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SOURCES AND DELIVERY OF NUTRIENTS TO THE NORTHWESTERN GULF
OF MEXICO FROM STREAMS IN THE SOUTH-CENTRAL UNITED STATES'
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Patricia B. Ging, and C. Evan Hornig®

ABSTRACT: SPAtially Referenced Regressions On Watershed attributes (SPARROW) models were developed to
estimate nutrient inputs [total nitrogen (TN) and total phosphorus (TP)] to the northwestern part of the Gulf of
Mexico from streams in the South-Central United States (U.S.). This area included drainages of the Lower
Mississippi, Arkansas-White-Red, and Texas-Gulf hydrologic regions. The models were standardized to reflect
nutrient sources and stream conditions during 2002. Model predictions of nutrient loads (mass per time) and
yields (mass per area per time) generally were greatest in streams in the eastern part of the region and along
reaches near the Texas and Louisiana shoreline. The Mississippi River and Atchafalaya River watersheds,
which drain nearly two-thirds of the conterminous U.S., delivered the largest nutrient loads to the Gulf of
Mexico, as expected. However, the three largest delivered TN yields were from the Trinity River/Galveston Bay,
Calcasieu River, and Aransas River watersheds, while the three largest delivered TP yields were from
the Calcasieu River, Mermentau River, and Trinity River/Galveston Bay watersheds. Model output indicated
that the three largest sources of nitrogen from the region were atmospheric deposition (42%), commercial fertil-
izer (20%), and livestock manure (unconfined, 17%). The three largest sources of phosphorus were commercial
fertilizer (28%), urban runoff (23%), and livestock manure (confined and unconfined, 23%).
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INTRODUCTION coastline continues to be a major cause for concern.

The most prominent and well documented issue is

hypoxia and degradation of aquatic resources along

Overabundance of nutrients from freshwater the inner continental shelf of the Gulf of Mexico off
inputs to the northwestern Gulf of Mexico and its the coasts of Louisiana and Texas. The summer 2008
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Gulf hypoxic zone, one of the three largest in size
since 1985, encompassed approximately 21,000 km?
(Louisiana Universities Marine Consortium, 2010).
One of the principal causes for the increasing size of
the Gulf hypoxic zone is considered to be the increas-
ing supply of nitrogen (N) and phosphorus (P), partic-
ularly nitrate from agricultural sources, delivered to
the Gulf each year (Rabalais et al., 1996; Burkart
and James, 1999). The availability of nutrients within
Gulf waters stimulates excessive phytoplankton
growth, which depletes dissolved oxygen (DO) in the
bottom water as it dies and decays. These low-DO
conditions can be detrimental to fish and other
marine life at or near the bottom waters.

The formation and persistence of the Gulf hypoxic
zone is largely caused by the discharge of nutrients
from the Mississippi-Atchafalaya River basin (MARB)
and water column stratification from MARB fresh-
water inflows (Rabalais et al., 1996; Goolsby and
Battaglin, 2000; USEPA, 2010). A goal has been
established by a consortium of federal, state, and local
partners to reduce the five-year running average areal
extent of the Gulf hypoxic zone to about 5,000 km? by
2015 (Mississippi River/Gulf of Mexico Watershed
Nutrient Task Force, 2008). Water resource manag-
ers, who are charged with development of reduction
strategies, have need to prioritize watersheds within
the MARB for nutrient load reduction efforts to
achieve the Gulf hypoxia reduction goal in the most
cost-effective manner. Information needed for prioriti-
zation includes determining which watersheds in the
MARB deliver the highest nutrient loadings to the
Gulf, and what are the primary nutrient sources in
those watersheds. Several studies exist in which
MARB watersheds are ordered as to their relative
contribution to the total nutrient load into the Gulf.
For example, Goolsby et al. (1999) and Turner and
Rabalais (2004) used data from the U.S. Geological
Survey (USGS) National Stream Quality Accounting
Network (NASQAN) to estimate nutrient loads from
the major watersheds of the MARB. Alexander et al.
(2008) and Robertson et al. (2009) used model simula-
tions to estimate nutrient loadings from states and
watersheds in the MARB. In most cases, the Upper
Mississippi River drainage area, which accounts for
about 75% of the MARB drainage area and includes
the Missouri, Ohio, and Upper Mississippi River
main-stem watersheds, delivers about 80% of the total
nitrogen (TN) and about 74% of the total phosphorus
(TP) load to the Gulf (Robertson et al., 2009).

It is reasonable to expect that if the majority of the
overall nutrient load from the MARB delivered to the
Gulf originates from the Upper Mississippi River
drainage area, then this part of the MARB would also
be prioritized with respect to mitigation activities.
For example, the Mississippi River Basin Healthy
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Watersheds Initiative (MRBI) of the U.S. Department
of Agriculture, Natural Resources Conservation Ser-
vice (USDA-NRCS), was established in 2010 to redi-
rect existing USDA funding to the 12 states identified
as top contributors to the overall nutrient load from
the MARB to the Gulf (USDA-NRCS, 2010). Forty-
one watersheds were selected in the MARB to receive
funding to install practices designed to reduce nutri-
ent loads from streams that drain agricultural areas.
Of the 41 watersheds selected, 26 were located in the
Upper Mississippi River drainage area. Although the
Lower Mississippi River drainage area, which
includes the Arkansas, White, Red, Yazoo, and
Atchafalaya River watersheds, delivers only about a
quarter of the TN and TP load to the Gulf, it is still
important to understand the Lower Mississippi Riv-
er’s influence on Gulf hypoxia. In addition, nutrient-
related issues within the Lower Mississippi River
drainage area are locally important to state water
resource managers tasked with development of nutri-
ent criteria, total maximum daily loads, and nutrient
reduction strategies relative to their state.

Although hypoxia along the inner continental shelf
of the Gulf is of national significance, other nutrient-
related issues such as localized hypoxia and harmful
algal blooms in bays and estuaries along the coasts of
Louisiana and Texas in the northwestern Gulf are
also becoming more prevalent. Based on work by
Bricker et al. (2007; see also NOAA, 2010) as part of
the National Estuarine Eutrophication Assessment,
the influence of excessive nutrients is considered
moderate in the Upper Laguna Madre, Corpus
Christi Bay, San Antonio River Bay, and Matagorda
Bay along the Texas coast and is considered high in
the Barataria Bay along the Louisiana coast. Their
assessment was not based on a direct measure of
nutrient loads to each bay, but rather a measure of
“symptoms” of high nutrient loads such as high chlo-
rophyll a, low DO, and diminished estuary flushing
capacity. Similarly, Clement et al. (2001) reported
that Calcasieu Lake, Galveston Bay, San Antonio
Bay, Corpus Christi Bay, and Laguna Madre had
some of the highest levels of eutrophication among all
the bays of the Gulf. Thronson and Quigg (2008)
reported fish kills in bays along the Texas coast since
1951. Galveston Bay and Matagorda Bay had the
largest number of fish kill events and total number of
fish killed during their period of study due to low
DO. They concluded that the low DO was caused by
physical conditions of the bays (temperature, altered
hydrology, salinity) and increased algal blooms (toxic
and nontoxic) exacerbated by increased inputs of
nutrients from upstream watersheds. In Louisiana,
nutrient-rich waters from the Mississippi River and
adjacent Louisiana drainages have caused changes
in phytoplankton species composition in the Lake
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Pontchartrain basin (Mize and Demcheck, 2009) and
caused episodic increases in noxious and harmful
algal blooms in Lake Pontchartrain (Dortch et al.,
2001) and Barataria Bay (Dortch et al., 1999, 2001).
As was discussed for the Lower Mississippi River
drainage area, it is important to water resource man-
agers in Louisiana and Texas to quantify nutrient
loads delivered to each of the bays and estuaries
along their respective coastlines, to determine from
where these loads originate in the upstream water-
sheds, and to determine the primary sources of the
nutrient loads.

SPAtially Referenced Regressions On Watershed
attributes (SPARROW) models were developed to
assess the sources and delivery of TN and TP from
streams in the South-Central United States (U.S.).
This area includes the Lower Mississippi, Arkansas-
White-Red, and Texas-Gulf hydrologic regions
(Figure 1A) (hydrologic unit codes 08, 11, and 12,
respectively, as described in Seaber et al., 1987), here-
after referred to as the Lower Mississippi Texas-Gulf
(LMTG) region, which drain to coastal waters along
the northwestern part of the Gulf of Mexico. Develop-
ment of these models for the LMTG region was part of
regional assessments conducted by the USGS National
Water-Quality Assessment (NAWQA) Program to
understand water-quality conditions and trends in
eight major river basins of the U.S. [Hamilton et al.,
2005; see also previous nutrient-related report for the
LMTG region by Rebich and Demcheck (2007)]. These
models are included with other SPARROW models
developed by the NAWQA Program for major regional
drainages of the U.S. and reported in this Featured
Collection (see Preston et al., this issue). The regional
SPARROW models represent an update to national
SPARROW models (Smith and Alexander, 2000;
Alexander et al., 2008) in that they were based on
more calibration sites including those on smaller
streams, they were calibrated with more recent data
(standardized to the base year of 2002), and they
incorporated variables previously unavailable in the
national models such as point source data. In addition,
models developed for the LMTG region border regional
SPARROW models developed for the southeastern
U.S. (Hoos and McMahon, 2009; Garcia et al., this
issue). Our models coupled with the southeastern
SPARROW models provide a complete picture of nutri-
ent loadings and sources from all major watersheds
that drain to the Gulf.

Nutrient sources relevant to land-use and land-
scape conditions in the LMTG region were repre-
sented in the models, as well as aquatic and
terrestrial processes that influence nutrient transport
and delivery. Model simulations presented here could
provide baseline information to assist with the devel-
opment of water management plans, both at the
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national level in terms of Lower Mississippi River
nutrient inputs to the Gulf, and at the local level
with respect to individual watersheds draining to a
particular bay or estuary along the Louisiana and
Texas coasts. This article documents the TN and TP
SPARROW models developed for the LMTG region,
and presents selected applications of the models such
as summarizing load and yield estimates from the
entire region, identifying major sources of N and P,
and identifying major contributing watersheds based
on delivered loads and yields. In addition, this article
presents an example of how model output can be used
on a local level to identify areas of a coastal
watershed where delivered nutrient yields are ele-
vated and to identify the primary sources of nutrients
in those areas.

METHODS

The LMTG region encompasses all or parts of 11
states in the South-Central U.S. and includes rivers
such as the Lower Mississippi, Yazoo, Canadian,
Cimarron, Arkansas, White, Red, Sabine, Neches,
Trinity, Brazos, Colorado, San Antonio, and Nueces
(Figure 1A). The western part of the LMTG region is
fairly rural with few large cities; the eastern part is
also rural with respect to land area but is more popu-
lous, containing 2 of the top 10 metropolitan centers
in the U.S. (Dallas-Ft. Worth and Houston-Galveston,
U.S. Census Bureau, 2001). Temperature gradients
do not vary considerably throughout the LMTG
region, but rainfall patterns do vary, with fairly arid
conditions in the western part and humid subtropical
conditions in the eastern part that result in frequent
annual inputs of moisture from the Gulf of Mexico
(Owenby et al., 2001). Thus, land-use patterns typi-
cally reflect rainfall and water availability in that the
more arid part of the region in the west is home to
large tracts of pasture and rangeland while the east-
ern part is well-known for large areas of row-crop
production. Implications are that streamflow and
nutrient loadings will be larger in the eastern part
than in the western part of the LMTG region due to
rainfall and land-use patterns.

Estimates of TN and TP from the LMTG SPAR-
ROW models represent nutrient contributions from
the fluvial drainages that enter bays and estuaries
along the Louisiana and Texas coasts or that dis-
charge directly to the Gulf of Mexico. The TN and TP
model estimates do not reflect the effects of processes
that occur within the waters of any particular bay or
estuary. Implications are that load estimates pre-
sented here may be relevant to water-quality and
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FIGURE 1. Lower Mississippi Texas-Gulf Region With (A) Hydrologic Region Boundaries and (B) Watershed
Boundaries With Calibration Sites Used in the Total Nitrogen and Total Phosphorus SPARROW Models.

eutrophication issues in bays and estuaries (e.g.,
localized hypoxia and harmful algal blooms), but the
load estimates from a bay or estuarine watershed
may not be relevant to hypoxia on the inner continen-
tal shelf of the northern Gulf of Mexico. For ease of
use, however, the estimates of TN and TP are sum-
marized graphically for the major watersheds of the
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LMTG region, and it is inferred that each drains to
the northwestern Gulf of Mexico. The watersheds
and their associated names are identified according
to the NOAA Coastal Assessment Framework (Fig-
ure 1B) (NOAA, 2007) for central-western Gulf of
Mexico estuaries, except for the following selected
watersheds, which were combined to simplify the
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presentation: (1) the Lake Borgne watershed
includes reaches from the Breton/Chandeleur Sound
watershed, (2) the Atchafalaya River/Terrebonne Bay
watershed is a combination of the Atchafalaya/
Vermillion Bays and the Terrebonne/Timbalier Bays
watersheds, and (3) the Upper Laguna Madre
watershed includes reaches from the Palo Blanco
River watershed. In addition, some of the watershed
names did not reflect important rivers or tributaries
as part of their NOAA-assigned name and were
revised to include those important rivers. For exam-
ple, the Galveston Bay watershed was revised to be
the Trinity River/Galveston Bay watershed (Fig-
ure 1B).

SPARROW models use a hybrid statistical and
process-based approach that relates nutrient loads (or
mass) to upstream sources, landscape characteristics
that influence nutrient transport, and instream loss
(Smith et al., 1997; Smith and Alexander, 2000; Pres-
ton et al., 2009). The input datasets for the model are
spatially referenced to a digital stream reach net-
work, and in this case, the enhanced Reach File 1
network, version 2 (eRF1_2), was used to estimate
basin characteristics for each reach such as drainage
area, stream velocity, slope, and flow (USEPA, 1996;
Brakebill et al., this issue). This reach network serves
to relate upstream and downstream loads, and for
any specific reach, the SPARROW model estimates
loads totaled for all upstream reaches as well as loads
generated for a particular reach. Catchments were
generated for each eRF1_2 reach, and these catch-
ments were used to allocate spatial data for nutrient
source and landscape and aquatic characteristics data
to each reach (Wieczorek and Lamotte, 2011; unless
otherwise noted all spatial data in this article are
from this source).

The SPARROW model uses nonlinear least squares
regression during the calibration process, in which
nutrient sources are weighted by estimates of loss
due to overland and instream processing (Preston
et al., 2009). Load estimates at sampled locations are
the “dependent” variables in the SPARROW model
during the calibration process; and source, landscape
characteristic, and instream loss terms are the “inde-
pendent” variables (landscape characteristic terms
are, hereafter, referred to as land-to-water delivery
terms). Source terms are included in SPARROW mod-
els to help explain variability in loads leaving stream
reaches. Land-to-water delivery terms are included to
determine their significance on the delivery of nutri-
ents from the land surface to LMTG stream reaches.
Instream loss terms are included to represent the
amount of nutrients lost as upstream sources are
related to downstream loads. Spatial referencing is
retained for all input terms in the model so that esti-
mated loads can be interpreted in a spatial context.
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Further information about the mathematical form of
the SPARROW model can be found in Schwarz et al.
(2006) and in the Supporting Information for this
article.

Total nitrogen and TP loads (dependent variable)
were estimated using a software package called Flux-
master, which uses an adjusted maximum likelihood
approach as described in Schwarz et al. (2006). TN
and TP loads were determined with log-linear water-
quality regression models that relate the logarithm of
constituent concentration to the logarithm of daily
flow. The regression models compensate for trends in
the data and seasonality (expressed using trigonomet-
ric functions of the fraction of the year). The mean
annual load for each sampling location is standard-
ized to the 2002 base year, which means that the
estimate of the mean nutrient load is one that would
have occurred in 2002 if mean annual flow conditions
from a much longer period of time had prevailed (in
this case, 1980-2002). The standardization process
can also be referred to as “detrending,” in that the
time series of nutrient load estimates at a particular
site is “pivoted” on the base year. This process
removes trends in load datasets at individual sites, if
they exist, so that load estimates at all calibration
sites are comparable prior to the calibration process.
Source and land-to-water delivery data were also
summarized for the 2002 base year (further explana-
tion about the concept of the base year is given in
Preston et al., 2009).

Total nitrogen and TP concentration data used to
estimate loads were acquired from the USGS, USEPA,
and databases from the states of Mississippi, Louisi-
ana, Oklahoma, Texas, Arkansas, and Kansas. TN
and TP concentration data from the various federal,
state, and local databases were assumed to be of simi-
lar quality although sampling protocols and quality
assurance procedures likely differed. Sites selected
for model calibration were screened using criteria
related to the type and amount of water-quality data
available at each site. Selected sites were then
matched with nearby streamflow gaging stations, and
mean daily flow data used for load estimation were
acquired from USGS and selected U.S. Army Corps of
Engineers (USACE) gaging stations. Flow record was
considered usable for load estimation if inclusive of
the 2002 base year. A complete description of the
screening and collocation process is available in the
Supporting Information as well as in Saad et al. (this
issue). Once the screening process was completed,
there were 344 calibration sites available for the TN
model and 442 calibration sites available for the TP
model (Figure 1B). The median drainage size for
both sets of calibration sites was about 700 km?.
In comparison, the national model developed by Alex-
ander et al. (2008) was calibrated with 425 sites
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across the U.S., of which the median drainage area
was about 10,500 km? and only 68 were located
within the LMTG region.

Selection of source, land-to-water delivery, and loss
terms (independent variables) considered for LMTG
SPARROW models was guided by: (1) review of terms
selected for the national SPARROW model (Alexan-
der et al., 2008) and for the southeastern U.S. regio-
nal SPARROW TN model (hereafter referred to as
SE-TN model, Hoos and McMahon, 2009), and (2) a
review of sources and potential delivery mechanisms
identified in local studies (e.g., van Metre and Reut-
ter, 1995; Davis and Bell, 1998; Ging, 1999; Coupe,
2002; Haggard et al., 2003; Demcheck et al., 2004;
Tortorelli, 2008). Urban sources considered in both
the TN and TP models included load estimates for
municipal and industrial point sources, urban runoff
based on residential land-use classes, and impervious
surface area. Point source data for the year 2002
were used directly, if available, from the USEPA
Permit Compliance System (PCS) (USEPA, 2009), or
were estimated using methods documented by
Maupin and Ivahnenko (this issue). Agricultural
sources considered in both models were fertilizer
applied to agricultural lands and livestock manure
from confined and unconfined animal feeding opera-
tions. N and P fertilizer and livestock manure sources
were further refined on the basis of crop type. All
agricultural source datasets were based on county-
level estimates for each state in the LMTG region.
Other sources considered only for the TN model
included wet deposition of total inorganic nitrogen
(TIN), which is the combination of wet deposition of
ammonia-N and nitrate-N (hereafter referred to as
atmospheric deposition, and similarly detrended to
2002 as were load estimates at sampled locations),
and fixation of N by selected crops such as soybean,
alfalfa, and hay. Other sources considered only for
the TP model were P attached to suspended material
from in-channel erosion and background sources of P
(forest, wetlands, scrub, and barren land-use catego-
ries). In addition, the LMTG region includes only the
lower portion of the Mississippi River basin; there-
fore, a TN and TP load for the Upper Mississippi
River basin was assigned as a “source” to the upper-
most Mississippi River reach in the LMTG region as
a boundary condition for each model. The Upper
Mississippi load estimates were calculated by sum-
ming load data for 2002 for the Upper Mississippi
River main stem, the Missouri River, and the Ohio
River as published from the USGS NASQAN program
(Aulenbach et al., 2007).

Land-to-water delivery terms considered for both
models were precipitation (average for 2002 and
30-year average), soil permeability, channel slope,
overland flow in excess of infiltration, overland flow
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in excess of saturation, drainage density, surficial
geology classifications, bedrock geology classifications,
hydrologic landscape regions, groundwater recharge,
and estimated area of irrigated agricultural lands.
Land-to-water delivery terms considered only for the
TP model were estimated area of dams not included
in the eRF1_2 reach network, average clay con-
tent, average silt content, and soil erodibility factor
(K-factor from the Universal Soil Loss Equation).

Nutrient removal, or loss, in streams was modeled
in SPARROW according to a first-order decay process,
in which the fraction of contaminant removed in a
given stream reach is estimated using an exponential
function of an instream loss rate and travel time in
the stream reach (Preston and Brakebill, 1999;
Schwarz et al., 2006). In this approach, the loss simu-
lated by SPARROW is a consequence of the combina-
tion of all biological or chemical processes that may
contribute to nutrient loss in streams. Individual loss
processes such as denitrification in the TN model
were not considered separately. Loss associated with
stream transport can vary by stream size (Alexander
et al., 2000; Schwarz et al., 2006); therefore, loss in
both the TN and TP models was estimated for LMTG
streams by considering three stream size classes
defined by flow percentiles as: (1) streams with flows
<1.4 m®/s (roughly 10% of all average annual flows
for stream reaches in the region), (2) streams with
flows >1.4 and <28 m®/s (28 m®/s or less represents
roughly 75% of all annual flows for stream reaches in
the region), and (3) streams with flows >28 m®/s.
Loss in reservoirs was also modeled as a first-order
decay process, and expressed as an apparent settling
velocity (or mass transfer coefficient) in units of
length per time. Reservoir loss is estimated as a func-
tion of the ratio of outflow discharge and surface area
of the reservoir, and it represents the net effect of
processes that remove nutrients from the water col-
umn to reservoir sediments and processes that add
nutrients back to the water column (e.g., mineraliza-
tion, dissolution, and resuspension) (Schwarz et al.,
2006).

Coefficients for each considered term were com-
puted during the calibration process (nonlinear least
squares regression), and the coefficients were evalu-
ated for statistical significance. The final calibrated
SPARROW models were selected based on assess-
ment of significance level (¢ = 0.05) and interpretabil-
ity of each source, land-to-water delivery, and loss
term. Model coefficients, their standard errors and
significance levels (p-values), and 90th percentile con-
fidence limits are presented in this article for each
model. Confidence limits for the coefficients were
computed using a ¢-distribution with N — & degrees
of freedom, where N is the number of monitoring
locations, and k% is the number of coefficients
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estimated in the model. The robustness of the coeffi-
cients of the final TN and TP models were examined
using nonparametric resampled bootstrapping proce-
dures with 200 iterations. The bootstrapping proce-
dures produce a mean value for the coefficients in
each model (see Schwarz et al., 2006, for more infor-
mation about bootstrapping procedures).

Model performance, or goodness of fit, was evalu-
ated on the basis of root mean square error, coeffi-
cients of determination (R?), and magnitude and
spatial distribution of residuals. A residual is an
expression of the difference between the measured
loads used for calibration and the model-estimated
loads. For this article, residuals are standardized to
have zero mean and unit variance and are referred to
as studentized residuals (see Schwarz et al., 2006, for
further explanation and derivation of a studentized
residual). Spatial distribution of residuals was evalu-
ated for regional biases including land use, geology,
hydrology, and other possible explanatory consider-
ations, each of which led to additional model runs for
evaluation as a possible source or land-to-water deliv-
ery term in the models. Further explanation of statis-
tical values that were wused to evaluate model
performance can be found in the Supporting Informa-
tion. The final model was selected on the basis of (1)
lowest root mean square error, (2) highest yield RZ
(yield is calculated as load divided by contributing
drainage area, therefore, yield R? is the coefficient of
determination adjusted for scaling effects due to
drainage area), (3) lowest residual magnitudes, and
(4) residuals with the lowest degree of spatial bias
based on visual inspection of mapped residuals.

Model output were mean annual predictions of
nutrient mass for all stream reaches in the LMTG
region and include the load (mass per time), yield
(mass per unit area per time), concentration (mass
per unit water volume), and source-share contribu-
tions (percentage of the load for each source). Stream
load and yield were reported for three spatial
domains: (1) total drainage area upstream of an indi-
vidual reach outlet, (2) the incremental reach drain-
age area, which is mass delivered to the downstream
end of an individual reach exclusively from sources in
the catchment that drain directly to the reach with-
out passing through another reach (e.g., the incre-
mental drainage area), and (3) the amount of mass
delivered from an incremental or total drainage area
from an individual reach to a downstream water
body, for example, estuary, reservoir. Their corre-
sponding metrics are hereafter referred to as the
“total,” “incremental,” and “delivered” load or yield,
respectively. These metrics provide management-
relevant information about the sources and fate of
nutrients from local to regional spatial scales.
The delivered load or yield was calculated by multi-
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plying the total or incremental value of a stream
reach by the SPARROW estimate of the “delivery
fraction,” which quantifies the proportion of the
nutrient load that is delivered to downstream waters
without any removal by natural attenuation pro-
cesses. (Note: definitions presented here are modified
from USGS, 2010).

Model output presented in this article includes
maps of incremental and delivered incremental TN
and TP yield estimates generated for the entire LMTG
region and for each individual watershed. Statistical
information that summarizes incremental yields and
source shares for the entire LMTG region are tabled,
and maps are included that present primary source
shares for each incremental drainage area. In addi-
tion, this article presents delivered load and yield
estimates that were accumulated for each of the 15
LMTG watersheds (tabled). These estimates describe
the cumulative mass generated in a watershed from
all stream reaches that terminate at the watershed
outlet. The accumulated delivered load and yield
estimates were produced for these watersheds using a
parametric bootstrapping approach with 200 model
iterations, so the estimates include corresponding
standard errors and 90th percentile confidence limits.
More details are available in the Supporting Informa-
tion describing computations used to accumulate
delivered loads and yields by watershed.

RESULTS AND DISCUSSION

Model Calibration Results

Source, land-to-water delivery, and loss terms for
the final TN and TP SPARROW models for the
LMTG region are presented in Table 1. The final TN
model included six source terms, which were atmo-
spheric deposition, industrial and municipal point
sources, urban runoff from residential land-use clas-
ses, livestock manure from confined and unconfined
animal feeding operations (separate terms), and fer-
tilizer applied to crops; two land-to-water delivery
terms, which were overland flow in excess of infiltra-
tion and 30-year average precipitation; two instream
loss terms, which were for streams with average
streamflows <1.4 m®/s and streams with average
streamflows >1.4 and <28 m®/s; and one reservoir
loss term. All final terms in the TN model were
highly significant (p < 0.01).

The final TP model included six source terms,
which were industrial and municipal point sources,
urban runoff from residential land-use classes, fertil-
izer applied to crops, livestock manure from confined
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and unconfined animal feeding operations (combined
term), sediment from in-channel erosion, and back-
ground sources; three land-to-water delivery terms,
which were overland flow in excess of infiltration,
30-year average precipitation, and soil erodibility fac-
tor (or K-factor); one instream loss term, which was
for streams with average streamflows <1.4 m®/s; and
one reservoir loss term. Nearly all final terms in the
TP model were significant (p < 0.05).

Source, land-to-water delivery, and loss terms used
in LMTG models were comparable to other SPAR-
ROW models (Smith et al., 1997; Alexander et al.,
2008; Hoos and McMahon, 2009) in terms of broad
categories such as urban, atmospheric deposition,
applied fertilizer, livestock manure, and background
sources. However, there were differences between
terms used in LMTG and other SPARROW models
due to the need to specify and refine the models rele-
vant to the LMTG region (which helped to explain
variability observed in nutrient loadings and to
reduce errors) and due to use of datasets previously
unavailable to other models. For example, LMTG
models utilized point source data from the USEPA
PCS database and residential land-use classes from
the 2001 National Land Cover Database (NLCD) to
account for urban sources, whereas Alexander et al.
(2008) used population as a surrogate to represent
urban sources in the national model. Other depar-
tures included agricultural fertilizer sources, which
were combined for all crop types in the LMTG models
and in previous national models by Smith et al.
(1997), but were split according to crop type for
national models developed by Alexander et al. (2008).
Attempts to account for agricultural fertilizer by crop
type for the LMTG models were unsuccessful due to
the fact that several crops were never statistically
significant in LMTG model runs. Also, livestock man-
ure from confined and unconfined animal feeding
operations was treated as a combined source in the
LMTG-TP model similar to other SPARROW models.
However, livestock manure from confined and uncon-
fined animal feeding operations remained as separate
source terms in the TN model because both terms
were statistically significant during the calibration
process providing better refinement of the TN model
for the LMTG region.

Model coefficients produced by the nonlinear least
squares regression methods were robust and com-
pared well to those produced by the nonparametric
bootstrap methods, and in most cases, were within
5% of each other. Exceptions included one instream
loss term in the TN model (difference in the coeffi-
cients from the two methods was about 10%) and the
background source term in the TP model (difference
in the coefficients from the two methods was about
34%).

JAWRA

R? values were 0.92 and 0.88, and the yield R? val-
ues were 0.86 and 0.80 for the TN and TP models,
respectively, indicating that the assembled set of pre-
dictor variables used for the TN model explained var-
iability in observed loads slightly better than did the
predictor variables used in the TP model. Model
uncertainty associated with load predictions for any
given reach was lower for the TN model than the TP
model as indicated by the root mean square errors,
which were 0.55 and 0.74, respectively.

Studentized residuals of the TN and TP models for
the LMTG region are plotted in Figure 2. Positive
residuals indicate areas where the model underpre-
dicts loads, and negative residuals indicate areas
where the model overpredicts loads. Good model fit is
indicated by: (1) residuals that are distributed ran-
domly with no spatial patterns that could indicate a
particular bias in the model for a specific geographic
location, and (2) few residual “outliers,” with an out-
lier being defined for this article as <—3 or >3 . For
the TN model residuals (Figure 2A), the model fits
particularly well with no obvious spatial patterns.
There were six TN residuals that were <-3 or >3
indicating possible outliers. The water quality and
streamflow datasets at those sites were further inves-
tigated to ensure that there were no errors within
each. No substantive reason to delete any of the six
from calibration was found, and the conclusion was
that the model simply did not fit well at these loca-
tions. For the most part, there were also no apparent
spatial patterns in the TP residuals except for Missis-
sippi where the model underpredicts TP loads. In
addition, there were no TP residual magnitudes <-3
or >3.

Nitrogen and Phosphorus Sources

The present application of SPARROW includes non-
conservative transport and mass-balance constraints.
Given a specification of nutrient sources, the model
estimates nutrient delivery from these sources to
streams in relation to the land-to-water delivery terms
specified in the model, which in the case of the LMTG
models, included climate, infiltration excess overland
flow, and soil erodibility (TP model only). Coefficients
estimated for each source are expressed as either a
percentage (fraction) for the mass variables delivered
to the streams, or a unit area load to streams (kg/km?)
for the land-use variables. Source coefficients account
for losses (or gains) in the delivery of mass to all
stream reaches throughout the model domain. Spa-
tially variable land-to-water delivery factors such as
climate and infiltration may account for additional
gains or losses in delivery of mass to streams in areas
where those variables affect loading.
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Studentized residuals
total nitrogen model

overpredicted underpredicted
A -372--3.01 + 0.00 - 0.99
A -300--2.01 v L0O-1.99
a -200--1.01 w 2.00-2.99
a =L00--0.01 W 300-341

INDEANA

0 150 Kilometers

-

0 150 Miles

Studentized residuals
total phosphorus model
overpredicted underpredicted

A -2.84--2.01  « 0.00-0.99
a =200--101 ¥ L0O-1.99
4 =LO0--001 v 2.00-2.64

0 150 Miles

FIGURE 2. (A) Total Nitrogen and (B) Total Phosphorus Studentized Residuals From Lower Mississippi Texas-Gulf SPARROW
Models. A residual is an expression of the difference between the measured loads used for calibration and the model-estimated loads.
For this article, residuals are standardized to have zero mean and unit variance and are referred to as studentized residuals.

Urban sources for both LMTG models included
point sources and urban runoff. Point source loads
were input as a mass (in kg) to both models and
response variables were expressed in the same units.
Model coefficients for point sources were expected to
be near 1 (dimensionless), which infers that 100% of
the input is delivered to the stream, as it is assumed
that point sources discharge directly to receiving

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

streams and their loads are unaffected by land-to-
water delivery factors. However, coefficients for point
sources in both the TN and TP models were >1
(Table 1), indicating that during the calibration phase
(comparison of estimated stream loads to measured
loads) it was necessary to increase point source con-
tributions above what was expected in order to meet
the mass-balance constraints of the model. A possible
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explanation is that point source data used for these
models do not fully account for, and thus underesti-
mate, point source contributions in the LMTG region.
In addition, the influence of septic systems and
unsewered communities are unaccounted for in the
model because data describing these sources are gen-
erally unavailable. For these reasons, the coefficients
for point sources in the LMTG models being >1 are
considered a limitation, in that the models indicate
more mass of nutrients from point sources being
delivered from streams than mass introduced to
streams in the LMTG region.

Urban nonpoint runoff is included in the model as
an area term (in km?) expressed as a summation of
land area for low, medium, high, and open space
developed land-use categories from the 2001 NLCD.
Developed land, therefore, serves as a surrogate mea-
sure of various diffuse urban sources in the model.
These sources may include nutrient runoff from
impervious surfaces and inflows from surface and
groundwaters in urbanized catchments related to
such sources as fertilizers, septic systems, sewage col-
lection system leaks, sewage collection system over-
flows and bypasses, combined sewer overflows (where
they exist), and atmospheric deposition from vehicle
emissions. The model coefficient for urban runoff,
expressed as kg/km?/year, from the TN model is
about six times higher than the coefficient from the
TP model (609 and 106 kg/km? respectively, as
shown in Table 1). Both coefficients agreed fairly well
with published ranges, such as those found in Beau-
lac and Reckhow (1982), who completed a literature
search to quantify ranges of N and P export rates for
selected land-use categories. From their research, N
export coefficients for urban nonpoint runoff typically
ranged between about 400 and 1,200 kg/km?/year
and were about six times higher than P export coeffi-
cients, which typically ranged between 60 and
270 kg/km?/year.

Agricultural sources in both LMTG models include
fertilizer and livestock manure. Fertilizer inputs to
the LMTG models are based on county-level fertilizer
sales. Therefore, farm fertilizer sales serve as a mea-
sure of the location and intensity of farming activi-
ties; in addition to providing a direct measure
of commercial fertilizer use, the fertilizer source in
the LMTG models serves as a surrogate for other
nutrient inputs to farms and the net effects of farm
practices on nutrient runoff to the extent that they
are spatially correlated with fertilizer sales. There-
fore, model estimates of fertilizer contributions to
streams may potentially reflect additional nutrient
inputs to croplands from manure-based fertilizers
and N fixation by legumes (e.g., soybeans, alfalfa)
and the effects of some farm management practices
(e.g., rotations, harvesting, conservation tillage).

JAWRA

Nutrient mineralization and immobilization rates in
cultivated soils are assumed to be approximately in
equilibrium. Nutrients associated with livestock man-
ure reflect contributions from the excreted wastes of
confined animals, including those in concentrated
animal feeding operation, and excreted wastes from
unconfined animals on farms, pastures, and range-
lands. Confined animal wastes include recoverable
manure that may be applied to nearby farmlands as
well as unrecoverable manure that is lost during the
collection, storage, and treatment of the waste.
Coefficients for agricultural sources represent the
net mean fraction of the source delivered from the land
surface to the stream given the effect of land-to-water
delivery losses specified in each model relevant to con-
ditions in the LMTG region. For example, the coeffi-
cient for N from fertilizer applied to crops is 0.061 in
the TN model (Table 1). In general, setting aside the
effects of spatially variable land-to-water terms, this
particular coefficient in the TN model indicates that
for every kg of N fertilizer that is applied to the land-
scape, about 0.06 kg (or 6%) is delivered to a nearby
stream. The remaining 0.94 kg of applied N fertilizer
is removed either at the point of application (plant
uptake and harvest) or during the transport process
from land surface to the stream. The amount of N from
agricultural sources delivered to streams in the LMTG
region was as follows: about 6% (0.061 kg/kg) of
applied fertilizer, about 17% (0.169 kg/kg) of livestock
manure from confined feeding operations, and about
8% (0.075 kg/kg) of livestock manure from unconfined
feeding operations (Table 1). These source coefficients
can be vastly different from one area of the U.S.
to another depending on crop type, soils, land-
management practices, and other factors. As an exam-
ple, rate coefficients for the SE-TN model were about
12% (0.12 kg/kg) for applied fertilizer and about 5%
for (0.05 kg/kg) for manure from livestock production
(Hoos and McMahon, 2009). The percent of P from
agricultural sources delivered to streams in the LMTG
region was as follows: about 6% (0.058 kg/kg) of
applied fertilizer and about 2% (0.019 kg/kg) of live-
stock manure from the combination of confined and
unconfined animal feeding operations (Table 1).
Atmospheric deposition estimates used as input to
SPARROW are based on the use of wet deposition
measurements at National Atmospheric Deposition
Program (NADP) sites as a surrogate for wet plus
dry inorganic N deposition. LMTG-TN model esti-
mates of atmospheric N deposition delivered to
streams is expected to account for additional contri-
butions from dry N deposition forms because regional
patterns of wet and dry deposition are generally cor-
related over large areas of the U.S. (Baumgardner
et al., 2002; Holland et al., 2005). LMTG-TN model
estimates of atmospheric N contributions to streams
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primarily reflect regional atmospheric N sources,
given that NADP wet-deposition estimates generally
reflect regional N emissions from both agricultural
and industrial stationary sources (Elliott et al., 2007).
In the LMTG region, atmospheric depositional pat-
terns generally follow ammonia deposition rather
than nitrate deposition (Wieczorek and Lamotte,
2011) indicating more of an agricultural influence
(fertilizer and livestock manure) on the TN model.
Also, local atmospheric N sources, such as those asso-
ciated with vehicle emissions, are likely to be
included in contributions from other modeled N
sources, especially urban sources (e.g., developed or
impervious land).

About 22% (0.216 kg/kg) of N from atmospheric
deposition onto the land surface was delivered to
streams in the LMTG region on average; again, set-
ting aside the effects of spatially variable land-to-
water delivery terms (Table 1). The atmospheric
deposition rate from the LMTG region is about half
the rate for streams in the southeastern U.S., which
was about 50% (0.5 kg/kg, SE-TN model) (Hoos and
McMahon, 2009). Alexander et al. (2001) explored
atmospheric N flux from watersheds of major estuar-
ies of the U.S. In their work, average atmospheric
deposition export rates were only slightly higher for
southeastern watersheds than for LMTG watersheds.
However, their work is not directly comparable to
LMTG and SE-TN SPARROW model coefficient val-
ues because they only considered nitrate-N, whereas
the SE-TN and LMTG-TN models included a combi-
nation of nitrate and ammonia N (or TIN). Climatic
factors could be the main reason for the lower deliv-
ery rates of atmospheric N from the LMTG-TN model
than from the SE-TN model. Rainfall in the LMTG
region varies substantially with much lower rainfall
in the western part (about 50 cm/year) than in the
eastern part of the region (about 140 cm/year), and
rainfall patterns in the eastern part of the LMTG
region would be fairly comparable to rainfall patterns
for the entire region of the SE-TN model.

Stream length (or stream channel) was found to
be a significant source of sediment in a recent
national application of the SPARROW model (Sch-
warz, 2008). Stream length was included in the TP
model because P bound to mobilized sediment from
in-channel erosion is considered a likely source of P
in the LMTG region. As P is delivered to the stream
directly via point sources, such as industrial and
municipal wastewater treatment plants, and indi-
rectly via nonpoint sources, such as urban runoff,
agricultural fields, and natural/geologic sources, it is
sorbed to suspended sediment during runoff events
when stream velocities and availability of channel
material are highest. Bound P can be stored in the
stream bed as velocities subside and sediment set-
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tles, but during subsequent runoff events, P can be
transported attached to re-suspended sediment parti-
cles and/or desorbed and released back to the water
column (Owens and Walling, 2002; van der Perk
et al., 2006). Stream length was initially introduced
into the TP model using two flow classes — streams
with mean daily flows <1.4 m®/s and streams with
mean daily flows >1.4 m®/s. The final model included
stream length only for streams with mean daily flows
>1.4 m®/s indicating that streams with smaller flows
were less capable of producing and transporting
large amounts of sediment from in-channel erosion.
P contribution from in-channel erosion was about
0.03 kg/m of stream length on average for the LMTG
region (Table 1). Because the TP model represents
long-term steady-state conditions, inclusion and sta-
tistical significance of stream length as a source of P
indicates that P attached to sediment from channel
erosion and scouring may be ongoing, and long-term
equilibrium with deposition has not yet been
attained for medium to large streams in the LMTG
region.

Land-use categories comprising the background
source of P for the LMTG-TP model were NLCD cate-
gories for forests (deciduous, evergreen, and mixed),
wetlands (woody and emergent herbaceous), scrub,
and barren. Each of these categories was considered
a separate source term in previous model runs, but
some were not statistically significant. To account for
all sources of P in the LMTG region, these land-use
categories were combined into a single background
source term as presented here, which was statisti-
cally significant in the final LMTG-TP model. On
average, about 2 kg/km?/year of P are delivered to
streams in the LMTG region from these background
sources (Table 1). By comparison, P from background
sources from the LMTG model were lower than P
export rates for forests which typically range between
10 and 30 kg/km?/year as reported by Beaulac and
Reckhow (1982). Background source term coefficients
in the national SPARROW model were as follows: for-
est land, 16.7 kg/km?®/year; barren/transitional land,
135 kg/km?/year; and shrub land, 22.7 kg/km?/year
(Alexander et al., 2008). A possible explanation for
the discrepancy between the export rate for the back-
ground source term from the LMTG-TP model and
literature is that the LMTG-TP model also included
stream length as a separate source, which represented
P attached to sediment from in-channel erosion. This
sediment-P term in the TP model could also be
accounting for a portion of the exported P from those
areas in the LMTG region categorized as background.
Export rates reported in Beaulac and Reckhow (1982)
and from the national SPARROW model likely reflect
a combination of both dissolved and sediment/partic-
ulate P from similar areas.
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Land-to-Water Delivery

Land-to-water delivery variables common to both
models were precipitation and overland flow in excess
of infiltration, which were highly significant in both
models (p-values <0.01 as shown in Table 1). Precipi-
tation is expressed as the natural log of the 30-year
average from 1971 to 2000 in millimeters. Precipita-
tion affects the amount and rate of surface water
runoff available to transport TN and TP to streams in
the LMTG region. With much higher precipitation in
the eastern part of the LMTG region, it is expected
that TN and TP loadings in streams in the eastern
part of the region would be higher than those in the
western part. Overland flow in excess of infiltration is
a term based on the work of Beven and Kirkby (1979)
and is estimated from storm hydrographs where pre-
cipitation rates exceed infiltration rates, so in a sense,
represents runoff potential for the LMTG region.
Overland flow in excess of infiltration is highest and a
major part of storm hydrographs for landscapes that
are disturbed or poorly vegetated in subhumid or
semiarid climates. The overland flow in excess of
infiltration term is expressed in percent of streamflow
in the models with higher percentages (30-70%) in the
western and coastal parts of the region and lower
percentages (5-20%) in the eastern parts. Coefficients
for precipitation and overland flow in excess of infiltra-
tion in both models are positive indicating that each
term enhances transport of nutrients to nearby
streams.

The LMTG-TP model also included soil erodibility as
a land-to-water delivery term, and soil erodibility was
highly significant (Table 1). The soil erodibility term
in the TP model is the Soil Erodibility Factor, or
K-factor, from the Universal Soil Loss Equation made
available from the State Soil Geographic (STATSGO)
database (USDA, 1994). Soil erodibility factor repre-
sents the susceptibility of soil particles to detachment
and transport in runoff. The higher the value, the
more susceptible a particular soil is to both detach-
ment and transport. More than 50% of the LMTG
region has soil erodibility values >0.25. The coefficient
for soil erodibility in the TP model is positive indicat-
ing that soil erodibility enhances TP movement into
nearby streams from the landscape.

Instream Loss

For the TN model, the instream loss coefficient for
stream reaches with mean daily flows <1.4 m®/s was
about 0.37 day™! (Table 1). The instream loss coeffi-
cient for stream reaches with mean daily flows >1.4
and <28 m®/s was about 0.08 day™' (Table 1). Both
decay terms were highly significant (p < 0.001) and
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were relatively consistent with other regional and
national SPARROW models (Preston and Brakebill,
1999; Alexander et al., 2008; Hoos and McMahon,
2009). Instream loss of N for stream reaches with
mean daily flows >28 m®/s was not statistically sig-
nificant suggesting that instream processing of N for
larger stream reaches was minimal. These findings
support the understanding that N decline in streams
has an inverse relation with increases in water depth
and stream size and that N removal processes such
as denitrification and settling of particulate matter
are more inhibited in large streams (Alexander et al.,
2008). The loss of N in reservoirs was 12.1 m/year
(Table 1), which compared well to the SE-TN SPAR-
ROW model which had a reservoir loss rate of
13.1 m/year (Hoos and McMahon, 2009).

Instream loss of P was initially modeled using the
same stream class breaks (based on flow classes) as
were used for the TN model. However, for all prelimin-
ary runs of the TP model, coefficients of instream loss
of P for stream reaches with mean daily flows
>1.4 m®/s were consistently insignificant (p-values
>0.05). For the final LMTG-TP model, the only
instream P loss term that was included was for stream
reaches with mean daily flows <1.4 m®/s, and for these
stream reaches, the P loss rate was 0.25 day !
(Table 1). It should be noted that the same stream size
classification (mean daily flows of 1.4 m®/s) was used
for both the stream length term as a source (sediment
from in-channel erosion) and here as a stream loss
term. For stream reaches with mean daily flows
>1.4 m®/s, stream length was an important source and
loss was minimal. These results imply that, for
streams whose mean daily flows are >1.4 m®/s, P
bound to sediment continues to be transported down-
stream with minimal loss even with settling and
re-suspension phases considered. The loss of P in res-
ervoirs in the LMTG region was 8.67 m/year (Table 1),
which is similar to the reservoir loss rate for N.

Distribution of Yields and Sources Throughout
the LMTG Region

Incremental and delivered incremental TN and TP
yields based on LMTG model output indicated that
streams in the eastern part of the LMTG region and
streams along the coast delivered more TN and TP
than other locations (Figure 3). Reasons for high TN
and TP yields in eastern LMTG streams include the
following: (1) high rainfall, due to moist and unstable
air-mass conditions in the eastern part of the region
as opposed to arid conditions in the western and
northwestern parts; (2) large inputs from sources
such as agricultural fertilizer, livestock manure (con-
fined), and atmospheric deposition (with respect to
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TN yields only); and (3) higher order streams with
larger average flows in eastern than in western
streams, and larger average flows lead to less
instream loss of nutrients as they are transported to
the Gulf of Mexico. Similar to streams in the eastern
part of the LMTG region, most streams along the
coast are in areas with high rainfall and are
commonly larger order streams in which nutrient
losses are negligible (with the exceptions being
streams along the mid-Texas and lower-Texas coast).
Coastal areas include several large population cen-
ters, thus nutrient yield of streams in those areas
were influenced by inputs from point sources and
urban runoff. Also, shorter travel distances in these

coastal streams resulted in lower instream loss of
nutrients compared to that in streams originating
farther inland. Incremental and delivered incremen-
tal TN and TP yields for the LMTG region showed
dendritic patterns similar to those for the national
SPARROW model, indicating that a high percentage
of yield is likely to be transported to the northwest-
ern Gulf of Mexico from catchments nearest to large
streams or from smaller streams that flow quickly
into large streams (Alexander et al., 2008).

On average, model results indicated that more of
the P load (about 59%) generated from catchments
in the LMTG region was delivered to the Gulf of
Mexico than N load (about 48% as shown in Table 2).

Tneremental total
nitrogen vield,

in kilograms per
sqquare kilometer
per vear
Cle-72
3 73-209
[ 2m-323
O 324-442
[ 443 - 595
[ 596 - 870

Delivered
incremental fotal
nitrogen vield,

in kilograms per
sqquare Kilometers
per year
Ja-72
1 73-209
[ 210-323
324442
= 443 - 595
B 59 - 870

Incremental total
phosphorous vield,
in Kilograms per
square kilometer
per year
Jo-3
Cl4-14
J15-30
= x-50
51-81
B 52155
B =155

Dielivered
incremental total
phosphorus vield,
in kilograms per
sqpuare kilometers
per year
a-3
J4-14
15-30
= -5
=3 51-81
B 82155
= 155

120 Kilomeiers

L] 1408 Miles

FIGURE 3. (A) Incremental Total Nitrogen Yield, (B) Delivered Incremental Total Nitrogen Yield, (C) Incremental Total Phosphorus Yield,
and (D) Delivered Incremental Total Phosphorus Yield for the Lower Mississippi Texas-Gulf Region. Incremental yields are those
generated for individual catchments, and delivered incremental yields are the portion of incremental yields that are delivered
to downstream target areas, in this case, to terminal reaches along the Louisiana and Texas coasts.
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However, median TN and TP yields from LMTG
catchments were 369 and 36 kg/km?/year, respec-
tively, indicating that while a higher percentage of P
generated in LMTG catchments was delivered to the
Gulf, yields from N sources were at least an order of
magnitude greater than yields from P sources.

Model output indicated that the largest source con-
tributions of N to LMTG streams were atmospheric
deposition (42%), commercial fertilizer (20%), and
livestock manure from unconfined animal feeding
operations (17%) (Table 2). The largest source contri-
butions of P to LMTG streams were commercial fer-
tilizer (28%), urban runoff (23%), and livestock
manure combined from both confined and unconfined
animal feeding operations (23%). Combined urban
sources (point sources and urban runoff) contributed
about 15% TN and about 28% TP, and P bound to
sediment from in-channel erosion contributed about
11% TP to LMTG streams. For TN, model output sug-
gested that the two most dominant sources spatially
were atmospheric deposition and fertilizer (Fig-
ure 4A). For TP, the two most dominant sources were
fertilizer and manure (Figure 4B). Source contribu-
tions mentioned here were averages for catchments
in the entire LMTG region and could be much higher
or lower for any particular catchment.

If all agricultural sources were considered, contri-
butions presented here for the LMTG region (43% for
TN and 51% for TP as shown in Table 2) were similar
compared to national SPARROW results presented in
Smith et al. (1997) (48% for TN and 50% for TP) but
were lower than those presented in Alexander et al.
(2008) (58% for TN and 80% for TP). For the agricul-
tural sources, all three models used similar county-
level datasets for fertilizer sales and livestock
manure contributions (such as those presented in
Ruddy et al., 2006) except for different baseline peri-
ods. Urban and nonagricultural/nonurban contribu-
tions from the LMTG region were not directly
comparable to the previous national models. The one
major difference between the LMTG models and
national models was the contribution of atmospheric
deposition N as a percentage of the total N load.
Atmospheric deposition N contributed about 42% of
the TN load to LMTG streams. Atmospheric deposi-
tion contributed only about 18% of the TN load in the
two previously presented national models. However,
the national models only considered wet deposition of
nitrate-N whereas the LMTG-TN models considered
wet deposition of TIN which included contributions of
nitrate-N and ammonia-N. Smith et al. (1997) indi-
cated that total deposition could be 3-4 times wet
nitrate deposition. In addition, another study by
Alexander et al. (2001) indicated that some of the
watersheds along the Louisiana and Texas coasts had
fairly high export rates for atmospheric N including
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Calcasieu Lake and Upper Laguna Madre and that
atmospheric N was a large percentage of the total N
export in Terrebonne Bay and Sabine Lake.

It should be noted that selected source terms
included in each model could be incorporating the
effects of other parameters correlated with the source
terms or could be compensating for source terms that
were either not included or were not considered statis-
tically significant (p > 0.05). For example, in the TN
model, atmospheric deposition was the dominant
source. However, there were no background sources of
N that were considered in the TN model or were sta-
tistically significant (e.g., grass and/or scrubland
land-use classifications). The atmospheric deposition
term could, therefore, also be representing N from
background sources. Another example related to the
TN model is that N from crop fixation was not
accounted for as a specific source. Datasets that ade-
quately describe N fixation for the LMTG region were
unavailable. Fixation as a source of N could be indi-
rectly related to other terms such as atmospheric
deposition and spreading of manure. Therefore, it was
likely that several of the source coefficients in the
TN model indirectly accounted for N from crop fixa-
tion. With respect to the TP model, commercially
applied fertilizer was the primary source of P for
northwestern Mississippi, an area dominated with
row crop agriculture (Figure 4B). However, very
little P is applied to fields annually in this region due
to adequate supply of P in soils (McDowell et al.,
1989; Mississippi State University, 2008, 2009). For
these areas of the LMTG region, the commercial
fertilizer term could be accounting for elevated resid-
ual P in soils due to prior P applications and now soils
are the source, or the commercial fertilizer term could
be accounting for another source of P not included in
the TP model. This model limitation could be related
to the fact that data available for model input are
insufficient to document such things as residual P in
soils. Also, fertilizer input datasets were based on
county sales data, not actual placement, and were
distributed according to agricultural land use in
general.

Loads, Yields, and Sources by Watershed

Model output indicated that the Lower Mississippi
River and Atchafalaya River/Terrebonne Bay
watersheds delivered the greatest loads to the
northwestern Gulf of Mexico, as expected (Table 3).
Yields from the LMTG models were compared to
those presented in literature, and to accomplish
direct comparisons, TN and TP yields were re-
computed for four selected watersheds of the MARB
and for the entire MARB as follows: Arkansas River,
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reach) divided by the area of the incremental watershed. Mean and standard deviation values for incremental yields are not shown here due to influence of large values in these

datasets. The large values are caused by large loads generated in catchments that have very small drainage areas. Source shares represent the contribution from each source as

a percentage of the incremental yield.

Red River, Lower Mississippi (excluding the Arkan-
sas River), and Atchafalaya River (excluding the Red
River) (Table 4). Although the yields were computed
for varying time periods and by different methods in
these studies, yields generated by the LMTG models
were in general agreement with published values.
The major difference was the wide variation in yields
computed for the Lower Mississippi River basin,
which is likely due to how each study computed
yields for this basin. In all cases, yields from the
Lower Mississippi River basin were the highest of
the three selected watersheds and were higher than
the yields for the entire MARB. This indicates that,
although loads from the Lower Mississippi River
basin were a fraction of the MARB load, more load
per unit drainage area was being generated from the
Lower Mississippi River basin than from other parts
of the MARB except for the Upper Mississippi River
basin as indicated in Goolsby et al. (1999) and Turner
and Rabalais (2004). In addition, most of the yield
generated from this same area was delivered to the
Gulf as previously stated (Figures 3B and 3D).
Although the Lower Mississippi River and Atchafa-
laya River/Terrebonne Bay watersheds delivered the
greatest loads to the northwestern Gulf of Mexico,
delivered yields from other watersheds were as high
or higher (Table 3) (see also Rebich and Demcheck,
2007). The watersheds with the three highest deliv-
ered TN yields were from the Trinity River/
Galveston Bay, Calcasieu River, and Aransas River
watersheds, while watersheds with the three highest
delivered TP yields were from the Calcasieu River,
Mermentau River, and Trinity River/Galveston Bay
watersheds (Table 3). Yield estimates from the LMTG
models for selected Texas and Louisiana coastal
watersheds were compared to literature values,
namely, Alexander et al. (2000) and Dunn (1996)
(Table 5). Yield values presented in Alexander et al.
(2000) were based on national SPARROW results for
a baseline year of 1987. Dunn (1996) computed yields
for the period 1972-1993 for most of the major rivers
that drain from the conterminous U.S. to the Gulf.
Because several watersheds were combined for pre-
sentation purposes in this paper, yields published by
Dunn (1996) were re-computed for comparison pur-
poses for the following watersheds: (1) San Antonio
and Guadalupe Rivers, (2) Brays Bayou, Whiteoak
Bayou, and Trinity River, and (3) the Neches and
Sabine Rivers. Although the yields were computed
for varying time periods and by different methods in
these studies, yields estimated from the LMTG mod-
els compared well to published estimates for the most
part. Departures from published values were likely
due to how watersheds were delineated for each
study and not necessarily a result of land-use
changes in a specific watershed that could have
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FIGURE 4. Primary Sources of (A) Total Nitrogen and (B) Total Phosphorus as a Percentage
of Incremental Catchment Loads in the Lower Mississippi Texas-Gulf Region.

caused an increase or decrease in yields. For exam-
ple, the Galveston Bay watershed was delineated for
this study to include not only the Trinity River but
also the San Jacinto River [which was excluded in
Dunn (1996)], and the Upper Laguna Madre included
the Palo Blanco River and Baffin Bay.

With respect to TN source contributions within the
coastal watersheds, model output indicated that atmo-

JAWRA

spheric deposition was highest (>40%) in the Lake
Borgne and Barataria Bay watersheds. The Trinity
River/Galveston Bay and Nueces River/Corpus
Christi Bay watersheds were highly influenced by
urban activities as the combined point source and
urban runoff contributions totaled more than 50% of
the delivered load. In contrast, the Colorado
River/Matagorda Bay and Aransas River watersheds
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TABLE 4. Estimated yields of total nitrogen and total phosphorus

for selected watersheds of the Mississippi-Atchafalaya River
1

TABLE 5. Estimated Yields of Total Nitrogen
and Total Phosphorus for Selected Watersheds

Basin. Along the Louisiana and Texas Coasts.
Total Total Total Total
Nitrogen Phosphorus Nitrogen Phosphorus
Watershed Yield (kg/km?/yr) Watershed Yield (kg/km?/year)
Lower Mississippi Barataria Bay
Smith et al. (1993) NA 36 Alexander et al. (2000) 541 NA
Goolsby et al. (1999) 630 58 LMTG SPARROW models 342 70
Turner and Rabalais (2004) 1700 194 Calcasieu
LMTG SPARROW models? 734 197 Alexander et al. (2000) 616 NA
.3 Dunn (1996) 546 34
Arkansas-White LMTG SPARROW models 591 124
Lurry and Dunn (1997) 110 11 .
Goolsby et al. (1999) 130 13 Neches/Sabine
. Alexander et al. (2000) 351 NA
Turner and Rabalais (2004) 141 14 Dunn (1996) 9290 15
LMTG SPARROW models 111 11 LMTG SPARROW models 381 55
Red* Trinity/Galveston Bay
Goolsby et al. (1999) 250 53 Alexander et al. (2000) 468 NA
Turner and Rabalais (2004) 147 24 Dunn (1996) 258 44
LMTG SPARROW models 156 22 LMTG SPARROW models 656 101
Brazos
Atchafalaya Dunn (1996) 130 18
Colorado/Matagorda Bay
Entire Mississippi River® Alexander et al. (2000) 123 NA
Smith et al. (1993) NA 38 Dunn (1996) 36 6
Lurry and Dunn (1997) 398 34 LMTG SPARROW models 133 18
Goolsby et al. (1999) 497 32 San Antonio/Guadalupe
Turner and Rabalais (2004) 483 45 Dunn (1996) 311 52
Alexander et al. (2008) 377 30 LMTG SPARROW models 361 55
LMTG SPARROW models 337 36 Nueces/Corpus Christi Bay
Alexander et al. (2000) 56 NA
Notes: NA, not available; LMTG, Lower Mississippi Texas-Gulf Dunn (1996) 31 3
region; SPARROW, SPAtially Referenced Regressions on LMTG SPARROW models 52 8
Watershed attribuites; USGS, U.S. Geological Survey Upper Laguna Madre
'This table is modified from Turner and Rabalais, 2004. Alexander et al. (2000) 717 NA
2Lower Mississippi River yields presented here were computed by LMTG SPARROW models 145 13
subtracting Upper Mississippi and Arkansas River loads and Lower Laguna Madre
drainage areas from entire Mississippi River loads and drainage Alexander et al. (2000) 566 NA
areas. LMTG SPARROW models 228 24

3USGS gaging station 07263620 Arkansas River at David D Terry
Lock and Dam below Little Rock, Arkansas.

4USGS gaging station 07355500 Red River at Alexandria, Louisiana.

5Atchafalaya River yields presented here include the Red River
drainage area for comparison purposes to Alexander et al. (2008)

SUSGS gaging station 07373420 Mississippi River near St. Francis-
ville, LA.

were affected by agricultural activities as the com-
bined fertilizer and livestock manure contributions
totaled nearly 60% or more of the delivered load,
respectively. With respect to TP source contributions,
the Trinity River/Galveston Bay, Nueces River/
Corpus Christi Bay, and Lower Laguna Madre water-
sheds were highly influenced by urban activities as
the combined point source and urban runoff contribu-
tions totaled more than 60% of the delivered load. In
contrast, the Colorado River/Matagorda Bay, Aransas
River, and Upper Laguna Madre watersheds were
affected by agricultural activities as the combined fer-
tilizer and livestock manure contributions totaled

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

Notes: NA, not available; LMTG, Lower Mississippi Texas-Gulf
region; SPARROW, SPAtially Referenced Regressions On
Watershed attributes.

more than 60% of the delivered load. Although statis-
tically significant as sources in the TP model, the
combined P contribution from in-channel erosion
(sediment) and from background land-use classifica-
tions did not total more than 11% of the delivered load
for any of the 15 watersheds in the LMTG region.

Watershed Specific Example

Results from the SPARROW models can help
resource managers in the LMTG region address criti-
cal questions concerning nutrient issues in local
watersheds. For example, LMTG model output for
the Trinity River/Galveston Bay watershed indicated
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that pockets of elevated delivered incremental TN
and TP yields were located in the upper part of the
watershed and near the watershed outlet in close
proximity of the cities of Dallas/Ft. Worth and
Houston, respectively (Figures 5A and 5B).

Combined urban sources (point sources and urban
runoff) were the primary source contributions in this
watershed and accounted for about 73% of the TN
load and about 80% of the TP load delivered to the
outlet of the watershed based on LMTG model output
(Table 3). The impact of urban sources has been well
documented as to their relative importance to nutri-
ent loadings into Galveston Bay (Land and Shipp,
1996; East et al., 1998; Land et al., 1998; Sneck-
Faher et al.,, 2005; see also Newell et al., 1992;
Armstrong and Ward, 1993; Galveston Bay National
Estuary Program, 1994), although percentages in
other publications were typically lower than those
listed here for the LMTG models. For example, point
source contributions were 44% TN and 34% TP to
Galveston Bay as presented in the Galveston Bay
Plan of the Galveston Bay National Estuary Program
(1995) while point source contributions based on
LMTG model output were 60% TN and 51% TP to
Galveston Bay. Higher percentages of point source
contributions for the LMTG models were likely
artifacts of model calibration indicated by model coef-
ficients for point sources greater than one for both
models as previously explained.

The effect of reservoirs on nutrient loads entering
Galveston Bay has also been a focus of previous work.
Lake Livingston, located on the Trinity River about
175 km above Galveston Bay, was constructed in
1971 for water supply purposes (Phillips and Slat-

tery, 2007) and is considered a significant sink for
nutrient loads (van Metre and Reutter, 1995; see also
Stanley, 1992; Galveston Bay National Estuary Pro-
gram, 1994). In their work, van Metre and Reutter
(1995) computed reductions in nutrient loads for the
period 1974-1991 by subtracting the mean annual
nutrient loads from the USGS gaging station
08066500 Trinity River at Romayor located 50 km
downstream of the reservoir from mean annual loads
computed at USGS gaging station 08065350 Trinity
River near Crockett located 110 km upstream of the
reservoir. Their work indicated that Lake Livingston
reduced TN loads by 35% and TP loads by 65%.
Using similar methods, Clingenpeel (2002) indicated
a 71% reduction for TN loads and 63% reduction for
TP loads for 2000, and a 36% reduction for TN loads
and a 58% reduction for TP loads for 2001. Output
from the LMTG models indicated a 26% TN load
reduction and a 46% TP load reduction over the same
portion of the Trinity River that included Lake Liv-
ingston as defined in these previous studies. The
reduction percentages for the LMTG models were
lower than those presented in other studies likely
reflecting the fact that LMTG values represent long-
term mean annual values. In addition, SPARROW
model output includes a direct estimate of reservoir
decay computed for each reservoir in the LMTG
region, and for Lake Livingston, model output indi-
cated a 37% TN load reduction and a 30% TP load
reduction through the Lake. In all cases, Lake Liv-
ingston does, in fact, reduce nutrient loads as previ-
ously reported, but it does not reduce all nutrient
loads generated from upstream locations from enter-
ing Galveston Bay.
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FIGURE 5. (A) Delivered Incremental Total Nitrogen Yield and (B) Delivered Incremental Total Phosphorus Yield
for the Trinity River/Galveston Bay Watershed. Delivered incremental yields are the portion of incremental yields (yields generated
for individual catchments) that are delivered to downstream target areas, in this case, to reaches that terminate into Galveston Bay.
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Much of the focus of nutrient loading to Galveston
Bay has centered on the Trinity River due to the fact
that it accounts for about 70% of the total Galveston
Bay watershed. However, model output indicated an
area of elevated TN and TP yield in the western part
of the watershed, which includes the San Jacinto River
and City of Houston (located on the north shore of
Galveston Bay, see Figures 5A and 5B). Although the
San Jacinto River flows into the Lake Houston reser-
voir, which was also built for water supply purposes,
the reservoir is located upstream of the City of Hous-
ton, and therefore, does not trap nutrients generated
within city limits from point sources and urban runoff.
The western portion of Galveston Bay has also been
characterized as having high nutrient loads which
increases eutrophication and phytoplankton commu-
nity response in this area (East et al., 1998; Quigg and
Roehrborn, 2008; Quigg, 2009). Quigg (2009) went on
to say that, in 2008, the San Jacinto River watershed
was a greater contributor of nutrients to Galveston
Bay than was the Trinity River, and that the nutrient
inputs from the San Jacinto River reflected inputs
from the Houston Ship Channel and urbanization and
industrialization from the Houston metropolitan area.
Therefore, delivered incremental yields from LMTG
model output can help resource managers understand
yield contributions for the entire Galveston Bay
watershed, not only from the Trinity River, but also
the western portions of the watershed.

SUMMARY AND CONCLUSIONS

SPARROW models were developed to estimate
delivery of TN and TP loads (mass) and yields (mass
per unit area of catchment) from streams that drain
to the northwestern part of the Gulf of Mexico from
the Lower Mississippi, Arkansas-White-Red, and
Texas-Gulf (LMTG) region. Load estimates standard-
ized to the 2002 base year from 344 sampled sites for
the TN model and from 442 sampled sites for the TP
model were used for calibration. Streams in the east-
ern part of the region and streams along the coast
delivered more N and P than other locations in the
LMTG region, a consequence of shorter travel times
and distances, higher inputs from sources, rainfall
patterns, and less instream loss of nutrients (streams
in eastern and coastal areas are larger than those in
other areas in the LMTG region). The Mississippi
River and Atchafalaya River/Terrebonne Bay water-
sheds, which drain nearly two-thirds of the contermi-
nous U.S. land area, delivered the largest loads of TN
and TP to the Gulf of Mexico, as expected, but yields
from other watersheds in the LMTG region were as

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

high or higher than those in these two watersheds.
The highest delivered TN yields were from the
Trinity River/Galveston Bay, Calcasieu River, and
Aransas River watersheds, while the highest deliv-
ered TP yields were from the Calcasieu River,
Mermentau River, and Trinity River/Galveston Bay
watersheds.

Simulations made with the LMTG SPARROW
models developed here allow for relative watershed-
to-watershed comparison of nutrient yields and
sources, and results can be scaled to address local
watershed issues as well as broader concerns such as
the influence of LMTG streams on Gulf hypoxia.
Delivered incremental yields and primary sources as
identified from LMTG model output, such as those
presented for the Trinity River/Galveston Bay
watershed, provide a complete picture to assess the
origin of elevated nutrient loads and yields and to
identify the primary sources of nutrients within those
areas. Such information is useful to water resource
managers in nutrient criteria and total maximum
daily load development, as well as nutrient reduction
strategies to protect downstream sea grass beds and
other aquatic resources in bays and estuaries along
the Louisiana and Texas coasts.

It should be noted that uncertainty increases in
load estimates and source allocations, especially at
very small scales or for very small tributaries, due to
limitations in the datasets used to complete model
calibration and predictions. The LMTG SPARROW
models could be improved by using a more refined
digital stream reach network, which would allow for
better source and land-to-water delineations, use of
more monitoring stations for calibration, and better
estimates of nutrient transport and decay. LMTG
models also could be improved by using updated data-
sets such as confirmation of precise tributary loca-
tions and load estimates for municipal and industrial
point sources.

SUPPORTING INFORMATION

Additional Supporting Information may be found
in the online version of this article:

Data S1. Development of the LMTG SPARROW
models, maps of final sources and land-to-water deliv-
ery variables used, and maps of delivered incremen-
tal yield for watersheds in the LMTG region not
presented in the article are available as part of the
online paper.

Please note: Neither AWRA nor Wiley-Blackwell is
responsible for the content or functionality of any
supporting materials supplied by the authors. Any
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queries (other than missing material) should be direc-
ted to the corresponding author for the article.
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