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Abstract

The U.S. Geological Survey and the Washington State
Department of Ecology (Ecology) have developed watershed
models of seasonal load estimates of total nitrogen (TN) and
total phosphorus (TP) discharging into the Washington State
waters of the Salish Sea from 2005 through 2020. The
modeling approach used was dynamic SPARROW (SPAtially
Referenced Regressions On Watershed attributes), a statistical-
physical watershed modeling technique, initially applied at
large spatial scales to represent long-term average stream
loads throughout a stream network, refined here to estimate
seasonal TN and TP loads across watersheds.

Upstream contributing sources included permitted
treated wastewater facilities, crop fertilizer, animal feeding
operations, septic systems, urban land and stormwater,
atmospheric deposition (TN only), nitrogen fixation by A/nus
rubra Bong. (red alder) trees (TN only), and background
geologic material (TP only). Instream load magnitudes and
their source compositions varied across watersheds, and even
within each watershed, yet the largest loads typically occurred
in the large rivers during winter and fall when streamflow
was highest. Likewise, instream loads were typically
lowest in summer during low streamflow, yet the relative
instream aquatic decay was highest. The seasonal storage lag
component of all nonpoint sources was estimated to contribute
a quarter of the seasonal instream load during winter and
fall high streamflow and sometimes half of the instream load
during summer low streamflow.

Simulated seasonal loads carried by streams to a few
hundred river mouth marine discharge points ranged by
several orders-of-magnitude for TN and TP due to the spatial
and seasonal differences in hydrologic flows, magnitude
and timing of contributing sources, and instream decay. The
Snohomish and Skagit Rivers discharged the largest TN and
TP loads, yet the Samish River was shown to have some of
the highest TN and TP yields and concentrations. Additionally,

U.S. Geological Survey.

2Washington State Department of Ecology.

a reference scenario estimate developed of the pre-industrial
local and regional TN loads suggests that red alder tree
density has increased in lower riparian areas and that treated
wastewater is the dominant source in some watersheds that has
led to increases in TN loading to marine waters.

Introduction

Nutrient reduction efforts are underway for the
watersheds draining to Washington State waters of the Salish
Sea, referred to herein as the Puget Sound region (fig. 1;
Figueroa-Kaminsky and others, 2022). The Washington State
Department of Ecology’s (Ecology) Puget Sound Nutrient
Source Reduction Project (PSNSRP) is a collaborative effort
with communities and stakeholders to address human sources
of nutrients with a restoration plan implemented through
Ecology’s National Pollutant Discharge Elimination System
(NPDES) and 319 nonpoint source programs (Figueroa-
Kaminsky and others, 2022). The Salish Sea Model (SSM), a
numerical marine model used by the PSNSRP, has indicated
that compliance with dissolved oxygen (DO) standards in
the bottom layers of marine waters depends on reductions in
nutrient loads from wastewater treatment facilities and other
nonpoint sources of nutrient pollution in watersheds (Ahmed
and others, 2019). This report provides information on nutrient
contributions from upstream watershed point and nonpoint
sources and pathways to support current and planned efforts to
reduce nutrient discharge in the Puget Sound region.

Refinement of the SPARROW (SPAtially Referenced
Regressions On Watershed attributes) model to a seasonal
temporal scale was chosen to simulate nutrient loads due
to its successful application at (1) an annual scale in the
Pacific Northwest region by Wise and Johnson (2013) and
Wise (2019), and (2) a seasonal temporal scale applied
in the northeastern and midwestern regions of the United
States (Schmadel and others, 2021, 2024). SPARROW is a
statistical-physical watershed modeling technique developed
by the U.S. Geological Survey (USGS) for estimating
constituent point and nonpoint source contributions and fate
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and transport in surface waters (Schwarz and others, 2006).
SPARROW has often been applied at annual timescales for
large-scale representation of nutrient sources across entire
stream networks (for example, Wise, 2019), but because
marine DO can respond more rapidly to dynamic nutrient
loads, the approach was refined to clarify seasonal upstream
contributions from discernible point and nonpoint sources
delivered from watersheds to coasts and estuaries.

This report documents seasonally dynamic SPARROW
total nitrogen (TN) and total phosphorus (TP) load models
spanning 2005 through 2020 that track major sources and
pathways draining watersheds of the Puget Sound region
(hereafter, the TN and TP models). The TN and TP models
can help to inform a regional assessment of watershed
nutrient source contributions and pathways, implementation
of nitrogen reduction actions initiated in the PSNSRP, and
ongoing implementation in watersheds with established
freshwater DO total maximum daily loads (TMDLs).
Objectives for this study were to:

» Develop comprehensive nutrient source datasets for
model inputs.

* Identify and consolidate water-quality (TN and TP
concentration) and quantity (streamflow) datasets for
use as dynamic SPARROW model calibration data.

* Expand the SPARROW modeling technique to seasonal
timesteps and apply it to the Puget Sound region using
local data.

» Estimate TN and TP loads on seasonal timesteps
throughout the stream network as represented in the
1:100,000 National Hydrography Dataset.

* Identify and quantify the relative contribution of major
TN and TP sources and pathways across the Puget
Sound region including loads at the mouths of rivers
and streams.

Study Area Description

For this report, the Puget Sound region refers to
watersheds draining into the Washington State waters of
the Salish Sea (fig. 1). Ecology has grouped all contributing
watersheds by Water Resource Inventory Areas (WRIAs)
based on information regarding water availability,
regulations, and water use (Washington State Department of
Ecology, 2019a).

The Puget Sound region includes 19 WRIAs with various
land cover patterns that affect the delivery of nutrients to
streams. The major land cover types in the Puget Sound region
are forested (62 percent), grassland/scrubland (12 percent),
and urban land (12 percent) based on the 2019 National
Land Cover Database (NLCD; Dewitz and U.S. Geological
Survey [2021]; refer to fig. 1.1). Urban land, including major
cities and urban areas (for example, the Cities of Seattle and
Tacoma), is concentrated along coastal shoreline areas and
estuaries, whereas the headwaters are mostly forested. Areas
of agricultural land can be found in the northern watersheds,
such as the lower Nooksack and Skagit Rivers, and in a few
areas in southern watersheds, such as the lower Nisqually and
Deschutes Rivers.

Rivers are relatively short and steep from the Cascade
Range crest to the coastal lowlands. Streamflow patterns are
influenced by several factors, including reservoir storage,
wet winters, dry summers, and seasonal snowmelt at higher
elevations (refer to Figueroa-Kaminsky and others [2022] for
more details).
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Methods

The TN and TP models were developed as a collection
of stream reaches and their catchments from the National
Hydrography Dataset (E2NHDPIusV2; Schwarz, 2019). The
models functioned by accumulating incremental seasonal
load, which is subject to storage, diversions, and aquatic decay
processes downstream from headwaters to shorelines (fig. 24-
B). The models produced estimates of seasonal load delivered
from each incremental catchment that drained to each reach,
accumulated totals at every reach location, and a yield when
incremental load is divided by the watershed contributing
area. Explanatory variables, together with statistically
estimated model coefficients, were required for each reach and
incremental catchment to quantify major source pathways and
were interpreted to have a physical meaning or as a proxy for a
key process. Explanatory variables included a mix of constant
and seasonally changing data that were selected to represent
(1) the major source inputs, (2) their land-to-water delivery
processes, and (3) aquatic decay processes across the stream
network (fig. 2B).

An initial pool of possible explanatory variables was
based on previous models such as findings by Wise (2019) on
nitrogen fixation by Alnus rubra Bong. (red alder) trees, and
on empirical studies (Figueroa-Kaminsky and others, 2022).
The TN and TP models were calibrated by minimizing error
between the predicted and monitored loads with estimated
model coefficients and synchronous explanatory variables.
Various configurations of different variables and interactions
between the source input and land-to-water variables were
specified and tested, yet many failed to return statistically
significant model coefficients due to collinearity between
certain variables or other factors. Often, re-specifying
variables and their interactions may identify statistically
significant coefficients and additional source pathways. The
final selected list of variables produced models with the lowest
overall error, but many test models were required to determine
which combination of variables resulted in the lowest error
while also representing the major source pathways.

Source input variables used to explain and track the
major nonpoint nutrient source pathways across the Puget
Sound region were crop fertilizer in kilograms (kg), animal
feeding operations (number of animals), on-site treated
wastewater (number of households on septic systems), urban
land in square kilometers (km?), atmospheric deposition (TN
only, in kg), nitrogen fixation by red alder trees (TN only, in
square meters [m?]), upland geologic material (TP only, in
metric tons), and the storage lag of those nonpoint sources,
in kg. Those source variables were mediated in their delivery
to streams by land-to-water variables of precipitation and
evapotranspiration (ET), along with soil properties and density
of stormwater outfalls (TN only).

The modeled domain, the Puget Sound region, contained
a stream network of 12,314 reaches. The modeled period-of-
record was from January 2005 through December 2020 in
seasonal timesteps, or 64 periods, with the following seasonal
definitions: winter includes January, February, and March;
spring includes April, May, and June; summer includes July,
August, and September; and fall includes October, November,
and December. The goal of seasonal definitions was to
represent distinctly different hydrologic and water-quality
conditions—in the models, fall started in October and winter
ended in March to separate these generally wetter and colder
seasons from spring and summer, which are drier and warmer.

Dynamic SPAtially Referenced Regressions On
Watershed Attributes Model

The analytical mass-balance framework for the TN
and TP models was guided by the approaches and findings
in Schmadel and others (2021, 2024) to produce seasonal
nutrient load estimates for every E2NHDPlusV2 stream reach
across the Puget Sound region. Seasonally varying nutrient
loads transported through a reactive river reach were estimated
as the summation of load entering from the upstream end of
the reach and load generated within the reach’s catchment
(after Schmadel and others, 2024):

L JrLl,z,i+L S,l,i]Dj,t,i (1)

out,t,i = [L in,ti

where

is the accumulated instream load at the
outlet of catchment i (each catchment i
has a reach i) at each season ¢, in units of
kilograms per season;

out, t, i

is the load entering reach i from upstream
reaches at each season ¢, in units of
kilograms per season;

in, t i

is the load delivered from catchment i to reach
i from contemporaneous inputs, 7, at each
season ¢, in units of kilograms per season;

LI, i

Lg,;  represents the load released from storage
repositories, S, in catchment i at each
season ¢ due to the retention of previous
inputs that have been lagged in their
delivery until the current season ¢, in units

of kilograms per season;

D;,; isthe aquatic decay function for each reach i
at each season #; and

indicates a stream reach while j = 2 indicates
a separate function for lakes and reservoirs.
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A. Collection of reach catchments and monitoring stations, from McMahon and others (2003)
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Figure 2. Conceptual illustration of SPARROW (SPAtially Referenced Regressions On Watershed
attributes) model structured (A) as a collection of catchments feeding stream and reservoir reaches linked
to point-source and monitoring station locations (from McMahon and others [2003]) to quantify (B) major
nutrient source pathways (modified from Preston and others [2009]). Refer to fig. 1in Schmadel and others
[2024] for dynamic conceptualization.
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A net decay of nutrients was estimated each period based
on seasonal streamflow. For lakes and reservoirs, hereafter,
waterbodies (j = 2), the aquatic decay function was:

4;
Dj:2,t,i = CeXp <_Vf;jZQ_“_> (2
where
Vi is the uptake velocity model coefficient for

waterbody reaches and subscript /' denotes
a net whole-waterbody mean, in units of
meters per day;
A, is the waterbody wetted surface area with
its outlet assigned to reach i, in units of
square meters;
is the streamflow in reach i at each season ¢, in
units of cubic meters per day; and
is the reciprocal hydraulic load, a measure of
time required to displace a unit volume of
water, in units of day per meter;

Q[

For a stream reach (j = 1), the aquatic decay function was

updated to:
T
Dy, = exp <_Vf,/1d”> 3)
where
Vijei is the uptake velocity model coefficient for

stream reaches and subscript f'denotes
a net whole-stream mean, in units of
meters per day;

is time of travel estimate of reach i at each
season ¢, which is halved for catchment
inputs assumed to enter at the reach
midpoint, in units of day;

d,;  is the seasonal water depth of reach i at each
season ¢, in units of meters; and

is the reciprocal hydraulic load, in units of
day per meter.

Ul

The net unit-area rate of biogeochemical reactions that
remove and replenish TN or TP is represented by v, in units of
meters per day [m/d] and assumes that the load in each reach
decreases over time as a constant percentage (first-order decay
conditions) in a waterbody (eq. 2) or stream channel (eq. 3;
Alexander and others, 2000).

For streams draining watersheds in the Puget Sound
region, other factors such as stream temperature, in addition
to travel times, may affect decay (Sheibley and others, 2015).
Therefore, the hypothesis that the mean uptake velocity
(vy; meters per day [m/d]) varied seasonally and spatially
due to water temperature was tested by estimating v, as (after
Schmadel and others [2020, 2021]):

Vii=lai —

vo + Br[In(T,;) — In(D) )

where

is the uptake velocity coefficient for each
stream reach 7 at each season ¢ and
subscript f'denotes a net whole-stream
mean, in units of meters per day;

v,  isa constant model coefficient that represents
the mean or intercept uptake velocity of
streams, in units of meters per day;

pr  isaconstant model coefficient that represents

the effect of temperature, T, on v, in units
of meters per day; and

is the mean water temperature in reach 7 at

season ¢, in units of degrees Celsius.

Vij=1.i

i

Mean seasonal water temperature, 7, was mean-centered
to provide a meaningful estimate of v, and log-transformed
to add model calibration stability and reduce the dependence
on the shape of the distribution. A positive value of £, for
example, implies an increase in uptake velocity caused by a
temperature above the mean temperature.

Load delivered from an incremental catchment to the
edge of a stream or waterbody reach was estimated, assuming
all mass (except mass from point sources) passed through and
completely mix in a storage repository with some fraction
retained each season, as (after Schmadel and others, 2024):

LI,t,i = ZnNZIanIn,t,L'fI,n,t,i (5)

Ly = osliyifs. (6)
where
a are positive model coefficients that represent
the mean fraction or yield of source input
n that is delivered to reach i, in units of
fraction or kilograms per square kilometer
if a yield;
ag 1s a positive model coefficient and represents
the mean fraction of inputs that were
lagged or retained in the storage repository
S in the previous period and therefore not
yet released as load to streams until the
current or later periods, in units of fraction;
is the input for each n of N sources such as
datasets of land-applied fertilizer applied to
catchment i in the current season ¢, in units
of kilograms, or square kilometers if areal,
per season;
is the combined load delivered to reach i in
the previous season +~1 (L;,_;; + Lg, ;) in
units of kilograms per season; and
are the dimensionless land-to-water delivery
functions (refer to eqs. 7 and 8).

nti

-1,

frand f



The a, coefficient represents the mean strength of
storage retention where a value approaching zero implies
no storage effects whereas a value approaching one would
imply that all inputs are retained and accumulate in storage
with little delivery to streams. The amount of mass retained
simultaneously depends on the amount released; a higher
release fraction leads to an immediate lowering of the storage
retention fraction. As mass passes through the storage
repository and is delivered to the stream, In(a) is negative and
provides an estimate of the mean storage retention rate each
season (and its inverse is a retention timescale) of mass. An
estimate of the previous period instream load is required to
initiate storage lag in equation 6; the initial condition solution
from Schmadel and others (2024) was used to estimate L,

The land-to-water delivery functions further mediate
seasonal and spatially explicit effects on the delivery of source
inputs to streams (after Schmadel and others, 2024):

fl,t,n,i = CXp(Zm ngm,t,i) (7)

X1
fS,t,i = exXp Zm Vme,t—l,i+ Zdﬁd X (®)

dit—1,i

where

0 are model coefficients that mediate m
processes on the delivery of source input n
to reach i and retain units inverse of each
corresponding explanatory variable;

v,  are model coefficients that mediate the
influence of previous period land-to-water
delivery variables and retain the units
inverse of each explanatory variable;

X are explanatory variables such as precipitation
centered on their mean value that
interactive with source inputs and retain
units of each explanatory variable;

B,  are model coefficients that mediate the effects
of d changing seasonal processes affecting
storage lag and retain units inverse of each
corresponding explanatory variable; and

X,  are the explanatory variables expressed as a
ratio, or a difference if log-transformed,
to quantify the effects of season-to-season
change on retention rates and retain units
of each explanatory variable.

Data Compilation and Treatment

Stream Network with Diversions

The stream network used in the TN and TP models
was defined by the National Hydrography Dataset
(E2NHDPIlusV2; Schwarz, 2019). The stream network in the
model includes 12,314 reaches and 2 more pseudo reaches
were added to represent transfer return flows (next paragraph).
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Using the E2ZNHDPlusV2 stream network provided a
consistent framework for spatial referencing and source
pathway tracking from headwaters to shorelines. Navigation
through the stream network was based on E2NHDPlusV2
attributes including hydrologic sequencing and to- and from-
nodes. All explanatory data were linked to the corresponding
NHDPIlusV2 catchment polygons provided by the 1:100,000
National Hydrography Dataset (U.S. Environmental Protection
Agency, 2019). Waterbodies were defined as lakes and
reservoirs from NHDPlusV2 (fig. 1). Ice, estuaries, wetlands,
and polygons on large rivers or canals were omitted from the
representation of waterbodies in the TN and TP models.

Water diversions through the stream network were
represented using the diversion fraction variable (DivFrac)
from E2NHDPlusV2 with additional diversion estimates from
Wise and others (2021). Throughout the Puget Sound region,
13 withdrawals for agricultural irrigation and municipal water
uses along with 2 transfers (Centralia Power Canal Near
Mckenna, Washington from the Nisqually River and Lake
Tapps Diversion at Dieringer, Washington from the White
River) and their returns to downstream reaches were included
from Wise and others (2021) (refer to fig. 1.2). Diversions
were expressed as a constant fraction (the fraction of seasonal
streamflow remaining in the stream after diversion), except
for a seasonally dynamic fraction estimated for the Lake
Tapps Diversion using the upstream USGS gaging station
12099200 White River above Boise Creek at Buckley,
Washington, and the diverted measurement at 12098920
White River Flume at Buckley, Washington for the return
flow estimate (U.S. Geological Survey, 2022), calculated as 1
minus DivFrac.

Calibration Load Data

The mass balance solution (eq. 1) was calibrated to
observed instream loads to estimate model coefficients and
simulate load at every stream and waterbody reach. Seasonal
observed instream TN loads were estimated at 49 calibration
stations and TP loads were estimated at 47 calibration stations
(table 1, fig. 3). More than 50 stations were considered for
both models, but some were excluded for various reasons
(they degraded model performance at other sites because of
factors that were not well-represented by explanatory variables
or not commonly observed at other sites). For example,
nutrient concentration at one station was affected by a nearby
hatchery operation (station KMC-0321; refer to Schmadel
and others [2025] for concentrations). More than 80 percent
of the stream network representing the Puget Sound region
was upstream of a calibration station, and 14 of the 19 WRIAs
contained at least one station (fig. 3). Load simulations made
downstream of the calibration network were an accumulation
of mass from upstream and were, therefore, a reflection of
upstream conditions. However, any simulated load that entered
from catchments downstream of a calibration station did not
affect the calibration results and therefore could not be directly
compared to an observed load.
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Table 1.
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Sources of observed water-quality, streamflow, and water-temperature data used to estimate seasonal total nitrogen load,

total phosphorus load, streamflow, and water temperature in the Puget Sound region.

. Number of Number of stream-
Number of total nitrogen Number of total .
Source - . streamflow gaging temperature measurement
stations phosphorus stations . .
stations locations
U.S. Geological Survey 0 0 68 4
National Water Information
System (NWIS)
Washington State Department 24 22 18 2
of Ecology Environmental
Information Management
(EIM)
King County, Washington 18 18 9 5
Pierce County, Washington 3 3 1 0
Thurston County, Washington 3 3 1 0
City of Bellingham, 1 1 3 0
Washington
U.S. Department of 0 0 0 18
Agriculture NorWEST
Totals 49 47 100 29

Estimation of TN and TP seasonal loads used for
model calibration required three parts: (1) observed discrete
TN and TP instream concentrations, (2) continuous daily
streamflow, and (3) a load estimation model. Input data and
estimated seasonal loads can be found in Schmadel and
others (2025), and the approach is summarized here. Discrete
water-quality data (observed TN and TP concentrations) and
daily streamflow were retrieved, compiled, and harmonized
from several databases including: Ecology’s Environmental
Information Management (EIM) database (Washington State
Department of Ecology, 2019b); USGS’s National Water
Information System (NWIS; U.S. Geological Survey, 2022);
and several individual local entities (City of Bellingham,
Washington and King, Pierce, and Thurston Counties in
Washington) (King County, 2024; table 1). Often duplicative
of the EIM database, other databases checked for any
additional water-quality data included the WQP (Water
Quality Portal, 2022) and the U.S. Environmental Protection
Agency Water Quality Exchange (WQX) (previously known
as the Storage and Retrieval Data Warehouse (STORET)) and
is where Tribal nations’ water-quality data are made available.
Discrete concentration data were filtered or combined, if
possible, into total forms of nitrogen and phosphorus based on
USGS parameter codes (p-codes), or close matches, 00600 for
TN and 00665 for TP (refer to Schmadel and others [2025]).

Discrete water-quality observations were paired with the
closest continuous streamflow gage (fig. 3). Many discrete
samples were collected at a gage location, but many more
were collected near a gage. Locations of discrete observation
were set as the calibration station location, and streamflow that
did not match perfectly in location was scaled by the ratio of
drainage areas. Some gages were considered too far away to

pair with discrete samples; the differences in drainage areas
between the discrete and gage locations were constrained to
plus or minus 25 percent (Konrad and Voss, 2012). Many
water-quality data collected across the Puget Sound region
were not used because there were too few samples or no
clear pairing with streamflow. However, all available discrete
data and streamflow were considered to develop as many
calibration stations as possible. For example, several of the
water-quality data station names were different yet similar
(such as names KCM-0438 and 0438) for data collected at
the same location; therefore, any water-quality data collected
at the same location were grouped and renamed to the most
frequently used name and any duplicates were removed
(Schmadel and others, 2025).

Further manual inspection led to the combination of
discrete data at a few more stations with different names, each
within about 100 meter (m) reach distance: data from KCM-
0438 were combined with 08C070 and data from KCM-0311
were combined with 09A080 (fig. 3; refer to Schmadel and
others [2025] for a list of station names that were combined).
To extend the number of calibration sites further, sites with
simulated daily streamflow from the National Water Model
(National Oceanic and Atmospheric Administration, 2022a)
were considered as additional gaging stations but only at
locations not affected by diversions or reservoirs and with
less than 50 percent standard error (5 TN and 5 TP stations
added). Compared to previous annual SPARROW applications
that were able to develop 22 TN and TP stations for the
Puget Sound region (Wise, 2019), consideration of additional
discrete and streamflow data allowed for a near doubling of
calibration stations.
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The discrete TN and TP concentration data paired with
daily streamflow were fed into two different flux estimation
model approaches to produce seasonally continuous estimates
of TN and TP load: the USGS Fluxmaster regression approach
(Schwarz and others, 2006) and the Weighted Regressions
on Time, Discharge, and Season model with Kalman filtering
(WRTDS_K; Hirsch and others, 2010; Hirsch and others,
2015; Lee and others, 2019). Both Fluxmaster and WRTDS K
build regressions of water-quality data on discharge and
season. However, Fluxmaster estimation is less sensitive to
gaps or fewer samples (Lee and others, 2016). The following
criteria were considered for use of WRTDS K: (1) at least
100 discrete water-quality samples, and (2) gaps less than 2
years between consecutive samples. Fluxmaster produced
similar seasonal TN and TP loads compared to WRTDS K
for most cases. However, Fluxmaster estimation extended
the number of stations by considering looser criteria: (1) at
least 24 samples (but all stations selected had many more),
and (2) samples covered the beginning and end of the 16-year
period-of-record. Censored concentration data were set to the
minimum detection limit for load estimation. Some stations
contained a large portion of censored values (for example, TP
station 04A 100 on the upper Skagit River; refer to Schmadel
and others [2025]). Load was re-estimated using Fluxmaster
by allowing the censored value to randomly vary between zero
and the minimum detection limit, but that re-estimation did not
cause a noticeable improvement to the seasonal load estimate.

The overall percentage standard error in WRTDS K
was estimated for each station; stations with more than
100 samples and with over 50 percent standard error were
replaced with Fluxmaster values. A seasonal load was further
considered inaccurate and excluded if the corresponding
standard error of the Fluxmaster estimate was greater than
50 percent of the seasonal load estimate. Based on error
estimates from both flux model approaches, loads generated
by Fluxmaster were selected for the TP model and a mix
of WRTDS K (n=23) and Fluxmaster (n=26) stations were
selected for the TN model. A mixed approach seemed to
provide a more accurate TN model, but nearly the same results
were produced using only Fluxmaster loads. Calibration
datasets for TN and TP stations were mostly complete with
64 seasonal load estimates each. Some stations had missing
streamflow yet gaps were small and load estimates still
covered most of the period (greater than [>] 80 percent);
those load estimates within error constraints were used
in calibration. If loads estimated at a station covered less
than 10 years (about two-thirds coverage), that station
was generally not considered in calibration to prevent any
trend bias.

Streamflow and Water Temperature

Seasonal streamflow and water temperature were
estimated for all stream reaches to constrain seasonal aquatic
losses of TN and TP (no temperature effect) through the
stream network (eqs. 2—4). Seasonal streamflow tended to be
highest in winter and fall, and lowest in spring and summer
(fig. 4). With seasonal streamflow estimated, seasonal stream
depth was estimated via power-law scaling (Leopold and
Maddock, 1953). Seasonal travel time through each reach was
estimated by the length and seasonal velocity (Jobson, 1996)
that was estimated using seasonal streamflow with attributes
of drainage area and streambed slope from E2NHDPlusV2.

Streamflow Water Balance

Observed streamflow was available from 2005 through
2020 with extensive coverage at 99 locations throughout the
Puget Sound region (app. 1, fig. 1.2; Schmadel and others,
2025). Estimates of seasonal streamflow were extended
from gages to all stream reaches empirically. A starting
base seasonal water balance was adjusted upstream and
downstream using the SPARROW framework (tables 1.1
and 1.2). The starting base seasonal water balance—using
variables of seasonal precipitation, ET, and previous season
ET losses—indicated that a regional mean of 46 percent
(0.460 precipitation coefficient; table 1.1) of net precipitation
was delivered to streams each season while 40 percent (0.404
storage lag coefficient; table 1.1) was lagged in delivery
longer than a season, with a mean net loss or use of 14 percent
of water. This base water-balance model still accounted for
diversions and seasonal changes in water inputs but may not
represent some processes across all space with only three
variables. Runoff may be affected by, for example, snow
water storage, wildfire effects, reservoir operations, additional
water uses, and irrigation return flows (Konrad, 2019), and
representing those processes was not performed. Therefore,
to arrive at representative seasonal streamflow for the entire
model domain, and for the purpose of representing aquatic
decay of nutrients, the base water balance was empirically
corrected to observed streamflow at gaging stations instead
of further trying to quantify additional processes. Moving
downstream from a headwater, streamflow was adjusted
downstream from the first gage, and that simulated streamflow
was accumulated downstream, adjusting at each sequential
gage, thus improving the representativeness of all streamflow
downstream. Streamflow in reaches upstream of gages was
adjusted by the ratio of observed to predicted streamflow
calculated at the closest gage (red colored reaches in fig. 1.2;
Schmadel and others, 2025).
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Water-Temperature Estimation

Warmer water temperatures tended to occur more in
mountain valleys and lower elevations of the Puget Sound
region, especially in summer followed by spring (fig. 4). Like
streamflow estimation, an empirical approach was taken for
water-temperature estimation. A simple 3-variable random
forest model trained to observed water temperature at 29
locations provided estimates of seasonal water temperature at
every reach (fig. 5). Instead of only using air temperature as
a proxy for water temperature (Yearsley, 2009), two random
forest models were built for air temperatures above and below
5 °C, or close to the point of maximum water density before
freezing where the air-water relationship breaks down, and
each model was correlated to air temperature, elevation,
and season. The model was trained on 80 percent of the
temperature data while the remaining 20 percent was used
for testing. The root mean square error (RMSE) of the model
for air temperature above 5 °C was 1.01 °C for training and
1.04 °C for testing (training 0.69 and testing 0.61 °C RMSE
for less than 5 °C). Observed water temperature was retrieved
by Ecology from several databases including NWIS, EIM,
and the U.S. Department of Agriculture’s NorWEST (U.S.
Department of Agriculture, 2024; table 1). These databases
included a mix of discrete and continuous measurements.
Therefore, observed data had to be filtered and screened for
use as training data in the random forest models: at least
one season-year pairing containing at least 50 daily mean
temperature observations was required for a given seasonal
water-temperature estimate, leaving a total of 29 locations of
continuous seasonal temperature observations.

Source Input Variables

Variables used to explain and track major nonpoint
nutrient sources across the Puget Sound region were crop
fertilizer, animal feeding operations, on-site treated wastewater
(in other words, household septic systems), urban land,
atmospheric deposition (TN only), nitrogen fixation by red
alder trees (TN only), and upland geologic material (TP only).
The storage lag source was represented as a function of those
nonpoint sources applied in previous seasons. TN and TP load
from permitted treated wastewater facilities and inflow from
Canada were represented as point sources and were therefore
assumed to bypass storage and discharge directly to streams.
However, inflow from Canada was small relative to other
point sources, contributing less than 3 percent of drainage area
to the Puget Sound region, and had negligible effects on model
calibration, but was included in the models for completeness.

Monthly point-source load data were computed for the
Puget Sound region from 2005 through 2020 by Wasielewski
and others (2024), and loads were aggregated seasonally
for use in the TN and TP models. Across the Puget Sound
region, 163 permitted discharging facilities were tracked
(97 municipal wastewater treatment facilities, 20 industrial
treatment facilities, and 46 fish hatcheries; fig. 1.2). Many

permitted outfall locations discharged directly to marine
waters and not into streams—marine waters were defined as
downstream of the E2NHDPlusV2 terminal stream reaches.
Of the 163 permitted point-source outfall locations, the largest
discharges were directly into marine waters but were assigned
to the nearest E2NHDPIlusV2 stream reach for mass balance
accounting, and only 60 facilities (37 percent by total number
of facilities) were located upstream of TN and TP calibration
stations.

The number of households with on-site treated
wastewater (septic) systems within the Puget Sound region
were tabulated and compiled by Wise and others (2025;
fig. 64). Septic systems are often located near areas of
urban land and, therefore, can be difficult to identify as an
independent source separate from urban land, which is why
septic sources are often not identified separately in SPARROW
model applications (Wise, 2019).

Ecology also tabulated the number of animals in animal
feeding operations for dairy production (Figueroa-Kaminsky
and others, 2022). The potential source pathway from animal
feeding operations was represented in the models as the
estimated number of animals counted per EZNHDPIlusV2
catchment (fig. 6B).

Seasonal nitrogen and phosphorus fertilizer and manure
application to cropland in the Puget Sound region was
computed from 2005 through 2020 (available in Schmadel
and others [2025]), which used fertilizer data from the
Nutrient Use Geographic Information System (NuGIS; Wise
and others, 2025) together with agricultural-use polygons
produced by the Washington State Department of Agriculture
(WSDA,; Figueroa-Kaminsky and others, 2022). The NuGIS
data were annual county-level estimates of nutrients from
fertilizer application and livestock manure, including
commercial fertilizers sold by county each year. The NuGIS
data were then processed to the seasonal timestep based on
Ecology’s survey of WSDA crop types grown from 2005
through 2020, and the typical fertilizer amounts needed for
each type (refer to Figueroa-Kaminsky and others [2022]
and Wise and others [2025] for more details). The computed
seasonal application amounts represented combined nutrients
from fertilizer and manure but are referred to here as the
cropland fertilizer source of nutrients. Fertilizer application to
cropland varied seasonally with the highest application rates
in spring followed by summer with the least amount applied in
fall (figs. 1.3 and 1.4).

Red alder trees grow adjacent to river corridors and
waterbodies in many parts of the Puget Sound region and
were assumed to provide a large source of TN as they fix
nitrogen from the atmosphere and leach it into soils (Compton
and others, 2003; Wise, 2019). Basal area of red alder trees
was used as a source variable in the TN model, which was
estimated within watersheds of the Puget Sound region for
2005 through 2017, updated annually (Wise and others, 2025).
Basal area of red alder trees for 2018 through 2020 was
estimated by linear interpolation of the available data.
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Urban land was represented by NLCD (Wieczorek and
others, 2023); it was a constant variable in the TN and TP
models but was reset when a new year of data was available
between 2004 to 2019 to account for change in urban land.
This urban land variable was a lumped nutrient source,
representative of many possible urban sources and pathways.
The spatial specificity of this source type was improved by
interacting with land-to-water variables that mediated delivery
(egs. 7 and 8). Monthly total and wet inorganic nitrogen
atmospheric deposition rates were estimated by Wise and
others (2025) from National Atmospheric Deposition Program
(NADP) monitoring data (National Atmospheric Deposition
Program, 2022) and monthly precipitation data from the
National Oceanic and Atmospheric Administration (NOAA)
ClimGrid database (National Oceanic and Atmospheric
Administration, 2022b) and aggregated seasonally for use in
the TN and TP models. Background phosphorus available in
upland geologic material was estimated following Robertson
and Saad (2019) using phosphorus concentration values in
the upper 1 meter of soil multiplied by soil bulk density from
Wieczorek and others (2018).

Land-to-Water Delivery Variables

Precipitation and ET were dynamic land-to-water
climatic variables that drove or attenuated source delivery.
Monthly precipitation and air temperature data were from the
NOAA ClimGrid database and ET data were from Wieczorek
and others (2022). The ET data were based on estimates from
a water balance model (McCabe and Wolock, 2011; Wolock
and McCabe, 2018). There was a strong seasonal pattern with
precipitation with the highest precipitation typically occurring
in the fall that continued into winter (fig. 1.5). Spring moisture
was still high but was typically in a recession from winter into
summer. ET, lower in magnitude compared to precipitation,
had a pattern inverse to precipitation with the highest values in
the summer, followed by spring (fig. 1.6). In the Puget Sound
region, water-balance estimates suggested that moderate ET
was still occurring during winter and spring near coastal areas.
Nutrient removal processes like crop harvest may not be
explicitly identified but were implicitly indicated in the results.
For example, a result that ET negatively interacts with crop
fertilizer may, in part, represent the effects of crop harvest.

The model also included soil properties, such as organic
matter content, clay content, and erodibility factors (attributes
from Wieczorek and others [2018]). Those soil properties
further interacted with source input variables to adjust their
delivery and attenuation spatially. Effects of other human
infrastructure were also tested; the density of stormwater
outfalls multiplied by rainfall intensity, represented by the
ratio of seasonal precipitation to mean annual precipitation,
was used as an additional interaction with the urban land
source. Those outfalls (municipal separate stormwater sewer
systems [MS4]) that carry stormwater to streams in many
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areas (fig. 6C) are relatively stable and reflect locations

of stormwater inputs for areas served by MS4 systems in
2016 (Figueroa-Kaminsky and others, 2022). Likewise, tile
drainage in croplands from Valayamkunnath and others (2020)
was tested as an interaction with crop fertilizer (fig. 6D).
Many other variables were tested, including permeability,
past wildfire extent, mean percentage snow cover, and
probability of springs (Rohde and others, 2024), but none
were found to provide clear and significant interactions with
sources at the regional scale; a lack of significance does

not necessarily imply a lack of process or effect, but rather
indicates limitations to statistical approaches and challenges
of discerning noise that could arise by attempting to use both
constant and dynamic datasets.

Calibration Process of Total Nitrogen and Total
Phosphorus Models

Model coefficients of the TN and TP models were
calibrated through nonlinear weighted least-squares regression
using the seasonal loads (kg/season) estimated at 49 TN
stations and 47 TP stations (fig. 3). Across 64 seasons, a total
0of 2,951 TN load observations and 2,834 TP load observations
were used in calibration of the TN and TP models,
respectively. For every load observation, there was a model
residual (calculated as observation minus prediction) used to
examine patterns in model error.

Seasonal patterns in model residuals were examined for
heteroscedasticity and serial correlation following Schmadel
and others (2021, 2024). To examine for heteroscedasticity,
squared residuals were regressed against specified binary
seasonal variables (one if winter, zero otherwise) to produce
predicted squared residuals as a function of season. Models
with significant seasonal patterns in the squared residuals
were recalibrated by weighting the observations by the inverse
of the predicted squared residuals to reduce potential bias
due to heteroscedasticity solely caused by seasonality. Once
weighted, bootstrap resampling with 100 iterations was then
performed to estimate 90 percent confidence intervals on the
load predictions.

Serial correlation in the residuals can cause a bias in
estimated standard errors of coefficients. Its effects were
quantified for improved interpretation of source pathway
and uncertainty. Serial correlation can artificially reduce a
coefficient p-value by indicating significance based on the
previous period value instead of by the underlying process
that drives nutrient fate and transport. This potential bias may
limit the amount of constant explanatory variables possible
in a dynamic model, as a constant variable does not change
throughout the 64 periods. Following Schmadel and others
(2024), standard errors (and associated z-values and p-values)
of the model coefficients were therefore corrected for serial
correlation by performing a first-order autoregressive analysis
of the model residuals assumed independent across stations.
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Another potential validation step considered is a
withholding of some calibration data for further assessment of
error and the model’s ability to simulate loads at unmonitored
locations. However, withholding calibration stations is
not common practice in SPARROW modeling because
each developed model is already limited in the number of
stations necessary to represent the gradients across a region.
Thus, removal of any stations (for example, 10 percent of
stations) may cause a large portion of the model domain to
go unrepresented. In the Puget Sound region, of the WRIAs
that contained calibration stations, many contained only one
station near the basin outlet. Excluding any one single station
could result in a different model interpretation because less
of the region is represented—withholding stations to test
model performance in unmonitored locations is not trivial
as each station represents different upstream information.
However, each station had a unique leverage on the estimation
of coefficients and certain calibration stations were more
important to represent gradients across WRIAs than others.
For example, some stations more densely packed in urban
areas may not necessarily provide new information. It was
found, however, that exclusion of any calibration station
near urban areas (for example, in King County, Washington;
fig. 3) provided a model with higher error in the urban source
pathway coefficient. Calibration stations close to one another
could be excluded if they provide redundant information;
however, stations 09A080 and KCM-3106 on the Green River
are located on the same model reach but provided different
load values as there is a stormwater outfall in between. Thus,
09A080 was artificially moved to the next upstream reach and
both stations were kept in the models.

Model Specifications

The interactions between source inputs and land-to-
water delivery variables were assumed and set within the
TN and TP models. To set source input coefficients to per-
year units for comparison purposes to previous estimates,
constant source input variables or variables expressed at an
annual timescale (for example, urban land or animal count),
were divided by four, or by the number of timesteps in 1
year. Red alder tree coverage was the exception; red alder
tree coverage was divided in half under the assumption
that deciduous forests fix nitrogen for half of the year and
decompose and leach the other half of the year. Precipitation
in the TN model was assumed to interact with all nonpoint
sources except for atmospheric deposition—precipitation
was already used in the calculation of atmospheric deposition
and setting an interaction with precipitation could cause a
double-counting effect. Precipitation in the TP model was set
to interact with all nonpoint sources. ET was tested in both
models; the specification set for the TN model (after many
test models) was a season-to-season change in ET interacting

with the storage lag source. In the TP model, the previous
season precipitation and ET variables were set to interact with
the storage lag source, but also, the current period ET was

set to interact with crop fertilizer and septic. The indication
was that precipitation increases TN and TP delivery (positive
coefficient) whereas ET represents a loss process (negative
coefficient). The additional interaction between ET and septic
in the TP model suggested that some of the TP in septic
leachate was removed in its transport to streams.

Soil and catchment attribute variables also interacted
with source inputs. Clay content was assumed to interact with
all source inputs in both models (except for upland geologic
material in the TP model because soil properties are already
included in that variable calculation). Organic content was
included in the TN model and interacted with all nonpoint
sources whereas soil erodibility (K-factor) interacted with all
nonpoint sources in the TP model (but again did not interact
with upland geologic material). Additional soil and catchment
variables included only in the TP model were small stream
density (Schmadel and others, 2020) and mean catchment
slope (Wieczorek and others, 2018) to represent channel
erosion processes.

Interaction between atmospheric deposition and urban
sources could cause feedback noise in the TN model (Conrad-
Rooney and others, 2023), potentially increasing uncertainty
in both source terms. Therefore, to break up some collinearity
and better isolate the two assumed independent source
pathways, the density of stormwater outfalls interacted with
the urban source term in the TN model. Furthermore, to
represent dynamic effects caused by outfalls, their density was
scaled by rainfall intensity expressed as the ratio of seasonal
precipitation to long-term mean precipitation.

Point-source data included permitted treated wastewater
from municipal and industrial facilities and fish hatchery
operations. These point sources were lumped into a single
source type in the models, represented by one coefficient.
Furthermore, because nearly two-thirds of the point sources
discharged into streams and marine waters at locations
downstream of calibration stations, the point-source coefficient
was set to a,=1 (eq. 5) to prevent overestimation of this source
(after Schmadel and others, 2024). Mass inflow from Canada
was treated as its own source, also with its source coefficient
set to a,=1, which was based on the nearest calibration station
data scaled by the ratio of drainage areas between the station
and the Canadian border.

Aquatic decay in streams was specified with seasonal
hydraulic load. All streamflow conditions were represented
in the TN aquatic decay expression. Aquatic losses of TP in
streams were set to occur only when seasonal streamflow
was less than the annual mean, because streams under high
flow conditions are hypothesized to not be net sinks of TP
(Valett and others, 2022). Water temperature was added as an
additional process to TN stream decay (eq. 4) but not for TP.
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Simulated Seasonal Total Nitrogen and
Total Phosphorus Load Results

Model Performance and Uncertainty

Model quality objectives for this study, defined in more
detail by Figueroa-Kaminsky and others (2022), were, in
summary, to:

1. Detect nutrient transformation and removal processes at
a seasonal scale across the regional gradient of soil and
topographic properties.

2. Detect any long-term multi-year and seasonal trends that
occurred due to source or pathway changes.

3. Determine if computed instream losses were comparable
to field estimates.

4. Compute 90 percent confidence intervals for all
simulated loads at similar magnitudes as achieved for
other SPARROW studies (Wise, 2019; Schmadel and
others, 2021).

5. Achieve a similar overall RMSE as other SPARROW
studies (Preston and others, 2009; Wise, 2019; Schmadel
and others, 2021).

6. Achieve explanatory variable coefficients with p-values
of 0.05 or less with limited instances when a slightly (for
example, still near 0.10, but less than 0.20) higher p-
value may be acceptable when a variable can be justified
by other evidence.

7. Explain at least 60 percent of the overall variability in
the observed loads.

Model results are summarized in this report and
accessible and viewable via a mapper (U.S. Geological
Survey, 2025).

Regression statistics (tables 2—7) and diagnostic plots
(fig. 7A—-H; figs. 8 and 9) indicated that TN and TP models
simulated loads. The RMSE was like that from previous
larger-scale static annual models that encompass the Puget
Sound region (Wise, 2019). The RMSE of the seasonal TN
model in natural logarithmic space was 0.470 (compared to
0.538 in the static model) and RMSE of the seasonal TP model
was 0.648 (0.615 in the static model). Overall mean error
was interpreted as plus or minus 50 percent and 72 percent
of the simulated TN and TP loads, respectively (tables 4 and
7). The TN and TP models were shown to explain 95 percent
and 93 percent (82 percent and 71 percent by yield) of the

variability in the observed loads, respectively (R? in tables 4
and 7). The Nash-Sutcliffe efficiency (NSE) in real space
further indicated that the TN model performed efficiently at
88 percent NSE; although the TP model performance was
much less at 45 percent NSE, that efficiency is still considered
satisfactory (tables 4 and 7; Moriasi and others, 2007).

Residuals of the TN load in natural logarithm space
(calculated as In[observed] minus In[predicted]) were mostly
less than one (as absolute values; fig. 7C), which indicated
good agreement between prediction and observation.
Likewise, residuals remained small for high yields—for
example, a large negative residual corresponding to a high
yield is an indicator that a source is over predicted. If a point-
source discharge location was incorrect (for example, the
location was assigned to discharge upstream of a calibration
station but is actually located downstream of the calibration
station), an error associated with a high yield prediction would
be an indicator of that mismatch. Residuals of the TN and TP
models were void of that mismatch indicator.

In absolute terms, the larger TN model residuals occurred
mostly during summer low flows whereas the TP model
residuals were largest during winter and fall high flows
(fig. 7C—H). Most calibration stations had a mix of positive
and negative residuals, indicating that homoscedasticity in
error was achieved (figs. 8 and 9). The TP model typically
underpredicted loads discharging from the headwaters of
the Nooksack River during winter and fall yet tended to
overpredict loads from agricultural streams in the lower Skagit
River (figs. 1 and 9). At a few stations, while still capturing
dynamic signals in loads, the model tended to underpredict in,
for example, the Deschutes and Puyallup-White WRIAs and
overpredict in the Skokomish-Dosewallips WRIA. Weighting
of those stations was tested using the inverse of their squared
residuals, but an improvement to prediction accuracy was
not found. For the TN model, residuals at stations were also
mostly a mix of positive and negative values with many
stations nearly matching observations (fig. 8). However,
both models consistently underrepresented load exported
from the Deschutes River. The Deschutes River exported
only 0.4 percent and 1.3 percent of the TP and TN load,
respectively, to marine waters from the entire Puget Sound
region (app. 2; tables 2.1 and 2.2); thus, smaller loads are
likely to have higher uncertainty because they have less effect
on the overall model calibration.

A slight seasonal pattern was found in the squared
residuals of the models, and seasonal weights were applied.
The highest weights were applied to spring, winter, fall, and
lowest to summer. However, that weighting had only marginal
improvements to the largest squared residuals of the TP model.



Table 2. Model statistics for the explanatory variables included in the dynamic Puget Sound region SPARROW (SPAtially Referenced Regressions on Watershed attributes) total

nitrogen model.

[Abbreviations and definitions: VIF, variance inflation factor, a measure of collinearity. Symbols: —, not applicable; <, less than]
Coefficient
Explanatory variable Variable unit Coefficient unit mean value (90% Standard t-value p-value VIF Standahrd t-valueb p-valueb
- R error error
confidence interval)?
Source input variables
Inflow from Canada Kilograms per year  Fraction delivered 1.0 — — — — — — —
Permitted treated Kilograms per year  Fraction delivered 1.0 — — — — — — —
wastewater
Animal feeding Number of animals ~ Kilograms per animal 8.37 (6.65 to 10.3) 1.43 5.86 <0.0001 2.5 2.40 3.49 0.0005
operations per year
On-site treated Number of Kilograms per 4.47 (3.35t0 5.41) 0.480 9.32 <0.0001 3.7 0.82 543 <0.0001
wastewater households household per year
Crop fertilizer Kilograms per year  Fraction delivered 0.094 (0.064 to 0.012 7.74 <0.0001 2.6 0.019 4.97 <0.0001
0.118)
Atmospheric deposition Kilograms per year  Fraction delivered 0.250 (0.217 to 0.019 13.0 <0.0001 3.2 0.031 7.99 <0.0001
0.278)
Urban land Square kilometers Kilograms per square 802 (653 to 909) 56.1 14.3 <0.0001 34 97.1 8.26 <0.0001
kilometer per year
Red alder trees Square meters Kilograms per square 0.360 (0.306 to 0.026 14.0 <0.0001 10.7 0.040 9.07 <0.0001
meter per year 0.403)
Storage lag Kilograms per year  Fraction retained 0.245 (0.209 to 0.017 14.3 <0.0001 8.5 0.018 13.3 <0.0001
0.283)
Land-to-water delivery variables®
In(precipitation) In(millimeters) 1/In(millimeters) 1.41 (1.33 to 1.52) 0.051 27.9 <0.0001 5.0 0.074 19.1 <0.0001
In(organic matter In(fraction) 1/In(fraction) 0.574 (0.464 to 0.070 8.19 <0.0001 3.6 0.122 4.69 <0.0001
content) 0.690)
In(clay content) In(fraction) 1/In(fraction) —0.485 (—0.566 to 0.043 -11.2  <0.0001 33 0.075 —6.46 <0.0001
—0.423)
In(storm outfall density  In(number per 1/In(number per —0.459 (-0.529 to 0.036 -12.8  <0.0001 1.4 0.063 =7.31 <0.0001
x rainfall intensity) square kilometer) square kilometer) —0.386)
Season-to-season In(millimeters) 1/In(millimeters) —0.412 (—0.506 to 0.050 -8.29  <0.0001 1.2 0.046 -9.01 <0.0001
change in —0.315)

In(evapotranspiration)
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Table 2. Model statistics for the explanatory variables included in the dynamic Puget Sound region SPARROW (SPAtially Referenced Regressions on Watershed attributes) total

nitrogen model.—Continued

[Abbreviations and definitions: VIF, variance inflation factor, a measure of collinearity. Symbols: —, not applicable; <, less than]
Coefficient
Explanatory variable Variable unit Coefficient unit mean value (90% Standard tvalue p-value VIF Standahrd t-valueb p-valueb
- R error error
confidence interval)?
Aquatic decay variables
Waterbody reciprocal Years per meter Meters per year 4.11 (3.47 to 4.60) 1.62 2.54 0.0112 L5 2.39 1.72 0.0855
hydraulic load
Stream reciprocal Days per meter Meters per day 0.309 (0.254 to 0.026 11.7 <0.0001 12.6 0.040 7.63 <0.0001
hydraulic load 0.359)
In(stream temperature)  In(degrees Celsius)  1/In(degrees Celsius) 0.191 (0.123 to 0.035 5.53 <0.0001 4.5 0.037 5.17 <0.0001
0.247)

290 percent confidence intervals estimated by bootstrap resampling (comparable to the adjusted standard error x 1.65).
bAdjusted to account for serial correlation effects.

“Mean-centered with positive and negative values; p-value is two-sided for land-to-water delivery variables and stream temperature.
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Table 3. Serial correlation statistics for the dynamic Puget Sound region SPARROW (SPAtially
Referenced Regressions on Watershed attributes) total nitrogen model.

[Symbol: <, less than]

Parameter Estimate Standard error tvalue p-value
Previous period 0.543 0.016 34.9 <0.0001
In(residual)

Table 4. Summary statistics for the dynamic Puget Sound region SPARROW (SPAtially Referenced
Regressions on Watershed attributes) total nitrogen model.

[Winter includes January, February, March; spring includes April, May, June; summer includes July, August,
September; fall includes October, November, December. Abbreviations and symbols: %, percent; R?, coefficient of
determination; RMSE, root mean square error]

Parameter Value
Root mean square error, in natural logarithm space 0.470
Root mean square error® percentage in real space 50%
Mean square error, in natural logarithm space 0.221
Mean exponentiated weighted error 1.148
Adjusted R? 0.950
Yield R? 0.822
Nash-Sutcliffe efficiency, in natural logarithm space 0.940
Nash-Sutcliffe efficiency, in real space 0.877
Model degrees of freedom 15
Number of observations 2,951
Number of stations 49
Mean square error, winter 0.179
Mean square error, spring 0.202
Mean square error, summer 0.352
Mean square error, fall 0.185

“Estimated as percentage in real space as: 100xV(exp(RMSE?) — 1).



Table 5. Model statistics for the explanatory variables included in the dynamic Puget Sound region SPARROW (SPAtially Referenced Regressions on Watershed attributes)

total phosphorus model.

[Abbreviations and definitions: VIF, variance inflation factor, a measure of collinearity. Symbols: —, not applicable; <, less than]

Coefficient mean

Explanatory variable Variable unit Coefficient unit  value (90% confidence St:::)?rd tvalue p-value VIF St:r':::rd t-valueb p-valueb
interval)2
Source input variables
Inflow from Canada Kilograms per year Fraction delivered 1.0 — — — — — — —
Permitted treated wastewater Kilograms per year Fraction delivered 1.0 — — — — — — —
Animal feeding operations ~ Number of animals Kilograms per 2.29 (1.23 to 4.00) 0.341 6.71 <0.0001 2.8 0.557 4.10 <0.0001
animal per year
On-site treated wastewater ~ Number of Kilograms per 0.177 (0.094 to 0.353) 0.036 4.89 <0.0001 54 0.056 3.18 0.0015
households household per
year
Crop fertilizer Kilograms per year Fraction delivered  0.030 (0.014 to 0.047) 0.005 5.79 <0.0001 4.5 0.008 3.78 0.0002
Urban land Square kilometers Kilograms per 78.7 (64.6 to 111) 6.00 13.1 <0.0001 7.9 9.05 8.69 <0.0001
square kilometer
per year
Upland geologic material Metric tons per year  Fraction delivered 0.0030 (—0.0092 to 0.0004 7.94 <0.0001 11.8 0.0006 8.69 <0.0001
0.0043)
Storage lag Kilograms per year  Fraction retained 0.291 (0.240 to 0.333) 0.028 104 <0.0001 16.5 0.036 8.03 <0.0001
Land-to-water delivery variablest
In(precipitation) In(millimeters) 1/In(millimeters) 1.49 (1.31 to 1.99) 0.078 19.0 <0.0001 7.5 0.105 14.2 <0.0001
In(evapotranspiration) In(millimeters) 1/In(millimeters) —0.828 (—1.18 to 1.28) 0.234 -3.54  0.0004 1.9 0.238 —3.48 0.0003
N (stream density) N (square kilometer N (square 10.1 (8.09 to 12.9) 1.64 6.19 <0.0001 3.7 2.81 3.60 0.0002
per square kilometer
kilometer) per square
kilometer)
In(soil erodibility upper In(K-factor) 1/In(K-factor) 6.26 (5.44 t0 7.09) 0.264 23.7  <0.0001 6.1 0.442 14.2 <0.0001
horizon)
In(clay content) In(fraction) 1/In(fraction) —1.75 (=2.05 to —1.34) 0.111 -15.7  <0.0001 5.2 0.189 -9.26 <0.0001
In(catchment mean slope) In(meter per meter) 1/In(meter per 0.875 (0.741 to 1.31) 0.046 19.1 <0.0001 7.2 0.076 11.46 <0.0001
meter)
Previous period In(millimeters) 1/In(millimeters) —0.504 (—0.629 to 0.076 —6.65 <0.0001 2.6 0.086 -5.83 <0.0001
In(precipitation) —0.360)
Previous period In(millimeters) 1/In(millimeters) —0.296 (—0.577 to 0.094 -3.14  0.0009 2.0 0.099 -3.01 0.0014
In(evapotranspiration) —0.121)
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Table 5. Model statistics for the explanatory variables included in the dynamic Puget Sound region SPARROW (SPAtially Referenced Regressions on Watershed attributes)

total phosphorus model.—Continued

[Abbreviations and definitions: VIF, variance inflation factor, a measure of collinearity. Symbols: —, not applicable; <, less than]

Coefficient mean

Explanatory variable Variable unit Coefficient unit  value (90% confidence St:::::rd tvalue p-value VIF St::::rd tvalueb p-valueb
interval)2
Aquatic decay variables
Waterbody reciprocal Years per meter Meters per year 30.6 (—247 to 45.7) 4.55 6.71 <0.0001 1.9 7.35 4.16 <0.0001
hydraulic load
Stream reciprocal hydraulic =~ Days per meter Meters per day 0.191 (0.086 to 0.234) 0.022 8.49  <0.0001 4.0 0.028 6.81 <0.0001

loadd

290 percent confidence intervals estimated by bootstrap resampling (comparable to the adjusted standard error x 1.65).
bAdjusted to account for serial correlation effects.
cMean-centered with positive and negative values; p-value is two-sided for land-to-water delivery variables.

dStreamflow below annual mean.

44

0Z-600Z ‘eaS ysijes ay} 0} Buiuieiq spaysiajepy woiy snioydsoyd [e1o] pue uabonip |eio] jo speoq pajejnwig



Simulated Seasonal Total Nitrogen and Total Phosphorus Load Results

Table 6. Serial correlation statistics for the dynamic Puget Sound region SPARROW (SPAtially
Referenced Regressions on Watershed attributes) total phosphorus model.

[Symbol: <, less than]

Parameter Estimate Standard error tvalue p-value
Previous period 0.513 0.016 31.8 <0.0001
In(residual)

Table 7. Summary statistics for the dynamic Puget Sound region SPARROW (SPAtially Referenced

Regressions on Watershed attributes) total phosphorus model.

[Winter includes January, February, March; spring includes April, May, June; summer includes July, August,
September; fall includes October, November, December. Abbreviations and symbols: %, percent; R2, coefficient of

determination; RMSE, root mean square error]

Parameter Value
Root mean square error, in natural logarithm space 0.648
Root mean square error® percentage in real space 72%
Mean square error, in natural logarithm space 0.420
Mean exponentiated weighted error 1.266
Adjusted R? 0.933
Yield R? 0.710
Nash-Sutcliffe efficiency, in natural logarithm space 0.921
Nash-Sutcliffe efficiency, in real space 0.448
Model degrees of freedom 16
Number of observations 2,834
Number of stations 47
Mean square error, winter 0.337
Mean square error, spring 0.293
Mean square error, summer 0.569
Mean square error, fall 0.443

“Estimated as percent in real space as: 100x\(exp(RMSE?) — 1).
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total nitrogen and total phosphorus models, 2005 through 2020. Residuals are expressed in natural logarithmic space as

observed minus predicted load.



Simulated Seasonal Total Nitrogen and Total Phosphorus Load Results
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Serial correlation had significant effects on artificially
reducing the model coefficient standard errors, suggesting
that a mean 51 to 54 percent of the current period residual
can be explained by the previous period residual (tables 3
and 6). After correcting for serial correlation effects, the
animal feeding operations source coefficient for the TN
model increased in error and went from a p-value of less
than (<) 0.0001 to 0.0005 (table 2). A p-value above 0.2
starts to become a concern in which the source coefficient
may no longer be distinguishable from zero after accounting
for serial correlation bias. It was interpreted that the animal
feeding operations were still a TN source pathway, but the
uncertainty in that pathway was instead estimated to be
larger relative to other TN sources. For the TP model, serial
correlation had a notable effect on more than one source
coefficient. Coefficients for animal feeding operations and
on-site wastewater treatment were still statistically different
from zero and therefore considered representative of those
source pathways, but adjusting for serial correlation provided
a more representative estimate of error for those source
coefficients. The largest effect was on the on-site treated
wastewater coefficient, increasing the p-value from <0.0001
to 0.0015 (table 5). If an important source is not represented
by the model, its contributing mass will shift to another source
coefficient in model estimation to balance, potentially causing
an overestimation of another source component. Therefore,
while accounting for uncertainty, all source coefficients were
kept, preventing any unfair assignment to any single source
pathway.

Seasonal variability in observed load was represented
by the TN and TP models. Model simulations were in
agreement with observations at many stations as indicated
by the observations falling within the estimated 90 percent
confidence intervals of the simulations, and confidence
intervals tended to be smaller for TN compared to TP (figs. 10
and 11). There were some cases, particularly for some TP
stations, where the model simulation was generally close in
magnitude to the observation, but with some disagreement
between timing that tended to correct itself from upstream
to downstream stations (for example, TP station 01A120 to
01A050; fig. 11).

As another general validation check, simulations were
compared to annual load observations used in the previous
annual SPARROW models (Wise, 2019), which were
divided by four to convert units to kilograms per season for
comparison. Magnitudes were in close agreement, yet annual
estimates were on the higher end (horizontal lines in figs. 10
and 11). However, the seasonal load simulations produced
a much larger range of extremes, oscillating by an order-of-
magnitude each year—marine waters experienced their highest
nutrient loading, in winter and fall.

Flow-weighted concentrations estimated from the
model simulations (seasonal load divided by seasonal
streamflow) were also compared to in situ continuous
nitrate observations at three sites in the Nooksack WRIA
(fig. 124—C). Three locations in the Nooksack WRIA have

records of continuous in situ observed nitrate, which were
downloaded from NWIS under p-code 99133 (U.S. Geological
Survey, 2022): 12211390 Kamm Creek at Kamm Road
near Lynden, Washington (fig. 124); 12212050 Fishtrap
Creek at Front Street at Lynden, Washington (fig. 12B); and
12213100 Nooksack River at Ferndale, Washington (fig. 12C).
The magnitude and timing of nitrate concentrations were
comparable to the model simulations at Ferndale, Washington,
near the mouth of the Nooksack River (fig. 12C)—high
concentrations during winter followed by low summer
concentrations indicated times of possible nitrogen depletion.
Discretely measured concentrations at station 01A050 from
2009 through 2020 indicated that a mean 83 percent of the
measured TN concentration was comprised of nitrate plus
nitrite. The simulated seasonal TN concentrations were all
slightly above the in situ nitrate concentrations, indicating
agreement between simulated and observed at that station.
However, a composition of mostly nitrate is less likely up
toward forested headwaters as more organic and particulate
forms of nitrogen are possible. Discrete observations further
revealed that a pulse of ammonia plus ammonium occurred
each winter (fig. 12C).

Moving upstream into tributaries affected by agriculture
and urban development, concentration magnitudes were
also comparable in Fishtrap Creek (fig. 12B8). Generally
comparable magnitudes indicated that source pathway
representation was achieved in Fishtrap Creek; however,
there was some mismatch in the timing of seasonal peaks
and troughs that suggests that the model simulation was
out of phase with TP source delivery from some headwater
tributaries. In the adjacent Kamm Ditch tributary (referred to
as Kamm Creek in the USGS site name), observed nitrate was
consistently higher than the model simulations, yet timing
appeared consistent. This indicated that, although dynamic
drivers were perhaps well represented, the model likely under-
represented or did not include a source pathway from Kamm
Ditch. The TN and TP models would likely benefit from
additional calibration stations in those tributaries.

Interpretation of Model Coefficients

The model coefficients can be interpreted as seasonal and
annual flux rates (tables 2 and 5), which directly demonstrates
the value of applying a statistical-physical approach for
improved process and source pathway interpretation. The
mean annual mass from animal feeding operations was
estimated at a mean rate from 2005 through 2020 of about
8.4 kg of TN and 2.3 kg of TP delivered per animal per year
(coefficients 8.37 and 2.29 in tables 2 and 5, respectively).
Interactions with land-to-water delivery variables suggested
that delivery was increased in winter and fall during higher
precipitation (positive coefficient). Similarly, the models
estimated that a mean rate of 4.5 kg of TN and 0.2 kg of TP
leached from each household on a septic system each year, and
leachate delivery also increased when catchments were wetter.
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Figure 12. Comparison of seasonal predicted flow-weighted total nitrogen concentrations from three sites (A-C) in the
Nooksack Water Resource Inventory Area, 2005 through 2020. Also shown are 90 percent confidence intervals, measured
in situ continuous nitrate concentrations, discretely measured nitrate plus nitrite, ammonia plus ammonium from site
01A050, Nooksack at Brennan, and total nitrogen concentrations. [WA, Washington.]

Urban land was estimated to contribute 802 kg TN
and 79 kg TP additional mass per square kilometer per year
(tables 2 and 5). Based on the relative magnitudes of model
coefficients, more TP came from urban land compared to TN
while more TN came from septic systems compared to TP. In
the TN model, the density of stormwater outfalls was found to
inversely interact with urban land. During higher precipitation

intensity, a negative interaction implies two possible pathways:

(1) more diluted stormwater that went through the outfalls
and (2) more mass that was carried from the atmospheric

deposition pathway with precipitation falling on impervious
surfaces. A significant coefficient identified for urban land and
atmospheric deposition source pathways indicated that there
were urban sources in addition to atmospheric—those urban
sources not emitted into the atmosphere nor delivered from the
atmosphere via impervious surfaces. The TN model further
suggests that a mean annual 0.36 kg TN was produced by each
square meter of red alder trees (table 2).



Simulated Seasonal Total Nitrogen and Total Phosphorus Load Results 3

The storage lag coefficients for the TN and TP models
were 0.25 and 0.29, respectively (tables 2 and 5). Those values
represent the fractions of source inputs retained or lagged
each season, which provided the mean strength of seasonal
storage lag across the Puget Sound region for all predictions
from 2005 through 2020. Model results suggest that nearly a
quarter of contemporaneous nonpoint TN and TP source inputs
were lagged in storage repositories each season and delivered
to streams in later seasons, with a slightly larger storage
effect estimated by the TP model. Nutrient load released from
storage was highest during winter and fall. In the TN model, a
positive change in ET from one season to the next was found
to decrease the storage lag contribution (negative coefficient;
table 2), indicating a loss of stored TN was represented by
changes in ET where an increase in ET suggests a loss of
stored TN. For the TP model, precipitation and ET from
the previous season were found to inversely interact with
the storage lag (negative coefficients, table 5). When the
previous season had high precipitation or high ET, the model
suggests that TP retained in storage was reduced. A negative
ET coefficient may represent nutrient losses by processes
including plant uptake and crop harvest.

The estimated net decay rate in streams was larger for
TN compared to TP (0.31 compared to 0.19 m/d, respectively;
tables 2 and 5). Stream decay in the TN model was found to
have an additional interaction with water temperature. The
mean TN uptake velocity in streams was 0.31 m/d but was
estimated to increase when water temperature rose above
the regional mean, and decreased when water temperature
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was below the mean, providing improved timing and spatial
specificity, ranging from 0.20 m/d in the winter to 0.44 m/d in
the summer (fig. 134).

Waterbody decay was estimated for both models
and had a larger effect on TP losses compared to TN. The
estimated settling velocities of 4.1 meters per year (m/y)
for TN and 31 m/y for TP (tables 2 and 5) were comparable
to field values found in moderate size lakes and reservoirs
(Cheng and Basu, 2017). However, after accounting for serial
correlation, it was unclear whether an estimate of 4.1 m/y was
statistically different from zero; thus, the TN model suggests
that waterbodies were not a primary loss pathway, which
is a consistent result with previous models (Wise, 2019).
Waterbodies had a clearer effect on the TP model (table 5),
but serial correlation affected their estimation, suggesting that
there were additional seasonal changes to waterbodies not
explicitly captured by seasonally changing streamflow.

Dominant Total Nitrogen and Total Phosphorus
Source by Catchment and by Basin

Annual nutrient loads discharged from watersheds to
marine waters from 2005 through 2020 were comprised
of several different sources transported from different
locations and times, but the dominant contributing individual
source also varied by catchment (figs. 14 and 15). Moving
downstream from the headwater catchments, the dominant
source of TN load shifted from red alder trees and atmospheric
deposition to urban and agricultural sources, with point
sources from treated wastewater contributing the largest load
in several coastal locations (fig. 14).
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Figure 13. Total nitrogen removal estimates for streams of varying (A) water temperatures and (B) depths (refer to egs. 3 and
4) and literature estimates (Mulholland and others, 2008; Bohlke and others, 2009). [Winter, January—March; Spring, April-June;

Summer, July—September; Fall, October-December.]
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These findings are generally consistent with previous
nutrient syntheses indicating large human effects near
coastal areas (Ahmed and others, 2019; McCarthy, 2019).
Dominant TP sources followed a similar pattern, shifting from
predominantly non-human geologic sources in the headwaters,
such as soil erosion, to predominantly human-driven sources,
such as urban runoff, in valleys and coastal areas (fig. 15).
However, in some areas where urban land was the dominant
source pathway of TP, on-site treated wastewater systems were
the dominant source pathway of TN (figs. 14 and 15).

Aggregated by WRIA, the average load and relative
source composition varied by basin (figs. 164—C and 174-C).
The largest overall TN load discharged to marine waters was
from the Cedar-Sammamish, Duwamish-Green, Snohomish,
and Nooksack WRIAs (>4 gigagrams per year (Gg/y)],
WRIAs 1, 7, 8, and 9; fig. 164). TN sources in the Nooksack
WRIA, for example, were a mix of red alder trees, animal
feeding operations, crop fertilizer, and the storage lag of
those sources, but the Cedar-Sammamish and Duwamish-
Green WRIAs were mostly comprised of permitted treated
wastewater discharge. Yield, or load delivered per drainage
area, further indicated that the Chambers-Clover WRIA
(422 square kilometers (km?), table 2.1) was one of the
highest yielding WRIAs due to the outsized contribution
of permitted treated wastewater (fig. 168). For context, the
Chambers-Clover WRIA is only a third of the size compared
to the Cedar-Sammamish (1,688 km?) and Duwamish-Green
(1,361 km?) WRIAs. The contribution of nitrogen fixed by red
alder trees comprised a substantial portion of TN load in most
watersheds; modeling results suggest that TN sources in the
Lyre-Hoko WRIA were mostly from fixation of atmospheric
nitrogen. In the Deschutes, Kennedy-Goldsborough, and
Kitsap WRIAs, the larger sources of TN suggested by the
model were from on-site treated wastewater combined with
urban land (fig. 16C).

The largest mean TP load discharged to marine waters
was estimated from the Snohomish WRIA (>0.6 Gg/y;
fig. 174)—a mix of permitted treated wastewater, upland
geologic material, animal feeding operations, urban land, on-
site treated wastewater, and fertilizer—yet the highest yields
were again from the Cedar-Sammamish and Duwamish-Green
WRIAs, mostly from permitted treated wastewater (fig. 17B).
In the Nooksack and Lower Skagit-Samish WRIAs, animal
feeding operations and crop fertilizer comprised almost half of
the TP load discharged to marine waters (fig. 17C). Compared
to TN, the relative contributions of TP from animal feeding
operations were more while crop fertilizer was less (figs. 16
and 17).

Seasonality of Total Nitrogen and Total
Phosphorus Load, Yield, and Concentration by
Source

There was strong seasonal variation in the TN and TP
yield across the Puget Sound region with the highest yields
predicted during the winter and fall followed by spring
and summer (figs. 18 and 19). High yields were dense near
coastal areas but also extended to locations far upstream,
especially for TP. TN and TP yields during the summer were
mostly driven by pockets of crop fertilizer and animal feeding
operations.

As the incremental loads accumulated downstream,
the final TN and TP load discharged to marine waters at the
mouths of 14 major rivers fluctuated by nearly an order-
of-magnitude in each river each season from 2005 through
2020 (figs. 204 and 214). The Snohomish and Skagit Rivers
discharged the largest TN and TP loads, yet the Samish
River was shown to have the highest TN and TP yields and
concentrations (figs. 208, C and 21B, C). The range in load,
yield, and concentration varied by orders-of-magnitude
across rivers, yet the seasonal trend appeared mostly stable
throughout the 16-year period of record. The exception was
the Green River, which had its highest TN and TP yields and
concentrations in 2006 and 2007 (figs. 208, C and 21B, C). A
breakdown by source indicated that the main cause of seasonal
fluctuations of load in the Duwamish-Green WRIA was
permitted treated wastewater discharge with higher inputs in
2006 and 2007 (figs. 16C and 17C).

TN and TP yield by WRIA provided an indication of
which watersheds may be most affected by seasonal variability
in loads. The Samish River stands out; its seasonal loads,
compared to the other 13 example rivers, lie somewhere in
the middle, yet its yields and concentrations were some of
the highest in the Puget Sound region, and they stayed high
throughout the year (for example, concentrations approached
1 milligram per liter [mg/L] of TN and 0.3 mg/L of TP; figs.
20C and 21C). The TP model tended to overpredict load from
the Samish River (figs. 9 and 21), and even after considering
confidence bounds, the predicted yield and concentration
were still high relative to other rivers. For context, a TN
concentration threshold of 0.5 mg/L of TN has been noted in
other locations as a level at which biogeochemical processes
start to become saturated and stop decaying nitrogen
(Schmadel and others, 2020). In the Puget Sound region,
there is evidence that stream uptake rates of nutrients have
been reduced in areas of high concentrations (Sheibley and
others, 2015), but that concentration effect was not explicitly
quantified in the TN and TP models.
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(A) Mean annual total nitrogen incremental load, (B) mean annual total nitrogen incremental yield, and (C) proportion

of total nitrogen load discharged to streams and coasts, from the dynamic Puget Sound region SPARROW (SPAtially Referenced
Regressions On Watershed attributes) total nitrogen model, 2005 through 2020. Results are summarized by source as the summation for
each Water Resource Inventory Area. Arrows indicate values larger than displayed.



36 Simulated Loads of Total Nitrogen and Total Phosphorus from Watersheds Draining to the Salish Sea, 2005-20

EXPLANATION
Source
Fertilizer

=
o
o
<_“ —
£ g
c = I Animal feeding
§ S operations
E é I nflow from Canada
g % Upland geologic
s .2 material
wn D
o= Il Permitted treated wastewater
(=3 .
= I On-site treated wastewater
] Storage lag
12 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 Urban land
=5 50 B Bl Aquatic decay
£ g
=} >
2 3 Water Resource Inventory Area
>9 400
< Pj 1 Nooksack
S qé 300 2 San Juan
© o
S= 3 Lower Skagit - Samish
2 @ 200 :
E s 4 Upper Skagit
Sz 5 Still ish
E 2 100 illaguamis
=3 6 Island
2 g 0 7 Snohomish
S ©
= § 8 Cedar - Sammamish
Rz 10 9 Duwamish- G
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 uwamish - reen
10 Puyallup - White
100 1 Nisqually
80 12 Chambers - Clover
— 13 Deschutes
S o
E 8 60 14 Kennedy - Goldshorough
- 15 Kitsap
o> 5 40 . .
S = 16 Skokomish - Dosewallips
c = .
i_'ﬁ_g 20 17 Quilcene - Snow
e = 18 Elwha - Dungeness
0 19 Lyre - Hoko

-20

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19
Water Resource Inventory Area

Figure 17. (A) Mean annual total phosphorus incremental load, (B) mean annual total phosphorus incremental yield, and (C) proportion
of total phosphorus load discharged to streams and coasts, from the dynamic Puget Sound region SPARROW (SPAtially Referenced
Regressions On Watershed attributes) total phosphorus model, 2005 through 2020. Results are summarized by source as the summation
for each Water Resource Inventory Area. Arrows indicate values larger than displayed.
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Figure 18. Mean seasonal total nitrogen incremental yield for (A) Winter, January—March; (B) Spring, April-June; (C) Summer,
July-September; (D) Fall, October—December, from the dynamic Puget Sound region SPARROW (SPAtially Referenced Regressions On
Watershed attributes) total nitrogen model, 2005 through 2020. Results are summarized by NHDPlusV2 catchment.
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Figure 19. Mean seasonal total phosphorus incremental yield for (A) Winter, January—March; (B) Spring, April-June; (C) Summer,
July-September; (D) Fall, October—December, from the dynamic Puget Sound region SPARROW (SPAtially Referenced Regressions On
Watershed attributes) total phosphorus model, 2005 through 2020. Results are summarized by NHDPlusV2 catchment.
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Figure 20. Predicted seasonal accumulated (A) total nitrogen load, (B) total nitrogen yield, and (C) flow-weighted total nitrogen
concentration at the terminal outlet of 14 major rivers discharging to marine waters from the Puget Sound region, 2005 through 2020.
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through 2020.

TN loads discharged to marine waters were consistently
the largest during winter (fig. 22). Fall TN loads were also
consistently large, but slightly lower compared to winter.

In locations with high TN sources from red alder trees, the
models suggest that leachate from fixed nitrogen was highest
in winter and fall (for example, Nooksack and Skagit Rivers;
fig. 22). The TN load from storage lag was highest during
winter followed by fall, yet its relative contribution comprised
half of the TN load during summer when loads were lowest.
The largest relative TN aquatic losses also occurred during
the summer when travel times and water temperature were
highest.

TP load was also consistently highest in winter followed
by fall; however, model results suggested that TP load from
the Nooksack River was more often higher in fall than in

winter (fig. 23). The seasonal lag of all nonpoint sources
comprised 25-50 percent of total TP load with the highest
relative contributions during spring and summer—a fraction
of the larger magnitude fall and winter fluxes was lagged in
delivery until the spring and summer seasons. In the Nooksack
River, the components of storage lag were mostly from

animal feeding operations, upland geologic material, and

crop fertilizer. In the Skagit River, upland geologic material
followed by urban land, and their lagged components, were
the main contributors to TP load. The largest relative TP
aquatic losses occurred during the summer when travel times
were highest but were nearly four times lower than the relative
losses of TN by aquatic decay (figs. 22 and 23).
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the (A) Nooksack River, (B) Skagit River, (C) Puyallup River, and (D) Nisqually River. Pie charts represent the mean source composition,
2005 through 2020. [Winter, January—March; Spring, April-June; Summer, July—September; Fall, October-December.]
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Historical Red Alder and Wetland
Reference Scenario

An understanding of pre-industrial nutrient reference
conditions helps identify locations that may have increased
in nutrient yield over time until present (defined by the study
period-of-record, 2005 through 2020). Given reference
datasets and appropriate assumptions, the calibrated models
and coefficients could be used to run different scenarios to
evaluate change. Ecology has developed datasets of pre-
industrial (historical) red alder tree coverage along with
historical wetland coverage (made available in Schmadel and
others [2025]; figs. 244, B). In the TN model, fixation by red
alder trees was found to be a major source pathway whereas
wetlands mostly do not exist today.

The shift in red alder tree coverage from historical
conditions to present tended to decrease in higher elevations
and increase in lower elevations (fig. 24C). The historical red
alder tree and wetland coverages were produced using land
coverages and assumptions from Collins and others (2003),
Peter and Harrington (2010), and Stanley and others (2019).
The historical red alder tree coverage was represented as a
range to express uncertainty, and trees were assumed to exist
below 762 meters in elevation (Deal and Harrington, 2006).
Refer to Figueroa-Kaminsky and others (2022) and Schmadel
and others (2025) for more details.

The TN model was used to run a scenario to estimate
the net change in TN flux from historical conditions to the
present. The present red alder tree coverage was replaced with
the historical estimates, and contemporaneous anthropogenic
sources were set to zero, including urban land, animal
feeding operations, fertilizer, septic leachate, and point
sources. Present atmospheric deposition likely contains urban
influences (Conrad-Rooney and others, 2023); therefore, wet
inorganic nitrogen atmospheric deposition was re-estimated
following Schmadel and Peterman-Phipps (2023) using the
present precipitation multiplied by an assumed spatially
uniform monthly atmospheric concentration from NADP
WAT14 Olympic National Park-Hoh Ranger Station.

The Puget Sound region once contained many more
wetlands than exist today (fig. 24B). In the TN scenario,
reservoir waterbodies were excluded but wetlands were added
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to represent historical aquatic conditions. The TN model
identified aquatic decay processes, but wetlands were not
identified due to their present-day scarcity. Wetlands were
added as an additional loss term in the scenario, assuming
wetlands were a net sink in the region. However, because
wetlands were not included in the calibrated model, additional
assumptions were applied: based on a compilation of
hundreds of literature values (Cheng and Basu, 2017), a mean
TN uptake velocity of 18 m/y was assumed for wetlands.
Reciprocal hydraulic load through wetlands was estimated
based on the wetland area per catchment divided by a current
estimate of seasonal streamflow at the outlet of that catchment.
This scenario applied conditions based on a robust historical
understanding of the region (Collins and others, 2003;

Peter and Harrington, 2010; Stanley and others, 2019), but
scenario conditions were outside of the calibration range of
conditions and, therefore, caution in interpretation and use of
results should be exercised. Scenario results should be further
evaluated, scrutinized, and improved as new data become
available.

The reference scenario results suggested an overall minor
net decrease in TN flux from some headwaters but a much
larger increase from valleys and coastal areas (present TN
yield in many areas has increased >1,000 kilograms per square
kilometer per year [kg/km?/y] relative to historical conditions;
fig. 24D). Aggregated by WRIA, the scenario suggests that
the Cedar-Sammamish, Duwamish-Green, and Chambers-
Clover WRIAs have seen the largest increases in TN flux from
historical conditions to present (fig. 25), which are presently
dominated by permitted treated wastewater discharge (fig. 16).
The Elwha-Dungeness and Quilcene-Snow WRIAs were
estimated to have the lowest increase in TN flux (figs. 24D and
25). Accounting for uncertainty in the historical red alder tree
coverage, it was still unclear whether some WRIAs like the
Upper Skagit and Skokomish-Dosewallips contributed more
TN flux relative to historical conditions (fig. 25). The scenario
also suggests that, even with a loss of wetlands, more TN was
removed relative to historical conditions simply because TN
flux has mostly increased across WRIAs—more TN delivered
leads to more TN processed instream.
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delivered to streams and coasts within each Water Resource Inventory Area by running scenarios of (A) minimum, (B) mean, and
(C) maximum possible estimated historical red alder tree coverage using the dynamic Puget Sound region SPARROW (SPAtially
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Discussion

Advantages and Limitations to Modeling
Approach in the Puget Sound Region

Compliance with DO standards in the bottom layers of
marine waters depends on nutrient reductions to upstream
freshwater sources. This includes reductions in discharge from
wastewater treatment plants into marine waters and reductions
from other sources of nutrient inputs from watersheds
(Mohamedali and others, 2011; Ahmed and others, 2019). The
SSM suggests that marine waters of the Salish Sea are TN
limited whereas freshwaters are more typically TP limited—
higher TP yield can result in increased primary productivity
and thus higher delivery of organic carbon loads (Ahmed and
others, 2019). Thus, any reduction of TN should be considered
with TP and vice versa. Predicting the time of year marine
inlets are most vulnerable to low marine DO concentrations
requires information regarding when and where TN and TP
loads are delivered from the Puget Sound region. In other
words, representation of the temporal variability of nutrient
delivery across the region may be more important to Ecology’s
PSNSRP than a mean spatial distribution of loads previously
provided at annual timesteps when dynamic loads are likely
to contribute to low marine DO. The seasonal TN and TP
models developed here help inform the regional assessment
of major sources, demonstrate how loads and concentrations
varied seasonally and spatially, and define the primary drivers
of those loads, including lagged components beyond what was
capable from previous annual approaches (figs. 22 and 23).
The dynamic SPARROW models are useful for evaluation
and implementation of nitrogen reduction actions initiated
in the PSNSRP, and perhaps more broadly for watershed
management to meet approved freshwater DO TMDLs.

The U.S. Environmental Protection Agency’s River Basin
Export Reduction Optimization Support Tool (RBEROST;
Chamberlin and others, 2022) is an example of a tool that can
incorporate the dynamic SPARROW output to help managers
identify best management practices (BMPs) to reduce nutrient
loading from the Puget Sound region on a seasonal basis.

The dynamic modeling approach described in this
report linked many unique datasets to physically based
equations through statistical coefficients that provided useful
interpretation of nutrient source pathways and processes
accumulating throughout the stream network (tables 2 and
5). For example, the TN model quantified mass delivery rates
estimated from animal feeding operations and on-site treated
wastewater systems at 8.4 kg of TN per animal per year and
4.5 kg of TN per household per year, respectively (table 2).
For TP, the rate of mass from animal feeding was relatively
higher than for septic systems (2.3 kg of TP per animal and
0.2 kg TP per household per year, respectively; table 5),
suggesting that more TN comes from septic compared to

TP while more TP comes from animal feeding operations
compared to TN, which is similar to patterns found in other
locations in the Cascade Range (Anderson, 2002).

Urban land was treated as a lumped coverage source
pathway, estimated to yield an additional 802 kilograms per
square kilometer per year (kg/km?/y) TN and 79 kg/km?/y
TP (tables 2 and 5). Compared to previous approaches, those
urban values were generally higher (246 kilograms per year
[kg/y] TN and 12 kg/y TP in the Pacific region model by Wise
[2019]; 122 kg/y TN and 64 kg/y TP in the Midwest model
by Robertson and Saad [2019]; and 150 kg/y TN and 24 kg/y
TP in the Illinois model by Schmadel and others [2024]).
Differences in urban coefficients could reflect some regional
variation; the models developed for the Puget Sound region
were much smaller in spatial size than previously attempted.
Urban land comprised 12 percent of the Puget Sound region
where coefficients represent the relative mean contributions
for this region. Additionally, in the TN model, a new variable
that represents stormwater outfall density interacted with
the urban source variable, which caused the mean urban TN
yield to nearly double from around 400 to over 800 kg/km?/y.
The larger coefficient value suggests that, during higher
precipitation intensity, more diluted stormwater went through
the outfalls. It also suggests that additional source pathways
are represented from atmospheric deposition with precipitation
falling on impervious surfaces. A negative coefficient
identified for stormwater outfall density indicated that sources
from urban areas were reduced during higher precipitation,
and other sources like atmospheric deposition were more
dominant, but it also indicated that urban areas may be a
dominant source during drier periods. A negative coefficient
also suggests that there may be some potential effects of
recently implemented BMPs in the stormwater conveyance
systems (Figueroa-Kaminsky and others, 2022) but were not
explicitly represented by the model.

TN leachate from red alder tree nitrogen fixation was
estimated as 0.36 kg of TN fixed and produced by each
square meter of trees per year (table 2), a value comparable to
previous SPARROW applications (0.27 kilograms per square
meter per year [kg/m?/y TN], Wise [2019]) and field estimates
of fixation rates (0.31 kg/m?/y of nitrogen [N], Compton
and others [2003]). However, that value does not directly
translate to the TN flux exported from a watershed—fixed
TN is accumulated and decomposed in the soils and later
leached out. Therefore, across all WRIAs, the mean yield
estimated by the TN model was 200 kg/km?/y N produced
by red alder trees (fig. 16). For watersheds dominated by
red alders, the mean yield increased to over 2,000 kg/km?/y
N. Likewise, Compton and others (2003) further estimated
that the fixation rate of 0.31 kg/m?/y N in watersheds
dominated by red alder trees could yield between 2,600
and 3,900 kg/km*y N from a watershed. The TN model’s
representation of red alder tree fixation compared well to
field measurements, but it is possible that the correlation to
the coverage dataset represented more than just red alder
trees and included additional nitrogen-fixing species such



as lichens and maples (Compton and others, 2003). Further
tests with the TN model using other vegetation datasets could
be fruitful toward improved source pathway representation.
However, inclusion of red alder tree coverage as a source input
dataset greatly improved the TN model performance and was
far better compared to other similar datasets such as NLCD
forested cover.

The storage lag coefficients for the TN and TP models
were 0.25 and 0.29, respectively (tables 2 and 5), indicating
that 25 percent and 29 percent of contemporaneous nonpoint
TN and TP source inputs were lagged in storage repositories
each season and delivered to streams in later seasons,
respectively. That estimate suggests that mean seasonal flux
of nutrients was relatively fast in which a large portion of
any source input passing through the storage repository got
flushed through each year. Likewise, the relative contribution
of storage lag was lowest during high load and streamflow
conditions, yet retention caused an increased lagged
contribution of mass as watersheds dried out. Models quantify
a bulk retention rate and thus caution should still be exercised
if used to interpret lagged timescales as that retention rate
currently lumps many timescales. For example, urban
nonpoint sources may be stored very briefly (a lower og with
a faster timescale and lower lag effect [eq. 6]) compared to
agricultural sources more connected to groundwater (a larger
ag with a slower timescale). If the stream or waterbody was
also contributing to temporary storage instead of operating
solely as a sink, ag could be further biased toward faster
timescales. Additional parsing or representation of different
types of storage retention may be an area for improved
nutrient prediction.

The relative net aquatic decay of TN and TP in streams
was highest in summer during the longest travel times (figs. 22
and 23). TN and TP instream decay rates were comparable
to the empirical estimates by Sheibley and others (2015) for
nitrate (0.59 m/d) and orthophosphate (0.36 m/d) in the Puget
Sound region. Consistent with field studies elsewhere (Miller
and others, 2016), instream decay of nitrogen increased with
water temperature, mostly during summer (fig. 134). Sheibley
and others (2015) found additional loss explanation with
channel attributes. For example, they noted higher decay
with higher sinuosity yet lower decay in channels with higher
slopes, particularly for phosphorus. The SPARROW models
are flexible in that more terms could be added and tested (refer
to eq. 4). For example, adding slope in the TP model stream
decay expression could improve explanation. However, slope
has already been factored into the estimate of TP loss with
Jobson velocity and depth derived from streamflow. Likewise,
higher streamflow did not return significant instream TP decay
(table 5).

Aquatic nitrogen and phosphorus storage may be
temporary (Valett and others, 2022), especially in spring and
summer associated with seasonal stratification in reservoirs
and uptake by algae and aquatic vegetation or permanently
removed through processes such as denitrification (Harvey
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and others, 2013). In addition, particulate phosphorus is often
stored seasonally or longer in reservoirs, especially after dam
construction, which at later times becomes susceptible to
releases with increased sediment infill or following summer
stratification and changes in sediment from reduction-
oxidation processes (Posch and others, 2012). Processes
related to dam removal were not explicitly represented by the
TN and TP models. For example, a dam was removed on the
Elwha River in 2013, and the downstream calibration station
reflected a large increase in downstream TP load while TN
load was less affected. That increase in TP load was likely
mass previously stored in the reservoir and not explicitly
accounted for in the model. Therefore, that downstream
calibration station was excluded from the TP model—another
dataset or process such as suspended sediment could improve
representation of mass stored and released. Both models
tended to over predict load from the Skokomish-Dosewallips
WRIA, which is an indication that upstream influences

from, for example, Lake Cushman, perhaps were not well
represented (figs. 8, 9, and 1.1).

The modeling approach described in this report has
proven useful for quantifying seasonal sources and drivers of
nutrient load across the region but also identified challenges,
limitations, and possible areas for improvement. Across the
Puget Sound region, the overall mean error was 50 percent
for the TN simulated load and 72 percent for the TP simulated
load (tables 4 and 7). Although those results are considered
promising, compared to the TN model, the TP model source
pathways were more challenging to identify—possibly due to
a lack of representation of erosion caused by human activity
and high precipitation—and coefficients still contained large
levels of uncertainty after adjusting for effects of serial
correlation. There may be additional processes like mass
stored and released by reservoirs not explicitly represented.
Likewise, load estimation of the calibration data consistently
returned higher errors for TP compared to TN, especially using
the WRTDS K approach. Also compared to the TP model,
calibration of the TN model seemed more straightforward
where most of the variation in calibration load data could be
explained using only the source pathway variables interacting
only with seasonal precipitation.

If error is large in any one source pathway, an option is
sometimes to lump that pathway with another or altogether
exclude one of the pathways. If a pathway is excluded, error
in other coefficients might decrease, but the model will
likely inaccurately assign mass to a defined pathway. For
example, excluding the septic source pathway from the TP
model could cause the animal feeding pathway coefficient
to increase, sometimes by ten-fold; that animal feeding
pathway coefficient would have a smaller standard error and
p-value by excluding the septic source pathway, but it would
not necessarily produce a better model if septic systems are
in reality an independent source pathway—a higher animal
feeding coefficient may increase just to compensate for the
model missing septic contributions.
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Regional-scale modeling is an efficient way to simulate
water quality in streams but requires simplifications of
processes and thus that may not account for specific conditions
at unique locations. Likewise, a model can lack process
representation if a key dataset is missed, or if data are not
sufficient to separate and track a unique source pathway.

For example, a mismatch in timing between simulation and
observation at a few locations indicated a potential missing
source pathway or land-to-water delivery information such
as erosion rates during high precipitation. At the TP stations
01A120 and 01A050, for example, the TP model mostly
missed the timing of observed load for 2007 through 2009
and then again in 2013 and 2014, but the model was nearly
representative of instream load for 2017 through 2020

(fig. 11). It could be that some process or change in land

use or management in the Nooksack WRIA occurred during
the modeling period that affected TP load more so than TN
load but was not explicitly represented by data and model
coefficients. Management activities and BMPs not explicitly
represented with data and coefficients, such as the inclusion
of a dataset representing stormwater detention ponds, are
areas to look for improvements. Similarly, as dam removal
on the Elwha River caused large effects on instream TP load,
sudden release of stored TP in reservoirs was not a process
explicitly represented. Sediment transport processes are likely
candidates for improving the TP load representation, but dam
removal on the Elwha River was unprecedented and unlikely
to represent any viable management actions for the region.
Although independence in data is a limiting assumption, the
SPARROW framework is uniquely suited for improvements
to process representation and model error by its ability

to include new interactions, processes, or datasets. Data
representing the amount of stored mass in a reservoir, the age
of the stored mass, together with dam release rates, potentially
could improve model representation of TP load. However,
the Elwha River contributed a smaller fraction of TP mass
relative to some of the other WRIAs (1.5 percent of regional
total; fig. 17; table 2.2), and thus additional data added to the
Elwha-Dungeness WRIA may improve local accuracy but
not necessarily improve overall model performance across
the region.

Potential Model Improvements in the Puget
Sound Region

A comprehensive quantification of source attribution
and accumulation across space and time is helpful to assess
where and how nutrient reductions could be most effective, but
several limitations in the TN and TP models were identified.
Although the models are useful to identify where error is low
and high, and perhaps identify where other data are needed,
the lumped process representation and seasonal timestep could
be improved through further parsing of the lumped storage lag
into more bins of different timescales (for example, nutrients
lagged in groundwater versus in soils; Miller and others,

2024), integration of other data (for example, estimates of
groundwater discharge), integration with other models (for
example, transit time distribution of the subsurface or machine
learning techniques), and with updated expressions of aquatic
decay and wetland losses to potentially allow for estimation of
any net sources from streams and waterbodies.

Better data integration, improvements to data processing
and assumptions, or simply considering more data to test
in calibration could improve process representation and
quantification of source pathways. A first step could be
increasing the number of calibration stations. The goal for
the Puget Sound region, which is consistent with most water-
quality models, was to include as many calibration stations
as possible to reduce the weight of any single station used
to explain error and comprehensively represent observed
instream mass across space and time (in other words, represent
gradients of the region). Coverage of calibration stations for
the Puget Sound region was considered sufficient to represent
variability across the region, but a few smaller WRIAs did
not contain monitored data and half of the WRIAs contained
only one or two stations mostly located low in the basin
far away from headwaters (fig. 3). A few more calibration
stations located more toward headwaters could improve
process representation by explaining more variability and thus
accuracy of simulation timing and magnitude or could further
indicate if and where source pathway data may be missing or
even misleading. There was consideration of expanding the
model domain size to include more calibration stations and
gradients. However, there is value in having Puget Sound
region-specific models for faster simulations and more focused
data collection and compilation efforts, which may allow for
identification of source pathways unique to the region that
might not otherwise be identified with a larger scale model.
There were just enough stations to cover most of the region; a
larger scale model may better represent variability in climatic
and atmospheric drivers, but in exchange it may provide less
isolated source information.

The effort to compile data for the TN and TP models
was comprehensive yet there were still many datasets not
used in the TN and TP models for a variety of reasons. While
there are many other areas of potential data improvements
to consider, more data do not always indicate that a better
model is possible. For example, other data types may contain
strong serial correlation—adding more constant variables can
increase noise or cause issues with multicollinearity if also
correlated with similar datasets. Other data types considered
in the models included permeability, historical wildfire
extent, mean percentage snow cover, and tile drainage, yet
none were found significant or to improve models. There
may be additional sources from springs (Rohde and others,
2024), but the springs dataset correlated well in space with
urban cover. It is possible the urban source pathway contains
a spring component, but it also may be coincidence that
urban development falls closely where springs discharge into
valleys at mountain fronts. Therefore, more exploration into



those possible source pathways, and whether they would be
considered separate or interacting pathways, could improve
interpretation of the urban pathway.

Likewise for stormwater outfalls as both dilution and
source delivery pathways, the explicit collection area for
each outfall was not directly mapped or estimated. More data
processing, and perhaps collection, would be needed to better
isolate and represent the outfall component, but outfall size
and collection area variables established consistently across
the region could improve outfall representation in the models.
Concentrations have been collected in some outfalls and such
data would help quantify fluxes (Figueroa-Kaminsky and
others, 2022), but those data would be needed consistently
and comprehensively to represent outfall effects in the models.
It is possible that the TN model is also picking up BMPs in
the stormwater conveyance systems and it could be useful to
separate and quantify the effects of BMPs, but that also would
require additional data and further testing to establish a clear
and significant statistical interaction to be a consistent variable
used to represent a particular BMP (Detenbeck and others,
2018). Inconsistencies in datasets like BMPs or stormwater
outfalls instead could be expressed as noise error and thus
further limit model interpretation.

Near-term improvements to aquatic decay functions
could be made using datasets such as reservoir volumes and
operations, showing possible stratification, and improved
local streamflow estimated through better dynamic estimation
of water use and diversions. Net aquatic TN losses were
occurring in streams with additional evidence that rates
increased with water temperature (table 2; fig. 134). Net TN
losses in waterbodies, however, were not as clearly identified,
suggesting that waterbodies were not removing much TN
relative to streams. TP decay coefficients were difficult to
identify for streams—if the overall net effect of streams was
near zero, even if gross aquatic losses and sources are present,
it is unlikely to identify a model coefficient different than
zero. However, once the TP stream decay coefficient was set
to estimate a loss for streamflow conditions below the annual
mean, which assumes losses are occurring during lower
streamflow, a significant stream decay process was quantified.
Differences in net decay rates during different hydrologic
conditions suggest that some temporary storage of mass in
streams and waterbodies was likely occurring, particularly for
TP. Although a net decay assumption is a model limitation,
some reality in varying decay rates was still mimicked based
on adjustments with streamflow and water temperature.

The seasonal mass balance representation of streams
from headwaters to marine-water discharge points by source
is important information to support Ecology’s nutrient
reduction plan. Certainly, there are limitations with process
representation and simulation accuracy, but the modeling
approach directly provided real, interpretable values. A mass
balance has been a cornerstone upon which interpretation
depends. Although model uncertainty can be high when
zoomed into unique reaches (5072 percent mean error),
an ability to quantify uncertainty in space and time is a
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strength—the models and their residuals can be useful toward
identifying locations where data and understanding are
lacking. The seasonal mass balance simulations also provide
a dataset for further analyses or modeling. For example,
seasonal loads could provide boundary conditions, or a

point of comparison, for more localized and detailed water-
quality studies.

Improvements to simulation accuracy and resolution of
nutrient conditions may be possible with a machine learning
(ML) modeling approach, capable of producing results at a
daily timestep (Basu and others, 2023). Common critiques
of ML models, however, are limited process interpretability
and possible overparameterization as sometimes hundreds
of variables are used (Maier and others, 2024). If the most
important information is daily simulations of instream nutrient
concentrations entering marine waters, an ML model might
be favorable. However, some type of ML-mechanistic hybrid
modeling framework may be the most useful approach to
support Ecology’s needs of dynamic knowledge of nutrient
delivery to marine waters by major source pathway. Next
steps that build on the models developed here need to retain
interpretable mass-balance information that include estimation
of aquatic processes.

Summary

Watershed models were developed to simulate seasonal
load of total nitrogen (TN) and total phosphorus (TP)
discharging into the Washington State waters of the Salish
Sea from 2005 through 2020. The modeling approach used
was dynamic SPARROW (SPAtially Referenced Regressions
On Watershed attributes), a statistical-physical watershed
modeling technique that provided interpretation of sources
and pathways, evaluation of sub-watershed contributions
throughout the stream network, and estimation of loads
delivered to marine waters at surface confluences along
the shoreline. Seasonal models comprehensively tracked
nine different TN and eight different TP source pathways.
Treated wastewater discharge and hatchery point sources
and nonpoint sources from crop fertilizer, animal feeding
operations, septic systems, urban land, atmosphere deposition
(TN only), nitrogen fixation by A/nus rubra Bong. (red alder)
trees (TN only), background geologic material (TP only),
and the seasonal storage lag component of those nonpoint
sources were identified and quantified. The nutrient load
magnitudes and source composition varied by watershed, and
even within each watershed, yet the largest loads discharged
to marine waters typically occurred in winter and fall, with
the largest sources being from treated wastewater followed
by nitrogen-fixing red alder trees, animal feeding operations,
upland geologic material, crop fertilizer, urban land, and
storage lag. TN and TP loads were typically lowest in summer
when relative instream losses were highest. Considering the
influence of upstream watershed contributions of nutrients
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to their marine-discharge points, a few hundred locations
modeled here, is a key aspect of Ecology’s current Puget
Sound Nutrient Source Reduction Project (PSNSRP). The
estimated seasonal TN and TP loads across the Puget Sound
region from 2005 through 2020 help clarify contributions
from discernible point and nonpoint sources and when, where,
and why they are high. The Snohomish and Skagit Rivers
discharged the largest TN and TP loads, yet the Samish
River was shown to have the highest TN and TP yields

and concentrations. Additionally, a reference scenario was
developed to provide an estimate of the pre-industrial local

and regional loads, which indicated that the largest increases in

TN yield from historical conditions to present (2005 through
2020) were from the Cedar and Green Rivers and from

the Chambers-Clover Creeks watershed in Pierce County,
Washington. With appropriate datasets and assumptions, the
models could be used to evaluate other scenarios or used to
forecast loads.
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Table 1.1. Model statistics for the explanatory variables of a simple water balance model used to adjust streamflow downstream and

upstream of each gaging station (refer to figure 1.2).

[Abbreviation: VIF, variance inflation factor. Symbols: —, not applicable; <, less than]
Explanatory variable Variable unit Coeﬁlt_:lent Coefficient  Standard tvalue p-value VIF
unit mean value error
Source
Inflow from Canada cubic feet per Fraction 1.0 — — — —
second delivered
Permitted treated wastewater inflow  cubic feet per Fraction 1.0 — — — —
second delivered
Precipitation minus cubic feet per Fraction 0.460 0.007 66.0 <0.0001 3.0
evapotranspiration second delivered
Storage lag cubic feet per Fraction 0.404 0.005 75.1 <0.0001 32
second retained
Land-to-water delivery
Previous period In(aridity?) In(cubic feet per 1/In(cubic —0.082 0.006 -14.3 <0.0001 1.2
second) feet per
second)

2Aridity = Potential evapotranspiration minus actual evapotranspiration.

Table 1.2. Summary statistics for the explanatory variables of a simple water balance model used to

adjust streamflow downstream and upstream of each gaging station.

[Winter includes January, February, March; spring includes April, May, June; summer includes July, August,
September; fall includes October, November, December. Abbreviation: R2, coefficient of determination]

Parameter Value

Root mean square error, in natural logarithm space 0.548
Mean square error, in natural logarithm space 0.301
Mean exponentiated weighted error 1.178
Adjusted R? 0.929
Yield R? 0.679
Model degrees of freedom 3
Number of observations 6,099
Number of stations 99
Mean square error, winter 0.1432
Mean square error, spring 0.2861
Mean square error, summer 0.5578
Mean square error, fall 0.2157
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Appendix 2. Results Summary

Table 2.1. Summary of total nitrogen load discharged to marine waters as a summation of incremental loads by Water Resource
Inventory Area watershed, estimated with the dynamic Puget Sound Region SPARROW (SPAtially Referenced Regressions On
Watershed attributes) total nitrogen model, 2005 through 2020.

[Drainage area is rounded to nearest square kilometer. Winter includes January, February, March; spring includes April, May, June; summer includes July,
August, September; fall includes October, November, December. Abbreviations: WRIA: Water Resource Inventory Area; TN, total nitrogen]

Drainage Total TN load Mean annual TN Mean percentage seasonal contributions

yield discharged

WRIA WRIA name area discharged from (kilograms - _
number (square 2005 through Winter  Spring  Summer Fall
kilometers) 2020 (gigagrams) per square
kilometer)
1 Nooksack 3,351 81.54 1,520.8 34 22 11 33
2 San Juan 417 0.567 85.15 46 13 6 36
3and4  Skagit - Samish 8,861 72.83 513.7 35 21 11 33
5 Stillaguamish 1,819 26.83 922.0 38 19 9 35
6 Island 553 1.90 214.3 47 16 4 33
7 Snohomish 4,836 84.24 1,088.7 33 22 12 33
8 Cedar - Sammamish 1,688 85.84 3,178.6 28 23 19 30
9 Duwamish - Green 1,361 82.80 3,803.5 33 23 17 27
10 Puyallup - White 2,703 39.29 908.4 31 23 15 31
11 Nisqually 1,980 17.54 553.6 38 20 9 34
12 Chambers - Clover 422 24.34 3,607.6 30 24 18 28
13 Deschutes 680 7.61 698.9 41 16 7 35
14 Kennedy - Goldsborough 856 10.21 745.7 43 14 6 38
15 Kitsap 1,690 32.45 1,200.3 40 15 8 37
16 Skokomish - Dosewallips 1,572 11.72 466.3 40 15 7 38
17 Quilcene - Snow 1,020 4.84 296.5 39 17 7 37
18 Elwha - Dungeness 1,824 6.36 217.9 34 19 11 35
19 Lyre - Hoko 999 11.48 718.1 42 14 6 38
All WRIA watersheds 36,6302 602.42 1,027.82 34b 21b 13b 32b

aSummation of WRIAs.
"Mean of WRIAs.



Appendix 2. Results Summary

Table 2.2. Summary of total phosphorus load discharged to marine waters as a summation of incremental loads by Water Resource

Inventory Area watershed, estimated with the dynamic Puget Sound Region SPARROW (SPAtially Referenced Regressions On
Watersheds) total phosphorus model, 2005 through 2020.

[Drainage area is rounded to nearest square kilometer. Winter includes January, February, March; spring includes April, May, June; summer includes July,

August, September; fall includes October, November, December. Abbreviations: WRIA: Water Resource Inventory Area; TP, total phosphorus]

63

Drainage _Tolal TP load Mean a_mnual TP Mean percentage seasonal contributions
WRIA area discharged from yleld_dlscharged
number WRIA name (square 2005 through (kilograms Winter Spring  Summer Fall
kilometers) . 2020 per square
(gigagrams) kilometer)

1 Nooksack 3,351 8.037 149.9 35 20 10 35

2 San Juan 417 0.128 19.23 41 12 4 43
3and4  Skagit - Samish 8,861 10.46 73.80 36 19 10 35
5 Stillaguamish 1,819 3.758 129.1 35 20 9 36

6 Island 553 0.393 44.36 40 17 6 37

7 Snohomish 4,836 11.08 143.2 31 22 16 31

8 Cedar - Sammamish 1,688 10.22 378.3 26 23 21 29

9 Duwamish - Green 1,361 9.605 441.2 31 22 19 28

10 Puyallup - White 2,703 6.074 140.4 29 23 17 30

11 Nisqually 1,980 0.792 25.00 37 20 8 34
12 Chambers - Clover 422 1.197 177.4 28 23 25 23

13 Deschutes 680 0.276 25.38 38 17 8 37
14 Kennedy - Goldsborough 856 0.195 14.25 37 14 16 33
15 Kitsap 1,690 1.459 53.96 29 20 19 32
16 Skokomish - Dosewallips 1,572 1.220 48.51 39 15 6 40
17 Quilcene - Snow 1,020 0.729 44.66 30 24 20 27
18 Elwha - Dungeness 1,824 1.384 47.41 33 19 13 35
19 Lyre - Hoko 999 0.468 29.30 40 15 7 39
All WRIA watersheds 36,6300 67.472 115.12 32b 21b 15° 32b

aSummation of WRIAs.

®Mean of WRIAs.
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Figure 2.3. The dominant source of total phosphorus, other than storage lag, in NHDPlusV2 catchments throughout the 16-year
modeling period of the dynamic Puget Sound region SPARROW (SPAtially Referenced Regressions On Watersheds) total phosphorus
model, 2005 through 2020. Refer to figure 15 with storage lag.
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