIVE INDEX FOR
OCTOBER 2001 THROUGH SEPTEMBER 2002
(Huete et al., 2002)

- less than 339

155 - 181 0.10-0.11 339 - 364
181 - 202 0.11-0.13 364 - 379
| 202 -239 0.13-0.14 379 - 396

I greater than 239

greater than 0.14

greater than 396

FIGURE 10. Mean Annual Natural Groundwater Recharge, Soil Available Water Capacity, and Enhanced Vegetative Index,
Which — Along with Geology (Figure 1) — Determine the Spatial Variability in the Relative Efficiency of Nitrogen Transport
from Uplands to Streams in the Chesapeake Bay Watershed.

and 7), 15% of upland nitrogen losses and 12% of
overall nitrogen applications remain stored in water-
shed soils or biomass. In areas with particularly
intensive nitrogen applications, this represents an
annual net increase in landscape nitrogen storage of
more than 10 kg/ha (Figure 9). Van Breemen et al.
(2002) estimated annual increases in storage of nitro-
gen in the Chesapeake Bay watershed of between 5
and 8 kg/ha in forests and 10 and 13 kg/ha in agri-
cultural soils. Estimated increases in agricultural soil
storage in other watersheds of the northeastern U.S.
are similar, although a net annual loss of nitrogen in
some forested areas is attributable to timber harvest-
ing (Van Breemen et al., 2002). In contrast, Shenk
and Linker (2013) attributed a majority (more than
90%) of nitrogen losses in uplands in agricultural
areas of the Chesapeake Bay watershed during 1985
through 2005 to uptake and harvest and only a small
portion to denitrification and increased storage. U.S.
Department of Agriculture estimates through the
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Conservation Effects Assessment Project (CEAP)
specific to cropland in the watershed are similar, but
reflect long-term expected benefits of conservation
practices believed to be in place during 2011 rather
than actual conditions during that period (U.S.
Department of Agriculture Natural Resource Conser-
vation Service, 2013). Given the substantially differ-
ent management implications of nitrogen that is
stored in the landscape vs. that which is lost to the
atmosphere through denitrification, further research
to reconcile these estimates toward improved under-
standing of the relative importance of these processes
to nitrogen in uplands may warrant high priority.
Spatial variability in nitrogen delivery from
uplands to surface waters in the Chesapeake Bay
watershed reflects similar variability in relevant
landscape variables, as reflected in DVF,,;. Nitrogen
delivery to streams (Figure 3) is generally most effi-
cient in areas of the watershed with the greatest
groundwater recharge (and, presumably, groundwa-

JAWRA



ATor AND GARCIA

ter flow), including much of the mountainous north-
ern and western parts of the watershed (particularly
in West Virginia and to the north) and parts of the
northern Piedmont and the Eastern Shore (Fig-
ure 10). Areas of greatest groundwater recharge also
include most areas of the Piedmont underlain by car-
bonate rocks (Figure 1). Spatial patterns in ground-
water recharge reflect similar patterns in climate
(particularly precipitation and temperature) and geo-
logic and soil properties affecting infiltration to
groundwater. Greater groundwater recharge in
northern areas of the Chesapeake Bay watershed
likely reflects cooler temperatures and resulting
lower evapotranspiration, while such greater
recharge on the Eastern Shore may reflect a gener-
ally flat landscape and permeable soils and shallow
sediments that promote infiltration of precipitation
rather than overland runoff (Ator et al., 2005b; San-
ford et al., 2012). In southern areas of the watershed
in Virginia and West Virginia, relatively inefficient
nitrogen delivery to streams (low DVF,;) in the Pied-
mont and Blue Ridge Mountains is related to low
groundwater recharge and relatively high denitrifica-
tion (reflected in soil AWC) and plant uptake (re-
flected in EVI) in these primarily forested areas,
while more moderate nitrogen delivery in the western
mountainous areas reflects slightly less denitrifica-
tion and plant uptake (Figure 10). AWC is generally
greatest (and, therefore, most conducive to denitrifi-
cation and least conducive to nitrogen transport to
surface waters) in areas of the Valley and Ridge
underlain by carbonate rocks, in the Piedmont in
Maryland and Virginia, and in particularly poorly
drained coastal areas of the Coastal Plain (particu-
larly on the Eastern Shore) (Figures 1 and 10). EVI
is generally greatest in forested areas in southern
parts of the Chesapeake Bay watershed, possibly due
to generally warmer temperatures and resulting
longer growing seasons (Figure 10).

SUMMARY AND CONCLUSIONS

A method to improve the understanding of contam-
inant fate and transport from uplands to stream cor-
ridors and estimate spatially explicit and consistent
budgets for individual catchments based on previ-
ously calibrated SPARROW models was developed
and demonstrated for nitrogen in the Chesapeake
Bay watershed. Catchment budgets include selected
upland inputs (such as from agricultural or atmo-
spheric sources), losses or net change in storage in
uplands and stream corridors, and delivery to tidal
waters. The approach worked well for illustrating the
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net effects of multiple landscape factors on spatial
variability in the delivery of nitrogen from uplands to
streams and for developing catchment-specific water-
shed budgets. Specific processes contributing to
upland retention or losses of nitrogen in the water-
shed are not discernable from SPARROW results,
alone, but could be inferred from available previous
estimates of nitrogen budgets for watersheds of
selected Chesapeake Bay tributaries. The utility of
this approach for understanding contaminant fate
and transport is limited by the source variables and
the complexity of the land-to-water specification in
the original SPARROW model.

The majority (81%) of nitrogen applied from non-
point agricultural and atmospheric sources to
uplands in the Chesapeake Bay watershed is
removed or retained in watershed uplands; only 19%
is transported to surface waters. Denitrification is the
largest upland sink for nitrogen from these sources,
removing 45% of such applications and accounting for
55% of upland losses. The remainder of upland nitro-
gen losses is attributable to biological uptake and
removal in agricultural or forest products, volatiliza-
tion of ammonia, and increased watershed storage in
soils or biomass. Watershed nitrogen storage may
increase by more than 10 kg/ha, annually, in areas of
the Chesapeake Bay watershed with particularly
large nitrogen inputs. Nitrogen delivery from uplands
to stream channels is most efficient in mountainous
areas of the Chesapeake Bay watershed and areas of
the northern Piedmont and Eastern Shore Coastal
Plain.

Insights provided by evaluation and analysis of
previously calibrated SPARROW models to under-
stand contaminant fate and transport as demon-
strated herein can be particularly useful for targeting
or prioritizing management activities to maximize
the benefits of restoration investment and to aid the
development of future SPARROW or other watershed
models. Additional insight on contaminant fate and
transport from future SPARROW models may be pos-
sible by altering the model structure to more explic-
itly estimate upland losses attributable to different
processes.

ACKNOWLEDGMENTS

This work was produced as part of the Priority Ecosystems —
Chesapeake Bay studies of the U.S. Geological Survey (USGS). Dis-
cussions with Richard A. Smith, Joel D. Blomquist, Gregory E. Sch-
warz, Andrew J. Sekellick, and John W. Brakebill of the USGS
were particularly helpful to the development of this work, and
Andrew J. Sekellick of the USGS also provided assistance with geo-
graphic analyses. Thoughtful comments and suggestions from Anne
B. Hoos of the USGS and three anonymous reviewers contributed
to substantial improvements in the manuscript. Assistance with

JOURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION



AppLicaTion oF SPARROW MopeLing To UNDERSTANDING CoNTAMINANT FATE AND TRANSPORT FROM UPLANDS TO STREAMS

development of the watershed contaminant budget equations was
provided by Bryan P. Ator.

LITERATURE CITED

Ator, S.W., J.W. Brakebill, and J.D. Blomquist, 2011. Sources,
Fate, and Transport of Nitrogen and Phosphorus in the Chesa-
peake Bay Watershed-an Empirical Model. U.S. Geological
Survey Scientific Investigations Report 2011-5167, 27 pp., http:/
pubs.usgs.gov/sir/2011/5167/.

Ator, S.W. and J.M. Denis, 1997. Relation of Nitrogen and Phos-
phorus in Ground Water to Land Use in Four Subunits of the
Potomac River Basin. U.S. Geological Survey Water-Resources
Investigations Report 96-4268, 26 pp., http:/pubs.usgs.gov/wri/
1996/4268/report.pdf.

Ator, SW. and J.M. Denver, 2012. Estimating Contributions of
Nitrogen and Herbicides from Groundwater to Headwater
Streams, Northern Atlantic Coastal Plain, USA. Journal of the
American Water Resources Association 48:1075-1090, DOI:
10.11114.1752-1688.2012.00672.x.

Ator, S.W. and J.M. Denver, 2015. Understanding Nutrients in the
Chesapeake Bay Watershed and Implications for Management
and Restoration - the Eastern Shore. U.S. Geological Survey
Circular 1406, 84 pp., http:/pubs.usgs.gov/circ/1406/pdf/cir-
¢1406.pdf.

Ator, S'W., J.M. Denver, and M.J. Brayton, 2005a. Hydrologic and
Geochemical Controls on Pesticide and Nutrient Transport to
Two Streams on the Delmarva Peninsula. U.S. Geological
Survey Scientific Investigations Report 2004-5051, 44 pp., http:/
pubs.water.usgs.gov/sir20045051/.

Ator, SW., J.M. Denver, D.E. Krantz, W.L. Newell, and S.K. Mar-
tucci, 2005b. A Surficial Hydrogeologic Framework for the
Mid-Atlantic Coastal Plain. U.S. Geological Survey Professional
Paper 1680, 44 pp., http:/pubs.er.usgs.gov/publication/pp1680.

Ator, S'W. and M.J. Ferrari, 1997. Nitrate and Selected Pesticides
in Ground Water of the Mid-Atlantic Region. U.S. Geological
Survey Water-Resources Investigations Report 97-4139, 8 pp.,
http://pubs.usgs.gov/wri/1997/4139/report.pdf.

Bachman, L.J., B.D. Lindsey, J.W. Brakebill, and D.S. Powars,
1998. Ground-Water Discharge and Base-Flow Nitrate Loads of
Nontidal Streams, and Their Relation to a Hydrogeomorphic
Classification of the Chesapeake Bay Watershed, Middle Atlan-
tic Coast. U.S. Geological Survey Water-Resources Investiga-
tions Report 98-4059, 77 pp., http:/pubs.water.usgs.gov/wri98-
4059/.

Birch, M.B.L., B.M. Gramig, W.R. Moomaw, O.C. Doering III, and
C.J. Reeling, 2011. Why Metrics Matter: Evaluating Policy
Choices for Reactive Nitrogen in the Chesapeake Bay Water-
shed. Environmental Science and Technology 45:168-174, DOI:
10.1021/es101472z.

Bohlke, J.K., 2002. Groundwater Recharge and Agricultural Con-
tamination. Hydrogeology Journal 10:153-179, DOI: 10.1007/
$10040-001-0183-3.

Bohlke, J. K. and J.M. Denver, 1995. Combined Use of Groundwa-
ter Dating, Chemical, and Isotopic Analyses to Resolve the His-
tory and Fate of Nitrate Contamination in Two Agricultural
Watersheds, Atlantic Coastal Plain, Maryland. Water Resources
Research 31:2319-2339, DOI: 10.1029/95wr01584.

Bohlke, J.K., M.E. O’Connell, and K.L. Prestegaard, 2007. Ground
Water Stratification and Delivery of Nitrate to an Incised
Stream Under Varying Flow Conditions. Journal of Environ-
mental Quality 36:664-680, DOI: 10.2134/jeq2006.0084.

Bouwman, L., KK. Goldewijk, KW. Van Der Hoek, A.H-W. Beu-
sen, D.P. Van Vuuren, J. Willems, M.C. Rufino, and E. Ste-
hfest, 2013. Exploring Global Changes in Nitrogen and

JOURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

Phosphorus Cycles in Agriculture Induced by Livestock Produc-
tion Over the 1900-2050 Period. Proceedings of the National
Academy of Sciences 110:20882-20887, DOI: 10.1073/
pnas.1012878108.

Boyer, E.-W., C.L. Goodale, N.A. Jaworski, and R.W. Howarth,
2002. Anthropogenic Nitrogen Sources and Relationships to
Riverine Nitrogen Export in the Northeastern U.S.A. Biogeo-
chemistry 57-58:137-169, DOI: 10.1023/a:1015709302073.

Boynton, W.R., J.D. Hagy, J.C. Cornwell, W.M. Kemp, S.M.
Greene, M.S. Owens, J.E. Baker, and R.K. Larsen, 2008. Nutri-
ent Budgets and Management Actions in the Patuxent River
Estuary, Maryland. Estuaries and Coasts 31:623-651, DOI:
10.1007/s12237-008-9052-9.

Boynton, W.R., C.L.S. Hodgkins, C.A. O’Leary, E.M. Bailey, A.R.
Bayard, and L.A. Wainger, 2013. Multi-Decade Responses of a
Tidal Creek System to Nutrient Load Reductions: Mattawoman
Creek, Maryland USA. Estuaries and Coasts 37(S1): 111-127,
DOLI: 10.1007/s12237-013-9690-4.

Brakebill, JJW., SW. Ator, and G.E. Schwarz, 2010. Sources of Sus-
pended-Sediment Flux in Streams of the Chesapeake Bay
Watershed: A Regional Application of the Sparrow Model. Jour-
nal of the American Water Resources Association 46:757-776,
DOI: 10.1111/4.1752-1688.2010.00450.x.

Bricker, S., B. Longstaff, W. Dennison, A. Jones, K. Boicourt, C.
Wicks, and J. Woerner, 2007. Effects of Nutrient Enrichment in
the Nation’s Estuaries - A Decade of Change. NOAA Coastal
Ocean Program Decision Analysis Series 26, 328 pp., http:/
ccma.nos.noaa.gov/publications/eutroupdate/.

Brown, J.B., 2011. Application of the Sparrow Watershed Model to
Describe Nutrient Sources and Transport in the Missouri River
Basin. U.S. Geological Survey Fact Sheet 2011-3104, 4 pp.,
http://pubs.usgs.gov/fs/2011/3104/.

Carpenter, S.R., N.F. Caraco, D.L. Correll, R.W. Howarth, A.N.
Sharpley, and V.H. Smith, 1998. Nonpoint Pollution of Surface
Waters with Phosphorus and Nitrogen. Ecological Applications
8:559-568.

Compton, J.E., J.A. Harrison, R.L. Dennis, T.L. Greaver, B.H. Hill,
S.J. Jordan, H. Walker, and H.V. Campbell, 2011. Ecosystem
Services Altered by Human Changes in the Nitrogen Cycle: A
New Perspective for U.S. Decision Making. Ecology Letters
14:804-815, DOI: 10.1111/j.1461-0248.2011.01631.x.

Curie, F., A. Ducharne, M. Sebilo, and H. Bendjoudi, 2009. Denitri-
fication in a Hyporheic Riparian Zone Controlled by River Regu-
lation in the Seine River Basin (France). Hydrological Processes
23:655-664, DOI: 10.1002/hyp.7161.

Davidson, E.A., M.B. David, J.N. Galloway, C.L. Goodale, R.
Haeuber, J.A. Harrison, R.W. Howarth, D.B. Jaynes, R.R.
Lowrance, B. Thomas Nolan, J.L. Peel, R.W. Pinder, E. Por-
ter, C.S. Snyder, A.R. Townsend, and M.H. Ward, 2012.
Excess Nitrogen in the U.S. Environment: Trends, Risks, and
Solutions. Ecological Society of America Report 15, 16 pp.,
http://www.esa.org/esa/wp-content/uploads/2013/03/issuesinecolo-
gy15.pdf.

Debrewer, L.M., S'W. Ator, and J.M. Denver, 2008. Temporal
Trends in Nitrate and Selected Pesticides in Mid-Atlantic
Ground Water. Journal of Environmental Quality 37:S-296-S-
308, DOI: 10.2134/jeq2007.0664.

Denver, J.M., S.W. Ator, M.W. Lang, T.R. Fisher, A.B. Gustafson,
R. Fox, J.W. Clune, and G.W. McCarty, 2014. Nitrate Fate and
Transport Through Current and Former Depressional Wetlands
in an Agricultural Landscape, Choptank Watershed, Maryland,
USA. Journal of Soil and Water Conservation 69:1-16, DOI:
10.2489/jswe.69.1.1.

Denver, J.M., A.J. Tesoriero, and J.R. Barbaro, 2010. Trends and
Transformation of Nutrients and Pesticides in a Coastal Plain
Aquifer System, United States. Journal of Environmental Qual-
ity 39:154-167, DOI: 10.2134/jeq2009.0107.

JAWRA


http://pubs.usgs.gov/sir/2011/5167/
http://pubs.usgs.gov/sir/2011/5167/
http://pubs.usgs.gov/wri/1996/4268/report.pdf
http://pubs.usgs.gov/wri/1996/4268/report.pdf
http://dx.doi.org/10.1111<ucode type=
http://pubs.usgs.gov/circ/1406/pdf/circ1406.pdf
http://pubs.usgs.gov/circ/1406/pdf/circ1406.pdf
http://pubs.water.usgs.gov/sir20045051/
http://pubs.water.usgs.gov/sir20045051/
http://pubs.er.usgs.gov/publication/pp1680
http://pubs.usgs.gov/wri/1997/4139/report.pdf
http://pubs.water.usgs.gov/wri98-4059/
http://pubs.water.usgs.gov/wri98-4059/
http://dx.doi.org/10.1021/es101472z
http://dx.doi.org/10.1007/s10040-001-0183-3
http://dx.doi.org/10.1007/s10040-001-0183-3
http://dx.doi.org/10.1029/95wr01584
http://dx.doi.org/10.2134/jeq2006.0084
http://dx.doi.org/10.1073/pnas.1012878108
http://dx.doi.org/10.1073/pnas.1012878108
http://dx.doi.org/10.1023/a:1015709302073
http://dx.doi.org/10.1007/s12237-008-9052-9
http://dx.doi.org/10.1007/s12237-013-9690-4
http://dx.doi.org/10.1111/j.1752-1688.2010.00450.x
http://ccma.nos.noaa.gov/publications/eutroupdate/
http://ccma.nos.noaa.gov/publications/eutroupdate/
http://pubs.usgs.gov/fs/2011/3104/
http://dx.doi.org/10.1111/j.1461-0248.2011.01631.x
http://dx.doi.org/10.1002/hyp.7161
http://www.esa.org/esa/wp-content/uploads/2013/03/issuesinecology15.pdf
http://www.esa.org/esa/wp-content/uploads/2013/03/issuesinecology15.pdf
http://dx.doi.org/10.2134/jeq2007.0664
http://dx.doi.org/10.2489/jswc.69.1.1
http://dx.doi.org/10.2134/jeq2009.0107

ATor AND GARCIA

Domagalski, J.L., S. Ator, R. Coupe, K. McCarthy, D. Lampe, M.
Sandstrom, and N. Baker, 2008. Comparative Study of Trans-
port Processes of Nitrogen, Phosphorus, and Herbicides to
Streams in Five Agricultural Basins, USA. Journal of Environ-
mental Quality 37:1158-1169, DOI: 10.2134/jeq2007.0408.

Duan, W., B. He, K. Takara, P. Luo, and Y. Yamashiki, 2012. Esti-
mating the Sources and Transport of Nitrogen Pollution in the
Ishikari River Basin, Japan. 1st International Conference on
Energy and Environmental Protection, ICEEP 2012, June 23-
24, 2012, Hohhot, China, 3007-3010 pp., DOI: 10.4028/www.sci-
entific.net/AMR.518-523.3007.

Elliot, A.-H., R.B. Alexander, G.E. Schwarz, U. Shankar, J.P.S.
Sukias, and G.B. McBride, 2005. Estimation of Nutrient Sources
and Transport for New Zealand Using the Hybrid Mechanistic-
Statistical Model Sparrow. Journal of Hydrology New Zealand
44:1-27, DOI: 1029/2003wr002710.

Garcia, A.M., 2009. Simulation of Water Quality in the Tull Creek
and West Neck Creek Watersheds, Currituck Sound Basin,
North Carolina and Virginia. U.S. Geological Survey Scientific
Investigations Report 2008-5226, 22 pp., http:/pubs.usgs.gov/sir/
2008/5226/pdf/sir2008-5226.pdf.

Garcia, A.M., A.B. Hoos, and S. Terziotti, 2011. A Regional Model-
ing Framework of Phosphorus Sources and Transport in
Streams of the Southeastern United States. Journal of the
American Water Resources Association 47:991-1010, DOI:
10.1111/5.1752-1688.2010.00517 .x.

Groffman, P.M., 2012. Terrestrial Denitrification - Challenges and
Opportunities. Ecological Processes 1:11, DOI: 10.1186/2192-
1709-1-11.

Harden, S.L. and T.B. Spruill, 2008. Factors Affecting Nitrate
Delivery to Streams from Shallow Ground Water in the North
Carolina Coastal Plain. U.S. Geological Survey Scientific Inves-
tigations Report 2008-5021, 41 pp., http://pubs.usgs.gov/sir/2008/
5021/.

Hirsch, R.M., D.L. Moyer, and S.A. Archfield, 2010. Weighted
Regressions on Time, Discharge, and Season (WRTDS), with an
Application to Chesapeake Bay River Inputs. Journal of the
American Water Resources Association 46:857-880, DOI:
10.1111/5.1752-1688.2010.00482.x.

Hively, W.D., M. Lang, G.W. McCarty, J. Keppler, A. Sadeghi, and
L.L. McConnell, 2009. Using Satellite Remote Sensing to Esti-
mate Winter Cover Crop Nutrient Uptake Efficiency. Journal of
Soil and Water Conservation 64:303-313, DOI: 10.2489/
jswe.64.5.303.

Hoos, A.B. and G. McMahon, 2009. Spatial Analysis of Instream
Nitrogen Loads and Factors Controlling Nitrogen Delivery to
Streams in the Southeastern United States Using Spatially Ref-
erenced Regression on Watershed Attributes (SPARROW) and
Regional Classification Frameworks. Hydrological Processes
23:2275-2294, DOI: 10.1002/hyp.7323.

Hoos, A.B., R.B. Moore, A.M. Garcia, G.B. Noe, S.E. Terziotti, C.M.
Johnston, and R.L. Dennis, 2013. Simulating Stream Transport
of Nutrients in the Eastern United States, 2002, Using a Spa-
tially-Referenced Regression Model and 1:100,000-Scale Hydrog-
raphy. U.S. Geological Survey Scientific Investigations Report
2013-5102, 33 pp., http://pubs.usgs.gov/sir/2013/5102/.

Howarth, R., G. Billen, D. Swaney, A. Townsend, N. Jaworski, K.
Lajtha, J. Downing, R. Elmgren, N. Caraco, T. Jordan, F.
Berendse, J. Freney, V. Kudeyarov, P. Murdoch, and Z. Zhao-
Liang, 1996. Regional Nitrogen Budgets and Riverine N & P
Fluxes for the Drainages to the North Atlantic Ocean: Natural
and Human Influences. Biogeochemistry 35:75-139, DOI:
10.1007/bf02179825.

Huete, A, K. Didan, T. Miura, E.P. Rodriguez, X. Gao, and L.G. Fer-
reira, 2002. Overview of the Radiometric and Biophysical Perfor-
mance of the Modis Vegetation Indices. Remote Sensing of
Environment 83:195-213, DOI: 10.1016/s0034-4257(02)00096-2.

JAWRA

Kannan, N., C. Santhi, M. Di Luzio, S. Potter, and J.G. Arnold,
2005. Measuring Environmental Benefits of Conservation Prac-
tices: The Conservation Effects Assessment Project (CEAP)-A
Model Calibration Approach at the National Level. 2005 ASAE
Annual International Meeting, July 17-20, 2005, Tampa,
Florida, 10 pp., http:/handle.nal.usda.gov/10113/29003.

Kemp, W.M., W.R. Boynton, J.E. Adolf, D.F. Boesch, W.C. Boicourt,
G. Brush, J.C. Cornwell, T.R. Fisher, P.M. Glibert, J.D. Hagy,
L.W. Harding, E.D. Houde, D.G. Kimmel, W.D. Miller, R.I.LE.
Newell, M.R. Roman, E.M. Smith, and J.C. Stevenson, 2005.
Eutrophication of Chesapeake Bay: Historical Trends and Eco-
logical Interactions. Marine Ecology Progress Series 303:1-29.

Kennedy, C.D., D.P. Genereux, D.R. Corbett, and H. Mitasova,
2009. Spatial and Temporal Dynamics of Coupled Groundwater
and Nitrogen Fluxes Through a Streambed in an Agricultural
Watershed. Water Resources Research 45, DOI: 10.1029/
2008wr007397.

Langland, M.J. and T. Cronin, 2003. A Summary Report of Sedi-
ment Processes in Chesapeake Bay and Watershed. U.S. Geolog-
ical Survey Water-Resources Investigations Report 03-4123, 109
pp., http://pa.water.usgs.gov/reports/wrir03-4123.pdf.

Lizarraga, J.S., 1997. Estimation and Analysis of Nutrient and
Suspended-Sediment Loads at Selected Sites in the Potomac
River Basin, 1993-95. U.S. Geological Survey Water-Resources
Investigations Report 97-4154, 23 pp., http:/pubs.usgs.gov/wri/
1997/4154/report.pdf.

Miller, C.V., J.M. Denis, S.W. Ator, and J.W. Brakebill, 1997.
Nutrients in Streams During Baseflow in Selected Environmen-
tal Settings of the Potomac River Basin. Journal of the Ameri-
can Water Resources Association 33:1155-1171, DOI: 10.1111/
j-1752-1688.1997.th03543.x.

Moore, R.B., C.M. Johnston, R.A. Smith, and B. Milstead, 2011.
Source and Delivery of Nutrients to Receiving Waters in the
Northeastern and Mid-Atlantic Regions of the United States.
Journal of the American Water Resources Association 47:965-
990, DOI: 10.1111/.1752-1688.2011.00582.x.

Moyer, D.L., R.M. Hirsch, and K.E. Hyer, 2012. Comparison of Two
Regression-Based Approaches for Determining Nutrient and
Sediment Fluxes and Trends in the Chesapeake Bay Watershed.
U.S. Geological Survey Scientific Investigations Report 2012-
5244, 118 pp., http://pubs.er.usgs.gov/publication/sir20125244.

Mulholland, P.J. and J.R. Webster, 2010. Nutrient Dynamics in
Streams and the Role of J-Nabs. Journal of the North American
Benthological Society 29:100-117, DOI: 10.1899/08-035.1.

Murphy, R.R., WM. Kemp, and W.P. Ball, 2011. Long-Term
Trends in Chesapeake Bay Seasonal Hypoxia, Stratification,
and Nutrient Loading. Estuaries and Coasts 34:1293-1309, DOI:
10.1007/s12237-011-9413-7.

Nolan, B.T. and K.J. Hitt, 2006. Vulnerability of Shallow Ground-
water and Drinking-Water Wells to Nitrate in the United
States. Environmental Science and Technology 40:7834-7840,
DOI: 10.1021/es060911u.

Nolan, B.T. and J.D. Stoner, 2000. Nutrients in Groundwaters of
the Conterminous United States, 1992-1995. Environmental
Science and Technology 34:1156-1165, DOI: 10.1021/es9907663.

Paulsen, S., J. Stoddard, S. Holdsworth, A. Mayio, and E. Tar-
quinio, 2006. Wadeable Streams Assessment - A Collaborative
Survey of the Nation’s Streams. U.S. Environmental Protection
Agency Report 841-B-06-002, 98 pp., http://water.epa.gov/type/
rsl/monitoring/streamsurvey/upload/2007_5_16_streamsurvey_WSA_
Assessment_May2007.pdf.

Phillips, S.W. and B.D. Lindsey, 2003. The Influence of Ground
Water on Nitrogen Delivery to the Chesapeake Bay. U.S. Geo-
logical Survey Fact Sheet 091-03, 6 pp. http:/pubs.usgs.gov/fs/
2003/0091/report.pdf.

Prasad, M.B.K., M.R.P. Sapiano, C.R. Anderson, W. Long, and R.
Murtugudde, 2010. Long-Term Variability of Nutrients and

JOURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION


http://dx.doi.org/10.2134/jeq2007.0408
http://www.scientific.net/AMR.518-523.3007
http://www.scientific.net/AMR.518-523.3007
http://pubs.usgs.gov/sir/2008/5226/pdf/sir2008-5226.pdf
http://pubs.usgs.gov/sir/2008/5226/pdf/sir2008-5226.pdf
http://dx.doi.org/10.1111/j.1752-1688.2010.00517.x
http://dx.doi.org/10.1186/2192-1709-1-11
http://dx.doi.org/10.1186/2192-1709-1-11
http://pubs.usgs.gov/sir/2008/5021/
http://pubs.usgs.gov/sir/2008/5021/
http://dx.doi.org/10.1111/j.1752-1688.2010.00482.x
http://dx.doi.org/10.2489/jswc.64.5.303
http://dx.doi.org/10.2489/jswc.64.5.303
http://dx.doi.org/10.1002/hyp.7323
http://pubs.usgs.gov/sir/2013/5102/
http://dx.doi.org/10.1007/bf02179825
http://dx.doi.org/10.1016/s0034-4257(02)00096-2
http://handle.nal.usda.gov/10113/29003
http://dx.doi.org/10.1029/2008wr007397
http://dx.doi.org/10.1029/2008wr007397
http://pa.water.usgs.gov/reports/wrir03-4123.pdf
http://pubs.usgs.gov/wri/1997/4154/report.pdf
http://pubs.usgs.gov/wri/1997/4154/report.pdf
http://dx.doi.org/10.1111/j.1752-1688.1997.tb03543.x
http://dx.doi.org/10.1111/j.1752-1688.1997.tb03543.x
http://dx.doi.org/10.1111/j.1752-1688.2011.00582.x
http://pubs.er.usgs.gov/publication/sir20125244
http://dx.doi.org/10.1899/08-035.1
http://dx.doi.org/10.1007/s12237-011-9413-7
http://dx.doi.org/10.1021/es060911u
http://dx.doi.org/10.1021/es9907663
http://water.epa.gov/type/rsl/monitoring/streamsurvey/upload/2007_5_16_streamsurvey_WSA_Assessment_May2007.pdf
http://water.epa.gov/type/rsl/monitoring/streamsurvey/upload/2007_5_16_streamsurvey_WSA_Assessment_May2007.pdf
http://water.epa.gov/type/rsl/monitoring/streamsurvey/upload/2007_5_16_streamsurvey_WSA_Assessment_May2007.pdf
http://pubs.usgs.gov/fs/2003/0091/report.pdf
http://pubs.usgs.gov/fs/2003/0091/report.pdf

AppLicaTion oF SPARROW MopeLing To UNDERSTANDING CoNTAMINANT FATE AND TRANSPORT FROM UPLANDS TO STREAMS

Chlorophyll in the Chesapeake Bay: A Retrospective Analysis,
1985-2008. Estuaries and Coasts 33:1128-1143, DOI: 10.1007/
§12237-010-9325-y.

Puckett, L.J., 2004. Hydrogeologic Controls on the Transport and
Fate of Nitrate in Ground Water Beneath Riparian Buffer
Zones: Results from Thirteen Studies Across the United States.
Water Science and Technology 49:47-53.

Reckhow, K.H., P.E. Norris, R.J. Budell, D.M. DiToro, J.N. Gal-
loway, H. Greening, A.N. Sharpley, A. Shirmohammadi, and
P.E. Stacey, 2011. Achieving Nutrient and Sediment Reduction
Goals in the Chesapeake Bay - An Evaluation of Program
Strategies and Implementation. The National Academies Press,
Washington, D.C., ISBN 978-0-309-21079-9.

Reichard, J.S. and C.M. Brown, 2009. Detecting Groundwater Con-
tamination of a River in Georgia, USA Using Baseflow Sam-
pling. Hydrogeology Journal 17:735-747, DOI: 10.1007/s10040-
008-0382-2.

Robertson, D.M. and D.A. Saad, 2011. Nutrient Inputs to the Lau-
rentian Great Lakes by Source and Watershed Estimated Using
SPARROW Watershed Models. Journal of the American Water
Resources Association 47:1011-1033, DOI: 10.1111/.1752-
1688.2011.00574.x.

Sadeghi, A., K. Yoon, C. Graff, G. McCarty, L. McConnell, A. Shir-
mohammadi, D. Hively, and K.A. Sefton, 2007. Assessing the
Performance of SWAT and AnnAGNPS Models in a Coastal
Plain Watershed, Choptank River, Maryland, U.S.A. 2007
ASABE Annual International Meeting, June 17-20, 2007, Min-
neapolis, Minnesota.

Sanford, W.E. and J.P. Pope, 2013. Quantifying Groundwater’s
Role in Delaying Improvements to Chesapeake Bay Water Qual-
ity. Environmental Science & Technology 47(23):13330-13338,
DOI: 10.1021/es401334k.

Sanford, W.E., J.P. Pope, D.L. Selnick, and R.F. Stumvoll, 2012.
Simulation of Groundwater Flow in the Shallow Aquifer System
of the Delmarva Peninsula, Maryland and Delaware. U.S. Geo-
logical Survey Open-File Report 2012-1140, 58 pp., http:/
pubs.er.usgs.gov/publication/ofr20121140.

Schwarz, G.E., A.B. Hoos, R.B. Alexander, and R.A. Smith, 2006.
Section 3. The Sparrow Surface Water-Quality Model: Theory,
Application and User Documentation. U.S. Geological Survey
Techniques and Methods 6-B3, 248 pp., http:/pubs.usgs.gov/tm/
2006/tm6b3/.

Seitzinger, S., J.A. Harrison, J.K. Bohlke, A.F. Bouwman, R. Low-
rance, B. Peterson, C. Tobias, and G. Van Drecht, 2006. Denitri-
fication Across Landscapes and Waterscapes: A Synthesis.
Ecological Applications 16:2064-2090.

Shenk, G.W. and L.C. Linker, 2013. Development and Application
of the 2010 Chesapeake Bay Watershed Total Maximum Daily
Load Model. Journal of the American Water Resources Associa-
tion 49:1042-1056, DOI: 10.1111/jawr.12109.

Shortle, J., Z. Kaufman, D. Abler, J. Harper, J. Hamlett, and M.
Royer, 2013. Building Capacity to Analyze the Economic
Impacts of Nutrient Trading and Other Policy Approaches for
Reducing Agriculture’s Nutrient Discharge Into the Chesapeake
Bay Watershed. U.S. Department of Agriculture, Office of the
Chief Economist, 113 pp., http://www.usda.gov/oce/environmen-
tal_markets/files/EconomicTradingCBay.pdf.

Simley, J.D. and W.J. Carswell Jr., 2009. The National Map -
Hydrography. U.S. Geological Survey Fact Sheet 2009-3054, 4
pp. http://pubs.usgs.gov/fs/2009/3054/.

Smith, R.A., G.E. Schwarz, and R.B. Alexander, 1997. Regional
Interpretation of Water-Quality Monitoring Data. Water
Resources Research 33:2781-2798.

Spruill, T.B. and J.F. Bratton, 2008. Estimation of Groundwater
and Nutrient Fluxes to the Neuse River Estuary, North Caro-
lina. Estuaries and Coasts 31:501-520, DOI: 10.1007/s12237-
008-9040-0.

JOURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

Spruill, T.B., A.J. Tesoriero, H.E. Mew Jr., K.M. Farrell, S.L. Har-
den, A.B. Colosimo, and S.R. Kraemer, 2005. Geochemistry and
Characteristics of Nitrogen Transport at a Confined Animal
Feeding Operation in a Coastal Plain Agricultural Watershed,
and Implications for Nutrient Loading in the Neuse River
Basin, North Carolina, 1999-2002. U.S. Geological Survey Scien-
tific Investigations Report 2004-5283, 66 pp., http:/pubs.wa-
ter.usgs.gov/sir20045283/.

Staver, K.W. and R.B. Brinsfield, 1996. Seepage of Groundwater
Nitrate from a Riparian Agroecosystem Into the Wye River
Estuary. Estuaries 19:359-370.

Staver, K.W. and R.B. Brinsfield, 1998. Using Cereal Grain Winter
Cover Crops to Reduce Groundwater Nitrate Contamination in
the Mid-Atlantic Coastal Plain. Journal of Soil and Water Con-
servation 53:230-240.

Tesoriero, A.J., J.H. Duff, D.M. Wolock, N.E. Spahr, and J.E.
Almendinger, 2009. Identifying Pathways and Processes Affect-
ing Nitrate and Orthophosphate Inputs to Streams in Agricul-
tural Watersheds. Journal of Environmental Quality 38:1892-
1900, DOI: 10.2134/jeq2008.0484.

Tesoriero, A.J., H. Liebscher, and S.E. Cox, 2000. Mechanism and
Rate of Denitrification in an Agricultural Watershed: Electron
and Mass Balance Along Groundwater Flow Paths. Water
Resources Research 36:1545-1559, DOI: 10.1029/2000wr900035.

Tesoriero, A.J., T.B. Spruill, H.E. Mew Jr., KM. Farrell, and S.L.
Harden, 2005. Nitrogen Transport and Transformations in a
Coastal Plain Watershed: Influence of Geomorphology on Flow
Paths and Residence Times. Water Resources Research 41:1-15,
DOI: 10.1029/2003wr002953.

U.S. Department of Agriculture, 1998. Soil Quality Resource Con-
cerns - Available Water Capacity. U.S. Department of Agri-
culture Soil Quality Information Sheet, 2 pp., http://www.nrcs.
usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_051279.pdf.

U.S. Department of Agriculture Natural Resource Conservation
Service, 2013. Impacts of Conservation Adoption on Cultivated
Acres of Cropland in the Chesapeake Bay Region, 2003-06 to
2011. U.S. Department of Agriculture, Washington, D.C., 111
PP-, http://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/
technical/nra/ceap/?cid=stelprdb1240074.

U.S. Environmental Protection Agency, 2009a. Bay Barometer - A
Health and Restoration Assessment of the Chesapeake Bay and
Watershed in 2008. U.S. Environmental Protection Agency
Report EPA-903-R-09-001, 40 pp., http://www.chesapeake-
bay.net/content/publications/cbp_34915.pdf.

U.S. Environmental Protection Agency, 2009b. National Lakes
Assessment: A Collaborative Survey of the Nation’s Lakes.
Office of Water and Office of Research and Development EPA
841-R-09-001., 103 pp., http:/www.epa.gov/owow/LAKES/
lakessurvey/pdf/nla_report_low_res.pdf.

U.S. Environmental Protection Agency, 2010. Bay Barometer - A
Health and Restoration Assessment of Chesapeake Bay and
Watershed in 2009. U.S Environmental Protection Agency
Report, 12 pp., http:/www.chesapeakebay.net/content/publica-
tions/cbp_50513.pdf.

U.S. Environmental Protection Agency, 2011. Clean Water Act Sec-
tion 303(D): Notice for the Establishment of the Total Maximum
Daily Load (TMDL) for the Chesapeake Bay. Federal Register
76:549-550, http:/www.regulations.gov/#!documentDetail;D=EPA-
R03-OW-2010-0736-0776.

Van Breemen, N., E.W. Boyer, C.L. Goodale, N.A. Jaworski, K.
Paustian, S.P. Seitzinger, K. Lajtha, B. Mayer, D. Van Dam,
R.W. Howarth, K.J. Nadelhoffer, M. Eve, and G. Billen, 2002.
Where Did All the Nitrogen Go? Fate of Nitrogen Inputs to
Large Watersheds in the Northeastern U.S.A. Biogeochemistry
57-58:267-293, DOI: 10.1023/a:1015775225913.

Vitousek, P.M., J.D. Aber, R.W. Howarth, G.E. Likens, P.A. Mat-
son, D.W. Schindler, W.H. Schlesinger, and D.G. Tilman, 1997.

JAWRA


http://dx.doi.org/10.1007/s12237-010-9325-y
http://dx.doi.org/10.1007/s12237-010-9325-y
http://dx.doi.org/10.1007/s10040-008-0382-2
http://dx.doi.org/10.1007/s10040-008-0382-2
http://dx.doi.org/10.1111/j.1752-1688.2011.00574.x
http://dx.doi.org/10.1111/j.1752-1688.2011.00574.x
http://dx.doi.org/10.1021/es401334k
http://pubs.er.usgs.gov/publication/ofr20121140
http://pubs.er.usgs.gov/publication/ofr20121140
http://pubs.usgs.gov/tm/2006/tm6b3/
http://pubs.usgs.gov/tm/2006/tm6b3/
http://dx.doi.org/10.1111/jawr.12109
http://www.usda.gov/oce/environmental_markets/files/EconomicTradingCBay.pdf
http://www.usda.gov/oce/environmental_markets/files/EconomicTradingCBay.pdf
http://pubs.usgs.gov/fs/2009/3054/
http://dx.doi.org/10.1007/s12237-008-9040-0
http://dx.doi.org/10.1007/s12237-008-9040-0
http://pubs.water.usgs.gov/sir20045283/
http://pubs.water.usgs.gov/sir20045283/
http://dx.doi.org/10.2134/jeq2008.0484
http://dx.doi.org/10.1029/2000wr900035
http://dx.doi.org/10.1029/2003wr002953
http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_051279.pdf
http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_051279.pdf
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/technical/nra/ceap/?cid=stelprdb1240074
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/technical/nra/ceap/?cid=stelprdb1240074
http://www.chesapeakebay.net/content/publications/cbp_34915.pdf
http://www.chesapeakebay.net/content/publications/cbp_34915.pdf
http://www.epa.gov/owow/LAKES/lakessurvey/pdf/nla_report_low_res.pdf
http://www.epa.gov/owow/LAKES/lakessurvey/pdf/nla_report_low_res.pdf
http://www.chesapeakebay.net/content/publications/cbp_50513.pdf
http://www.chesapeakebay.net/content/publications/cbp_50513.pdf
http://www.regulations.gov/#!documentDetail;D=EPA-R03-OW-2010-0736-0776
http://www.regulations.gov/#!documentDetail;D=EPA-R03-OW-2010-0736-0776
http://dx.doi.org/10.1023/a:1015775225913

ATor AND GARCIA

Human Alteration of the Global Nitrogen Cycle: Sources and
Consequences. Ecological Applications 7:737-750.

Whalen, S.C., M.J. Alperin, Y. Nie, and E.N. Fischer, 2008. Denitri-
fication in the Mainstem Neuse River and Tributaries, USA.
Fundamental and Applied Limnology 171:249-261, DOI:
10.1127/1863-9135/2008/0171-0249.

Whigham, D.F. and T.E. Jordan, 2003. Isolated Wetlands and
Water Quality. Wetlands 23:541-549.

Wieczorek, M.E. and A.E. LaMotte, 2010a. Attributes for
MRB_E2RF1 Catchments by Major River Basins in the Conter-
minous United States: Average Atmospheric (Wet) Deposition of
Inorganic Nitrogen, 2002. U.S. Geological Survey Digital Data
Series 491-02, http://pubs.er.usgs.gov/publication/dds49102.

Wieczorek, M.E. and A.E. LaMotte, 2010b. Attributes for NHDPlus
Catchments (Version 1.1) for the Conterminous United States -
Nled 2001 Land Use and Land Cover. U.S. Geological Survey
Digital Data Series DS-490-15, http:/pubs.er.usgs.gov/publica-
tion/dds49015.

Wieczorek, M.E. and A.E. LaMotte, 2010c. Attributes for NHDPlus
Catchments (Version 1.1) for the Conterminous United States -
Nutrient Application (Phosphorus and Nitrogen) for Fertilizer
and Manure Applied to Crops (Cropsplit), 2002. U.S. Geological
Survey Digital Data Series DS-490-08, http:/pubs.er.usgs.gov/
publication/dds49008.

Wieczorek, M.E. and A.E. LaMotte, 2010d. Attributes for NHDPlus
Catchments (Version 1.1) for the Conterminous United States -
Nutrient Inputs from Fertilizer and Manure, Nitrogen and
Phosphorus, 2002. U.S. Geological Survey Digital Data Series
DS-490-17, http://pubs.er.usgs.gov/publication/dds49017.

Wieczorek, M.E. and A.E. LaMotte, 2010e. Attributes for NHDPlus
Catchments (Version 1.1) for the Conterminous United States:
Estimated Mean Annual Natural Groundwater Recharge, 2002.
U.S. Geological Survey Digital Data Series 490-22, http:/
pubs.er.usgs.gov/publication/dds49022.

Wieczorek, M.E. and A.E. LaMotte, 2010f. Attributes for NHDPlus
Catchments (Version 1.1) for the Conterminous United States:
Statsgo Soil Characteristics. U.S. Geological Survey Digital
Data Series 490-26, http://pubs.er.usgs.gov/publication/
dds49026.

Wolock, D.M., 1997. Statsgo Soil Characteristics for the Contermi-
nous United States. U.S. Geological Survey Open-File Report
97-656, http:/water.usgs.gov/GIS/metadata/usgswrd/XML/muid.
xml.

Wolock, D.M., 2003. Estimated Mean-Annual Natural Ground-
Water Recharge in the Conterminous United States. U.S. Geo-
logical Survey Open-File Report 2003-311, http:/pubs.er.usgs.-
gov/publication/ofr03311.

JAWRA

704

JOURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION


http://dx.doi.org/10.1127/1863-9135/2008/0171-0249
http://pubs.er.usgs.gov/publication/dds49102
http://pubs.er.usgs.gov/publication/dds49015
http://pubs.er.usgs.gov/publication/dds49015
http://pubs.er.usgs.gov/publication/dds49008
http://pubs.er.usgs.gov/publication/dds49008
http://pubs.er.usgs.gov/publication/dds49017
http://pubs.er.usgs.gov/publication/dds49022
http://pubs.er.usgs.gov/publication/dds49022
http://pubs.er.usgs.gov/publication/dds49026
http://pubs.er.usgs.gov/publication/dds49026
http://water.usgs.gov/GIS/metadata/usgswrd/XML/muid.xml
http://water.usgs.gov/GIS/metadata/usgswrd/XML/muid.xml
http://pubs.er.usgs.gov/publication/ofr03311
http://pubs.er.usgs.gov/publication/ofr03311

