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Volume
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Sources, Fate, and Transport of Nitrogen and
Phosphorus in the Chesapeake Bay Watershed:

An Empirical Model

By Scott W. Ator, John W. Brakebill, and Joel D. Blomquist

Abstract

Spatially Referenced Regression on Watershed Attributes
(SPARROW) was used to provide empirical estimates of the
sources, fate, and transport of total nitrogen (TN) and total
phosphorus (TP) in the Chesapeake Bay watershed, and the
mean annual TN and TP flux to the bay and in each of 80,579
nontidal tributary stream reaches. Restoration efforts in recent
decades have been insufficient to meet established standards
for water quality and ecological conditions in Chesapeake
Bay. The bay watershed includes 166,000 square kilometers of
mixed land uses, multiple nutrient sources, and variable hydro-
geologic, soil, and weather conditions, and bay restoration is
complicated by the multitude of nutrient sources and complex
interacting factors affecting the occurrence, fate, and transport
of nitrogen and phosphorus from source areas to streams and
the estuary. Effective and efficient nutrient management at
the regional scale in support of Chesapeake Bay restoration
requires a comprehensive understanding of the sources, fate,
and transport of nitrogen and phosphorus in the watershed,
which is only available through regional models. The current
models, Chesapeake Bay nutrient SPARROW models, version
4 (CBTN_v4 and CBTP_v4), were constructed at a finer
spatial resolution than previous SPARROW models for the
Chesapeake Bay watershed (versions 1, 2, and 3), and include
an updated timeframe and modified sources and other explana-
tory terms.

Chesapeake Bay receives an estimated 1.32 x 103
kilograms (132,000 metric tons) of nitrogen and 9.74 x 10°
kilograms (9,740 metric tons) of phosphorus annually from
its watershed, mainly through its two largest tributaries,
the Susquehanna and Potomac Rivers. Significant (¢=0.10)
sources of nutrients to streams in the watershed include

fertilizer and manure applications in agricultural areas, undif-
ferentiated urban activities, point sources, atmospheric deposi-
tion and direct fixation by crops (for nitrogen), and mineral
sources (for phosphorus). Agriculture (primarily fertilizer
applications and crop fixation) contributes more than half of
the nitrogen delivered from the watershed to the bay; phospho-
rus contributions are more mixed, and fairly evenly distributed
among agricultural (fertilizer and manure applications) and
urban (including point) sources. Natural mineral dissolution
contributes approximately 14 percent of the phosphorus flux
from the watershed to the Chesapeake Bay. Empirical esti-
mates of average yields from different source areas and of the
portion of selected applications delivered to streams agree
closely with previously reported values in the literature.
Nutrient fate and transport through the Chesapeake
Bay watershed to the bay reflect the different physical and
chemical properties of nitrogen and phosphorus compounds.
Groundwater is an important pathway for nitrogen transport
(as nitrate), and TN flux is greatest in areas with greater
groundwater flow and in areas of the Piedmont underlain by
carbonate rocks. TN flux decreases with increasing vegetative
growth (likely indicative of plant uptake) and soil available
water capacity (likely indicative of reducing conditions).
Phosphorus transport to streams, conversely, is greatest in
areas most likely to generate overland runoff and related ero-
sion, including those with less permeable and more erodible
soils and greater precipitation. Phosphorus transport also is
greater in the Coastal Plain than in other areas, possibly due
to saturation of soils with historical phosphorus applications.
Both nitrogen and phosphorus are lost within watershed
impoundments (lakes, ponds, or reservoirs), and nitrogen is
also lost significantly along flowing reaches, particularly in
small streams and in larger streams in warmer areas.
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Introduction

Chesapeake Bay has been the focus of water-quality and
ecological restoration efforts for several decades (Phillips,
2007; U.S. Environmental Protection Agency, 2008). As the
largest and most productive estuary in North America (U.S.
Environmental Protection Agency, 2008), the bay is a vital
ecological and economic resource. The bay and its tributaries
have been degraded in recent decades, however, by excessive
nutrients (nitrogen and phosphorus) and sediment from con-
tributing watersheds. In 2000, the bay was listed as “impaired”
under the Clean Water Act (Langland and others, 2003).
Terrestrial and atmospheric inputs to Chesapeake Bay have
increased by a factor of 6 to 8 for nitrogen and 13 to 24 for
phosphorus since European colonization (Boynton and others,
1995). Impacts of excessive nutrients and sediment include
algal blooms, increased turbidity, decreased abundance of sub-
merged aquatic vegetation and dissolved oxygen, and declin-
ing fisheries (Kemp and others, 2005; U.S. Environmental
Protection Agency, 2008). Only 12 percent of Chesapeake
tidal waters met ecological criteria for dissolved-oxygen levels
during the summer months of 2005, 2006, and 2007, and only
26 percent had acceptable chlorophyll-a levels in 2007 (U.S.
Environmental Protection Agency, 2008). Although primary
production in temperate estuaries is often nitrogen-limited
(Vitousek and others, 1997), concentrations of nutrients and
chlorophyll from 1985 through 2008 suggest that both nitro-
gen and phosphorus may limit production in Chesapeake Bay
during different seasons and that phosphorus is the limiting
nutrient in the spring (Prasad and others, 2010). Chesapeake
Bay restoration efforts have been coordinated and managed
since the 1980s by the U.S. Environmental Protection Agency
(USEPA) in cooperation with other Federal, State, and local
agencies through the Chesapeake Bay Program; current efforts
are focused on pollution reduction, habitat restoration, fisher-
ies management, watershed protection, and fostering public
stewardship (U.S. Environmental Protection Agency, 2008).

Restoration efforts in the Chesapeake Bay watershed
in recent decades have been insufficient to meet established
standards. Concentrations of nitrogen and phosphorus in the
estuary generally decreased between 1985 and 2008, and are
controlled primarily by inputs from tributaries, which gener-
ally peaked in 1997 and have decreased since 2004 (Prasad
and others, 2010). Natural variability in streamflow signifi-
cantly affects fluvial nutrient fluxes, however. When adjusted
for streamflow, trends from 1985 through 2008 are generally
negative for nitrogen and phosphorus in most Chesapeake
tributaries, although fluxes have increased in some streams
(U.S. Geological Survey, 2009). Increasing nitrogen flux in
the Choptank River, for example, likely reflects the impor-
tance of groundwater to nitrogen transport and increasing
nitrate in groundwater in areas of the Delmarva Peninsula
(Debrewer and others, 2008; Hirsch and others, 2010). In spite
of generally decreasing nutrient fluxes in Chesapeake tributar-
ies and concentrations in the estuary, concentrations are not

decreasing quickly enough to meet established water-quality
standards and the bay remains degraded (U.S. Environmental
Protection Agency, 2008). Total maximum daily loads
(TMDLs) have been established for nitrogen and phosphorus
in the Chesapeake Bay to help manage nutrient reductions

as mandated by the Clean Water Act (U.S. Environmental
Protection Agency, 2011), and Presidential Executive Order
13508 of 2009 directed multiple Federal agencies to develop
and implement a new strategy for Chesapeake Bay protec-
tion and restoration (Federal Leadership Committee for
Chesapeake Bay, 2010).

Chesapeake Bay restoration is complicated by the
multitude of nutrient sources and complex interacting factors
affecting the occurrence, fate, and transport of nitrogen and
phosphorus from source areas to streams and the estuary.
Chesapeake Bay drains 166,000 km? (square kilometers) in six
states and the District of Columbia (fig. 1). Most of the water-
shed is forested, but intensive agriculture and urban develop-
ment occur in many areas. Major sources of nutrients to the
bay and its tributaries include wastewater treatment plants, fer-
tilizer and manure applications, and (for nitrogen) atmospheric
deposition (Preston and Brakebill, 1999; Moore and others,
2011). Natural hydrologic, geologic (fig. 2), and soil condi-
tions relevant to the movement and persistence of nitrogen and
phosphorus in the environment are also variable within the bay
watershed. Nitrogen is readily transported as nitrate to ground-
water and streams in areas underlain by carbonate bedrock
(Ator and Ferrari, 1997; Miller and others, 1997; Ator and
others, 1998; Lindsey and others, 1998; Greene and others,
2005) and in areas of the Coastal Plain with well-drained per-
meable soils and sediments and oxic groundwater (Ator and
others, 2005; Denver and others, 2010). Nitrate transported
through groundwater contributes nearly half of the nitrogen
flux in Chesapeake tributaries (Phillips and others, 1999).
Multidecadal traveltimes typical of groundwater significantly
complicate the understanding of restoration effectiveness,
however, particularly when delays due to slow groundwater
flow exceed the period of monitoring record. Phosphorus is
less soluble than nitrate and is consequently transported most
effectively in areas with steep slopes and (or) impermeable
soils and sediments where overland runoff of precipitation is
most likely. The design of restoration and management prac-
tices to mitigate nutrient transport is particularly complicated
by the variety of these interacting natural factors (for example,
Kaushal and others, 2008).

Effective and efficient nutrient management at the
regional scale in support of Chesapeake Bay restoration
requires a comprehensive understanding of the sources, fate,
and transport of nitrogen and phosphorus in the watershed
that is available only through regional models. Targeting
limited restoration and management resources most effectively
requires an understanding of the spatial distribution and rela-
tive magnitude of nutrient sources (Castro and others, 2003),
the natural conditions affecting nutrient fate and transport,
and the most vulnerable or valuable resources to be protected.
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EXPLANATION |

PHYSIOGRAPHIC SETTING AND
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(modified from Bachman and others, 1998)
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Available research on nutrients in the watershed supports con-
ceptual models of these factors; however, consistent, compre-
hensive, and quantitative estimates require the use of numeri-
cal models. Spatially Referenced Regression On Watershed
attributes (SPARROW) (Schwarz and others, 2006; Preston
and others, 2009) has been used to estimate the total flux of
nitrogen and phosphorus to Chesapeake Bay from the water-
shed and quantify nutrient sources and factors affecting the
fate and transport for the late 1980s and early and late 1990s
(Preston and Brakebill, 1999; Brakebill and others, 2001;
Brakebill and Preston, 2004). Similar SPARROW models have
also been calibrated for the wider northeastern United States
(Moore and others, 2011), the upper Mississippi River water-
shed (Alexander and others, 2008), and the continental United
States (Smith and others, 1997). Hydrological Simulation
Program—FORTRAN (HSPF) (Bicknell and others, 1996) has
also been used extensively to understand nutrient and sediment
sources, fate, and transport in support of Chesapeake Bay res-
toration (U.S. Environmental Protection Agency, 1998). Other
models that have been applied to evaluate nutrients in areas of
the Chesapeake Bay watershed include MODFLOW (Sanford
and Pope, 2011) and SWAT (Meng and others, 2010).

Purpose and Scope

The sources, fate, transport, and flux of total nitrogen
(TN) and total phosphorus (TP) in the Chesapeake Bay water-
shed are presented and discussed in this report. Interpretations
are based on SPARROW models calibrated to mean annual
conditions in 2002 in the Chesapeake Bay watershed for TN
and TP. These models, CBTN_v4 and CBTP_v4, were con-
structed at a finer spatial resolution than previous SPARROW
models for the Chesapeake Bay watershed (versions 1, 2,
and 3; Preston and Brakebill, 1999; Brakebill and others,
2001; Brakebill and Preston, 2004), and include an updated
timeframe and modified sources and other explanatory terms.
The development and calibration of the models are presented
and discussed, along with the estimated flux of nitrogen and
phosphorus in major tributaries and to the bay, the spatial
distribution and significance of major sources, and significant
factors affecting nitrogen and phosphorus delivery to stream
channels and in-stream fate and transport. Specific estimates
of nitrogen and phosphorus fluxes for each of 80,579 non-
tidal stream reaches within the watershed also are presented,
including the total flux in each reach and the local (incremen-
tal) flux contributed by the local watershed and independent of
any upstream contributions. This report is intended primarily
for watershed managers and others needing a comprehensive,
quantitative, and spatially distributed accounting and under-
standing of nitrogen and phosphorus in the Chesapeake Bay
watershed; those seeking a detailed discussion of the theory,
development, and application of SPARROW modeling are
referred to Smith and others (1997) and Schwarz and others
(20006).

Methods 5

Methods

The SPARROW modeling approach (Smith and others,
1997; Schwarz and others, 2006) was used to estimate the
mean annual flux of TN and TP to Chesapeake Bay and in
each of 80,579 nontidal tributary reaches, and to identify and
quantify significant factors affecting the occurrence, fate, and
transport of nitrogen and phosphorus in streams of the bay
watershed. SPARROW is a spatially explicit, mass-balance
watershed model that uses nonlinear regression to quantify the
spatial relation between observed constituent (such as nitro-
gen or phosphorus) fluxes in nontidal streams (the response
or dependent variable) and constituent sources and factors
affecting their overland and in-stream fate and transport
(the explanatory or independent variables). Annual nutrient
fluxes used as response variables to calibrate the models were
estimated from observed streamflow and water chemistry
on monitored streams. Response and explanatory variables
were geographically referenced to a digital network of stream
reaches and associated watershed catchments that facilitates
the routing of water and associated constituents throughout
the landscape. The SPARROW models predict the long-term
mean-annual TN and TP flux for each network stream reach
as a function of sources, factors influencing non-conservative
delivery to the stream channel, and in-stream fate and trans-
port. Mass-balance constraints ensure the in-stream nutrient
flux at the end of each model reach equals the sum of flux
generated within the reach subwatershed, any flux transported
from upstream reaches, and any attenuation (losses) within
the reach itself. Nutrient transport from uplands to stream
channels and within the stream network was not assumed to
be conservative, but rather was weighted by landscape factors
affecting overland and in-stream fate and transport (Schwarz
and others, 2006; Hoos and McMahon, 2009).

Stream Network Development

The digital network of streams and associated catchments
used in SPARROW models for the Chesapeake Bay watershed
was developed from the geospatial dataset, NHDPlus, a
1:100,000-scale representation of stream hydrography built
upon the National Hydrography Dataset (NHD) (Horizon
Systems, 2010; Simley and Carswell, 2010). The development
of network and stream characteristics (such as topology and
mean annual streamflow) is described in Horizon Systems
(2010). Reaches described as lakes, ponds, or reservoirs in
NHDPlus were generally modeled as impounded reaches;
the outlet reach for each impoundment was identified on the
basis of the hydrologic sequence number. All other reaches
were modeled as flowing streams. Terminal (target) reaches
were generally assumed to be those identified as terminal
flowlines in NHDPlus. Modifications to NHDPlus included
corrections to stream connectivity and reach types (including
flowing, impounded, and (or) terminal reaches) and the addi-
tion of stream and watershed attributes particularly relevant
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to SPARROW modeling (Brakebill and others, 2011). Surface
areas of reservoirs on the lower Susquehanna River were
compiled from Hainly and others (1995). The fraction of total
streamflow delivered by braided reaches or other divergences
in the NHDPlus network was compiled from a similar network
developed for the wider northeastern United States (Moore
and others, 2011). The NHDPIus-based model network used

to support SPARROW calibration and predictions for the
Chesapeake Bay watershed includes 80,579 reaches assumed
to represent nontidal bay tributaries. Also included are an addi-
tional 1,329 reaches representing centerlines of tidal reaches
of major Chesapeake tributaries; SPARROW predictions for
these reaches were used only to estimate the total TN and TP
fluxes to the bay.

The NHDPIus digital stream network represents a
significant spatial refinement over that used by previous
SPARROW models for the Chesapeake Bay watershed. The
80,579 individual nontidal stream reaches in the model area
drain local watershed catchments (independent of watersheds
of any contributing upstream reaches) with a mean area of 2.1
km?. Previous SPARROW models for the Chesapeake Bay
watershed were constructed on a 1:500,000-scale hydrologic
network with 2,734 stream reaches draining catchment arcas
averaging 75 km? in size (Brakebill and others, 2010).

Calibration Data

The SPARROW models were calibrated to independent
estimates of mean annual contaminant flux at selected loca-
tions on the stream network where water-quality monitoring
has been conducted. Annual in-stream TN and TP fluxes on
nontidal Chesapeake tributaries used as dependent variables in
SPARROW calibration were estimated using multiple regres-
sion modeling of available water chemistry and streamflow at
monitored sites (Schwarz and others, 2006).

Water-quality data for use in SPARROW calibration were
compiled from available surface-water monitoring records col-
lected between 1995 and 2009 by the U.S. Geological Survey
(USGS), State agencies, and River Basin Commissions within
the Chesapeake Bay watershed. A detailed description of
data compilation methods is included in Langland and others
(2007). Water-quality records for more than 600 stream sites
(water-quality stations) with more than 50 TN and (or) TP
observations between October 1970 and December 2009 were
compiled and reviewed. In general, only water-quality stations
for which a minimum of 5 years of record were available
were retained. Stations with unavailable or uncertain location
information or for which no water-quality data were avail-
able between January 2001 and December 2003 were omitted.
In cases where multiple water-quality stations exist within
the same local network catchment, only data from the sta-
tion with the most complete water-quality data were retained.
Water-quality observations at two stations within 0.32 km
(kilometers) of one another on the Slate River were combined
because the periods of record suggest sampling at one station
is intended to replace sampling at the other.

Streamflow data collected between 1980 and 2009 were
compiled and associated with available water-quality data to
support estimates of mean annual TN and TP flux at water-
quality stations for use in SPARROW calibration. Streamflow
data were compiled from USGS records (U.S. Geological
Survey, 2011a) and associated with water-quality data col-
lected at common locations. Water-quality data that were not
collected at USGS stream gages were associated to flow data
from nearby gages. Of the 205 water-quality stations used
for flux estimation, water-quality to flow-station area ratios
for 202 were between 0.5 and 1.5; the other three were 0.12
(Chickahominy River), 0.26 (Licking Run), and 1.6 (South
Fork, Potomac River).

Water-quality data (observed TN and TP concentrations)
and measured or estimated streamflow were used to estimate
mean annual TN and TP flux at water-quality stations.
Multiple-regression models calibrated to routine chemical
observations and continuous streamflow (Cohn and others,
1989; 1992) have been used extensively to estimate contami-
nant flux in monitored streams (for example, Johnson and
Belval, 1998; Langland and others, 2006). For this application,
TN and TP flux at water-quality stations in the Chesapeake
Bay watershed were estimated using a nine-parameter model
including terms for streamflow, time (decimal year), seasonal-
ity (sine and cosine of time), and squares of each using the
USGS FLUXMASTER statistical routine (G.E. Schwarz,
U.S. Geological Survey, written commun., 2008). Where
trends in streamflow or water quality were evident, results
were detrended to 2002 conditions. Flux estimates were also
adjusted to reflect mass flux at the outlet of NHD catchments
based on the ratio of the drainage area of the monitoring sta-
tion to that of the catchment outlet. In cases where streamflow
and water-quality measurements were collected on different
reaches, flux estimates were similarly adjusted based on the
ratio of the streamflow station area to NHD catchment area
for the water-quality station. Diagnostics (including standard
errors and residual distributions) were reviewed for each
flux model, and TN or TP estimates from nine-parameter
models that were considered unreliable were discarded and
replaced with those from a simpler seven-parameter model
lacking squared time and streamflow terms. Residual analysis
suggested that the squared streamflow term can contribute
substantial error in such flux models, particularly where data
are sparse.

Flux estimates from across the Chesapeake Bay water-
shed were normalized and are therefore not subject to regional
variations in hydrologic (for example, flood or drought) condi-
tions. Mean annual TN and TP fluxes for use in SPARROW
calibration were estimated using water-quality data available
for a 15-year period centered on 2002 (1994 through 2009)
and were adjusted (where possible) to reflect mean hydro-
logic conditions estimated from a 30-year flow record. Flux
estimates for use in SPARROW calibration thus represent
long-term mean conditions and generally eliminate potential
effects of spatially variable hydrologic conditions within the
watershed during the target year (2002). Available long-term



flow data were used to calculate TN and TP flux estimates that
represent the flux that would have occurred at each site during
2002 had long-term mean hydrologic conditions occurred.
Auvailable calibration data for the SPARROW models
reflect the spatial and temporal distributions of streamflow
and surface-water-quality monitoring in the Chesapeake
Bay watershed. The SPARROW models were calibrated to
mean annual TN and TP flux estimates for 2002 at 181 and
184 water-quality stations, respectively (fig. 3). In general,
streamflow and water-quality monitoring (and therefore avail-
able TN and TP flux estimates for SPARROW calibration) are
located disproportionately on larger Chesapeake tributaries,
and lower-order streams are poorly represented (fig. 4). The
80,579 nontidal stream reaches in the SPARROW network
drain watersheds with a median total area of 5.0 km?; the
smallest stream for which TN and TP flux estimates could be
computed, however, drains a watershed more than twice that
size (12.6 km?). SPARROW models calibrated with available
flux estimates might be expected to reasonably represent TN
and TP fluxes in larger Chesapeake tributaries, but improved
understanding of TN and TP flux and processes in smaller
watersheds might require more water-quality and streamflow
data collected in particularly small streams.

Explanatory Data

Explanatory variables developed for use in SPARROW
model calibration include spatially explicit and spatially
comprehensive nutrient sources and watershed characteristics
representative of processes significant to nutrient fate and
transport (Schwarz and others, 2006). Explanatory variables
representing TN and TP sources and transport factors were
apportioned to stream reaches and associated watershed
catchments and serve as independent variables in SPARROW
calibration.

Many of the explanatory variables considered for the
model were extracted from those developed from geospatial
data for similar models of large watersheds in the United
States as part of the National Water-Quality Assessment
(NAWQA) Program (Preston and others, 2011). Briefly, an
inverse-distance weighting approach was used to interpolate
data from the National Atmospheric Deposition Program/
National Trends Network (NADP/NTN) (U.S. Geological
Survey, 2000; Alexander and others, 2001) to estimate wet
atmospheric inorganic nitrogen deposition to model water-
sheds in 2002 (Wieczorek and LaMotte, 2010a). Available
land-cover data for 2001 (Wieczorek and LaMotte, 2010b)
and estimated inputs of nitrogen and phosphorus in fertilizer,
fixation by crops, and manure in 2002 (Wieczorek and
LaMotte, 2010c, d) were compiled and similarly apportioned
to catchments within the model network, along with soil
conditions and other watershed characteristics potentially
relevant to nitrogen or phosphorus fluxes (Wieczorek and
LaMotte, 2010e, f, g, h). Estimates of annual nitrogen and
phosphorus discharges from (primarily municipal) point
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sources during 2002 to Chesapeake tributaries were com-
piled by the Chesapeake Bay Program (U.S. Environmental
Protection Agency, 2009). Physiography and geology in the
Chesapeake Bay watershed were compiled from Bachman and
others (1998) and Brakebill and Kelley (2000). The enhanced
vegetative index (EVI) for 2002, a globally consistent measure
of vegetation conditions, was interpreted from data compiled
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) instrument onboard the Earth Observing System-
Terra platform at 1-km resolution and 16-day compositing
periods (Huete and others, 2002).

SPARROW Model Calibration and Predictions

SPARROW models of TN and TP for the Chesapeake
Bay watershed (CBTN_v4 and CBTP_v4) were calibrated
from compiled data. A detailed discussion of the nonlinear
regression and bootstrapping approach used to calibrate
SPARROW models, estimate model coefficients, and pre-
dict contaminant flux in unmonitored streams is available in
Schwarz and others (2006). Individual explanatory variables
for potential inclusion in each Chesapeake SPARROW model
were selected on the basis of current understanding of nutri-
ent occurrence, fate, and transport in the watershed available
through previous studies, including previous models for the
Chesapeake Bay watershed (Preston and Brakebill, 1999;
Brakebill and others, 2001; Brakebill and Preston, 2004)
and the wider northeastern United States (Moore and others,
2011). Models were generally constructed by including source
terms, land-to-water variables, and aquatic (flowing and
impounded) decay specification, in turn (Schwarz and others,
20006). Nutrient source and aquatic decay variables were con-
strained to be non-negative in model calibration; land-to-water
variables were not constrained. Nonlinear least-squares regres-
sion was used to calibrate exploratory models during model
development; bootstrapping (which uses random resampling
to infer the distribution of parameter estimators, Schwarz and
others, 2006) was used to verify coefficient estimates in the
final models and to estimate confidence intervals for predic-
tions. Many different combinations of explanatory variables
were included in preliminary model development. The final
list of explanatory variables and the form of each model
were determined through consideration of the overall model
explanatory power and the geographic and statistical distribu-
tion of residuals, as well as the significance of each variable,
its collinearity with other variables, and its contribution to the
understanding of nutrient occurrence, fate, and transport.

Explanatory variable specifications in the SPARROW
models were chosen to maximize the interpretability of model
coefficients and comparability with literature values, as well
as to support estimation of TN and TP fluxes in unmonitored
areas (Schwarz and others, 2006). Source terms in the mod-
els are specified as either the estimated mass of nitrogen or
phosphorus applied or deposited annually to each local catch-
ment, or the area of a specific land cover or geologic setting.
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Figure 3. Location of stations for which mean annual flux estimates of total nitrogen and (or) total phosphorus were
computed for use in SPARROW model calibration.
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Figure 4. The distribution of stream order, streamflow, and watershed size among modeled stream reaches in the Chesapeake Bay

watershed, and those with calibration stations.

Estimated coefficients are thus interpreted as the proportion
(fraction) of the applied or deposited nutrient mass transported
to watershed streams, or the mean yield of TN or TP from

the land cover or geologic setting, respectively. Generally,
explanatory terms affecting nutrient transport from the land

to streams (land-to-water terms) were specified in the models
to interact with (potentially increase or decrease delivery

of TN or TP to streams from) all sources except for point
sources; terrestrial processes were assumed to be irrelevant for
point sources discharging directly to streams. Soil erodibility
(K-factor) in the TP model does not interact with the crystal-
line or siliciclastic rock sources, which are intended to repre-
sent natural sources of phosphorus to groundwater (Denver
and others, 2010). The Coastal Plain term in the TP model
similarly does not interact with these rock sources; there are
no crystalline or siliciclastic rocks near the land surface in the
Coastal Plain (Ator and others, 2005). Land-to-water terms
were centered (mean-adjusted) and generally log-transformed;
coefficients for log-transformed terms can be interpreted as the
percent change in flux delivered to streams from each interact-
ing source term for a 1-percent increase in each land-to-water
variable (Schwarz and others, 2006). Instream nutrient losses
(decay) in flowing streams were modeled as a first-order decay
process and specified as a function of estimated time of travel
(based on the stream reach length and estimated velocity,
Horizon Systems, 2010), and coefficients can be interpreted

as the mean annual rate of TN or TP removal within the
stream reach. Decreasing rates of in-stream nitrogen decay
with increasing stream size have been observed in previous
SPARROW models in the Chesapeake Bay watershed (Preston
and Brakebill, 1999) and elsewhere (Smith and others, 1997);
denitrification and biotic nutrient uptake occur primarily in

the benthic zone, and smaller streams typically support less
streamflow per benthic area (Schwarz and others, 2006). Also,
biological processes controlling nutrient uptake may increase
with increasing temperature (Bothwell, 1988) and preliminary
TN SPARROW models suggested a corresponding trend in TN

residuals. In-stream losses were therefore modeled separately
for classes of stream reaches defined by estimated mean
annual flow (Horizon Systems, 2010) and mean annual maxi-
mum surface-air temperature from 1971 through 2000 (fig. 5);
flow and temperature values defining different classes were
selected based on results of preliminary models using various
multiple arbitrary values (Preston and Brakebill, 1999). Losses
in impoundments (lakes, ponds, and reservoirs) are specified
as the inverse of the areal hydraulic load (the ratio of reser-
voir outflow to surface area) and estimated coefficients can

be interpreted as an apparent settling velocity (Schwarz and
others, 2006). In general, only terms significantly different
from zero (0=0.10) were retained in the models. One term
representing stream decay (aquatic decay in flowing streams)
with a higher p-value was retained in the TN model, however;
the estimated decay in this class of streams was more than

ten times smaller than in other classes, as expected in light

of mean annual flow (Preston and Brakebill, 1999) and air
temperature (Bothwell, 1988). For the purpose of calibration,
missing values for source or decay variables were assumed to
be zero; missing values for land-to-water terms were set to the
median of non-missing values.

SPARROW models were used to predict the spatial
distribution of TN and TP fluxes within Chesapeake tributar-
ies and the total flux of TN and TP to the bay (Schwarz and
others, 2006). Estimated model coefficients were used along
with values of explanatory terms in each catchment to estimate
the total and local flux of TN and TP (overall, and from each
source) for each stream in the model network (see Appendix).
Predicted TN and TP fluxes at monitoring reaches (those with
calibration data) were adjusted to match calibration data. Total
TN and TP flux from the watershed to Chesapeake Bay was
estimated as the sum of total estimated TN and TP flux at
downstream terminal reaches in the model network.

Although SPARROW is not designed for modeling
tidal waters, 1,329 reaches representing centerlines of tidal
parts of major Chesapeake tributaries are included in the
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NHDPIlus-based model network along with the 80,579
nontidal tributary reaches, and TN and TP flux predictions
were therefore also estimated for these reaches. Although
predictions for these 1,329 centerline reaches are generally
not presented in this report (on, for example, maps of TN or
TP yields), they were included in estimating total TN and TP
fluxes to Chesapeake Bay, which therefore include nutrient
inputs (such as from point sources and atmospheric deposi-
tion) directly to major tidal tributaries. Predictions for these
reaches also are included in the accompanying datafile for that
purpose (see Appendix), although these predictions for tidal
waters are not intended for other uses. Stream decay was not
applied to centerline reaches for the purpose of these esti-
mates; stream decay is calibrated in the SPARROW models

to flowing reaches and is not intended to represent nutrient
decay in tidal waters. Estimates of total TN and TP fluxes to
Chesapeake Bay can therefore be interpreted to include all
modeled terrestrial and atmospheric sources to tidal and non-
tidal tributaries and the effects of overland and fluvial trans-
port, but not effects of losses or other processes in tidal waters.

Model Limitations

Predictions from the CBTN_v4 and CBTP_v4
SPARROW models for the Chesapeake Bay, like those of all
models, must be considered in light of the assumptions and
simplifications inherent in the model specification and the
limitations of available input data. Assumptions and simpli-
fications inherent to SPARROW are discussed in Schwarz
and others (2006). The models do not include all possible
nutrient sources; minor sources or those for which spatially
explicit estimates are not available may be incorporated by
SPARROW into other source terms and (or) contribute to
model uncertainty. The models reflect mean annual conditions
over long periods, and the effects of processes or activities
over seasons or other relatively short time periods are not
represented. Estimation of TN and TP fluxes for use in
SPARROW calibration and the development and allocation of
much of the explanatory data were done with other statistical
or geographic models that are limited by their own assump-
tions and simplifications. Water-quality data in the Chesapeake
Bay watershed suitable for SPARROW calibration may be
very representative of conditions in relatively large streams,
but smaller streams are poorly represented. Headwater streams
are typically most closely linked to adjacent uplands and
associated contaminant sources, drain the majority of larger
watersheds, and contribute directly to streams of all sizes
(Alexander and others, 2007). Nearly half (45 percent) of the
nitrogen delivered to streams in the northeastern United States
is delivered to headwater streams (Alexander and others,
2007).The increasing availability of stream hydrography at
finer resolution (for example 1:100,000 scale for the current
models) underscores the potential usefulness of increased
water-quality and streamflow monitoring on small streams to
support a better understanding of nutrient dynamics in those
systems within regional models.

Nitrogen and Phosphorus in the
Chesapeake Bay Watershed

The calibrated CBTN_v4 and CBTP_v4 SPARROW
models identify and quantify significant sources of nitrogen
and phosphorus, landscape characteristics affecting the
delivery of nutrients to streams, losses within flowing and
impounded streams, and estimated local (generated within
each individual catchment) and delivered (to downstream
estuaries) fluxes and yields for each of 80,579 streams in the
Chesapeake Bay watershed. Explanatory terms in the TN
model explain 98 percent of the spatial variability in mean
annual TN flux estimates at the 181 calibration sites and 86
percent of the variability in TN yields (table 1). Explanatory
terms in the TP model similarly explain a significant part of
the variability in the TP calibration data; flux-R? and yield-R?
values for the TP model are 0.951 and 0.730, respectively
(table 2). Relatively high flux-R? values in SPARROW models
are due in part to the natural correlation between watershed
area and contaminant flux, and yield-R? values are therefore
likely more indicative of the explanatory value of model terms
(Schwarz and others, 2006).

Watershed Sources

A variety of natural and human sources contribute
nitrogen and phosphorus to the Chesapeake Bay watershed.
Anthropogenic sources of nutrients that are significant (greater
than zero, 0=0.10) in the TN and TP SPARROW models
include point sources, certain urban activities, and fertilizer
and manure applications in agricultural areas (tables 1, 2).
Significant sources of nitrogen also include direct fixation of
atmospheric nitrogen by certain crops, and deposition from
the atmosphere. Natural mineral sources in siliciclastic and
crystalline rocks contribute significantly to the phosphorus
flux in streams.

Point sources input nutrients directly to streams in the
Chesapeake Bay watershed (fig. 1; tables 1, 2). Point sources
contribute both TN and TP to Chesapeake tributaries; the
point source coefficient is near one in each model, as would be
expected given that point sources discharge directly to streams
with no opportunity for terrestrial losses. Most streams in the
watershed receive no direct nitrogen or phosphorus inputs
from point sources. Point sources can contribute substantially
(more than 99 percent) to local TN or TP fluxes where they
occur, however, and produce extremely high local yields.

Agriculture contributes significantly to nonpoint nitro-
gen and phosphorus inputs in the Chesapeake Bay watershed.
Approximately 24 percent of estimated nitrogen applications
in fertilizers and direct fixation by crops reaches watershed
streams (table 1). Howarth and others (1996) estimated that
25 percent of nonpoint nitrogen applications (including from
fertilizers and fixation by leguminous crops) from temperate
regions is transported to streams draining to the North Atlantic
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Table 1.

Summary of nonlinear least-squares calibration results for CBTN_v4, the Chesapeake Bay watershed total nitrogen model.

[MSE, mean squared error; RMSE, root mean squared error; kg, kilogram; yr, year; km?, square kilometer; EVI, enhanced vegetative index; AWC, available
water capacity; m, meter; mm, millimeter; d, days; WY02, water year 2002 (October 2001 through September 2002); MAQ, mean annual flow; m* s”!, cubic
meters per second; T30, mean annual maximum temperature from 1971 through 2000; °C, degrees Celsius; <, less than; >, greater than; <, less than or equal

to]

Total Nitrogen, 2002
(n =181, MSE = 0.0836, RMSE = 0.289, flux R?= 0.978, yield R?= 0.858)

Explanatory variables Estimate Units conf?:(;ﬁz:eci:l’::erval Standard error p'
Sources
Point sources (kg yr™) 0.774 0.375-1.17 0.242 0.0008
Crop fertilizer and fixation (kg yr™') 0.237 0.177-0.297 0.0363 <0.0001
Manure (kg yr) 0.0582 0.0138 - 0.103 0.0269 0.0157
Atmospheric deposition (kg yr™) 0.267 0.179 — 0.355 0.0533 <0.0001
Urban? (km?) 1,090 kg km? yr! 707 — 1,480 234 <0.0001
Land-to-water delivery
In[Mean EVI for WY 02 (dimensionless)] -1.70 -2.65 —-0.737 0.580 0.0039
In[Mean soil AWC (fraction)] -0.829 -1.26 —-0.401 0.260 0.0016
In[Groundwater recharge (mm)] 0.707 mm' 0.499 - 0.916 0.126 <0.0001
In[Piedmont carbonate (percent of area)] 0.158 0.0755-0.241 0.0500 0.0018
Aquatic decay
Impoundments, inverse hydraulic load (yr m™) 5.93 m yr! 0.271 - 11.6 3.42 0.0424
Streams, time of travel (d) in:
Small (MAQ <3.45 m*s™) 0.339 d! 0.0936 — 0.585 0.148 0.0118
Large (MAQ >3.45 m*s™), T30 > 18.5°C 0.153 d! 0.0622 —0.245 0.0551 0.0030
Large (MAQ >3.45m’s"), T30 < 15°C 0.0131 d! -0.111-0.137 0.0751 0.431

! p-values are one-sided for sources and aquatic-decay coefficients (which were constrained to be non-negative) and two-sided for land-to-water delivery

coefficients.

2 Urban land includes all developed land, as defined by Wieczorek and LaMotte, 2010b.

Ocean, and Preston and Brakebill (1999) estimated that 28
percent of nitrogen from fertilizer applications was transported
to Chesapeake tributaries in 1987. Conversely, less than 6
percent of TN from manure and TP from both fertilizers

and manure is transported to watershed streams (tables 1,

2). Organic nitrogen in manure and phosphorus compounds
generally are less soluble and therefore, mobile in the environ-
ment than inorganic nitrogen compounds commonly applied as
fertilizers (Hem, 1985). Also, nitrogen and phosphorus in ani-
mal wastes may be largely recycled from other local sources
(such as locally grown feed), and relatively little nitrogen or
phosphorus in manure may represent a net influx of nutrients
to local watersheds such as that in chemical fertilizers and fix-
ation from the atmosphere (Howarth and others, 1996). Moore
and others (2011) similarly reported substantially lower export
coefficients for TN and TP from manure than from fertilizers

for a wider area of the northeastern United States, although
Preston and Brakebill (1999) reported similar export coef-
ficients for TN from fertilizers and manure in the Chesapeake
Bay watershed in 1987.

Unlike point sources, agriculture is widespread within the
Chesapeake Bay watershed, and fertilizer and manure applica-
tions represent significant sources of TN and TP to streams
in many areas. Agriculture in the Chesapeake Bay watershed
occurs primarily in the northern Piedmont, the Eastern Shore
of the Coastal Plain (the Delmarva Peninsula), and in isolated
valleys in the mountainous areas, particularly the Great Valley
from Virginia through Pennsylvania (figs. 1, 2). Predicted
local yields of TN and TP from agricultural sources (fertil-
izers, manure, and crop fixation) are accordingly highest in
these areas (fig. 6). Local yields of nutrients from manure are
particularly high in the southern Shenandoah Valley, the lower
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Table 2. Summary of nonlinear least-squares calibration results for CBTP_v4, the Chesapeake Bay watershed total phosphorus

model.

MSE, mean squared error; RMSE, root mean squared error; kg, kilogram; yr, year; km?, square kilometer; mm, millimeter; m, meter; <, less than
q q g g Y1, ! q

Total Phosphorus, 2002
(n =184, MSE = 0.225, RMSE = 0.474, flux R? = 0.951, yield R? = 0.730)

90-percent

Explanatory variables Estimate Units confidence Interval Standard error p'

Sources

Point sources (kg yr™) 0.877 0.573 - 1.18 0.183 <0.0001

Crop fertilizer (kg yr™) 0.0377 0.0171 —0.0583 0.0125 0.0014

Manure (kg yr) 0.0253 0.0144 —0.0362 0.00658 0.0002

Siliciclastic rocks (km?) 8.52 kg km? yr! 6.10-10.9 1.46 <0.0001

Crystalline rocks (km?) 6.75 kg km? yr! 3.25-10.2 2.12 0.0009

Urban? (km?) 49.0 kg km? yr! 30.4-67.7 11.3 <0.0001
Land-to-water delivery

Soil erodibility (K factor) 6.25 3.55-8.95 1.63 0.0002

In[Well-drained soils (percent)] -0.100 -0.153 —-0.0478 0.0317 0.0019

Coastal Plain (percent of area) 1.02 0.681 —1.35 0.204 <0.0001

In[Precipitation’ (mm)] 2.06 mm'! 0.567 —-3.55 0.903 0.0237
Aquatic decay

Impoundments, inverse hydraulic load (yr m™) 543 myr! 12.1-96.5 25.5 0.0174

! p-values are one-sided for sources and aquatic-decay coefficients (which were constrained to be non-negative) and two-sided for land-to-water delivery

coefficients.

2 Urban land includes all developed land, as defined by Wieczorek and LaMotte, 2010b.

3 Mean annual precipitation, 1971 through 2000.

Delmarva Peninsula, and southeastern Pennsylvania, where
livestock (primarily poultry and cattle) production is greatest,
and manure represents the majority of local TP sources and
nearly half of local TN sources to these areas. Local yields
from fertilizer applications and crop fixation are more evenly
distributed throughout agricultural areas of the watershed,
and represent the majority of local TN and TP yields from all
sources in many areas.

Urban areas yield, on average, 1,090 kg km yr! (kilo-
grams per square kilometer per year) of TN and 49 kg km™ yr™!
of TP to streams in the Chesapeake Bay watershed. Individual
urban sources of TN and TP are generalized and not distin-
guished by the SPARROW models, but may include fertilizer
applications to turf grasses, septic systems, leaking sewer
lines, domestic animals, local deposition from automobiles,
or spills in commercial or industrial areas. Like point sources,

urban areas are limited spatially within the watershed, but
may contribute substantially to in-stream TN and TP fluxes in
isolated urban areas.

Atmospheric deposition contributes significantly to TN
export in streams throughout the Chesapeake Bay watershed.
Although nitrogen gas is naturally abundant in the atmosphere,
atmospheric wet deposition of inorganic nitrogen is derived
primarily from emissions generated by the combustion of
fossil fuels and from certain agricultural activities (Driscoll
and others, 2003). An estimated 27 percent of atmospheric
nitrogen deposition reaches streams of the watershed (table 1),
which is similar to previous estimates for nonpoint nitrogen
applications from temperate areas draining to the North
Atlantic Ocean (Howarth and others, 1996) and for streams
of the northeastern United States (Moore and others, 2011).
Unlike other sources, atmospheric deposition occurs within
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each individual catchment within the Chesapeake Bay water-
shed (fig. 7a), and represents the majority of TN sources in
northern and western forested areas (particularly in western
Pennsylvania and Virginia), where other nitrogen sources are
limited (fig. 7b).

Minerals in crystalline and siliciclastic rocks represent
natural sources of TP export in some areas of the Chesapeake
Bay watershed. Forested areas have been noted as significant
TP sources in previous SPARROW models (for example,
Alexander and others, 2008; Moore and others, 2011), and
likely represent a proxy for any background phosphorus
sources not accounted for by other source terms. Crystalline
and siliciclastic rocks in the eastern Piedmont, Blue Ridge, and
Valley and Ridge Physiographic Provinces have been identi-
fied as likely sources of dissolved phosphorus to groundwater
and—Dby extension—to receiving streams (Denver and others,

B. Shares of total local yields attributable to atmospheric deposition
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Estimated local (A)yields and (B) source shares of total nitrogen from atmospheric deposition.

2010), however, and may be the source of TP exports noted
from forested areas in previous models. The estimated mean
yields of 6.8 and 8.5 kg km™ yr! of phosphorus from areas of
the Chesapeake Bay watershed underlain by crystalline and
siliciclastic rocks (respectively) (table 2) are similar to mean
exports reported by Dillon and Kirchner (1975) for natural
forested areas underlain by similar rocks in southern Ontario
(4.8 kg km? yr! and 10.7 kg km™ yr™! for granitic igneous
and sedimentary rocks, respectively), and to phosphorus
exports from natural forested watersheds in other temperate
areas (Dillon and Kirchner, 1975; Likens and others, 1977).
Phosphorus yields from mineral sources are generally much
smaller than from other sources where they exist, but represent
the majority of the small TP flux from relatively natural areas,
particularly in the northern and western mountainous areas of
the Chesapeake Bay watershed (fig. 8).
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Figure 8. Share of local phosphorus yields attributable to siliciclastic or crystalline rocks.
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Fate and Transport

Nitrogen and phosphorus are typically not transported
conservatively through the environment, but are subject to a
variety of mostly biologically mediated losses and transforma-
tions in both terrestrial and aquatic settings. Fate and transport
processes relevant to nitrogen and phosphorus are represented
in the SPARROW models by land-to-water and aquatic decay
terms selected to represent known factors contributing to
the spatial distribution of these nutrients in groundwater and
streams of the watershed. Land-to-water terms selected for the
TN model reflect major factors controlling the fate, transport,
and (therefore) occurrence of nitrogen in the Chesapeake
Bay watershed and vicinity, including plant uptake, redox
conditions, and hydrogeologic conditions important to nitrate
transport through groundwater. Conversely, phosphorus com-
pounds are relatively insoluble, and land-to-water terms in the
TP model generally reflect the importance of transport through
overland runoff.

Land-to-water terms in the TN model reflect the impor-
tance of plant uptake, redox conditions, and groundwater
to the fate and transport of nitrogen in the Chesapeake Bay
watershed. Decreasing TN delivery to streams in areas of
greater EVI (greener) (table 1) likely reflects healthier plant
growth and the incorporation of nitrogen in plant biomass
rather than groundwater or streams. TN delivery to streams
increases with increasing groundwater recharge and is greater
in areas underlain by carbonate rocks in the Piedmont than
in other areas (table 1). Assuming no net change in aquifer
storage (and neglecting withdrawals), areas with greater
groundwater recharge will similarly yield greater groundwater
discharge to streams. Nitrate in groundwater discharge
contributes nearly half of nitrogen flux to streams in the
Chesapeake Bay watershed (Phillips and others, 1999), and
significantly greater nitrate concentrations in groundwater
and concentrations and yields in streams in areas underlain by
carbonate bedrock than in areas underlain by other rock types
are well documented (for example, Ator and Denis, 1997,
Lizarraga, 1997; Miller and others, 1997; Ator and Ferrari,
1998; Greene and others, 2005). The importance of carbonate
rocks to nitrogen transport is apparent in particularly high
predicted yields of TN from fertilizers in parts of the north-
ern Piedmont (fig. 6a). The existence of carbonate rocks in
the Valley and Ridge or Appalachian Plateau (or overall in
the watershed) do not constitute significant positive land-to-
water terms in the TN model, perhaps due to different types
or intensity of sources than in areas of the Piedmont carbon-
ate. Although the Piedmont carbonate area is predominantly
agricultural, for example, areas of the Appalachian Plateau and
Valley and Ridge underlain by carbonate rocks support more
of a mixture of land uses (Phillips and others, 1999). Nitrogen
losses through denitrification are common in reducing
(generally anoxic or suboxic) waters of the Chesapeake Bay
watershed (Miller and others, 1997; Ator, 2008; Denver and
others, 2010), and soil denitrification causes the single great-
est nitrogen losses in the Susquehanna, Potomac, James, and

Rappahannock watersheds (Van Breemen and others, 2002).
The importance of redox conditions to TN flux is represented
in the SPARROW model by available water capacity (AWC)
of soils (table 1). AWC is generally greater in soils with
greater organic matter and finer texture (U.S. Department of
Agriculture, 1998), and increasing AWC may be indicative of
relatively poorly drained reducing areas.

Phosphorus compounds are generally much less soluble
than nitrate, and phosphorus delivery from the land surface to
streams generally occurs predominantly in suspended form,
often attached to sediment (Hem, 1985). Land-to-water terms
in the phosphorus model therefore generally represent the
likelihood of overland runoff and soil erosion; TP delivery is
greater in areas with greater average precipitation and where
soils are more erodible and less well-drained and therefore
more likely to promote runoff rather than infiltration of pre-
cipitation (table 2). The significance of the Coastal Plain as a
land-to-water term may reflect increasing phosphorus satura-
tion of soils in that area and resulting decreasing soil reten-
tion of applied phosphorus compounds. Phosphorus inputs to
cropland on the Delmarva Peninsula are approximately double
that removed at harvest, and phosphorus has consequently
accumulated in soils at an average annual rate of approxi-
mately 10 to 15 kg ha' (kilograms per hectare) (Staver and
Brinsfield, 2001).

Impoundments significantly decrease in-stream fluxes of
both TN and TP (tables 1, 2). The estimated mean settlement
velocity of 5.9 m yr! (meters per year) in the TN model (table
1) suggests that denitrification is the main cause of nitrogen
loss in watershed impoundments; algal uptake is typically
more efficient and has been observed at higher rates, generally
greater than 25 m yr' (Alexander and others, 2002; Schwarz
and others, 2006). The mean loss rate of TP in impoundments
is considerably higher (54.3 m yr’!, table 2) than that of TN, as
might be expected if settling of particulates is the main cause
for lost TP from the water column. Mean settlement rates for
suspended sediment in reservoirs are generally much higher
than those of TN or TP (Schwarz and others, 2006; Brakebill
and others, 2010). The implications of these estimated coef-
ficients may be important for future management of the
Chesapeake Bay watershed, as the TN estimate suggests most
of the nitrogen is lost permanently to the atmosphere, whereas
most of the TP is merely stored in impoundments and may be
remobilized in the future.

Significant nitrogen losses occur within flowing streams
as well as impoundments in the Chesapeake Bay watershed.
Although aquatic decay in flowing streams was not signifi-
cant in the TP model (table 2), significant decay terms were
included in the TN model (table 1). Mean estimated decay
is greatest in the smallest 90 percent of streams [with mean
annual flow less than 3.45 m? s”!(cubic meters per second)
(122 cubic feet per second)] in the Chesapeake Bay water-
shed (table 1), and the mean estimate of 0.34 m yr™' is con-
sistent with previous estimates for similar streams (Preston
and Brakebill, 1999; Schwarz and others, 2006). The mean
estimated rate of TN decay in larger streams (with mean
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annual flow greater than or equal to 3.45 m® s') is more than
an order of magnitude greater where the mean-maximum air
temperature is greater than 18.5°C (degrees Celsius) than in
cooler areas less than or equal to 15°C (table 1). A similar
geographic pattern in nitrogen fate and transport has been
observed previously; Boyer and others (2002) estimated
that the Susquehanna and Potomac Rivers export 23 and 19
percent of anthropogenic nitrogen inputs to their watersheds
(respectively), whereas the Rappahannock and James Rivers
export only 11 percent of these inputs.

Decay processes in flowing and impounded streams sig-
nificantly limit the transport of nutrients from the Chesapeake
Bay watershed to tidal waters. Comparison of local and
delivered yields (fig. 9) illustrates that delivery of nitrogen
from much of the Susquehanna watershed is relatively effi-
cient (near 100 percent); more significant aquatic nitrogen
losses in the Potomac watershed and further south reflect
the importance of temperature to aquatic decay of nitrogen
in large rivers (table 1). The greatest local nitrogen yields
in the Chesapeake Bay watershed (outside of catchments
affected by large point sources) occur in the predominantly

A. Local

agricultural areas of the Shenandoah Valley, the Great Valley,
and Piedmont in Pennsylvania and central Maryland, and on
the Delmarva Peninsula (fig. 9a). Much of this nitrogen is
lost along streams, particularly in the upper Potomac water-
shed, however. The greatest yields of nitrogen delivered to
Chesapeake Bay are contributed from agricultural areas of the
northern Piedmont and Valley and Ridge, areas from which
cooler temperatures and (or) close proximity limit nitrogen
losses during fluvial transport to the bay (fig. 9b). Unlike
nitrogen, however, local and delivered yields of phosphorus
are very similar for much of the Chesapeake Bay watershed
(fig. 10). Aquatic decay in the TP model is limited to impound-
ments, and predicted phosphorus delivery through the stream
network is close to 100 percent in many areas, even from the
Susquehanna watershed. Reservoirs behind the Safe Harbor
and Holtwood Dams on the lower Susquehanna River have
reached their capacity for retaining sediment and attached
phosphorus (Hainly and others, 1995), and the SPARROW
model suggests minimal phosphorus retention even in the
downstream reservoir behind Conowingo Dam.
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Figure 9. Estimated (A)local and (B) delivered yields of total nitrogen (TN). Local yields represent TN flux delivered to streams from
individual local catchments; delivered yields represent TN flux delivered to downstream terminal reaches (generally tidal waters).
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Flux to Chesapeake Bay and Major Tributaries

Watershed sources contribute an estimated 132,000 Mg
(metric tons) (1.32 x 10® kg) of nitrogen and 9,740 Mg (9.74 x
10° kg) of phosphorus to the Chesapeake Bay and tidal tribu-
taries annually (table 3). Because these estimates are based on
SPARROW models calibrated to TN and TP flux during 2002
under long-term mean hydrologic conditions (see above), they
represent the typical flux of nitrogen and phosphorus under
such conditions. Actual nutrient fluxes vary considerably from
year to year due to normal variability in weather (particularly
precipitation) and streamflow (Langland and others, 2006).
Nearly two-thirds (62 percent) of the nitrogen flux and nearly
half (44 percent) of the phosphorus flux from the watershed to
the bay during mean weather conditions is contributed by the
combined flow of the Susquehanna and Potomac Rivers; 45
percent of the nitrogen flux and 28 percent of the phosphorus
flux is contributed by the Susquehanna River alone (table 3).

Nitrogen contributions to Chesapeake Bay from the
watershed are attributable primarily to agriculture. The

A. Local

78’ 7%

combination of manure and fertilizer applications and fixation
by crops provides more than half (54 percent) of the estimated
nitrogen contributions to the bay and the largest source of
nitrogen in most major tributaries (fig. 11). In a wider study

of nitrogen contributions to 34 estuaries in the eastern United
States, Castro and others (2003) similarly estimated that

53 percent of nitrogen contributed to Chesapeake Bay is
attributable to agricultural runoff. Boyer and others (2002)
similarly estimated that agricultural fertilizer use and fixa-
tion by crops, alone, contributed between 38 and 58 percent
of nitrogen inputs to the Susquehanna, Potomac, James, and
Rappahannock watersheds in the early 1990s. Agriculture is
common in many areas of the Chesapeake Bay watershed, par-
ticularly near tidal waters (such as on the Delmarva Peninsula)
and along major tributaries (such as the Susquehanna River)
where opportunities for nitrogen losses along the stream
network are limited (fig. 1). Contributions of point sources and
atmospheric deposition are much smaller (approximately 16
percent each) and undifferentiated urban sources contribute an
additional 12 percent of total estimated nitrogen flux from the
watershed to the bay (fig. 11).

B. Delivered
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Figure 10. Estimated (A)local and (B) delivered yields of total phosphorus (TP). Local yields represent TP flux delivered to streams
from individual local catchments; delivered yields represent TP flux delivered to downstream terminal reaches (generally tidal waters).
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Table 3.

Estimated annual flux of total nitrogen and total phosphorus from watershed sources to Chesapeake Bay and at selected

monitoring stations on major tributaries, in metric tons.

[Mg, metric tons; Md., Maryland; Va., Virginia]

Total Nitrogen (Mg) Total Phosphorus (Mg)
Chesapeake Bay or
nontidal tributary' (station number) CBTN_v4 Mean, CBTP_v4 Mean,
model 199020102 model 199020102
Chesapeake Bay® 132,000 9,740
Nontidal tributary (station number):
1. Susquehanna River at Conowingo, Md. (01578310) 59,900 60,000 2,680 2,090
2. Potomac River at Washington, D.C. (01646580) 21,600 25,800 1,620 1,800
3. James River at Cartersville, Va. (02035000) 4,720 5,000 963 1,060
4. Rappahannock River near Federalsburg, Va. (01668000) 2,010 2,030 321 364
5. Appomattox River at Matoaca, Va. (02041650) 613 677 54.1 63.6
6. Pamunkey River near Hanover, Va. (01673000) 614 668 80.4 75.0
7. Mattaponi River near Beulahville, Va. (01674500) 259 284 229 25.9
8. Patuxent River near Bowie, Md. (01594440) 669 727 49.7 54.5
9. Choptank River near Greensboro, Md. (01491000) 219 222 15.3 13.6

! See figure 1 for locations.

2 From U.S. Geological Survey, 2011b.

* Estimates include inputs to tidal tributaries, such as as from point sources and atmospheric deposition.

Tributary (see figure 1)
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Figure 11. Estimated shares of total nitrogen contributions from various watershed sources to Chesapeake Bay and to
major tributaries at selected monitoring stations.



The flux of phosphorus from the Chesapeake Bay
watershed to the bay is contributed primarily from a mixture
of urban and agricultural sources. Nearly half (43 percent) of
the phosphorus reaching the bay is contributed from upstream
agricultural fertilizer and manure applications; a nearly equal
flux is contributed from point sources and other indistinguish-
able urban sources (fig. 12). The remainder (14 percent) of
phosphorus contributed to the bay is from natural sources,
including minerals in siliciclastic and crystalline rocks.

Summary and Implications

Spatially Referenced Regression On Watershed Attributes
(SPARROW) modeling was used to provide quantitative
empirical estimates of the sources, fate, and transport of
nitrogen and phosphorus within the Chesapeake Bay water-
shed and to estimate mean annual total nitrogen (TN) and
total phosphorus (TP) flux to the bay and in each of more than
80,000 tributary stream reaches represented in the NHDPIlus
(1:100,000-scale) geospatial dataset. The models were cali-
brated to mean annual TN and TP fluxes during 2002 in 181
and 184 watershed streams (respectively) that were estimated
on the basis of available long-term nutrient and streamflow
monitoring. Because the models were calibrated to estimated
TN and TP flux during 2002 under long-term mean hydrologic
conditions, they represent such long-term average conditions,
rather than weather and resulting hydrologic conditions in any
particular year.

Summary and Implications 21

Human sources contribute substantially to the nitrogen
and phosphorus flux to Chesapeake Bay and major tributar-
ies. Significant (a=0.10) sources of nutrients in the watershed
include (primarily municipal) point sources, undifferentiated
urban activities, and fertilizer and manure applications in
agricultural areas. Additional significant sources of nitrogen
include atmospheric deposition and direct fixation by crops;
significant natural sources of phosphorus in Chesapeake tribu-
taries include minerals in siliciclastic and crystalline rocks.
Empirical estimates of average yields from source areas and
proportions of selected applications transported to streams
agree closely with previous estimates reported in the literature.

The fate and transport of nitrogen and phosphorus from
source areas to streams and within the stream network are
affected by natural hydrogeologic and soil conditions and by
the distribution of impoundments (lakes, ponds, and reser-
voirs) in the watershed. Greater TN flux in areas of greater
groundwater recharge (and presumably, discharge) and in
areas underlain by selected carbonate rocks reflects the
importance of groundwater to nitrogen transport (as nitrate)
in the watershed, and the previously documented greater
nitrate concentrations in streams and groundwater of carbonate
areas. The importance of plant uptake and redox conditions to
nitrate stability and fate in groundwater and streams is likely
reflected in the significance of enhanced vegetative index
(EVI) and soil available water capacity (AWC) (respectively)
as land-to-water terms in the TN model. Nitrogen losses
within impounded streams are likely due primarily to denitri-
fication; losses within flowing streams are greatest in streams
with mean annual flow less than 3.45 m® s (cubic meters per
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Figure 12. Estimated shares of total phosphorus contributions from various watershed sources to Chesapeake Bay and to

major tributaries at selected monitoring stations.
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second) (122 cubic feet per second), and in larger streams

in warmer areas. Phosphorus transport from source areas to
streams is greatest in areas where increased runoff and erosion
are likely; the significance of the Coastal Plain to phosphorus
transport may reflect soil saturation of phosphorus from
previous applications in that setting. Phosphorus losses occur
within impounded streams and rivers, but losses in flowing
reaches are on average statistically insignificant.

Results from the TN and TP SPARROW models provide
regional insight on nutrient sources and movement within the
Chesapeake Bay watershed that can be particularly useful for
management and restoration efforts. Along with estimated
local and delivered mean annual TN and TP fluxes for each
of more than 80,000 streams, the models provide empirically
derived source shares and transport factors that provide insight
into the most important processes in different areas and the
most effective management strategies for different restoration
goals.

Reducing nutrients from human sources could be particu-
larly effective at limiting nitrogen and phosphorus flux from
the watershed to the bay. Natural sources of nutrients occur in
the watershed and provide the majority of relatively low nutri-
ent fluxes from certain areas; more than 10 percent of total
phosphorus flux to the bay is attributable to mineral sources.
Human activities constitute the major sources of nutrients
from the watershed to the bay, however, and the greatest
potential for nutrient reductions. Agriculture, for example,
contributes more than half of the nitrogen reaching the bay.
Most of the agricultural nitrogen is derived from fertilizer
applications and fixation by crops, and 24 percent of nitro-
gen from these sources does not contribute to crop growth,
but rather is lost to streams. Precision applications or other
techniques designed to limit fertilizer applications while main-
taining crop yields may be particularly effective at limiting
nitrogen flux to the Chesapeake Bay. Phosphorus is generally
less mobile in the environment than nitrogen compounds and
applied phosphorus is likely to be sequestered in terrestrial
environments such as soils. Point sources discharging directly
to streams provide approximately one-third of the phosphorus
reaching the bay, and nearly half of the flux in some major
tributaries. Reducing point sources may be more effective
at limiting the overall flux of phosphorus than of nitrogen to
Chesapeake Bay.

A review of regionally significant factors affecting nutri-
ent fate and transport in the bay watershed could be useful,
along with source descriptions for targeting management

resources to specific areas. Regardless of sources, phosphorus
transport is more efficient in areas where surface runoff is
more likely, including areas with more erodible soils, rela-
tively poor drainage, and greater precipitation. Similarly,
nitrogen transport is most efficient in areas with greater
groundwater recharge, certain carbonate rocks, and less reduc-
ing conditions that may contribute to denitrification. Targeting
restoration activities to areas most likely to deliver nitrogen or
phosphorus to streams may be useful alternatives if limiting
applications or other sources is overly costly or otherwise
difficult. Nutrient losses also occur within the aquatic system.
Nitrogen loss rates are generally greater in smaller streams,
and in larger streams in warmer areas of the watershed. Both
nitrogen and phosphorus fluxes are decreased in impounded
streams; nitrogen loss is likely due mainly to denitrification,
whereas phosphorus attached to sediment particles may be lost
to settling. These different loss processes may have important
implications for restoration efforts, as nitrogen is lost per-
manently to the atmosphere through denitrification, whereas
much of the phosphorus is merely stored in impoundments
and may be remobilized in the future. Consideration of these
aquatic losses is also important when balancing restoration
goals for local streams with those of downstream receiving
waters such as Chesapeake Bay.

Acknowledgments

This work is a product of the Priority Ecosystems Studies
(PES) and National Water-Quality Assessment (NAWQA)
Programs of the U.S. Geological Survey (USGS), and ben-
efited from previous model development for the northeastern
United States by Moore and others (2011). Assistance with
network development and other geographic data compilation
was provided by Andrew LaMotte of USGS. Technical sug-
gestions on this report were provided by Jeff Chanat and
Daniel Wise of USGS; Valerie Gaine and Timothy Auer of
USGS provided editorial suggestions and graphics and layout
assistance, respectively. We also thank Anne W. Nolin and
Eric Sproles of the Department of Geosciences, Oregon State
University, for their contributions in developing the enhanced
vegetative index. The water-quality monitoring data on which
this analysis is based reflects the commitment of State and
Federal partnerships to collect such data to track the condition
of water resources in the Chesapeake region.



References Cited

Alexander, R.B., Boyer, E.W., Smith, R.A., Schwarz, G.E.,
and Moore, R.B., 2007, The role of headwater streams
in downstream water quality: Journal of the American
Water Resources Association, v. 43, no. 1, p. 41-59, DOI:
10.1111/5.1752-1688.2007.00005 .x.

Alexander, R.B., Elliott, A.H., Shankar, U., and McBride,
G.B., 2002, Estimating the sources and transport of nutri-
ents in the Waikato River Basin, New Zealand: Water
Resources Research, v. 38, p. 1,268-1,290.

Alexander, R.B., Smith, R.A., Schwarz, G.E., Boyer, E.W.,
Nolan, J.V., and Brakebill, J.W., 2008, Differences in
phosphorus and nitrogen delivery to the Gulf of Mexico
from the Mississippi River Basin: Environmental Science
& Technology, v. 42, no. 3., p. 822-830, DOI:10.1021/
es0716103.

Alexander, R.B., Smith, R.A., Schwarz, G.E., Preston, S.D.,
Brakebill, J.W., Srinivasan, R., and Pacheco, P.A., 2001,
Atmospheric nitrogen flux from the watersheds of major
estuaries of the United States: An application of the
SPARROW watershed model, in Valigura,R., Alexander,
R., Castro, M., Meyers, T., Paerl, H., Stacey, P., and Turner
R.E., eds., Nitrogen loading in coastal water bodies: An
atmospheric perspective: American Geophysical Union
Monograph 57, p. 119-170.

Ator, S.W., 2008, Natural and human influences on water qual-
ity in a shallow regional unconsolidated aquifer, Northern
Atlantic Coastal Plain: U.S. Geological Survey Scientific
Investigations Report 2008—5190, 19 p., available online at
http://pubs.usgs.gov/sir/2008/5190/pdf/SIR2008—5 190.pdf.

Ator, S.W., Blomquist, J.D., Brakebill, J.W., Denis, J.M.,
Ferrari, M.J., Miller, C.V., and Zappia, Humbert, 1998,
Water quality in the Potomac River Basin, Maryland,
Pennsylvania, Virginia, West Virginia, and the District of
Columbia, 1992-96: U.S. Geological Survey Circular 1166,
38 p., available online at Attp://pubs.usgs.gov/circ/circ1166/.

Ator, S.W., and Denis, J.M., 1997, Relation of nitrogen and
phosphorus in ground water to land use in four subunits of
the Potomac River Basin: U.S. Geological Survey Water-
Resources Investigations Report 964268, 26 p.

Ator, S.W., Denver, J.M., Krantz, D.E., Newell, W.L., and
Martucci, S.K., 2005, A surficial hydrogeologic framework
for the Mid-Atlantic Coastal Plain: U.S. Geological Survey
Professional Paper 1680, 44 p., available online at Attp://
pubs.usgs.gov/pp/2005/pp1680/.

References Cited 23

Ator, S.W., and Ferrari, M.J., 1997, Nitrate and selected
pesticides in ground water of the Mid-Atlantic region: U.S.
Geological Survey Water-Resources Investigations Report
974139, 8 p., available online at http://pubs.er.usgs.gov/
djvu/WRI/wrir 97 4139.djvu.

Bachman, L.J., Lindsey, B.D., Brakebill, J.W., and Powars,
D.S., 1998, Ground-water discharge and base-flow nitrate
loads of nontidal streams, and their relation to a hydrogeo-
morphic classification of the Chesapeake Bay watershed,
Middle-Atlantic Coast: U.S. Geological Survey Water-
Resources Investigations Report 98—4059, 71 p., available
online at http://pubs.usgs.gov/wri/wri98-4059/pdf/wri9s-
4059.pdf.

Bicknell, B.R., Imhoff, J.C., Kittle, J.L., Jr., and Donigian,
A.S., Jr., 1996, Hydrological simulation program—
FORTRAN user’s manual for release 11: Athens, Georgia,
U.S. Environmental Protection Agency, 755 p.

Bothwell, M.L., 1988, Growth rate responses of lotic peri-
phytic diatoms to experimental phosphorus enrichment—
The influence of temperature and light: Candian Journal of
Fisheries and Aquatic Science, v. 45, no. 2, p. 261-270.

Boyer, E.W., Goodale, C.L., Jaworski, N.A., and Howarth,
R.W., 2002, Anthropogenic nitrogen sources and rela-
tionships to riverine export in the northeastern U.S.A.:
Biogeochemistry, v. 57/58, p. 137-169.

Boynton, W.R., Garber, J.H., Summers, R., and Kemp, W.M.,
1995, Inputs, transformations, and transport of nitrogen and
phosphorus in Chesapeake Bay and selected tributaries:
Estuaries, v. 18, no. 1B, p. 285-314.

Brakebill, .W., Ator, S.W., and Schwarz, G.E., 2010,
Sources of suspended-sediment flux in streams of the
Chesapeake Bay watershed: A regional application of
the SPARROW model: Journal of the American Water
Resources Association, v. 46, no. 4, p. 757-776. DOL:
10.1111/5.1752-1688.2010.00450.x

Brakebill, J.W., and Kelley, S.K., 2000, Hydrogeomorphic
regions in the Chesapeake Bay watershed: U.S. Geological
Survey Water-Resources Investigations Report 00424,
available online at http://water.usgs.gov/GIS/metadata/
usgswrd/XML/hgmr.xml.

Brakebill, J.W., and Preston, S.E., 2004, Digital data used to
relate nutrient inputs to water quality in the Chesapeake Bay
Watershed, version 3.0: U.S. Geological Survey Open-File
Report 20041433, available online at Attp://pubs.usgs.gov/
0f72004/1433/.



24 Sources, Fate, and Transport of Nitrogen and Phosphorus in the Chesapeake Bay Watershed: An Empirical Model

Brakebill, J.W., Preston, S.E., and Martucci, S.K., 2001,
Digital data used to relate nutrient inputs to water quality
in the Chesapeake Bay watershed, 2001: U.S. Geological
Survey Open-File Report 2001-251, 17 p.

Brakebill, J.W., Wolock, D.M., and Terziotti, S.E., 2011,
Digital hydrologic networks supporting applications
related to spatially referenced regression modeling:
Journal of the American Water Resources Association,
DOI:10.1111/5.1752-1688.2011.00578.x

Castro, M.S., Driscoll, C.T., Jordan, T.E., Reay, W.G., and
Boynton, W.R., 2003, Sources of nitrogen to estuaries in the
United States: Estuaries, v. 26, no. 3, p. 803—814.

Cohn, T.A., Caulder, D.L., Gilroy, E.J., Zynjuk, L.D., and
Summers, R.M., 1992, The validity of a simple statistical
model for estimating fluvial constituent loads: An empiri-
cal study involving nutrient loads entering Chesapeake Bay:
Water Resources Research, v. 28, no. 9, p. 2,353-2,363.

Cohn, T.A., DeLong, L.L., Gilroy, E.J., Hirsch, R.M., and
Wells, D.K., 1989, Estimating constituent loads: Water
Resources Research, v. 25, no. 5, p. 937-942.

Debrewer, L.M., Ator, S.W., and Denver, J.M., 2008,
Temporal trends in nitrate and pesticides in Mid-Atlantic
ground water: Journal of Environmental Quality, v. 37, p.
S296-S308, DOI: 10.2134/jeq2007.0664.

Denver, J.M., Tesoriero, A.J., and Barbaro, J.R., 2010,
Trends and transformation of nutrients and pesticides in
a Coastal Plain aquifer system, United States: Journal of
Environmental Quality, v. 39, p. 154-167.

Dillon, P.J., and Kirchner, W.B., 1975, The effects of geology
and land use on the export of phosphorus from watersheds:
Water Research, v. 9, no. 2, p. 135-148.

Driscoll, C.T., Whitall, D., Aber, J., Boyer, E., Castro, M.,
Cronan, C., Goodale, C.L., Groffman, P., Hopkinson, C.,
Lambert, K., Lawrence, G., and Ollinger, S., 2003, Nitrogen
pollution in the northeastern United States—Sources,
effects, and management options: BioScience, v. 53, no. 4,
p. 357-374.

Federal Leadership Committee for Chesapeake Bay, 2010,
Strategy for protecting and restoring the Chesapeake Bay
watershed: U.S. Environmental Protection Agency Report
EPA-903-R-10-003.

Greene, E.A., LaMotte, A.E., and Cullinan, K.A., 2005,
Ground-water vulnerability to nitrate contamination at
multiple thresholds in the Mid-Atlantic region using spatial
probability models: U.S. Geological Survey Scientific
Investigations Report 20045118, 24 p., available at http://
pubs.usgs.gov/sir/2004/5118/.

Hainly, R.A., Reed, L.A., Flippo, H.N., Jr., and Barton, G.J.,
1995, Deposition and simulation of sediment transport
in the Lower Susquehanna River reservoir system: U.S.
Geological Survey Water-Resources Investigations Report
95-4122, 39 p.

Hem, J.D., 1985, Study and interpretation of the chemical
characteristics of natural waters: U.S. Geological Survey
Water-Supply Paper 2254, 263 p.

Hirsch, R M., Moyer, D.L., and Archfield, S.A., 2010,
Weighted regression on time, discharge, and season
(WRTDS), with an application to Chesapeake
Bay river inputs: Journal of the American Water
Resources Association, v. 46, no. 5, p. 657-880,
DOI:10.1111/j.1752-1688.2010.00482.x

Hoos, A.B., and McMahon, Gerard, 2009, Spatial analysis
of instream nitrogen loads and factors controlling nitrogen
delivery to streams in the southeastern United States using
spatially referenced regression on watershed attributes
(SPARROW) and regional classification frameworks:
Hydrological Processes, v. 23, no. 16, p. 2,275-2,294,
DOI:10.1002/hyp.7323.

Horizon Systems, 2010, NHDPlus documentation, version
1, available online at Attp.//www.horizon-systems.com/
nhdplus/documentation.php.

Howarth, R.W., Billen, G., Swaney, D., Townsend, A.,
Jaworski, N., Lajtha, K., Downing, J.A., Elmgren, R.,
Caraco, N., Jordan, T., Berendse, F., Freney, J., Kudeyarov,
V., Murdoch, P., and Zhao-Liang, Z., 1996, Regional nitro-
gen budgets and riverine N & P fluxes for the drainages to
the North Atlantic Ocean: Natural and human influences:
Biogeochemistry, v. 35, no. 1, p. 75-139.

Huete, A., Didan, K., Miura, T., Rodriguez, E.P., Gao, X.,
and Ferreira, L.G., 2002, Overview of the radiometric and
biophysical performance of the MODIS vegetation indices:
Remote Sensing of Environment, v. 83, p. 195-213.

Johnson, H.M., and Belval, D.L., 1998, Nutrient and sus-
pended solids loads, yields, and trends in the nontidal
part of five major river basins in Virginia, 1985-96: U.S.
Geological Survey Water-Resources Investigations Report
98-4025, 36 p.

Kaushal, S.S., Groffman, P.M., Mayer, P.M., Striz, E., Doheny,
E.J., and Gold, A.J., 2008, Effects of stream restoration
on denitrification in an urbanizing watershed: Ecological
Applications, v. 18, no. 3, p. 789-804.



Kemp, W.M., Boynton, W.R., Adolf, J.E., Boesch, D.F.,
Boicourt, W.C., Brush, G., Cornwell, J.C., Fisher, T.R.,
Glibert, PM., Hagy, J.D., Harding, L.W., Houde, E.D.,
Kimmel, D.G., Miller, W.D., Newell, R.I.LE., Roman, M.R.,
Smith, E.M., and Stevenson, J.C., 2005, Eutrophication of
Chesapeake Bay: historical trends and ecological interac-
tions: Marine Ecology Progress Series, v. 303, p. 1-29.

LaMotte, A.E., 2008a, National land cover database 2001
(NLCDO1) Tile 2, northeast United States—NLCDO1 2:
U.S. Geological Survey Data Series DS-383B, available
online at http://water.usgs.gov/GIS/metadata/usgswrd/XML/
nled01 2.xml.

LaMotte, A.E., 2008b, National land cover database 2001
(NLCDO1) Tile 4, southeast United States—NLCDO01 4:
U.S. Geological Survey Data Series DS-383D, available
online at http://water.usgs.gov/GIS/metadata/usgswrd/XML/
nlcd01 4.xml.

Langland, M.J., Cronin, Thomas, and Phillips, S.W., 2003,
Executive summary, in Langland, M.J., and Cronin,
Thomas, eds., A summary report of sediment processes in
Chesapeake Bay and watershed: U.S. Geological Survey
Water-Resources Investigations Report 03—4123, 109 p.,
available online at Attp://pa.water.usgs.gov/reports/wrir()3-
4123.pdf.

Langland, M.J., Moyer, D.L., and Blomquist, Joel, 2007,
Changes in streamflow, concentrations, and loads in
selected nontidal basins in the Chesapeake Bay Watershed,
1985-2006: U.S. Geological Survey Open-File Report
2007-1372, 68 p., available online at http.://pubs.usgs.gov/
0f72007/1372/.

Langland, M.J., Raffensperger, J.P., Moyer, D.L., Landwehr,
J.M., and Schwarz, G.E., 2006, Changes in streamflow and
water quality in selected nontidal basins in the Chesapeake
Bay watershed, 1985-2004: U.S. Geological Survey
Scientific Investigations Report 2006-5178, 75 p., available
online at Attp://pubs.usgs.gov/sir/2006/5178/.

Likens, G.E., Bormann, F.H., Pierce, R.S., Eaton, J.S., and
Johnson, N.M., 1977, Biogeochemistry of a forested ecosys-
tem: New York, Springer-Verlag, 146 p.

Lindsey, B.D., Breen, K.J., Bilger, M.D., and Brightbill, R.A.,
1998, Water quality in the Lower Susquehanna River Basin,
Pennsylvania and Maryland, 1992-95: U.S. Geological
Survey Circular 1168, 38 p., available online at Attp.//pubs.
usgs.gov/circ/circ1168/.

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 974154, 23 p.

References Cited 25

Meng, H., Sexton, A.M., Maddox, M.C., Sood, A., Brown,
C.W.,, Ferraro, R.R., and Murtugudde, R., 2010, Modeling
Rappahannock River basin using SWAT—Pilot for
Chesapeake Bay watershed: Applied Engineering in
Agriculture v. 26, no. 5, p. 795-805.

Miller, C.V., Denis, J.M., Ator, S.W., and Brakebill, J.W.,
1997, Nutrients in streams during baseflow in selected
environmental settings of the Potomac River Basin: Journal
of the American Water Resources Association, v. 33, no. 6,
p. L,L155-1,171.

Moore, R.B., Johnston, C.M., Smith, R.A., and Milstead,
Bryan, 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, DOI: 10.1111/j.1752-1688.2011.00582.x.

Phillips, S.W., ed., 2007, Synthesis of U.S. Geological Survey
science for the Chesapeake Bay ecosystem and implications
for environmental management: U.S. Geological Survey
Circular 1316, 63 p., available online at Attp.://pubs.usgs.
gov/circ/circl316/html/pubinformation.html.

Phillips, S.W., Focazio, M.J., and Bachman, L.J., 1999,
Discharge, nitrate load, and residence time of ground water
in the Chesapeake Bay watershed: U.S. Geological Survey
Fact Sheet 150-99, 6 p.

Prasad, M.B.K., Sapiano, M.R.P., Anderson, C.R., Long, W.,
and Murtugudde, R., 2010, Long-term variability of nutri-
ents and chlorophyll in the Chesapeake Bay: A retrospective
analysis, 1985-2008: Estuaries and Coasts, v. 33, no. 5,

p. 1,128-1,143.

Preston, S.D., Alexander, R.B., Schwarz, G.E., and
Crawford, C.G., 2011, Factors affecting stream nutrient
loads: A synthesis of regional SPARROW model
results for the continental United States: Journal of the
American Water Resources Association, DOI: 10.1111/
j-1752-1688.2011.00577 .x.

Preston, S.D., Alexander, R.B., Woodside, M.D., and
Hamilton, P.A., 2009, SPARROW modeling—Enhancing
understanding of the Nation’s water quality: U.S.
Geological Survey Fact Sheet 2009-3019, 6 p., available at
http://pubs.usgs.gov/fs/2009/3019/.

Preston, S.D., and Brakebill, J.W., 1999, Application of
spatially referenced regression modeling for the evaluation
of total nitrogen loading in the Chesapeake Bay watershed:
U.S. Geological Survey Water-Resources Investigations
Report 99-4054, 12 p.



26 Sources, Fate, and Transport of Nitrogen and Phosphorus in the Chesapeake Bay Watershed: An Empirical Model

Sanford, W.E., and Pope, J.P., 2011, Use of regional ground-
water models to estimate potential submarine groundwater
discharge along the Chesapeake Bay, [abs.] in Proceedings
of the 2011 NGWA Ground Water Summit and 2011
Ground Water Protection Council Spring Meeting, May
1-5, 2011, Baltimore, Maryland, p. 120.

Schwarz, G.E., Hoos, A.B., Alexander, R.B., and Smith,
R.A., 2006, The SPARROW surface water-quality model:
Theory, application, and user documentation: U.S.
Geological Survey Techniques and Methods, book 6, chap.
B3, available online only at Attp://pubs.usgs.gov/tm/2006/
tm6b3/.

Simley, J.D., and Carswell, W.J., Jr., 2010, The National
Map—Hydrography: U.S. Geological Survey Fact Sheet
2009-3054, 4 p., available online at Attp://pubs.usgs.gov/
15/2009/3054/.

Smith, R.A., Schwarz, G.E., and Alexander, R.B., 1997,
Regional interpretation of water-quality monitoring data:
Water Resources Research, v. 33., no. 12, p. 2,781-2,798.

Staver, K.W., and Brinsfield, R.B., 2001, Agriculture and
water quality on the Maryland Eastern Shore—Where do
we go from here?: BioScience, v. 51, no. 10, p. 559-868.

U.S. Department of Agriculture, 1998, Soil quality resource
concerns—Auvailable water capacity: USDA Natural
Resources Conservation Service, accessed May 11, 2011 at
http://soils.usda.gov/sqi/publications/files/avwater.pdf.

U.S. Environmental Protection Agency, 1998, Chesapeake Bay
watershed model application and calculation of nutrient and
sediment loadings, Appendix [: Model operations manual:
Annapolis, Maryland, Chesapeake Bay Program, 102 p.

U.S. Environmental Protection Agency, 2008, Chesapeake Bay
health and restoration assessment—A report to the citizens
of the Bay region: U.S. Environmental Protection Agency
Publication CBP/TRS-291-008, EPA-903-R-08-002, 33 p.

U.S. Environmental Protection Agency, 2009, Bay Program
nutrient point source database, Accessed June 24, 2009 at
http://www.chesapeakebay.net/data_pointsource.aspx.

U.S. Environmental Protection Agency, 2011, Final
Chesapeake Bay TMDL, accessed May 11, 2011 at http://
www.epa.gov/reg3wapd/tmdl/ChesapeakeBay/tmdlexec.
html.

U.S. Geological Survey, 2000, Atmospheric deposition
program of the U.S. Geological Survey: U.S. Geological
Survey Fact Sheet FS—00-112, 6 p., available online at
http://bgs.usgs.gov/acidrain/Program.pdf-

U.S. Geological Survey, 2009, Summary of results for the
2008 Chesapeake Bay nontidal trends network, accessed
May 11, 2011 at http://va.water.usgs.gov/chesbay/
RIMP/2008trends. html.

U.S. Geological Survey, 2011a, USGS water data for the
Nation, accessed January 21, 2011 at Attp://waterdata.usgs.
gov/nwis.

U.S. Geological Survey, 2011b, Chesapeake Bay river input
monitoring program, available online at Attp.//va.water.
usgs.gov/chesbay/RIMP/.

Van Breemen, N., Boyer, E.W., Goodale, C.L., Jaworski,
N.A., Paustian, K., Seitzinger, S.P., Lajtha, K., Mayer, B.,
Van Dam, D., Howarth, R.W., Nadelhoffer, K.J., Eve, M.,
and Billen, G., 2002, Where did all the nitrogen go? Fate
of nitrogen inputs to large watersheds in the northeastern
U.S.A.: Biogeochemistry, v. 57/58, p. 267-293.

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E.,
Matson, P.A., Schindler, D.W., Schlesinger, W.H., and
Tilman, D.G., 1997, Human alteration of the global nitrogen
cycle: Sources and consequences: Ecological Applications,
v. 7,no. 3, p. 737-750.

Wieczorek, M.E., and LaMotte, A.E., 2010a, Attributes for
NHDPIlus catchments (version 1.1) for the conterminous
United States: Average atmospheric (wet) deposition of
inorganic nitrogen, 2002: U.S. Geological Survey Digital
Data Series DS—490-02, available online at Attp://water.
usgs.gov/GlS/metadata/usgswrd/XML/nhd_atdep.xml.

Wieczorek, M.E., and LaMotte, A.E., 2010b, Attributes for
NHDPIlus catchments (version 1.1) for the conterminous
United States: NLCD 2001 land use and land cover: U.S.
Geological Survey Digital Data Series DS-490-15, avail-
able online at http://water.usgs.gov/GlS/metadata/usgswrd/
XML/nhd _nlcd01.xml.



Wieczorek, M.E., and LaMotte, A.E., 2010c, Attributes for
NHDPIus catchments (version 1.1) for the conterminous
Unites States: Nutrient inputs from fertilizer and manure,
nitrogen and phosphorus (N&P), 2002: U.S. Geological
Survey Digital Data Series DS—490-17, available online
at http://water.usgs.gov/GIlS/metadata/usgswrd/XML/nhd _
nutrients.xml.

Wieczorek, M.E., and LaMotte, A.E., 2010d, Attributes for
NHDPIus catchments (version 1.1) for the conterminous
United States: Nutrient application (phosphorus and nitro-
gen) for fertilizer and manure applied to crops (cropsplit),
2002: U.S. Geological Survey Digital Data Series DS—490—
08, available online at http.//water.usgs.gov/GIS/metadata/
usgswrd/XML/nhd_cropsplit02.xml.

Wieczorek, M.E., and LaMotte, A.E., 2010e, Attributes
for NHDPIlus catchments (version 1.1) for the contermi-
nous United States: STATSGO soil characteristics: U.S.
Geological Survey Digital Data Series DS—490-26, avail-
able online at http://water.usgs.gov/GIS/metadata/usgswrd/
XML/nhd_statsgo.xml.

Wieczorek, M.E., and LaMotte, A.E., 2010f, Attributes for
NHDPIlus catchments (version 1.1) for the conterminous
United States: 30-year average annual precipitation,
1971-2000: U.S. Geological Survey Digital Data Series
DS-490—21, available online at http://water.usgs.gov/GIS/
metadata/usgswrd/XML/nhd_ppt30yr.xml.

Wieczorek, M.E., and LaMotte, A.E., 2010g, Attributes for
NHDPIlus catchments (version 1.1) for the conterminous
United States: Estimated mean annual natural groundwater
recharge, 2002: U.S. Geological Survey Digital Data Series
DS—490-22, available online at http.//water.usgs.gov/GIS/
metadata/usgswrd/XML/nhd_recharge.xml.

Wieczorek, M.E., and LaMotte, A.E., 2010h, Attributes for
NHDPIus catchments (version 1.1) for the conterminous
United States: 30-year average annual maximum tempera-
ture, 1971-2000: U.S. Geological Survey Digital Data
Series DS—490-29, available online at http.//water.usgs.gov/
GIS/metadata/usgswrd/XML/nhd_tmax30yr.xml.

Appendix 27

Appendix. Reach-Scale Estimates
of Mean-Annual Nitrogen and
Phosphorus Fluxes in Streams of the
Chesapeake Bay Watershed

Mean annual total nitrogen (TN) and total phospho-
rus (TP) fluxes predicted by version 4 of the Chesapeake
Bay SPARROW TN model (CBTN v4) and TP model
(CBTP_v4) are available online in a tab-delimited ASCII file
at http://pubs.usgs.gov/sir/2011/5167/CBTNTP_v4 predict.
txt. Variables in the online file are described in the header
(denoted by lines starting with “#”), and include selected char-
acteristics of the NHDPIlus-based model network, as well as
estimates of total and local (incremental) flux for each model
reach and the fraction of local flux from each catchment that
is delivered to downstream terminal reaches, which gener-
ally represent tidal waters. The file includes predictions for
81,908 individual stream reaches within the Chesapeake Bay
watershed as defined by the National Hydrography Dataset
Plus [NHDPlus, mid-Atlantic region (02)] medium resolution
(1:100,000-scale) geospatial dataset (Horizon Systems, 2010),
including 80,579 reaches representing nontidal tributaries and
1,329 reaches representing centerlines of tidal parts of major
Chesapeake tributaries. These reaches can be identified by the
variable, TIDAL CHANNEL. Although SPARROW is not
designed for modeling tidal waters, predictions for these 1,329
reaches can be used to estimate the total flux of TN or TP to
Chesapeake Bay or tidal tributaries (including from sources
contributing directly to tidal waters), but are not intended for
other purposes. Stream decay was not applied to centerline
tidal reaches for the purpose of these estimates; stream decay
is calibrated in the SPARROW models to flowing reaches and
is not intended to represent nutrient losses in tidal waters.
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