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SOURCES AND TRANSPORT OF PHOSPHORUS TO RIVERS IN CALIFORNIA AND
ADJACENT STATES, U.S., AS DETERMINED BY SPARROW MODELING'

Joseph Domagalski and Dina Saleh?®

ABSTRACT: The SPARROW (SPAtially Referenced Regression on Watershed attributes) model was used to sim-
ulate annual phosphorus loads and concentrations in unmonitored stream reaches in California, U.S., and por-
tions of Nevada and Oregon. The model was calibrated using de-trended streamflow and phosphorus
concentration data at 80 locations. The model explained 91% of the variability in loads and 51% of the variabil-
ity in yields for a base year of 2002. Point sources, geological background, and cultivated land were significant
sources. Variables used to explain delivery of phosphorus from land to water were precipitation and soil clay
content. Aquatic loss of phosphorus was significant in streams of all sizes, with the greatest decay predicted in
small- and intermediate-sized streams. Geological sources, including volcanic rocks and shales, were the princi-
pal control on concentrations and loads in many regions. Some localized formations such as the Monterey shale
of southern California are important sources of phosphorus and may contribute to elevated stream concentra-
tions. Many of the larger point source facilities were located in downstream areas, near the ocean, and do not
affect inland streams except for a few locations. Large areas of cultivated land result in phosphorus load
increases, but do not necessarily increase the loads above those of geological background in some cases because
of local hydrology, which limits the potential of phosphorus transport from land to streams.
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INTRODUCTION recognized as especially important because of the glo-
bal demand for phosphorus fertilizers (Cordell et al.,

2009; Carpenter and Bennett, 2011), and problems,

Phosphorus is a naturally occurring element that
occurs in the earth’s crust within rocks and soils, and
in all living organisms. The average crustal abun-
dance of phosphorus is 0.1% (Rudnick, 2003; Canfield
et al., 2005). Phosphorus is one of 16 elements neces-
sary for plant growth, and is a primary nutrient
along with nitrogen and potassium (Mullins, 2009).
The management of phosphorus use in water-
sheds, and particularly agricultural watersheds, is

such as eutrophication, caused by runoff or erosion of
soils from agricultural fields (Vollenweider, 1968).
The global biogeochemical cycle of phosphorus
includes inputs to soils through chemical weathering
of phosphorus-containing minerals, cycling through
terrestrial and aquatic ecosystems, runoff to the
oceans and associated biogeochemical processes, and
sedimentation. Tectonic processes such as volcanism
and uplift move phosphorus to continental systems
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under geologic time frames (Compton et al., 2000).
Unlike nitrogen, there is essentially no atmospheric
component of the global phosphorus cycle, except by
dust. The terrestrial and aquatic biogeochemical
cycles are complicated by interactions between living
material and charged mineral surfaces in soils or sed-
iments, such as iron or manganese oxides, which sorb
phosphorus and limit its bioavailability (Compton
et al., 2000) and transport to aquifers.

The problems associated with phosphorus use have
prompted studies or tools to assess specific risks.
These tools use soil phosphorus levels, application
methods, tillage, soil erodibility, and other factors to
determine and mitigate the risks (Lemunyon and
Gilbert, 1993; Eghball and Gilley, 2001). Although
those types of tools have value, they do not necessar-
ily address how much phosphorus may be transported
on the watershed or catchment level. Management
considerations designed to lower phosphorus concen-
trations or yields in specific river systems must take
into account the broader context of processes, includ-
ing geological sources, affecting transport in order to
develop realistic water quality goals. Phosphorus is
one of many different constituents on the 303(d) list of
impaired water bodies mandated under the Clean
Water Act for protection of the beneficial uses of
water. In 2010, there were 192 listings for phosphorus
of impaired water bodies on the California 303(d) list
(http://www.waterboards.ca.gov/water_issues/programs/
tmdl/integrated2010.shtml). The listings include 42
different streams or reservoirs located throughout the
state.

In this study, the SPARROW (SPAtially Refer-
enced Regression on Watershed attributes) model
was used to provide a regional understanding of
phosphorus sources and transport in most of Califor-
nia and portions of adjacent Oregon and Nevada.
SPARROW is a hybrid statistical and mechanistic
model for estimating the movement of the mass of a
particular constituent through the landscape under
long-term steady-state conditions (Schwarz et al.,
2006; Preston et al., 2009). This model utilizes
watershed characteristics including sources of the
modeled constituent, land use or land cover, climate,
and stream properties to explain the spatial variation
in measured mean annual stream load. The SPAR-
ROW model provides interpretations relevant to an
“average” year in a region, and does not capture the
seasonality of stream load, nor can it capture the
loadings that would occur during storm events.
Streamflow and water quality data are de-trended, as
explained in the methods section to capture long-term
average conditions. A modification to the SPARROW
model is being tested that would incorporate tran-
sient conditions, that is using nonaveraged or de-
trended data, and be able to distinguish seasonal

JAWRA

1464

loads. SPARROW models are useful for a manage-
ment context because of the knowledge gained on
how constituents are sourced and transported in the
unmonitored catchments. Several SPARROW models
of phosphorus from other large watersheds have been
previously published (Brown et al., 2011; Garcia
et al., 2011; Moore et al., 2011; Wise and Johnson,
2011).

STUDY AREA AND METHODS

Location and Geology

The study area included most of the state of Cali-
fornia and portions of adjacent Oregon and Nevada
(Figure 1). The study area is made up of 17 six-digit
hydrological unit code regions (HUC6). A listing of
these HUCs, and their areas, is shown in Table 1.
The boundaries of the six-digit HUCs are shown in
Figure 1. There are several large rivers of manage-
ment or ecological importance in the study area. The
largest river, the Sacramento River (Figure 1), is the
major source of freshwater to the Delta (Figures 1
and 2) of the Sacramento and San Joaquin Rivers.
Water from the Sacramento River is used for agricul-
ture and is a source of drinking water (CADWR,
2009a, b). A large portion of the entire study area
drains to the Delta, making source identification for
nutrients an important management tool. The Delta,
along with the rest of the San Francisco Bay system,
is the largest estuary on the North American west
coast, and also very important to California water
use and the state’s economy (http:/www.water.ca.
gov/swp/delta.cfm). The San Joaquin River has con-
siderably less discharge relative to the Sacramento
River, but is also a major source of nutrients to the
Delta. Other large rivers include the Klamath, Rus-
sian, Eel, Salinas, Merced, Stanislaus, Tuolumne,
and numerous others that drain to the Pacific Ocean.
Selected rivers are shown in Figure 1 and their rele-
vance to the model and to phosphorus loads trans-
ported to coastal regions is discussed later in this
manuscript. Discharge on most of the major rivers of
the study area result from a combination of natural
and managed flow. There are a number of reservoirs
present throughout the study area that supply water
for agriculture, urban, and environmental uses, and
provide flood protection. Most of the larger reservoirs
are situated in undeveloped or relatively undeveloped
areas, and there are also many smaller ones located
in mixed land use areas.

There are three “Level-Three” ecological regions as
defined by the U.S. Environmental Protection Agency
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FIGURE 1. Map of Study Area Showing Selected Rivers, Calibration Sites, Point Source Facility Locations,
and Six-Digit Hydrologic Unit Code (HUC6) Boundaries.

(USEPA) (Figure 2). These regions were delineated
by the USEPA for the purpose of developing sug-
gested numerical nutrient criteria for surface water
(http://www.epa.gov/wed/pages/ecoregions.htm). The
western-forested mountains region is mostly rural
land with mainly mixed conifer forests. There is some
development and logging, but the streams in that
region have the lowest effects from human impacts.
In contrast, the Central Valley is highly impacted
with intensive irrigated agriculture and water diver-
sions, urban development, and wastewater treatment.
The Xeric West contains a mix of rural land, inten-
sive urban development with large cities, such as Los
Angeles, and some irrigated agriculture. A full land
use/land cover map of the study area is shown in Fig-
ure S1. Land use/land cover is for 2006, Ludington
et al. (2007) (http://www.mrlc.gov/nlcd06_data.php).
Parts of the Xeric West have rivers that drain to the
ocean, but there is also internal drainage in large
areas where rivers have no outlet to the ocean. The
recommended criteria for nutrients by the USEPA
are for either total nitrogen or total phosphorus (TP).
Therefore, SPARROW models can be directly com-
pared to these recommendations. The recommended
concentration criteria for TP in the Central Valley is

JoURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

0.047 mg/1, that for the western forested mountains
is 0.01 mg/l and that for the Xeric West is 0.022 mg/l
of phosphorus as P (USEPA, 2000). These are recom-
mended criteria and do not currently have regulatory
authority.

Precipitation in this study area is unevenly distrib-
uted. A map of the 30-year mean annual precipitation
is shown in Figure S2. Precipitation is very low in
the southern portion of the Central Valley of Califor-
nia and increases northward. Much of the Central
Valley is in agricultural production and irrigation is
required throughout. The desert areas of the south-
eastern portion have the lowest annual precipitation,
while the northwest coastal portion generally has the
highest. There are portions of the northern study
area with high precipitation, which generally follow
elevation trends. There is also a region of the north-
eastern portion with low precipitation.

The geology of the study area is highly varied (Fig-
ure S3). The Central Valley is composed of a thick
sequence of Quaternary sediments sourced from the
adjacent highlands. Rocks to the east of the Central
Valley, are a mix of igneous (granodiorite and quartz
monzanite), volcanic (andesites and others), and meta-
morphic assemblages. Rocks to the west of the Central
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TABLE 1. Full Names for Six-Digit Hydrologic Unit Code (HUC6)
Watersheds in the Study Area.

HUC6 HUC6 Area, Number of

Number Name km? Calibration Sites

160501 Truckee 5,025 9

180101 California North 23,905 6
Coastal

180102 Klamath and 40,525 15
Trinity River

180200 Pitt and 19,851 5
McCloud River

180201 Sacramento River 52,082 23

180300 Tulare-Buena 42,513 0
Vista Lakes

180400 San Joaquin River 40,955 12

180500 San Francisco Bay 11,145 1

180600 Central California 29,371 5
Coastal

180701 Los Angeles-Ventura 11,791 1

180702 Newport Bay-Santa 7,006 2
Ana

180703 San Diego 9,877 1

180800 North Lahontan 11,771 0

180901 Crowley, Mono, 11,331 0
Owens Lake

180902 Northern Mojave 61,859 0

181001 Southern Mojave 22,884 0

181002 Salton Sea 18,189 0

Valley are mostly of marine origin, with some
mélanges and serpentines. Marine sedimentary rocks
occur throughout much of the coastal regions. The
northern portion of the study area has extensive volca-
nic rocks, and the northern central portion has exten-
sive igneous and metamorphic assemblages including
rocks of ophiolite origin. The southeast portion of the
study area is largely desert with a mix of Quaternary
sediments and ranges of igneous rocks typical of the
Basin and Range Province. Quartz diorite rocks occur
in the southwest portion of the study area.

Mathematical Formulation

The SPARROW model is based a nonlinear least-
squares multiple regression on elements of a hydro-
logic framework that solves a mathematical expression
of constituent load. Detailed explanations of the math-
ematical formulation are available elsewhere (Schwarz
et al., 2006; Alexander et al., 2008). Briefly, the load at
the outlet of a catchment, L;, is expressed as:

N M
Li :AiLifl +A; Z OCnSnieXp< Z (smanZmL)
n=1 m=1
(1)

The load leaving an individual catchment, L;, is a
function of the incoming load (L;_,), aquatic decay (4;),
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phosphorus sources within that catchment («,,S,,;), and

M
land to water delivery (exp< > Omnlm Zm,->). The

m=1

aquatic decay term accounts for a variety of physical
or biogeochemical processes resulting in loss of phos-
phorus from the stream. The source terms are those
that are determined to be statistically significant for
the model during the calibration process. Source terms
may be mass related, such as phosphorus in wastewa-
ter discharges, or the amount of fertilizer applied in a
catchment, or can be spatially relevant, such as the
area of a particular land use. The land-to-water deliv-
ery term represents processes that can move phospho-
rus from land to a stream. Possible terms might
include precipitation, soil texture, base-flow index, etc.
Coefficients, 0,,, are calculated by the model to adjust
the amount of a source of phosphorus, within a catch-
ment, that reaches the stream before any decay
occurs. The aquatic decay term is specified for either
streams or reservoirs. It is a first-order decay function
for instream decay, where the fraction of mass trans-
ported is a continuous function of the mean reach
water travel time, mean water depth, and the esti-
mated coefficient. For reservoirs, aquatic decay is a
first-order mass transfer rate dependent on the
inverse of areal hydraulic loading, in units of year per
meter and a model-estimated coefficient.

Data Compilation

SPARROW models are built upon a base year for
which data on sources and other characteristics must
be available. The base year for this model was 2002.
There must also be a sufficient amount of calibration
sites throughout the watershed where water chemis-
try and discharge have been collected. De-trended
annual loads are calculated for each of the calibration
sites. Both streamflow and water chemistry data are
de-trended around the base year in order to remove
the effect of variations caused by changing environ-
mental conditions. The period of time of available
data for either streamflow or water chemistry varies
at the calibration sites. By removing the trends, the
SPARROW model can be calibrated according to an
“average” condition for each of the watersheds. The
model coefficients are estimated on the basis of the
calibration site records and predictions can then be
made on the entire study area, which is mostly com-
posed of unmonitored stream reaches. The chemistry
and discharge data for calibration must span the base
year. The stream network is the basic building block
of the SPARROW model and all data are referenced
to individual catchments. This SPARROW model was
developed for TP, which includes both dissolved and
particulate forms. Data for TP in stream water were
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FIGURE 2. Map of Studentized Residuals for the SPARROW Model Phosphorus Calibration, Locations of U.S.
Environmental Protection Agency Level-3 Ecosystem Regions, and Locations of Selected Cities.

obtained from federal, state, university, and other
sources. A total of 80 sites (Figure 1) were used for
calibration (Table S1 and S2). The distribution of
these sites by HUC6 is shown in Table 1. Some
HUCG6 regions were well represented with calibration
sites, but other locations, especially the arid regions
such as Mojave, Salton Sea, and others had few cali-
bration sites mainly because of the scarcity of gaug-
ing stations and associated water quality records.
Streamflow data were mainly obtained from the U.S.
Geological Survey (USGS) except for a few sites.
Before the SPARROW model could be calibrated, it
was necessary to have estimates of annual TP stream
loads for each of the 80 sites. These were estimated
using the USGS Fluxmaster model (Schwarz et al.,
2006). The Fluxmaster model is similar to other
regression methods for estimating loads, such as that
developed by Cohn (2005) in that it uses a bias-cor-
rected log-linear regression model with maximum
likelihood estimation that relates the concentration to
time, discharge, and seasonal terms (Schwarz et al.,
2006; Saad et al., 2011). The Fluxmaster model
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requires a continuous record of mean daily discharge
for the modeled period, and a sufficient number of
water quality samples, collected over the range of
flow conditions, to develop a suitable relation. A total
of 20 water quality samples are usually considered a
minimum, but the model can be run with fewer. In
this study, the fewest number of samples at a partic-
ular site was 16, the maximum was 1,176, and the
median was 102. More information about matching
water quality data with streamflow data is given by
Saad et al. (2011). The process for the Fluxmaster
calibration and de-trending of hydrologic data is
described in more detail in the Supporting Infor-
mation.

Data for the SPARROW model must be organized
according to a spatial hydrologic network. The
1 : 100,000 scale NHDPIlus version 2 hydrologic data-
set (McKay et al., 2012) was used. NHDPlus is
described as an integrated suite of application-ready
geospatial data products, incorporating many of the
features of the National Hydrography Dataset
(NHD), the National Elevation Dataset, and the
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National Watershed Boundary Dataset (WBD)
(McKay et al., 2012). Further information about the
NHDPlus system is given by Brakebill et al. (2011).
A total of 144,405 individual catchments were used
for the model calibration and predictions. Each catch-
ment has a unique identifier with classifications for a
flow line, direction of flow, and connectivity to subse-
quent flow lines. Spatial data associated with each of
the catchments must be available for SPARROW sim-
ulations. Catchments used for calibration will have a
value for the annual load as determined by the Flux-
master calculation, and catchments with point
sources will have the annual discharge of TP. Data
on phosphorus sources, and all other hydrologic data
used in the model, must be present for each catch-
ment. These data sources are described below.
Although NHDPlus version 2 incorporates major
diversions of rivers, it was necessary to add more
diversions because of the importance of irrigation and
other water uses in California. The locations of these
diversions and the fraction of water diverted were
obtained from various state, federal, and local agen-
cies. The fractional amount transported after a diver-
sion is used in the data input to the model to account
for the mass balance of water.

Point source data were obtained mostly from Mau-
pin and Ivahnenko (2011). The data included the dis-
charge and the associated annual load of TP.
Wastewater facilities were defined as “major” when
the average discharge was greater than 3,785 m?®/
day. Facilities with lower discharge were classified as
minor. The locations of these facilities are shown in
Figure 1. Many of the larger facilities are located
near the ocean because of their proximity to coastal
cities, so those loads only minimally affect the inland
rivers, but may have some effect on the near shore
ocean environment. A total of 261 facilities were used
in the calibration, and about 66% of those were
domestic wastewater treatment plants. It was always
desirable to acquire actual chemical data on the
amount of phosphorus in the discharge, but in some
cases, as for wastewater, phosphorus had to be esti-
mated using a procedure described by McMahon
et al. (2007). Similar to the calculations made for
stream loads, an annual amount at the point of dis-
charge was utilized to account for that source of phos-
phorus to the streams.

Potential TP sources included wastewater dis-
charges, land-use categories (urban, agricultural, for-
ested, etc.), fertilizer applied to crops, agricultural
livestock (manure from livestock production or from
confined and unconfined production), and geological
background. Information on phosphorus applied to
crops came from county level estimates (Ruddy et al.,
2006). These were expressed in the model as kg/yr
for each catchment where fertilizer was applied.
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Similarly, phosphorus from various sources of
manure, also obtained from Ruddy et al. (2006), was
expressed as kg/yr. Geological sources of phosphorus
were expressed as an indirect measure as described
by Terziotti et al. (2009). Bed-sediment samples col-
lected at headwater streams in relatively undisturbed
areas were aggregated by using geochemical map
units and ecoregion classifications. The mapped val-
ues are in parts per million, which was then scaled
by catchment area (ppm km?) to serve as a surrogate
in the model for the mass of phosphorus contributed
by geological sources. The national land cover data-
base (Homer et al., 2004) was used for amounts of
various land use categories, expressed as km?.

After significant source terms were identified, land
to water variables were considered for the delivery of
TP to streams. Land to water variables considered in
this model included mean annual precipitation (Ore-
gon State University, 2007), soil K factor, soil perme-
ability, soil organic matter, soil clay content and
other soil features, soil pH (U.S. Department of Agri-
culture, 1994), average slope in the catchment, tem-
perature, and presence of tile drains (Wieczorek and
LaMotte, 2010). The soil erodibility factor (K factor)
is a quantitative description of the inherent erodibil-
ity of a soil; it is a measure of the susceptibility of soil
particles to detachment and transport by rainfall and
runoff. For any soil, the erodibility factor is the rate
of erosion per unit erosion index from a standard
plot. Aquatic decay terms tested include instream
loss, which is the product of travel time and inverse
of mean water depth with units of m/day, and reser-
voir loss, which is the inverse of areal hydraulic load-
ing. The aquatic loss in streams was modeled
according to a first-order decay process as a continu-
ous function of time of travel as described by Schwarz
et al. (2006). Instream decay was tested for streams
of various levels of discharge. Instream decay rates
are estimated on the basis of travel times within the
stream segments and evaluated on the basis of statis-
tical significance of the explained spatial variation in
stream load.

Output of the SPARROW model includes informa-
tion on TP sources and mass within catchments, both
incremental and total. An incremental load or flux of
TP within a catchment is that which originates
within a single catchment before any decay, transport
out of the catchment, or loss has occurred. Total load
or flux in a catchment is defined in this manuscript
as the sum of processes including mass transferred to
a catchment from adjacent ones, the amount that
originated in the catchment, and all losses accounted
by the decay terms. Yields of TP (mass per area) are
described in a similar manner using the area of each
individual catchment. Catchments along the flow line
of individual rivers can be isolated from the model
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results. This allows for an understanding of loads in
an individual river and the sources of those loads.

RESULTS

Model Calibration and Estimation

The first step in building the SPARROW model
was establishing a concentration/discharge model for
the calibration sites. Phosphorus concentrations var-
ied at the calibration sites within and across the
Level III ecological regions (Figure S4). Residuals
from the output of the load model, Fluxmaster, were
examined and the Nash-Sutcliffe efficiency index
(Nash and Sutcliffe, 1970) was used to determine if
any bias was present in the load calculations. The
Nash-Sutcliffe index suggested a slight negative
bias indicating that the modeled load tended to
underestimate the actual.

Calibration of the SPARROW model requires test-
ing the statistical significance of phosphorus sources,
land-to-water delivery variables, and aquatic decay
variables. Statistically significant variables and the
data sources identified are shown in Table 2. The sta-
tistical significance of each source coefficient was
determined using a one-sided ¢-test with a signifi-
cance level of 0.10. A one-sided test was used, as
sources have to be positive. Sources with significance
levels greater than 0.1 were excluded from the model.
The first variable tested was point sources (locations
shown in Figure 1). The significance level (p-value)
for point sources was 0.04 (Table 3). Geological back-
ground was then added and found to be highly signif-
icant (p = 0.001) (Table 3). Geological sources of
phosphorus are shown in Figure 3.

It was hypothesized that agriculture would be an
important source of phosphorus. Cultivated land as a
land-use category was significant (p = 0.008). The
locations of cultivated land are shown in the land
use/land cover map in Figure S1. The amount of
chemical fertilizer as phosphorus and the amount of
manure applied were also tested, but these were not
significant.

Source terms were tested for possible problems
caused by multicollinearity. Independence of source
variables was assessed by calculating the variance
inflation factor and the eigenspread. Multicollinearity
was also evaluated by calculating the eigenspread
of the predictor variables as described previously
(Schwarz et al., 2006). Multicollinearity was not
found to be a problem.

Other land uses or land covers were tested but
were not significant for the model. These included
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TABLE 2. Phosphorus Source Variables and Land-to-Water
Delivery Variables Used in Developing the SPARROW Model
for California and Portions of Oregon and Nevada.

Phosphorus Mass

Source Variable Unit Spatial Dataset Tested

Point kg/yr P in NPDES-permitted discharge of
source municipal, domestic, and industrial
wastewater (McMahon et al., 2007)
Geological ppm P content of bed sediment in
sources km? headwater streams based on
regionalizing National Geochemical
Survey data (Terziotti et al., 2009),
multiplied by catchment area
Cultivated km? Area of cultivated crops (Category 82)
land as classified by the 2001, National
Land Cover Dataset (Homer et al.,
2004)
Land-to-Water Unit of
Variable Measure Spatial Dataset Tested
Precipitation mm Annual mean precipitation,
1971-2000, PRISM, Oregon State
University, 2007
Clay content % Clay in soil, STATSGO (U.S.

Department of Agriculture, 1994)

Note: NPDES, National Pollutant Discharge Elimination System.

forested land, urban or developed land, grasslands
and pasture, and wetlands.

Land-to-water delivery variables are used to model
how phosphorus moves from the landscape to a
stream. The statistical significance of each delivery
coefficient, whether positive or negative was deter-
mined using a two-sided ¢-test and a significance level
(p-value) of 0.05. Delivery variables tested that had a
significance level (p-value) greater than 0.05 were
excluded from the model. Possible delivery variables
include climate terms such as temperature or precipi-
tation, soil characteristics such as percent sand or
clay, base-flow index, slope of land surface, soil pH,
soil organic matter, soil erodibility, etc. The delivery
factors found to be significant included mean annual
precipitation and average clay content of the soil
(Table 3). Including sand and clay percent together
indicated a multicollinearity problem, and since clay
resulted in a model with a more favorable p-value, it
was used for subsequent model prediction. The distri-
bution of the percent clay in the catchments is shown
in Figure S5. Groundwater discharge to streams, as
indicated by the base-flow index, was not significant.
Groundwater can be a source of phosphorus to
streams (Domagalski et al., 2008; Holman et al.,
2008) but this was not significant over the study
area.

Aquatic decay is based on the stream reach
length and time of travel. Stream types range from
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TABLE 3. Results of Nonlinear Least Squares Estimation and Bootstrap Analysis for the SPARROW
Phosphorus Model Developed for California and Portions of Oregon and Nevada.

Nonlinear Least Squares Calibration

Results of Bootstrap Analysis

Model Lower 90% Upper 90% Nonparametric
Coefficient Model Confidence Confidence Standard Error Bootstrap Estimate

Variable Units Coefficient Interval Interval of Coefficient  p-Value* of Coefficient (mean)
Sources of phosphorus

Point sources Dimensionless 1.46 —0.52 2.92 0.82 0.04 1.36

Geological sources kg/ppm km? 0.036 0.012 0.049 0.01 0.001 0.039

Cultivated land kg/km?/yr 259.4 89.4 395.8 106.0 0.008 267.3
Land-to-water delivery

Precipitation log (mm) 0.70 0.34 1.05 0.25 0.006 0.71

Clay Dimensionless 0.05 0.023 0.08 0.016 0.001 0.05
Aquatic loss

Instream loss per day 1.45 —0.86 1.96 0.42 0.0005 1.71

Q<14

m?%/s) (m/day)

Instream loss per day 1.24 0.43 1.73 0.36 0.0005 1.34

(Q> 1.4 m%s

and <14.1 m%s)

(m/day)

Instream loss per day 0.27 0.11 0.45 0.11 0.006 0.26

(Q > 14.1 m%s)
(m/day)

Model Root Mean
Square Error: 0.65
Model R?: 0.91
Model Yield R?: 0.51

“p-Values are one-sided for source and aquatic loss terms, and two-sided for land-to-water delivery terms.

intermittent with either seasonal or longer time peri-
ods between discharges to large perennial rivers. The
average annual and de-trended streamflow was
2.9 m?/s and the median was 0.04 m?/s. The 90th per-
centile of streamflow was 1.6 m®/s. The maximum
streamflow was 700 m®/s. Clearly, relatively small
streams with a few large rivers dominate the study
area. There are also many intermittent streams,
especially in the Xeric West portion of the study area.
Different stream classes, with respect to size, were
tested for their significance for aquatic decay. Three
perennial stream classes were found to be significant,
while intermittent streams were not found to be sig-
nificant. Small streams, less than 1.4 m®/s and med-
ium-sized streams (greater than 1.4 m®s and less
than 14.1 m%s, p = 0.0005), were highly significant
for aquatic loss, with similar -coefficients, 1.45-
1.24 day !. Large streams were also significant
(p = 0.006) but with a smaller coefficient, 0.27 day .
Reservoirs were not significant for the aquatic loss of
phosphorus (p > 0.1). It might be expected that reser-
voirs would be significant since sediment is trapped
in reservoirs. Many of the reservoirs in California are
located in upland areas in regions where most of the
phosphorus inputs are from background sources and
not anthropogenic sources. In those cases, phospho-
rus loads from the reservoir might be in balance with
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inputs and therefore aquatic decay is insignificant.
Previous SPARROW phosphorus models have shown
mixed results regarding whether reservoirs are sig-
nificant for aquatic loss. Models developed in the
midwestern or eastern United States (U.S.) have
shown that reservoirs are significant, such as in the
southeastern U.S. (Garcia et al., 2011), within the
Missouri River Basin (Brown et al., 2011), the Great
Lakes (Robertson and Saad, 2011), and the South
central U.S. (Rebich et al., 2011). In contrast, Wise
and Johnson (2011) did not find any significance of
reservoirs for phosphorus loss in the Pacific North-
west, U.S. A more recent study (Milstead et al., 2013)
demonstrated that nutrient dynamics in reservoirs
could be more effectively studied by coupling pre-
dicted SPARROW loads to reservoirs with a linear
Vollenweider type regression.

Model coefficients and model summary statistics
are shown in Table 3. The model coefficient of deter-
mination, R? was 0.91 indicating that the model
accounted reasonably well for the spatial variability
in monitored loads. The coefficient of determination
for phosphorus yields was 0.51. This coefficient was
based on the log-transformed data. As explained
by Schwarz et al. (2006), the model coefficient of
determination for SPARROW models, R? tend to be
large (greater than 0.6). This is because much of the
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FIGURE 3. Map Showing Concentrations of Sedimentary Phosphorus in Surficial Soils or Stream Beds from Geological Sources.

variation in the dependent variable is associated with
the size (drainage area) of the basin upstream from
the monitored reach, and drainage area is typically
highly correlated with contaminant source variables
(Schwarz et al., 2006). A high value of the coefficient
of determination does not necessarily indicate the
strength of the model within smaller basins. The
goodness of model fit for small basins might be better
described by the coefficient of determination of the
logarithm of contaminant yield (mass per unit area)
(Schwarz et al., 2006). The root mean square error
(RMSE) of the model was 0.65. This is similar to the
RMSE of other SPARROW TP models, which ranged
from 0.345 to 0.755 (Preston et al., 2011). Studentized
residuals from the model are shown in map form
(Figure 2). The distribution of calibration sites with
over- or underpredictions is somewhat randomly dis-
tributed throughout the northern portion of the study
area, but there appears to be a bias toward overpre-
diction in the southern portion of the study area. This
might be attributed to fewer calibration sites in that
part of the study area. Plots of observed and pre-
dicted loads, residuals and predicted loads, residuals
and predicted yield, and a probability plot of residu-
als are shown in Figure S6. In general, the overall
relationship between observed and predicted loads,
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shown in Figure S6A, suggests that no significant
bias was detected throughout the study area.

The robustness of the calculated model coefficients
(defined as the ability of the calibrated model coeffi-
cients to remain stable with random variations in the
input data) was examined using nonparametric re-
sampled bootstrapping with 200 iterations. This is
based on repeated reestimation of the model applying
a different set of randomly selected (with replace-
ment), nonnegative integer weights, each set sum-
ming to the number of model observations (Schwarz
et al., 2006). Bootstrapping was used to estimate the
mean of calculated coefficients for the 200 estimates.
The means of the bootstrap estimates of the 200 iter-
ations were generally between 0 to 7.5% of the least-
squares estimates (Table 3). There was one exception.
This was for the aquatic loss term for the small
streams where there was a 15% difference.

Loads and Yields

Loads are defined as mass per year, while yields
are mass per year normalized by catchment area. A
map of TP loads exported from catchments is shown
in Figure 4 and the loads attributed to cultivated
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land and geological background in Figures 5 and 6.
Phosphorus loads leaving catchments are calculated
by taking the incoming load into a catchment from
the adjoining catchments, adding the load contributed
by the catchment and subtracting the amount of loss
from aquatic decay. Incremental loads, which are
loads originating in individual catchments (no trans-
port from adjacent catchments or aquatic decay), for
the six-digit hydrologic units that make up the study
area are shown in Table 4. Maps of incremental load
for TP, incremental from geological sources, and
incremental from cultivated land are shown in Fig-
ures S7, S8, and S9. The table and plots of incremen-
tal loads represent the TP sourced within a
catchment. The incremental loads, therefore, are only
representative of the individual catchments and can

Legend :
I Lake or water body

Total Phosphorus Load Exported
from Catchments, kg

B o-26

I 26 - 55

[ 55- 147

[ 147 - 240

I 240 - 423

[ 423-2,183 —

be thought of as the starting condition before down-
stream transport or any loss occurs. The difference
between the incremental and total load maps shows
how downstream transport is attenuated by aquatic
decay. The incremental sources of phosphorus over
the entire study area are attributed to geological
background (39%), point sources (23%), and -culti-
vated land (38%).

The largest continuous regional area of high phos-
phorus load from cultivated land is the Central Val-
ley (Figure 5). The lower portion of the Central
Valley (HUC 180300, Tulare-Buena Vista Lake) has
mostly closed drainage because of water manage-
ment, and essentially none of the load leaves the
HUC. The HUC representing the Sacramento River
(180201) and that for the San Joaquin (180400)

2,183-8811 0 70 1310
[ 8811-27,714
B 27,714 - 198,714
I 198,714 - 1,988,167

1
280Kilometers

FIGURE 4. Map Showing Total Phosphorus Load Exported from Catchments.
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FIGURE 5. Map Showing Total Phosphorus Load from Cultivated Land Exported from Catchments.

demonstrate the importance of cultivated land for the
sourcing of phosphorus to streams. Those two water-
sheds have the highest estimated incremental load
and each have about 63 or 64% of the incremental
load from cultivated land. The incremental TP load of
the Tulare-Buena Vista Lakes HUC is about 75%
from cultivated land. Incremental inputs from culti-
vated land are also locally important within the Cen-
tral California Coast and the upper portion of the
Klamath-Trinity region. Incremental load of phospho-
rus in the Central California Coast (HUC 180600)
and Klamath and Trinity River (180102) is from
mixed sources and geologic background is important.
One river within the Central Valley Coast with
extensive agriculture in the watershed is the Salinas
River. Some hydrologic units have point sources that
are important for incremental phosphorus loading.
These are mostly in coastal regions and include the
Los Angeles-Ventura (180701), Newport Bay-Santa
Ana (180702), San Diego (180703), and San Francisco
(180500). Since these point source locations are
near the ocean, most of that incremental load is
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discharged to the coast or estuaries. There are large
regions in the study area with closed drainage
besides the Tulare-Buena Visa Lakes region. Two of
these are the northern and southern Mojave Desert
and another HUC (180901, Crowley, Mono, Owens
Lake) to the north. These are sparsely populated
areas as indicated by the low amount of incremental
load from point sources and most of the load is from
geological background. The Salton Sea HUC (181002)
also has closed drainage and there is significant agri-
culture in that region because of the availability of
irrigation water. Incremental load is high in some
regions, such as the Mojave, but there is essentially
no phosphorus transported from this region, because
of closed drainage. The California North Coastal area
(HUC 180101) is drained by several large rivers and
has 80% of the incremental phosphorus load is from
geologic background. The Tahoe region (HUC 160501,
Truckee) is especially important from a management
perspective. The lake is deep with very low primary
productivity and high clarity. Streams enter Lake
Tahoe from the south, east, and west, and the
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FIGURE 6. Map Showing Total Phosphorus Load from Geological Sources Exported from Catchments.

Truckee River has its origin at the outlet on the
northwest portion of the lake. Precipitation amounts
are somewhat lower in this region of the study area
and as a result, the phosphorus incremental load is
relatively low.

Surficial geology greatly affects the levels of back-
ground phosphorus in this study area and sourcing of
phosphorus to streams. In portions of the northern
study area, there is high background phosphorus
attributable to the presence of basaltic rocks mostly
of andesite composition (Surficial geology is shown in
Figure S3). In contrast, certain rock types result in
lower amounts of background phosphorus contributed
to streams. Along the reach of the Klamath River,
geological sources of phosphorus decrease due to a
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transition from the volcanic rocks to a suite of igne-
ous and metamorphic rocks, which, includes argilites,
quartz diorite, greenschist, blueschist, peridotite,
mafic volcanics, slates, and sandstones within the
Trinity Mountains (see Figure S3 for location). As the
Klamath River flows toward the ocean, there is one
more region of intermediate background phosphorus,
as the rock type changes from mostly igneous to mar-
ine sediments, before the river discharges to the
coast. The Central Valley is a region of relatively low
geological sources of phosphorus (Figure 3). The Cen-
tral Valley is mapped as a thick sequence of Quater-
nary alluvium. In contrast, drainages to the east of
the Central Valley tend to be higher. Most of the geo-
logical sources of phosphorus upgradient from the
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TABLE 4. Estimated Incremental Loads and Yields and Source Shares of Total Nitrogen in
Six-Digit Hydrologic Unit Code (HUC6) Watersheds.

Estimated

Six Digit Hydrologic Unit Incremental Share from Geologic Share from Point Share from Median Catchment

Code (HUC6) Watershed Load, kg/yr Background, % Sources, % Cultivated Land, % Yield, kg/km?/yr

180201-Sacramento River 9,294,371 27.0 10.0 63.0 51

180400-San Joaquin River 4,503,446 27.7 8.1 64.2 64

180701-Los Angeles-Ventura 3,981,300 14.2 83.4 2.4 52

180300-Tulare-Buena Vista 3,506,708 25.2 0.3 74.5 42
Lakes

180600-Central California 2,553,197 58.5 11.3 30.2 56
Coastal

180102-Klamath and Trinity 2,456,911 69.1 1.5 29.4 36
River

180101-California North 2,290,880 80.1 6.2 13.7 77
Coastal

180500-San Francisco Bay 2,127,205 22.5 67.5 10.0 50

180200-Pit and McCloud 1,549,334 73.1 0.4 26.5 72
River

180702-Newport Bay-Santa 1,456,127 17.7 77.8 4.5 41
Ana

180703-San Diego 1,029,275 23.1 70.7 6.2 22

180902-Northern Mojave 851,808 93.5 1.9 4.6 13

180800-North Lahontan 729,029 77.0 1.7 21.3 53

181002-Salton Sea 490,868 45.5 23.7 30.8 13

181001-Southern Mojave 281,933 99.5 0.0 0.5 13

160501-Truckee 196,609 98.0 0.0 2.0 43

180901-Crowley, Mono, 185,654 94.3 0.0 5.7 17

Owens Lake

Central Valley are from igneous rocks of the Sierra
Nevada. A map of TP load exported from catchments
from geological sources is shown in Figure 6. In spite
of low geological sources of phosphorus throughout
the Central Valley, some portions of the Central Val-
ley actually have elevated loads of TP from geological
sources leaving catchments. Much of that can be
attributed to geological sources transported from up-
gradient areas from the major tributaries from the
surrounding mountains as discussed later in this
report.

The coastal areas of central to southern California
are also regions of elevated geological background
levels of phosphorus. The rocks in this region are
mostly marine sediments, and some volcanic rocks.
Some of the streams draining these regions will tend
to have elevated levels of phosphorus derived from
natural geological background. Portions of the south-
ern California coast also have elevated phosphorus
contributions from geological sources that are dis-
cussed later in this report. The desert region of
southern California is also Quaternary alluvium and
background levels of phosphorus tend to be elevated.
However, because of the low rainfall, transport of TP
from those areas is low and the drainage is internal.
There are very localized regions with glacial deposits,
such as near Lake Tahoe. These are potential sources
to streams and the lake.
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Yields of phosphorus exported from catchments for
the study area are shown on Figure 7. Maps of incre-
mental yields are shown in Figures S10, S11, and
S12. Similar to the calculation for load, yields of
phosphorus exported from catchments are calculated
for the connected catchments and include aquatic
decay along the flow paths. The Central Valley of
California, coastal regions, and parts of the northern
study area have some of the highest yields. Median
incremental yields, by HUC are shown in Table 4.
Yields from the desert area are lowest because of the
closed drainage. Local geology affects yields. For
example, there is a contrast in the incremental yields
for the southern portion of the Central Valley, the
San Joaquin Valley. Incremental yields on the wes-
tern portion of that region are generally higher than
those directly to the east (Figure S10). This shows
the effect of one of the delivery variable terms in the
model. The western portion of the San Joaquin Valley
has more soils with elevated clay content, while the
soils of the eastern San Joaquin Valley are generally
composed of sand. This is due to different surficial
geology on either side of the Valley. Clay soils, typical
of the western San Joaquin Valley, tend to increase
the yield of phosphorus. Incremental yields in the
southern portion of the Central Valley tend to be
lower relative to the northern portion, the Sacra-
mento Valley. There is lower rainfall in the southern
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FIGURE 7. Map Showing Total Yield of Phosphorus Exported from Catchments.

portion of the valley, and streamflows are lower. As
mentioned, the eastern portion of the San Joaquin
Valley has more land with sandy soils, which tends
to limit the amount of surface runoff to streams but
increases groundwater recharge. The Sacramento
Valley has a higher distribution of clay soils relative
to the San Joaquin Valley. As a result, incremental
and exported yields tend to be uniformly elevated on
both sides of the Sacramento River (Figure 7). For
the two six-digit HUCs that make up the Sacramento
River watershed (180200 and 180201), exported
yields are 16.8 kg/km?/yr for the Sacramento River as
it leaves HUC 180200 (northern portion) and 30 kg/
km?yr for the southern HUC (180201) where the
Sacramento River flows into the Delta. The higher
yield for the southern HUC is due to a combination of
sources including cultivated land and point sources.
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The exported yield from the lower San Joaquin River
(HUC 180400) is 42 kg/km?/yr, as the river flows into
the Delta, also a result of the combination of sources
from tributary rivers. Incremental and exported
yields in the northern coastal region are elevated
because that area has some of the highest precipita-
tion in the study area. Precipitation is a highly signif-
icant delivery term for the model. The phosphorus
along this portion of the California coast is almost
entirely from geological sources as there is very little
cultivated land and low population. For example, just
upstream of the coastal wastewater treatment plants
on the Eel River, the exported yield of phosphorus is
23 kg/km?yr. Point sources are present but are
mostly located near the coast and increase the yields
directly at the mouths of the rivers. Just below the
wastewater treatment facilities, the exported yield of
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the Eel River is 27 kg/km%yr. In portions of the
northern study area, there are regions with lower
phosphorus yields. This corresponds to lower back-
ground levels of phosphorus. For example, the Klam-
ath River crosses some of these areas of low
geological background (Trinity Mountains, Figure S3),
and as a result, the exported yield near the mouth of
the river is only 10 kg/km?yr. The Trinity River
watershed is mostly within this region of low geologi-
cal background, and has a relatively low upstream
yield at the point of discharge into the Klamath River
at 13 kg/km?yr. Some coastal rivers, such as the
Salinas have elevated incremental yields from a com-
bination of sources. The Salinas watershed is also
highly agricultural. In addition, there is a high back-
ground level of phosphorus, which increases the load
and yield. Another example of a river with high
yields is the Pit River. The Pit River is a major tribu-
tary to the upper Sacramento River and discharges
directly into Shasta Lake, a large reservoir that dis-
charges to the Sacramento River. There is a high
background level of phosphorus and cultivated land
in that watershed.

Case Studies of Selected Watersheds

The SPARROW model can be used to show the
cumulative mass of phosphorus along the course of
the river and the amount of phosphorus from each
source. This is particularly useful for formulating
nutrient management plans, as it will help to demon-
strate how reasonable or effective load reductions can
or cannot be accomplished. We chose several river
systems in different parts of the study area to demon-
strate how processes such as the types of geologic
background, hydrology, precipitation, and soil types
interact to influence the sources of TP along river
reaches and the locations contributing to TP loads.
For each river system discussed below, the river flow
line is that of the entire system, from headwater to
mouth. Eight rivers were chosen for this comparison.
These include the Klamath, Eel, Pit, Sacramento,
San Joaquin, Salinas, Russian, and Malibu Creek
(Figure 1). These rivers range from small watersheds,
such as Malibu Creek, to the largest in the study
area, the Sacramento River. The rivers or creeks also
range from being in mostly undeveloped areas, such
as the Eel, to highly developed or hydrologically mod-
ified such as the San Joaquin.

Two selected rivers in the northern portion of the
study area are the Klamath and Pit Rivers. The
Klamath River has its source from Upper Klamath
Lake, which is a shallow hypereutrophic lake
(Colman et al., 2004). There are no point sources
above Upper Klamath Lake, and the sources of
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phosphorus are natural background and cultivated
land. There are also wetlands in the region although
many of them have been drained for agriculture. Two
of the larger rivers that discharge to Upper Klamath
Lake, the Sprague and Williamson Rivers, have natu-
ral background geological sources accounting for 78%
of the incoming TP to the lake and cultivated land
accounting for the remaining 22%. The main geologic
sources of TP to Upper Klamath Lake are andesite
and other basaltic rocks. Phosphorus loads from spe-
cific sources in the Klamath River below Upper
Klamath Lake are shown in Figure 8A. Just below
Upper Klamath Lake the percentage of TP load from
point sources is 25%, the percentage of TP load
attributed to cultivated land is about 28%, and the
percentage of TP load attributed to geologic back-
ground is about 47%. There are no additional sources
of wastewater TP along the remainder of the Klam-
ath River, so the contribution of TP from that source
decreases and becomes negligible as the river flows to
the ocean. There is some cultivated land just below
the lake, and the percentage of TP from agriculture
is highest until about 330 km from the mouth at
which location, geologic background is the main
source of TP. Geological sources of TP in Klamath
River below Upper Klamath Lake are very different
from those of the rivers upstream of the lake. Some
of the very lowest areas of background TP for the
entire study area are located along that reach (Fig-
ure 3). The reach of the Klamath River from about
280 km from the mouth to about 80 km from the
mouth does not show a very large increase in TP load
except for a few locations. A tributary, near 200 km
from the mouth results in an increase in TP load.
That reach of river has some of the lowest geological
sources of TP to the river. The geology is dominated
by a mix of igneous and metamorphic rocks including
ophiolites and mafic rocks, which contribute only
minimally to the TP load. The load of TP has a signif-
icant increase near 80 km from the mouth because of
discharge from the Trinity River. The Trinity River
also flows through a region of low geologic P back-
ground, which includes argillite, slate, and blueschist
assemblages. A final increase in TP load occurs near
the mouth of the river as the river flows into an area
of Pliocene to Holocene alluvium that contributes TP
to the river. The estimated amount of phosphorus dis-
charged to the ocean from the Klamath River is 622
tonnes (one tonne = 1,000 kg) of which 88% can be
attributed to geological background, 1.5% from point
sources, and 10.5% from cultivated land.

The Pit River is located south of the Klamath and
is a major tributary to the Sacramento River (Fig-
ure 1). Today, the Pit River forms one of three major
arms to the largest reservoir in California (Shasta
Lake) with the other two being the Sacramento and
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FIGURE 8. Graphs Showing Sources of Phosphorus Load at Four Selected Rivers by Source.

the McCloud Rivers. Discharge of the Pit River into
Shasta Lake accounts for about 59% of the total aver-
age annual inflow to the lake (Rettig and Bortleson,
1983). The Pit River is on the 303(d) list of impaired
water bodies for nutrients, temperature, and organic
enrichment. The geology of the Pit River watershed
is mostly Cenozoic volcanic rocks of andesite or basal-
tic composition. The watershed is sparsely populated
and there is very little input of TP from wastewater.
There is some agriculture in the upper part of the
watershed. That part of the watershed also has
extensive clay soils which is expected as basaltic
rocks generally weather to clays (Eggleton et al.,
1987). However, precipitation is low in the upper
portion of the Pit River. Irrigation runoff might be
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more significant than rainfall for TP transport. Phos-
phorus loads generally increase downstream with
some variability (Figure 8B). The amount of phospho-
rus from cultivated land increases to about 50% of
the total load about 200 km from the entry to Shasta
Lake, and steadily decreases to about 25% of the total
load as the river discharges to the lake. The esti-
mated TP load from the Pit River into Shasta Lake is
222 tonnes. The upper Sacramento River discharges
42 tonnes of TP into Lake Shasta of which 93% is
from geological background. The McCloud River dis-
charges 28 tonnes of TP to Shasta Lake, almost all of
which is from geological sources. The Pit River there-
fore discharges 76% of TP into the upper part of
Shasta Lake from these three rivers. Approximately
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25% of that total load from the three rivers is from
cultivated land in the upper portion of the Pit River
watershed.

Loads assigned from specific sources for the Sac-
ramento and San Joaquin River systems are shown
in Figures 8C and 8D. The total load of phosphorus
entering the Delta is 1,944 tonnes from the Sacra-
mento River watershed and 732 tonnes from the
San Joaquin. For the Sacramento River, 14.4% of
the phosphorus load entering the Delta is from geo-
logical sources, 64.9% from agriculture, and 20.7%
from point sources. For the San dJoaquin River,
27.6% is from geological sources, 57.9% from agricul-
ture, and 14.5% from point sources. For both rivers,
the contribution of phosphorus in the headwaters is
mostly from geological sources. As the water moves
into the Central Valley, sources change, and culti-
vated land becomes the dominant source. For the
Sacramento River system, cultivated land is the
dominant source of phosphorus throughout most of
the Central Valley until the river passes the city of
Sacramento and a wastewater facility discharges to
the river. The wastewater treatment facility in the
lower Sacramento Valley is the largest source of
point source phosphorus in this region of the study
area. The load assigned to cultivated land increases
in the northern Sacramento Valley and then loads
of TP from background and cultivated land show a
decrease because of water diversion. Loads from cul-
tivated land increase at about 225 km from the
mouth due to the discharge from Butte Creek (east-
ern side of Sacramento Valley, Figure 1). Much of
the Sacramento River, within the Central Valley,
has levees that limit the direct discharge of agricul-
tural or other runoff into the river. As a result,
increases in TP loads, or changes in the sources of
TP loads occur only at tributary sites. There is a
decrease in TP load between the Butte Creek and
Feather River confluences. That decrease is due to a
large water diversion. The increase in TP load at
125 km from the mouth of the river from cultivated
land is due to discharge from the Colusa Basin
Drain, a major source from the western side of the
Valley and the Feather River to the east. There is
an increase in point source TP near 100 km from
the mouth, due to discharge from a large wastewa-
ter facility near the city of Sacramento.

Phosphorus from specific sources in the San Joa-
quin River system is more complicated and shows the
effect of land use, hydrology, and whether or not local
sources of TP from cultivated land are important.
Similar to the Sacramento River, the upstream or
headwater source is exclusively from geological back-
ground. As mentioned, the geological source of phos-
phorus throughout much of the Central Valley is
relatively low. There is a sudden increase in TP from
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cultivated land at about 325 km from the mouth as
the river enters the Central Valley. A large increase
in TP from geological sources occurs within the Cen-
tral Valley at about 200 km from the mouth. It is
unlikely that the background TP at that location was
sourced locally, but more likely was sourced from the
Merced River which discharges into the San Joaquin
River at that location. The loads of phosphorus from
cultivated land and background are more or less
equal at that location. At about 125 km from the
mouth, geological sources of TP become the major
source and this can be attributed to the discharge of
the Tuolumne River into the San Joaquin River.
Therefore, unlike the Sacramento River system
where increases of TP from cultivated land along the
river flow line can be attributed to localized sources,
TP loads in the San Joaquin River in the lower part
of the San Joaquin Valley are dominated by inputs
from adjacent highlands transported by the three
large eastside tributaries, the Merced, Tuolumne, and
Stanislaus Rivers. Downstream of these three tribu-
taries, TP from cultivated land increases again about
75 km from the mouth. The large decrease in load at
about 75 km from the mouth can be attributed to
water diversion. Approximately 73% of the river flow
is diverted westward to a large pumping facility,
where it is used subsequently for irrigation. That
large diversion accounts for the large loss in phospho-
rus mass at that location. Soil type and stream
hydrology are important in the lack of contribution
from local sources of TP within the San Joaquin Val-
ley. Soils east of the San Joaquin River are mostly
sandy except for some locations and agricultural run-
off is limited as there is infiltration into the soil. Soils
to the west of the San Joaquin River are clay and
although clay is significant in TP transport, stream-
flows along that portion of the San Joaquin River are
much lower relative to the east side tributaries.
Those lower streamflows result in a low amount of
TP entering the San Joaquin River from the western
side of the San dJoaquin Valley. There are local
sources of TP to the San Joaquin River from the wes-
tern San Joaquin Valley, but those are relatively low
compared to the loads from the Merced, Tuolumne,
and Stanislaus Rivers. Those three rivers account for
much of the flow of the San Joaquin River before the
river discharges to the Delta. As a result of the high
flows from those tributaries, geological phosphorus
from upland sources dominates the lower reach of the
San dJoaquin River between those rivers despite
the large amount of land in agricultural production.
The load of TP increases again about 50 km from the
mouth. That is due to TP from cultivated land in the
Delta of the Sacramento and San Joaquin Rivers.
Three coastal rivers of similar size watersheds are
the Eel, Russian, and Salinas (Figure 1). Both the
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Eel and Russian are in the California North Coastal
HUC (180101) and the Salinas is in the Central Cali-
fornia Coastal HUC (180600). These three rivers can
be considered in the context of a gradient of develop-
ment, hydrologic, and climate factors that affect TP
transport. Geohydrological factors that affect stream-
flow and groundwater recharge in these three basins
are similar. Aquifers occur in Pleistocene to Holocene
alluvium with variable amounts of sand, silt, and
clay. These aquifers have extensive connection with
the rivers and are largely recharged by these rivers
(Vengosh et al., 2002; Constantz et al., 2003). Each
river is likely to have gaining and losing reaches,
which can change seasonally. These watersheds vary
in the amount of precipitation received with the Eel
having the highest amount, the Russian intermedi-
ate, and the Salinas the lowest. The Salinas and Rus-
sian River watersheds have a mix of agricultural,
urban, and undeveloped land. Agriculture is most
intensive in the Salinas watershed with a number of
specialty crops such as strawberries, and various row
crops. There is evidence of localized contamination of
the Salinas River aquifer system by nitrate from fer-
tilizer and sulfate from gypsum soil amendments
(Vengosh et al., 2002). The Russian River watershed
has grape and wine production, some developed land,
and some undeveloped land. Plots of the phosphorus
load along the reach of each river by source are
shown in Figure S13. The Eel River has almost all of
the phosphorus sourced from geological background,
with a contribution from point sources near the coast,
and some cultivated land in the lower part of the
watershed. The estimated amount discharged into
the Pacific Ocean is 282 tonnes of which 70% can be
attributed to geological background, 6.5% to point
sources, and 14.5% to cultivated land. Along the Eel
River flow path, two tributaries, the Middle Fork Eel,
and the South Fork Eel increase the phosphorus load
as they discharge into the main river. There is a
decrease in load between those two tributary inputs,
which is likely due to a losing reach of the river. For
the Russian River system, phosphorus is sourced
from both geologic background and cultivated land,
with very little inputs from point sources (see Fig-
ure S13B). Along the entire reach of the river, the
contribution from both sources appears to rise or fall
in a similar manner. The estimated discharge of
phosphorus from the Russian River to the Pacific
Ocean is 133 tonnes of which 49% is from geological
background, 49% is from cultivated land, and 2% is
from point sources. The estimated discharge of phos-
phorus from the Salinas River to the Pacific Ocean is
391 tonnes of which 62% is from geological back-
ground, 0.2% is from point sources, and 37.8% is from
cultivated land. The loads of phosphorus from either
the Russian or Salinas River appear to rise or fall in
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tandem along their reaches, which is likely due to
the fact that the rivers are connected closely to the
underlying bed and in equilibrium with those
sources. Collectively these three rivers discharge 806
tonnes to the ocean of which about 30% can be attrib-
uted to cultivated land.

The Malibu Creek watershed occupies 284 km? in
southern California, and is in a mixed land use area
with varying degrees of developed land. Loads of
phosphorus by source for Malibu Creek and one of
its tributaries, Las Virgenes Creek, are shown in
the Figure S14. Phosphorus content of streambed
sediments in catchments and geological formations
within the Malibu Creek watershed are shown in
Figures S15 and S16. Some streams in the
watershed, including Las Virgenes, Malibu Creek,
and Medea Creek, are listed as impaired under sec-
tion 303(d) of the Clean Water Act and, as a result,
a management plan is in place to attempt to bring
the streams into compliance with numerical objec-
tives (http:/www.epa.gov/region9/water/tmdl/malibu/
final_nutrients.pdf). Impairments include nutrient
enrichment. Management plans for impaired water
bodies under the Clean Water Act are called total
maximum daily load (TMDL) plans. The TMDL doc-
ument states that potential sources include waste-
water effluent, septic system effluent, urban and
agriculture runoff, golf course runoff, and groundwa-
ter discharge. The numerical concentration target
for the creeks in this watershed is 0.1 mg/l of TP as
P. As mentioned previously, the Miocene Monterey
Formation outcrops in portions of southern Califor-
nia including the northern portion of the Malibu
Creek watershed. Detailed geology of Los Angeles
County was obtained from Yerkes and Campbell
(2005). Malibu Creek, Las Virgenes, and other small
creeks flow through a mixed lithology of marine sed-
imentary and volcanic rocks. Rocks of the Monterey
Formation accumulated significant amounts of phos-
phorus due to its origin in a restricted basin (Filipp-
elli et al., 1994). However, the Monterey Formation
is not the only geological source of phosphorus to
the streams in this watershed. Volcanic rocks are
also part of the lithology. At least one relatively rare
volcanic formation, the Canejo Volecanics, is present
(Figure S15). The Canejo Volcanics are inter-bedded
with limestone (Stanton and Alderson, 2013). Lime-
stone contains variable amounts of phosphorus and
might contribute to the load of TP in this
watershed. The sediments that are within the Cane-
jo Volcanics and the Monterey Formation have the
greatest amount of sedimentary phosphorus within
the Malibu Creek catchments.

Line plots of the phosphorus loads from specific
sources along the entire reach of Malibu Creek are
shown in Figure S14A. The Potrero Valley Creek
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flows directly into Malibu Creek and another un-
named tributary discharges at the same location. The
TP load at that point on upstream Malibu Creek is
5.8 tonnes of which 1 tonne is from cultivated land,
with the remainder attributed to geological sources.
There are no point sources in this portion of the
watershed. This part of the watershed is composed
most of Canejo Volcanics with some outcrops of Mon-
terey Formation in the northern portion of the sub-
watershed. The TP load of Malibu Creek increases
slightly until the point where Medea Creek dis-
charges into Malibu Creek. The TP load increases to
over 9 tonnes at that point and about 90% is attrib-
uted to geological background. The channel of Medea
Creek crosses Monterey and Canejo Volcanics rocks.
The TP load increases again where Las Virgenes
Creek discharges into Malibu Creek and the total
load is 13.4 tonnes of which geological sources
account for 92% of the total load. Las Virgenes Creek
contributes about 3.2 tonnes of TP to the load of Ma-
libu Creek at that point. The TP load sources from
Las Virgenes Creek are 96% attributed to geological
sources (See Figure S14B), with the remainder attrib-
uted to cultivated land. The channel of Las Virgenes
Creek passes through two different sandstone forma-
tions as well as the Monterey Formation. The waste-
water treatment facility is about 3 km from the ocean
and about 1 km downstream of where Las Virgenes
Creek discharges into Malibu Creek. The modeled
total load of TP at the point where the wastewater
facility discharges into Malibu Creek is 34.7 tonnes of
which 63% is contributed by the wastewater facility,
34% by geological sources, and the remainder from
cultivated land. If all of the TP load from the Potrero
Valley Creek was transported conservatively from the
point where it discharges into Malibu Creek, to the
location where Malibu Creek discharges into the
ocean, it would have provided about 49% of the TP
load attributed to geological background. In contrast,
Las Virgenes Creek would have contributed about
16% of the load contributed by geological sources. At
the location where the wastewater facility discharges
into Malibu Creek, about 63% of the TP load is con-
tributed by the wastewater facility.

Annual Flow-Weighted Total Phosphorus
Concentrations

The model output also can be used to estimate
stream concentrations (Figure 9). The concentrations
are modeled annually averaged flow-weighted concen-
trations and will not necessarily match exactly to
those measured at calibration stations. Nevertheless,
they can provide useful information with regard to
the level of expected concentrations. This is particu-
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larly useful to show how the various potential
sources contribute to local concentrations and how
concentrations compare to numerical targets, such as
the USEPA ecoregion specific criteria for nutrients.

DISCUSSION

Geological material was found to be an important
source of TP throughout this study area. In general,
geological sources of TP can be explained by consid-
ering surficial geology (Figure S3). Phosphorus from
geological materials is recognized as a source to
streams when anthropogenic inputs are limited, but
is generally recognized to be small (Withers and
Jarvie, 2008). In the absence of anthropogenic pro-
cesses, weathering from geologic sources is the prin-
cipal contributor of new phosphorus to terrestrial
and aquatic ecosystems since, unlike nitrogen, there
is no atmospheric component (Mishra et al., 2013).
Phosphorus is a common element in igneous rocks
(Hem, 1985). The average crustal abundance of
phosphorus in continental rocks is 0.1% by weight
(Canfield et al., 2005). The average phosphorus con-
tent of basalts and andesites is 0.10-0.12 weight per-
cent as P and for granodiorites (intrusive igneous
rocks) is 0.09% (Hyndman, 1972). The average phos-
phorus content (expressed as P) of silicic igneous
rocks is 0.07% (Huang, 1962). Although the average
phosphorus contents of andesites and granodiorites
are nearly the same, Susfalk (2000) found that
extractable phosphorus in granite-derived soils from
the eastern Sierra Nevada was up to three orders of
magnitude greater than andesite-derived soils which
would be especially common in the northeastern
part of the study area.

There are geologic deposits that can be significant
sources of phosphorus to streams in the study area.
Although limited in geographical area, one of these is
the Miocene Monterey Formation and similar forma-
tions of southern to central California. The Monterey
Formation is composed of siliceous pelagic and
hemi-pelagic rocks in the western half of California
(Pisciotto and Garrison, 1981). Outcrops of the
Monterey occur along the coastal region of California
from near San Francisco to southern California.
There are also outcroppings of the Monterey in the
southern portion of the Central Valley. The Monterey
contains extensive siliceous deposits, dominated by
diatoms and radiolarians, some of which are high in
phosphorus (Pisciotto and Garrison, 1981; Behl,
1999). Phosphorus concentrations in portions of the
Monterey Formation exceed 1% by weight (Filippelli
et al., 1994). Monterey Formation rocks are composed
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FIGURE 9. Mean Flow-Weighted Concentrations of Total Phosphorus, in mg/l.

of three different lithologies: siliceous rocks, phos-
phatic rocks, and calcareous rocks (Filippelli et al.,
1994). Authigenic carbonate fluorapatite occurs in
these deposits and represents a locally important
source of phosphorus to streams.

The modeled flow-weighted stream concentrations
(Figure 9) have similarities to the land-use, and
geology maps, also shown in Figures S1 and S3. For
example, stream concentrations tend to be elevated
in the northeast portion of the study area where
geological contributions to phosphorus from volcanic
rocks and agriculture contribute to the stream con-
centrations and loads. Stream concentrations tend to
be low in the Trinity Mountain Region (Figures 9,
S3) as the geological background indicated low
sourcing to streams, very little agriculture, and few
point sources. The Trinity Mountain region is a low
source of geological phosphorus because of the rock
types. Streams in that region have annual median
phosphorus concentrations between 0.02 and
0.05 mg/l. The modeled concentrations for streams of
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the Malibu Creek watershed all exceeded the regula-
tory goal of 0.1 mg/l. Potrero Valley Creek, for
example, had a median modeled TP concentration
near 1 mg/l. Malibu Creek had a median modeled
concentration also near 1 mg/l and Medea Creek has
a median modeled concentration of 1.1 mg/l. Las
Virgenes Creek had a median-modeled concentration
of 0.8 mg/l. As indicated by the SPARROW model-
ing, these elevated concentrations are mostly the
result of water-rock interactions with the Monterey
Formation and Canejo Volcanics, with a small con-
tribution from phosphorus use on cultivated land.
Concentrations of phosphorus that are attributed to
geological sources must be taken into account for
any effective management plans to reduce phospho-
rus loading in receiving waters. In contrast, the Eel
River, previously discussed, had a median-modeled
concentration of 0.04 mg/l. The contrast between the
modeled TP concentrations of streams of the Malibu
Creek watershed and those of the Eel demonstrate
the importance that significant geological sources of
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P can have. The Russian River, which is in a simi-
lar geological region as the Eel, also has cultivated
and developed land, and, as a result, the median-
modeled TP concentration was 0.1 mg/l. The Salinas
River, which has already been described as being in
a region of elevated geological background sources
along with input from cultivated land has a median-
modeled TP concentration of 0.65 mg/l. Collectively,
the streams of HUC 160501, which include Lake
Tahoe, and also include the urbanized area of Reno,
Nevada, have a median-modeled TP concentration of
0.06 mg/l, with the streams draining into Lake
Tahoe having lower concentrations, mostly between
0.02 and 0.05 mg/l. The Lake Tahoe region has a
management plan in place to limit water quality
degradation. One management strategy is the elimi-
nation of any sources of wastewater to streams,
which drain into the lake, by moving wastewater
out of the region. Therefore, wastewater sources to
the lake are nonexistent. Geologic sources of phos-
phorus in the Lake Tahoe region include granodior-
ites, volcanic rocks, and some glacial deposits. The
region does have less precipitation because the
watershed is on the eastern side of the Sierra
Nevada divide, which limits the amount of stream-
flow into the lake. The Truckee River is the major
river draining the lake and flows into a desert area.

Geological sources of phosphorus resulted in the
lowest model coefficient, 0.037 kg/ppm/km?, which is
expected, given the low crustal abundance of phos-
phorus in rocks and that erosion must occur to gener-
ate phosphorus sourcing.

The highest model coefficient for sources was for
cultivated land, 259.5 kg/km?/yr. This estimate is rea-
sonable, given that fertilizer is placed on the land
surface and can easily be eroded with rain or excess
irrigation water runoff. Loads of phosphorus from
cultivated land have been reported on. For example,
citrus and vegetable crop production in Florida
results in export amounts of phosphorus between 42
and 2,169 kg/km? (He et al., 2006). Export values for
small agricultural watersheds in Georgia were
between 8 and 408 kg/km? (Langdale et al., 1985).
Cultivated land was found to be a major source in
several areas including the Central Valley, the Sali-
nas Valley, and locally in other areas. It is not known
why farm fertilizer was not a significant source vari-
able for this SPARROW model. However, cultivation
of agricultural crops includes the application of fertil-
izer or manure, and animal operations are present in
the Central Valley and elsewhere including confined
and unconfined operations. The inclusion of culti-
vated land in the model takes into account potential
sources of phosphorus from both fertilizer application
and the presence of animal operations. Fertilizer was
found to be a significant source in most, but not all
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other SPARROW phosphorus models. For example,
fertilizer was found to be a significant source of phos-
phorus by Rebich et al. (2011), Robertson and Saad
(2011), Brown et al. (2011), and Wise and Johnson
(2011). However, Garcia et al. (2011), used cultivated
land as a source, similar to this report.

Although urban land is widely distributed through-
out the study area, it was not a significant source.
This might possibly be attributed to the fact that
many of the largest urban centers, are on the coast
and the streams drain directly to the ocean or an
estuary.

Wastewater was a significant source of TP even
though many of the facilities were downstream of
calibration sites, especially many of the larger
wastewater treatment plants near the Pacific Ocean,
which serve the metropolitan areas of San Francisco
and Los Angeles. The model coefficient for point
sources was expected to be close to 1 since the treat-
ment facilities discharge phosphorus directly to a
stream, and there is presumably no loss because of
that. The coefficient, 1.46, is higher than 1, which
indicates an underestimation of TP discharged from
these sources.

Both land-to-water delivery terms, clay content,
and precipitation, were positive indicating that
precipitation and clay increase the delivery of
phosphorus to streams. A negative coefficient for land-
to-water delivery variable would indicate a loss.
Precipitation was expected to be significant since
stormwater runoff can generate field erosion. Clay
was also expected to be a significant variable as small
particles can be easily mobilized by stormwater
runoff. Rainfall may result in mobilization of soil
particles, and is one primary way that phosphorus is
transported to the stream network. Although phos-
phorus can be measured in groundwater in portions
of the study area and may be elevated under agricul-
tural fields, much of the phosphorus is bound to iron
or manganese oxides in the unsaturated zone or shal-
low aquifers, which contain enough dissolved oxygen
to maintain oxidizing conditions (Domagalski and
Johnson, 2011). In addition, the availability of
streams in the study area to contribute to base flow
is limited because of pumpage and lowering of water
tables (Faunt et al., 2009). Although groundwater dis-
charge may be a locally important source of phospho-
rous, groundwater transport of phosphorus is not a
significant source within this study area.

Fine-grained soil or sediment is more likely to be
mobilized by flowing water, and this makes clay a
significant land-to-water delivery factor. Soil erodibil-
ity was tested and was found to be significant, but
not as much as clay content, so that factor was not
used in the final model. None of the other tested fac-
tors were found to be significant.
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SUMMARY

The SPARROW model was used to simulate phos-
phorus loads, yields, and concentrations in California
streams and portions of adjacent Nevada and Oregon.
Model output showed how geological sources and
anthropogenic processes (cultivated land and point
sources) contributed to the load and concentrations of
phosphorus in streams and the sources that contrib-
uted to loads, yields, and concentrations. This regio-
nal study will provide useful information on nutrient
management plans by providing a basis for reason-
able water quality goals or targets.

A limitation of the model is that it is based on
average conditions for a single year, in this case
2002. Results can only be expressed on annual loads,
thereby eliminating any analysis of seasonal changes
in loads and concentrations. The model only considers
average conditions throughout a study area and the
effects of large precipitation events on the transfer of
phosphorus from land to water cannot be simulated.
Nevertheless, the output provides useful information
with regard to major sources of phosphorus and dis-
tinguishing how concentrations can be attributed to
geological background or anthropogenic processes.
The hydrological network used, NHD Plus, provides
excellent spatial resolution for tracking concentra-
tions, loads, and sources. Tracking phosphorus
sources along these catchment flow lines produces a
useful tool for effective water quality management
strategies.

SUPPORTING INFORMATION

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

Further details of the SPARROW mathematical
approach are given, along with several maps of ancil-
lary information and model output. Plots of model
residuals are also given. A table of annual loads cal-
culated from the calibration sites is also provided,
along with a table showing sources of water chemis-
try and river discharge data.

LITERATURE CITED

Alexander, R.B., R.A. Smith, G.E. Schwarz, E-W. Boyer, J.V.
Nolan, and J.W. Brakebill, 2008. Differences in Phosphorus
and Nitrogen Delivery to the Gulf of Mexico from the Missis-
sippi River Basin. Environmental Science and Technology
42:822-830.

JAWRA

1484

Behl, R.J., 1999. Since Bramlette (1946): The Miocene Monterey
Formation of California Revisited, In: Classic Cordilleran Con-
cepts: A View from California, E.M. Moores, D. Sloan, and D.L.
Stout, (Editors). Geological Society of America Special Paper
338, Boulder, Colorado, pp. 301-313.

Brakebill, JW., D.M. Wolock, and S.E. Terziotti, 2011. Digital
Hydrologic Networks Supporting Applications Related to Spa-
tially Referenced Regression Modeling. Journal of the American
Water Resources Association 47:916-932.

Brown, J.B., L.A. Sprague, and J.A. Dupree, 2011. Nutrient
Sources and Transport in the Missouri River Basin, with
Emphasis on the Effects of Irrigation and Reservoirs. Journal of
the American Water Resources Association 47:1034-1060.

CADWR (California Department of Water Resources), 2009a. Cali-
fornia Water Plan Update 2009, Sacramento River, Integrated
Water Management, Bulletin 160-09, California Department of
Water Resources. Volume 3, Regional Reports, Sacramento,
California, variously paged.

CADWR (California Department of Water Resources), 2009b. Cali-
fornia Water Plan Update 2009, San Joaquin River, Integrated
Water Management, Bulletin 160-09, California Department of
Water Resources. Volume 3, Regional Reports, Sacramento,
California, variously paged.

Canfield, D.E., B. Thamdrup, and E. Kristensen, 2005. Aquatic Ge-
omicrobiology, Advances in Marine Biology. Elsevier Academic
Press, Amsterdam.

Carpenter, S.R. and E.M. Bennett, 2011. Reconsideration of the
Planetary Boundary for Phosphorus. Environmental Research
Letters 6:1-12.

Cohn, T.A., 2005. Estimating Contaminant Loads in Rivers—An
Application of Adjusted Maximum Likelihood to Type 1 Cen-
sored Data. Water Resources Research 40(7):W07003, doi:
10.1029/2004WR003833.

Colman, S.M., J.P. Bradbury, and J.G. Rosenbaum, 2004. Paleolim-
nology and Paleoclimate Studies in Upper Klamath Lake, Ore-
gon. Journal of Paleolimnology 31:129-138.

Compton, J., D. Mallinson, C.R. Glenn, G. Filippelli, K. Follmi, G.
Shields, and Y. Zanin, 2000. Variations in the Global Phospho-
rus Cycle. In: SEPM Spec Publ 66, Marine Authigenesis: From
Microbial to Global, C. Glenn, L. Prevot-Lucas, and J. Lucas
(Editors). SEPM (Society for Sedimentary Geology), Tulsa, Okla-
homa, pp. 21-34.

Constantz, J., J. Jasperse, D. Seymore, and G.W. Su, 2003. Heat
Tracing in the Streambed along the Russian River of Northern
California. In: Heat as a Tool for Studying the Movement of
Ground Water Near Streams, D.A. Stonestrom and J. Constants
(Editors), U.S. Geological Survey Circular 1260, Washington,
D.C., pp. 17-20.

Cordell, D., J.0. Drangert, and S. White, 2009. The Story of Phos-
phorus: Global Food Security and Food for Thought. Global
Environmental Change 19:292-305.

Domagalski, J.L. and H.M. Johnson, 2011. Subsurface Transport of
Orthophosphate in Five Agricultural Watersheds, USA. Journal
of Hydrology 409:157-171.

Domagalski, J.L., S.P. Phillips, E.R. Bayless, C. Zamora, C. Ken-
dall, R.A. Wildman Jr, and J.G. Hering, 2008. Influences of the
Unsaturated, Saturated, and Riparian Zones on the Transport
of Nitrate Near the Merced River, California, USA. Hydrogeolo-
gy Journal 16:675-690.

Eggleton, R.A., C. Foudoulis, and D. Varkevissner, 1987. Weather-
ing of Basalt: Changes in Rock Chemistry and Mineralogy.
Clays and Clay Minerals 35:161-169.

Eghball, B. and J.E. Gilley, 2001. Phosphorus Risk Assessment
Index Evaluation Using Runoff Measurements. Journal of Soil
and Water Conservation 56:202-206.

Faunt, C.C., R.T. Hanson, and K. Belitz, 2009. Chapter A, Introduc-
tion, Overview of Hydrogeology and Textural Model of Califor-

JOURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION


http://dx.doi.org/10.1029/2004WR003833

Sources AND TRANSPORT OF PHosPHORUS TO RiVERS IN CALIFORNIA AND ApJACENT STATES, U.S., As DeTtermineD By SPARROW MobeLing

nia’s Central Valley. In: Groundwater Availability of the Central
Valley Aquifer, California, U.S., C.C. Faunt (Editor). Geological
Survey Professional Paper 1766, Washington, D.C., pp. 1-58.

Filippelli, G.M., M.L. Delaney, R.E. Garrison, S.K. Omarzai, and
R.J. Behl, 1994. Phosphorus Accumulation Rates in a Miocene
low Oxygen Basin: The Monterey Formation (Pismo Basin),
California. Marine Geology 116:419-430.

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

He, Z.L., M.K. Zhang, P.J. Stofella, X.E. Yang, and D.J. Banks,
2006. Phosphorus Concentrations and Loads in Runoff Water
under Crop Production. Soil Science Society of America Journal
70:1807-1816.

Hem, J.D., 1985, Study and Interpretation of the Chemical Charac-
teristics of Natural Water: U.S. Geological Survey Water-Supply
Paper 2254, 264 pp.

Holman, I.P., M.J. Whelan, N.J.K. Howden, P.H. Bellamy, N.J.
Willby, M. Rivas-Casado, and P. McConvey, 2008. Phosphorus
in Groundwater—An Overlooked Contributor to Eutrophication?
Hydrological Processes 22:5121-5127.

Homer, C., C. Huang, L. Yang, B. Wylie, and M. Coan, 2004. Devel-
opment of a 2001 National Landcover Database for the United
States. Photogrammetric Engineering and Remote Sensing 70
(7):829-840.

Huang, W.T., 1962, Petrology. McGraw-Hill Book Co., New York,
480 pp.

Hyndman, D.W., 1972, Petrology of Igneous and Metamorphic
Rocks. McGraw-Hill Book Co., New York, 533 p.

Langdale, G.W., R.A. Leonard, and A.W. Thomas, 1985. Conserva-
tion Practice Effects on Phosphorus Losses from Southern
Piedmont Watersheds. Journal of Soil and Water Conservation
40(1):157-161.

Lemunyon, J.L. and R.G. Gilbert, 1993. The Concept and Need for
a Phosphorus Assessment Tool. Journal of Production Agricul-
ture 6:483-486.

Ludington, S., B.C. Moring, R.J. Miller, P.A. Stone, A.A. Book-
strom, D.R. Bedford, J.G. Evans, G.A. Haxel, C.J. Nutt, K.S.
Flyn, and M.J. Hopkins, 2005, updated 2007. Preliminary Inte-
grated Geologic map Databases for the United States - Western
States: California, Nevada, Arizona, and Washington, USGS
Open-File Report: 2005-1305. http://www.mrlc.gov/nlcd06_data.
php. accessed March 1, 2013.

Maupin, M.A. and T. Ivahnenko, 2011. Nutrient Loadings to
Streams of the Continental United States from Municipal and
Industrial Effluent. Journal of the American Water Resources
Association 47:950-964.

McKay, L., T. Bondelid, and T. Dewald, 2012. NHDPlus Version
2: User Guide. Horizon Systems Corporation, Herndon,
Virginia.

McMahon, G., L. Tervelt, and W. Donehoo, 2007. Methods for Esti-
mating Annual Wastewater Nutrient Loads in the Southeastern
United States. U.S. Geological Survey Open-File Report 2007-
1040, 81 pp., Reston, Virginia.

Milstead, W.B., J.W. Hollister, R.B. Moore, and H.A. Walker, 2013.
Estimating Summer Nutrient Concentrations in Northeastern
Lakes from SPARROW Load Predictions and Modeled Lake
Depth and Volume. PLoS One 8(11):1-15.

Mishra, A., J.K. Tripathi, P. Mehta, and V. Rajamani, 2013.
Phosphorus Distribution and Fractionation during Weathering
of Amphibolites and Gneisses in Different Climatic Setups of
the Kaveri River Catchment, India. Applied Geochemistry
33:173-181.

Moore, R.B., C.M. Johnston, R.A. Smith, and B. Milstead, 2011.
Source and Delivery of Nutrients to Receiving Waters in the
Northeastern and Mid-Atlantic Regions of the United States.

JoURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

Journal of the American Water Resources Association. 47:
965-990.

Mullins, G., 2009. Phosphorus, Agriculture and the Environment,
Publication 424-029. Virginia Polytechnic Institute and State
University, Blacksburg, Virginia, 11 pp.

Nash, J.E. and J.V. Sutcliffe, 1970. River Flow Forecasting
Through Conceptual Models Part [-——A Discussion of Principles.
Journal of Hydrology 10(3):282-290.

Oregon State University, 2007. 800 m Normals (1971-2000): Oregon
State University, PRISM Group, Corvallis, Oregon. http:/
prism.oregonstate.edu/, accessed August 2010.

Pisciotto, K.A. and R.E. Garrison, 1981. Lithofacies and Deposi-
tional Environments of the Monterey Formation, California: In:
The Monterey Formation and Related Siliceous Rocks of Califor-
nia, Society of Economic Paleontologists and Mineralogists (Edi-
tors). SEPM (Society for Sedimentary Geology), Tulsa,
Oklahoma, pp. 97-122.

Preston, S.D., R.B. Alexander, G.E. Schwartz, and C.G. Crawford,
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
47:891-915.

Preston, S.D., R.B. Alexander, M.D. Woodside, and P.A. Hamilton,
2009. SPARROW Modeling—Enhancing Understanding of the
Nation’s Water Quality. U.S. Geological Survey Fact Sheet
2009-3019, 6 pp.

Rebich, R.A., N.A. Houston, S.V. Mize, D.K. Pearson, P.B. Ging,
and C.E. Hornig, 2011. Sources and Delivery of Nutrients to the
Northwestern Gulf of Mexico from Streams in the South-Central
United States. Journal of the American Water Resources Associ-
ation 47:1061-1086.

Rettig, S.A. and G.C. Bortleson, 1983. Limnological Study of Shasta
Lake, Shasta County, California, with Emphasis on the Effects
of the 1977 Drought. U.S. Geological Survey Water-Resources
Investigations 82-4081, 61 pp.

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

Ruddy, B.C., D.L. Lorenz, and D.K. Mueller, 2006. County-Level
Estimates of Nutrient Inputs to the Land Surface of the Conter-
minous United States, 1982-2001. U.S. Geological Survey Scien-
tific Investigations Report 2006-5012, Reston, Virginia.

Rudnick, R.L., 2003. Composition of the Continental Crust. Trea-
tise on Geochemistry 3:1-64.

Saad, D.A., G.E. Schwarz, D.M. Robertson, and N.L. Booth, 2011.
A Multi-Agency Nutrient Dataset Used to Estimate Loads,
Improve Monitoring Design, and Calibrate Regional Nutrient
SPARROW Models. Journal of the American Water Resources
Association 47:933-949.

Schwarz, G.E., A.B. Hoos, R.B. Alexander, and R.A. Smith, 2006.
The SPARROW Surface Water-Quality Model—Theory, Applica-
tions and User Documentation. U.S. Geological Survey, Tech-
niques and Methods 6-B3 and CD—ROM, 248 pp.

Stanton, R.J. Jr. and J.M. Alderson, 2013. Limestone Interbedded
with Submarine Volcanics: The Early-Middle Miocene Conejo
Volcanics, California. Facies 59:467-480.

Susfalk, R.B., 2000, Relationships of Soil-Extractable and Plant-
Extractable Phosphorus in Forest Soils of the Eastern Sierra
Nevada. Ph.D. Dissertation, University of Nevada Reno, 228 pp.

Terziotti, S., A.B. Hoos, D.A. Harned, and A. Garcia, 2009. Map-
ping Watershed Potential to Contribute Phosphorus from Geo-
logic Materials to Receiving Streams, Southeastern United
States. U.S. Geological Survey Scientific Investigations Map
3102, Reston, Virginia, 1 pl.

U.S. Department of Agriculture, 1994. State Soil Geographic (STA-
SGO) Database Data Use Information: U.S. Department of Agri-

JAWRA


http://www.mrlc.gov/nlcd06_data.php
http://www.mrlc.gov/nlcd06_data.php
http://prism.oregonstate.edu/
http://prism.oregonstate.edu/

DOMAGALSKI AND SALEH

culture, Natural Resources Conservation Service, Miscellaneous
Publication 1492, Washington, D.C., 113 pp.

USEPA (U.S. Environmental Protection Agency), 2000. Nutrient
Criteria Technical Guidance Manual—Rivers and Streams.
Office of Water. EPA 822B-00-002. Washington, D.C.

Vengosh, A., J. Gill, M.L. Davisson, and G.B. Hudson, 2002. A
Multi-Isotope (B, Sr, O, H, and C) and Age Dating (*H—>He
and '*C) Study of Groundwater from Salinas Valley, California:
Hydrochemistry, Dynamics and Contamination Process. Water
Resources Research 38(1):1008, doi: 10.1029/2001WR000517.

Vollenweider, R.A., 1968. Water Management Research. Scientific
Fundamentals of the Eutrophication of Lakes and Flowing
Waters with Particular Reference to Nitrogen and Phosphorus
as Factors in Eutrophication. Technical Report to Organization
for Economic Cooperation and Development, Comm. for Res.
Coop, Paris, France.

Wieczorek, M.E. and A.E. LaMotte, 2010, Attributes for
MRB_E2RFA Catchments by Major River Basins in the Conter-
minous United States: Artifical Drainage (1992) and Irrigation
(1997), U.S. Geological Survey Digital Data Series DS-491-01.
http://water.usgs.gov/GIS/metadata/usgswrd/XML/mrb_e2rfl_adr
ain.xml, accessed June 2011.

Wise, D.R. and H.M. Johnson, 2011. Surface-Water Nutrient Condi-
tions and Sources in the United States Pacific Northwest. Jour-
nal of the American Water Resources Association 47:1110-1135.

Withers, P.J.A. and H.P. Jarvie, 2008. Delivery and Cycling of
Phosphorus in Rivers: A Review. Science of the Total Environ-
ment 400:379-395.

Yerkes, R. F. and R. H. Campbell, 2005. Preliminary Geological
Map of the Los Angeles 30’ x 60’ Quadrangle, Southern Califor-
nia. U. S. Geological Survey Open File Report 2005-1019. http:/
pubs.usgs.gov/0f/2005/1019/, accessed April 20, 2013.

JAWRA

1486

JOURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION


http://dx.doi.org/10.1029/2001WR000517
http://water.usgs.gov/GIS/metadata/usgswrd/XML/mrb_e2rf1_adrain.xml
http://water.usgs.gov/GIS/metadata/usgswrd/XML/mrb_e2rf1_adrain.xml
http://pubs.usgs.gov/of/2005/1019/
http://pubs.usgs.gov/of/2005/1019/

