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Total Phosphorus and Suspended-Sediment
Concentrations and Loads from Two Main Tributaries to
Upper Klamath Lake, Oregon, 2014-20

By Liam N. Schenk and Caelan Simeone

Abstract

Total phosphorus (TP) and suspended-sediment
concentrations (SSC) and loads were computed at two U.S.
Geological Survey (USGS) streamgages in the upper Klamath
River Basin on the Sprague (USGS site ID 11501000) and
Williamson (USGS site ID 11502500) Rivers using high
temporal resolution turbidity and streamflow data to develop
surrogate regression models. Regression models were
updated and validated for TP at the Williamson River site,
and additional data improved a prior published TP model,
increasing the coefficient of determination (R?) from 0.73
to 0.88. A new TP regression model was developed for the
Sprague River site using 2 years of data and showed promising
results with an R? of 0.93. Suspended-sediment concentration
(SSC) surrogate models were also updated at these sites using
a longer period of record than the TP models and improved
characterization of sediment transport conditions at these
monitoring sites.

Computations of TP loads were compared to the annual
loading capacity dictated by the total maximum daily load
(TMDL) for Upper Klamath Lake and showed that the
combined TP load of the Williamson and Sprague Rivers
approaches the annual loading capacity in water years with
high annual streamflow. TP loads were also compared to
loads computed by the Klamath Tribes using a long-term
dataset and a regression and interpolation algorithm (RIA).
The comparison showed that the two methods report similar
annual loads, with the surrogate regression method generally
reporting lower loads than the RIA, and the RIA annual
loads falling within the range of uncertainty of the surrogate
regression model results. Determining the effect of habitat and
stream restoration on basin-scale TP and suspended-sediment
loading is challenging using the surrogate regression method
at these sites given the short period of record that TP and
suspended-sediment load (SSL) data are available. However,
long-term analysis by the Klamath Tribes in their larger
monitoring network could provide insight into the impact
of restoration at smaller spatial scales compared to the
basin-wide assessment produced in this study.

Introduction

Water supply in the upper Klamath River Basin is
subjected to a growing list of competing demands, affecting
the availability of water for aquatic species, agricultural and
domestic use, and Clean Water Act (CWA) and Endangered
Species Act (ESA) requirements. These competing uses affect
water availability within the tributaries to Upper Klamath
Lake, the lake itself, and the lower Klamath River. The
hypereutrophic Upper Klamath Lake supports large blooms
of cyanobacteria from May to October each water year,
causing violations of CWA and State of Oregon water-quality
standards, in addition to creating conditions that are harmful to
two species of suckers listed as endangered under the ESA, the
Lost River sucker (Deltistes luxatus) and the shortnose sucker
(Chasmistes brevirostris), which are culturally important to the
Klamath Tribes.

Phosphorus (P) is a limiting nutrient for the growth
of the dominant cyanobacterium in Upper Klamath Lake,
Aphanizomenon flos-aquae. A total maximum daily load
(TMDL) for Upper Klamath Lake published in 2002 identified
a 40 percent reduction in external loads of TP to Upper
Klamath Lake to improve water quality conditions in the lake
(Oregon Department of Environmental Quality, 2002). Recent
studies by the U.S. Geological Survey (USGS) modeled the
40 percent TP reduction in external loads to Upper Klamath
Lake and its effect on TP concentrations in Upper Klamath
Lake, and found that a 40 percent decrease could result in
reduced lake-wide TP concentrations in 10-30 years (Wherry
and Wood, 2018). Restoration efforts aimed at reducing TP
loads have therefore been ongoing for many years in the upper
Klamath River Basin as opportunities arise.

Sediment-bound P, or particulate P, is an important
component of the TP loads to Upper Klamath Lake, especially
where it results from erosion and land-use modifications
(Walker and others, 2015). Phosphate ions are easily adsorbed
by sediments, particularly those sediments containing iron
and aluminum oxide minerals (Stumm and Morgan, 1981) or
are bound in rocks from the region’s volcanic sources of the
region. These sediments can then act as a transport mechanism
for P in the fluvial environment once the sediments are
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entrained. Storm events are particularly prone to transporting
large quantities of P from irrigated lands in the Klamath
River Basin (Ciotti and others, 2010). The sediment-bound P
can then become bioavailable in Upper Klamath Lake when
phosphate ions are released through various biotic or abiotic
mechanisms including elevated pH, reduced conditions,
bioturbation, macroinvertebrate excretion, and microbial
mineralization (Stumm and Morgan, 1981; Zhou and others,
2005; Wood and others, 2013). Therefore, variations and
dynamics in suspended-sediment loads (SSLs), in addition to

TP loads, have important implications for resource managers.

The Klamath Tribes Natural Resource Department has
managed a long-term water quality monitoring program at
multiple locations in upper Klamath River Basin tributaries
to Upper Klamath Lake since 1991. Technical reports by
the Klamath Tribes have evaluated these long-term datasets
and calculated annual TP loads since 1991, in addition to
other constituents (Kann and Walker, 1999; Walker and
others, 2012, 2015; Kann, 2017a, b; Walker and Kann, 2020,
2022). These efforts utilized a load computation regression/
interpolation algorithm (RIA) applied to TP concentrations
observed every 2 weeks along with instantaneous streamflow

to calculate TP loads on daily, monthly, and annual timesteps.

The most recent evaluation of the Klamath Tribes’ long-term
datasets generated long-term mean annual TP mass balances
from water years (WY) 1992-2018 at several locations in
the upper Klamath River Basin (Walker and Kann, 2022).
The mass balance results showed that 45 percent of the total
external TP load to Upper Klamath Lake comes from the
Sprague and Williamson Rivers combined (fig. 1).

In 2014, the USGS was funded by the Bureau of
Reclamation (Reclamation) to investigate techniques to
assess TP and suspended-sediment loading at high temporal
resolutions and provide near real-time concentrations and
loads of TP and suspended sediment at streamgages located
on two tributaries to Upper Klamath Lake, the Wood
(USGS site ID 11504115; U.S. Geological Survey, 2023)
and Williamson (USGS site ID 11502500; U.S. Geological
Survey, 2023) Rivers (Schenk and others, 2016). Turbidity
and acoustic backscatter were evaluated with streamflow
at these two sites as surrogates for TP and SSC using
ordinary least squares (OLS) regression models. Turbidity
data had been collected at the Williamson River site since
WY 2008 as part of separate agreements with the Klamath
Tribes to evaluate turbidity-SSC regressions. The results
showed promising initial results for turbidity-TP models
at the Williamson River streamgage with a limited number
of samples, and for turbidity/backscatter-TP models at the
Wood River streamgage. Following the conclusion of that
study, USGS funded additional sample collection until 2018,
when the Klamath Tribes obtained a monitoring grant from
the Oregon Watershed Enhancement Board (OWEB). The
Tribes entered into a cooperative agreement with USGS to
build on the initial Reclamation-funded efforts by collecting
additional TP samples and turbidity data at the Williamson
River site to improve model statistics and develop models

that could be used to compute TP concentrations and loads

in near real time. In addition to continuing data collection
efforts on the Williamson River, the new agreement added in
TP data collection on the Sprague River upstream from the
confluence with the Williamson River. Continued SSC sample
collection was also conducted as part of this effort at both sites
to validate existing turbidity-SSC models from prior studies
(available in Schenk, 2023a, 2023b).

Purpose and Scope

This report summarizes the OLS regression models used
to compute continuous 15-minute TP and suspended-sediment
concentrations and loads at two USGS streamgages: the
Williamson River below Sprague River near Chiloquin
(USGS site ID 11502500; U.S. Geological Survey, 2023) and
the Sprague River near Chiloquin (USGS site ID 11501000;

; U.S. Geological Survey, 2023; fig. 1). At the Williamson
River site, surrogate regression models were updated with
additional years of data for a total period of record from WY
2014-20, and a new TP regression model was developed at
the Sprague River site for a total period of record from WY
2018-20. The models use turbidity as a surrogate for TP

and SSC concentrations, and the streamflow data are used

to compute continuous TP and suspended-sediment loads at
both locations. Details for SSC regression methods and results
are described in the two associated data releases (Schenk,
2023a, b).

Description of Study Area

The upper Klamath River Basin, including the Upper
Klamath Lake, Williamson River, and Sprague River
subbasins (fig. 1), encompasses about 3,770 square miles. The
basin is in south-central Oregon and occupies a broad, faulted,
volcanic plateau that spans the boundary between the Cascade
Range and the Basin and Range geologic provinces (Gannett
and others, 2007). A regional groundwater study by Gannett
and others (2007) in the larger upper Klamath River Basin
comprising the entire drainage basin upstream from Iron Gate
Dam on the Klamath River provides detailed basin setting,
regional groundwater movement, historical precipitation
patterns, water budgets, and geologic framework of the
basin. An additional study in the Sprague River subbasin
provides detailed information on geomorphologic conditions
and flood-plain and near-channel vegetation (O’Connor and
others, 2015).

The Williamson River and Sprague River subbasins
combined constitute 79 percent of the total drainage area and
about 50 percent of the streamflow to Upper Klamath Lake
(Walker and Kann, 2022). Forested land is the predominant
land-use type in the Williamson River (80 percent) and
Sprague River (68 percent) subbasins. Agriculture in both
river subbasins is minimal in terms of overall watershed area,
with about 9 and 8 percent of subbasin land use listed as



Introduction 3

122°30' 122° 121°30° 121°

120°30'
Cd
Steamboat l River ‘\4 l l J
u) $0

Fort 4 I l

% | Rock
: 4 |
|
, / |
K Mount ON |
DOUGLAS Lake

OREGON

Silver

Lake Map
area
Thielsen 9 i
/ 4
/ O
& ~=
Klama]th \S) ‘
P Williamson """ 31
. » Yamsa
subbasin ¥ Modntsi
i
w2
s =
=
G

0
N

E
SV
£

ove. =
S ’?—E 5
S S 3
ot 8
= & N
K
Cherry < =)
2,
I DA NE

. ¢ P 4 » ¢ < 5
: A DChiloquin Sprague % \g 9 J
. IGRl S 511501000 subbasin (= L o ST

e Agencr1502500 el o | e, 24
30 McLoughlin® X Lake bl £ F$\3

AN Fourmile Y, Sprague szr N ‘

R “ g b “Sprague & 0 ~L

6%, River 4 Beatty

>
[ 3 5
Lake = Modoc N /| oot
[ of the = f Ay v
%ﬁ/ wads = Point /ﬁlsprag‘\
1H

N =
\ £ -,
Upper Klamath Lake &%, / % l
Swan 4 2
i (= g &, PRI Lake % s
Prairie §< ‘l efz(,@' sybbasin Valley K 3 QQ ‘ N
Lake Q
Q 0 Klamath X _RGerber D
(b | & D \ Falls i) Bonanza ‘ Res ‘
A o Ry b 0l
g\‘ N J.C. Boyle Keno / ‘ NN i Lorella ‘\k
<; Res & )\ O ’%/)) @ Vi v
T | 4 ? _] By % (2
N X % A +~ 2 .
u’u Q v %/ < ﬁ/ D | a‘
- S % & [ 2
5 \u“& = H
o e S BASOREGON el it ¥ 40
Copco i ¢

b= CALIFORNIA B AN e i _S_
l - Fil: | —Tulelake |

Base modified from U.S. Geological Survey and other digital sources

Universal Transverse Mercator, zone 10 north EXPLANATION
North American Datum of 1927

Lo By !\\g 5
)
|
|
|
|

10 15 %U MILES

T T T T
Klamath River Basin boundary 5 1015 Z0KILOMETERS
Subbasin boundary

A U.S. Geological Survey streamgage

Figure 1. Area map showing upper Klamath River Basin total phosphorus and suspended-sediment monitoring locations.

pasture and grass hay for the Williamson River and Sprague
River subbasins, respectively, and 2 percent of each of the
subbasins listed as irrigated lands. However, agricultural
grazing activities that occur near the Sprague and Williamson
Rivers and their tributaries reduce riparian vegetation as

well as widen and shallow the channel cross sections, which

can lead to increased sediment and nutrient inputs to the
fluvial systems.

On an annual basis, the Sprague River provides a
substantial amount of streamflow to the Williamson River
(Hess and Stonewall, 2014). Upstream from the confluence
of the Williamson and Sprague Rivers, Spring Creek provides
most of the streamflow to the Williamson River at base
flow, and the Williamson River between the outlet of the
Williamson River canyon and the Sprague River confluence
is a system with a large component of groundwater discharge

that responds relatively slowly to storm events and snowmelt
runoff (Gannett and others, 2007).
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Data Collection and Methods

The USGS collected high-frequency (15-minute [min])
turbidity and streamflow data at both study sites as well as
discrete TP and SSC samples during storm events and at
moderate and base-flow conditions. These data were then used
to develop site-specific TP/SSC-turbidity OLS regression
models at both sites. The models were then used to compute
continuous (15-min) TP and SSC concentrations.

Turbidity

Continuous turbidity data were collected during the
study period at both sites, using Forest Technology Systems
DTS-12 turbidity sensors deployed in the water column, which
reported turbidity in Formazin Nephelometric Units (FNU).
The turbidity sensors used near-infrared light sources in the
range of 780-900 millimeters (mm) with a single detector at
90 degrees to the light beam. Management of turbidity sensors
and processing and approval of data followed USGS protocols
in Wagner and others (2006) and Rasmussen and others
(2009). Turbidity data were collected every 15 min at both
sites and were stored in the USGS National Water Information
System using method codes specific to the instrument type
(U.S. Geological Survey, 2023). Turbidity sensors were
equipped with wipers and were programmed to wipe the
sensor face prior to taking a measurement. One limitation
of the DTS-12 sensors is that the wiper is not activated at
temperatures less than 2 degrees Celsius (°C), a condition that
often is encountered during the winter at both sites, although
generally during periods when both flow and turbidity are low.

Streamflow Data

Streamflow was measured following USGS guidelines,
and streamflow discharge data were computed using USGS
guidelines (Turnipseed and Sauer, 2010) and reported in cubic
feet per second (ft¥/s) every 15-min.

Total Phosphorus and Suspended-Sediment
Sample Collection

Sample collection and processing at both sites followed
USGS protocols outlined in the National Field Manual
(Edwards and Glysson, 1999) or USGS techniques and
methods publications on the collection of water-quality data
(Wilde and others, 2002; Wilde, 2006). Equal-width increment
(EWI) methods were used to collect samples for WY
2008-2018; equal-discharge increment (EDI) methods were
used to collect samples for WY 2019-20. These techniques
sample at multiple locations along the channel cross section
and are representative of the cross-section composite
concentrations in the channel. At the Williamson River site, all
samples were collected from the cableway, and at the Sprague

River site samples were collected from a bridge using a three-
or four-wheel crane. Samples were collected using a DH-95
isokinetic sampler suitable for collecting depth-integrated
water-quality samples. EWI/EDI samples used a DH-95
isokinetic sampler when stream velocities exceeded 0.46
meters per second (m/s; 1.5 feet per second [ft/s]). When
stream velocities were less than 0.46 m/s (1.5 ft/s), either a
grab sample was collected from the left bank or a multiple
vertical non-isokinetic sample was collected from either the
cableway (Williamson River site) or the bridge (Sprague
River site) by removing the isokinetic sample nozzle from
the sampler and collecting water from 3 to 5 locations in the
cross section. Sample water was composited into a 3-liter (L)
acid washed plastic bottle and transferred to a churn splitter.
Samples intended for TP analysis were transferred from the
churn splitter into 125-milliliter (mL) white plastic bottles
and preserved with 4.5 normality sulfuric acid. Samples for
dissolved phosphorus were also collected from the churn
splitter and filtered through a 0.45-micrometer (um) in-line
capsule filter using a peristaltic pump with acid-washed
tubing, collected in an amber plastic bottle. All field samples
were stored on ice and delivered to the Klamath Tribes
Sprague River Water Quality Lab (SRWQL) on the same day
the samples were collected.

SSC sample collection methods were similar to TP
sample collection using a DH-95 sampler. The main difference
in sample collection methods between SSC and TP was that
SSC sample water was composited into a 3-L polypropylene
bottle, not a churn splitter. The 3-L bottle was then sent to the
SRWQL for analysis of sediment concentration in milligrams
per liter (mg/L) and percent of sample less than 62.5 microns.
Additional details on SSC sample collection methods can be
found in two associated data releases and model archives for
sediment surrogate regressions at the Sprague and Williamson
Rivers (Schenk, 2023b, a).

Discrete Sample Quality Assurance

Quality assurance (QA) samples were collected
periodically at both sites as replicate and blank samples.
Replicates were collected either as split-replicates or
sequential-replicates. Split-replicate samples were
collected from the same churn during sample processing,
representing a split of one EWI sample, and providing an
estimate of variability introduced in the laboratory analysis.
Sequential-replicate samples were collected as two separate
sample volumes during the EWI samples and processed
separately and provide a combined estimate of variability
owing to both field and laboratory sources. Sequential
replicate samples collected during storm events represented
rapidly changing hydrologic conditions and, therefore, were
more variable than the split-replicate samples because of the
additional time required to collect two sample volumes, during
which actual concentrations of constituents in the stream are
expected to change. Equipment blank samples were collected
at each site to test the cleanliness of sample equipment and



for field contamination. Eleven QA samples were collected
during WY 2014-20 at the Williamson River site, representing
27 percent of the total number of samples collected, and 7 QA
samples were collected during WY 2018-20 at the Sprague
River site, representing 28 percent of the total number of
samples collected.

All discrete TP samples used in the regression analysis
were reviewed using the WQReview package in R (Mills
and Penn, 2022). This process involved evaluating replicate
sample results and blank sample results to determine if data
quality was acceptable for release to the public. Additional
information on QA procedures for SSC can be found in the
model archive summaries for both sites (Schenk, 2023b, a).

Surrogate Regression Methods

Surrogate regression models for TP were evaluated at
both sites. Error statistics were developed for nine models
for the Sprague River and seven models for the Williamson
River, and a best-fit model was selected to produce time
series of TP. Turbidity and streamflow were evaluated as
explanatory variables, and TP was evaluated as the dependent
variable. Linear, multiple linear, and nonlinear models with
various axis transformations were developed and tested. The
best model was chosen relying primarily on model standard
prediction error (MSPE) to evaluate model differences, but
also considered other factors such as root mean square error
(RMSE), coefficient of determination (R?), and to limit
homoscedastic errors.

Owing to the amount of time required for the collection
of an EWI/EDI sample, multiple turbidity and streamflow
values were recorded during the period of sample collection.
To generate data pairs of potential explanatory variables
(turbidity or streamflow) for the TP model calibration dataset,
the nearest approved unit values of turbidity and streamflow
were paired to the sample time associated with the TP sample
within a matching window of plus or minus 15 min.

Total Phosphorus and Suspended-Sediment
Load Calculations

Final time series of TP and SSC concentrations
calculated from the regression models were used to
calculate instantaneous values of TP loads (TPL) and
suspended-sediment loads (SSL) in tons per second using
equations 1 and 2:

TPL,= TPC, % O, C (1)

SSL,=SSC; x Q,x C (2)

where
TPL;  is instantaneous total phosphorus load in tons

per second;

Results 5

SSL,  isinstantaneous total sediment load in tons
per second;
TPC, is instantaneous total phosphorus
concentration  in milligrams per liter;
SSC;  is instantaneous suspended-sediment
concentration in milligrams per liter;
0, is instantaneous streamflow in cubic feet per

second; and

C is the constant 3.121x10-8 to convert to tons
per second.

Instantaneous TP loads in tons per second were
aggregated monthly by summing the daily TP loads for each
month of interest, and then were converted to kilograms. At
the Williamson River site, 59 days of missing turbidity data
occurred between May 3 and June 30, 2015, which did not
allow for calculating unit values of TP and SSC using turbidity
regression models. To calculate missing days of TP loads, an
exponential regression was developed relating daily TP loads
in tons to mean daily streamflow as well as for upper- and
lower-90 percent prediction intervals (fig. 2). The exponential
regressions were then used to compute daily TP loads and
daily prediction intervals for the 59 days of missing turbidity
data and are considered estimated values.

Results

Sprague River Near Chiloquin Total Phosphorus
Regression Model

A regression with the square root of turbidity as the
independent variable was selected as the best-fit regression
model to compute TP for the study period (table 1; fig. 3). The
calibration dataset used for the model is shown in table 2. The
model was applied to the time series of turbidity collected at
the Sprague River site to compute time series concentrations
of TP for WY 2018-20 during which TP samples were
collected. During this period, the maximum recorded turbidity
was 94.7 FNU, and the maximum turbidity sampled during
sample collection was 76.1 FNU on March 26, 2018. Only
0.14 percent (150-unit values) of the computed TP values were
computed with turbidity values that exceeded the limits of the
regression (turbidity values greater than 76.1 FNU). Computed
time series of TP concentrations and 90 percent prediction
intervals are shown in figure 4.

The best-fit SSC surrogate model at the Sprague River
site used log-transformed turbidity as the explanatory variable
(Schenk, 2023a).
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Figure 2. Exponential regressions used to compute (A)
missing days of total phosphorus (TP) loads, (B) lower

90 percent prediction interval, and (C) upper 90 percent
prediction interval at Williamson River below Sprague
River, Oregon, U.S. Geological Survey site ID 11502500 (U.S.
Geological Survey, 2023).
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Table 1. Best fit model results for total phosphorus regression models at Sprague River near Chiloquin and Williamson River below
Sprague River near Chiloquin, Oregon (data from U.S. Geological Survey, 2023).

[Abbreviations: USGS, U.S. Geological Survey; TP, total phosphorus in micrograms per liter; Turb, turbidity; n, number of observations; R?, coefficient of
determination; RMSE, root mean square error; MSPE, model standard percentage error; %, percent]

USGS site Water Site Regression model 0 Adjusted RMSE Average
number year name equation R? MSPE (%)
11501000 2018-20 Sprague River near TP = 16.3 x (Turb)0S + 16.7 22 0.93 11.4 14.7

Chiloquin, OR

Williamson River be-
11502500 2014-20 low Sprague River TP =1.77xTurb +66.0 40 0.88 11.2 11.6
near Chiloquin, OR

Williamson River be- Log,(TP) = 0.212Log,(Turb) +

11502500 2014-15 low Sprague River 179 10 0.73 0.07 16.4
near Chiloquin, OR '
Simple Linear Model
MSPE = 14.67% RMSE =11.42 Adj R2 =0.92
- - L
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= 1501
D
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Turbidity, in formazin nephelometric units (FNU)

Figure 3. Scatter plot of turbidity and total phosphorus at Sprague River near Chiloquin, Oregon (USGS site ID 11501000;
U.S. Geological Survey, 2023), with regression model precisions, confidence intervals, 90 percent prediction intervals,
and residual model errors. [USGS, U.S. Geological Survey; ID, identification number; %, percent; MSPE, model standard
prediction error; RMSE, root mean square error; Adj R?, adjusted coefficient of determination]
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Table 2. Model calibration dataset for total phosphorus regression models at Sprague River near Chiloquin and Williamson River
below Sprague River near Chiloquin, Oregon (U.S. Geological Survey site ID 11501000; U.S. Geological Survey, 2023).

[Abbreviations: MM/DD/Y Y Y'Y, month/day/year; HH:MM, hours:minutes; ft3/s, cubic foot per second; FNU, formazin nephelometric units; ug/L, micrograms
per liter]

Site number Date and time Str((e:;;lsi;ow lelr:l:\:ﬂ')ty Total ?::;-[;horus V‘\,I:::r
11501000 03/14/2018 10:19 551 335 91 2018
11501000 03/16/2018 10:00 861 53 122 2018
11501000 03/26/2018 11:16 1,300 76.1 164 2018
11501000 05/14/2018 13:30 549 53 66 2018
11501000 12/12/2018 11:51 242 6.9 72 2019
11501000 01/23/2019 11:28 880 68.5 154 2019
11501000 02/19/2019 09:51 665 42 110 2019
11501000 03/04/2019 13:32 594 29.4 95 2019
11501000 03/11/2019 09:03 914 32.7 109 2019
11501000 04/09/2019 09:38 2,620 16.1 92 2019
11501000 06/03/2019 09:45 388 4.4 71 2019
11501000 08/12/2019 08:43 189 1.4 24 2019
11501000 09/09/2019 09:15 175 1.7 23 2019
11501000 12/2/2019 08:58 258 3.5 53 2020
11501000 01/29/2020 08:53 822 51 156 2020
11501000 03/09/2020 09:12 317 33 55 2020
11501000 04/03/2020 10:24 375 6.2 53 2020
11501000 04/28/2020 08:16 548 6.7 60 2020
11501000 05/04/2020 07:33 560 5 60 2020
11501000 06/15/2020 07:57 210 1.4 30 2020
11501000 07/13/2020 08:41 139 1.3 28 2020

11501000 09/21/2020 08:16 177 0.9 25 2020
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90% prediction interval
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Figure 4. Time series of 15-minute computed total phosphorus concentrations, 90 percent (%) prediction intervals, and observed total

phosphorus concentrations at Sprague River near Chiloquin, Oregon, U.S. Geological Survey site ID 11501000 (U.S. Geological Survey,
2023).
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Williamson River Below Sprague River Total
Phosphorous Regression Model

A linear TP-turbidity model was selected as the best-fit
regression model to compute TP for the study period (table 1;
fig. 5). The calibration dataset for this model is shown in
table 3. The linear model was applied to the time series of
turbidity collected at the Williamson River site to compute
time series concentrations of TP for WY 2014-20 and
supersedes the prior-published model from water year (WY)
2014-15 (table 1). During WY 2014-20, the maximum
recorded turbidity was 71.8 FNU, and the maximum turbidity

Simple Linear Model

sampled during sample collection was 59.1 FNU on March 26,
2018. Only 0.07 percent (176 unit values) of the computed
TP values were computed with turbidity values that exceeded
the limits of the regression (turbidity values greater than

59.1 FNU). Computed TP concentrations and 90 percent
prediction intervals for the time series are shown in figure 6.
The model reported in this report supersedes the model
published in Schenk and others (2016). The current model
was used to revise previously published data since the initial
model was developed with only 10 observations, was applied
to a short time period (WY 2014-15; table 1), and was a
proof-of-concept effort.

MSPE =11.77% RMSE =11.18 Adj R2 = 0.88
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Figure 5. Scatter plot of turbidity and total phosphorous at Williamson River below Sprague River near Chiloquin, Oregon

(USGS site ID 11502500; U.S. Geological Survey, 2023), with regression model, confidence intervals, 90 percent prediction
intervals, and model residual errors. [USGS, U.S. Geological Survey; ID, identification number; %, percent; MSPE, model
standard prediction error; RMSE, root mean square error; Adj R, adjusted coefficient of determination]



Table 3. Model calibration dataset for total phosphorus regression models at Williamson River below Sprague River near Chiloquin,
Oregon (U.S. Geological Survey site ID 11502500, U.S. Geological Survey, 2023).

[Date and time: MM/DD/YY Y'Y, month/day/year; HH:MM, hours:minutes. Abbreviations: ft’/s, cubic foot per second; FNU, formazin nephelometric units;

ug/L micrograms per liter]

Results

1"

Site number Date and time Strl(afa:;;lsf;ow Tl;;l;\;ﬂl)ty Total |(1:;);sL|;horus V‘\’I:::r
11502500 11/21/2013 13:00 585 1.9 70 2014
11502500 02/15/2014 10:40 978 13 100 2014
11502500 02/16/2014 11:25 1,090 24 120 2014
11502500 02/17/2014 11:35 1,280 43 160 2014
11502500 02/18/2014 12:35 1,420 58 180 2014
11502500 03/12/2014 14:35 1,290 20 100 2014
11502500 08/20/2014 12:15 470 1.6 70 2014
11502500 12/15/2014 12:52 953 16 100 2015
11502500 12/23/2014 13:20 1,300 46.8 150 2015
11502500 02/09/2015 12:00 1,500 45.6 105 2015
11502500 11/30/2016 13:45 591 2.3 90 2017
11502500 12/19/2016 13:50 1,000 40.5 150 2017
11502500 02/06/2017 12:16 1,390 38.4 140 2017
11502500 03/15/2017 11:40 3,010 12.9 100 2017
11502500 05/17/2017 11:02 2,130 4.2 80 2017
11502500 08/01/2017 09:55 591 0.9 70 2017
11502500 01/09/2018 10:35 656 1.7 61 2018
11502500 03/14/2018 10:06 891 24.6 91 2018
11502500 03/16/2018 09:02 1,170 33 111 2018
11502500 03/26/2018 14:20 1,630 59.1 170 2018
11502500 05/14/2018 10:58 883 3.8 69 2018
11502500 07/09/2018 10:12 532 1.4 70 2018
11502500 12/12/2018 09:11 583 2.5 49 2019
11502500 01/24/2019 10:59 1,020 30.3 118 2019
11502500 02/19/2019 12:45 979 28 108 2019
11502500 03/04/2019 10:06 963 20.7 100 2019
11502500 03/11/2019 12:12 1,210 22.1 102 2019
11502500 04/09/2019 14:04 3,210 15.5 101 2019
11502500 06/03/2019 11:57 1,170 4 59 2019
11502500 08/12/2019 10:51 532 1.2 64 2019
11502500 09/09/2019 11:08 495 0.7 63 2019
11502500 12/02/2019 11:04 583 2 77 2020
11502500 01/29/2020 12:08 1,110 36.6 142 2020
11502500 03/09/2020 11:19 635 2.9 74 2020
11502500 04/03/2020 13:58 683 5 71 2020
11502500 04/28/2020 10:06 875 5.5 69 2020
11502500 05/04/2020 09:39 883 4.5 74 2020
11502500 06/15/2020 10:05 551 1 67 2020
11502500 07/13/2020 10:39 471 1 75 2020
11502500 09/21/2020 11:27 499 0.5 69 2020
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200 1
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Figure 6. Time series of 15-minute computed total phosphorus concentrations, 90 percent (%) prediction intervals, and observed
total phosphorus concentrations at Williamson River below Sprague River near Chiloguin, Oregon (U.S. Geological Survey site ID

11520500; U.S. Geological Survey, 2023).

Total Phosphorus and Suspended-Sediment
Loads to Upper Klamath Lake from the Sprague
and Williamson Rivers

Annual TPL and SSL at the Williamson and Sprague
Rivers using the methods described in this report are shown
in tables 4 and 5 and figures 74 and 84. Data are reported

from WY 2018-20 for the Sprague River TP loads, and WY
2014-20 for the Williamson River TP and suspended-sediment
loads at both sites. Mean annual streamflow at the streamgages
is also reported in table 4 to examine the load values in a
hydrologic context.
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A Annual suspended sediment loads, Williamson and Sprague River sites
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Figure 7. A, Annual suspended-sediment loads at Sprague River near Chiloquin (U.S.
Geological Survey [USGS] site ID 11501000; U.S. Geological Survey, 2023) and Williamson River
below Sprague River, Oregon (USGS site ID 11502500), water year [WY] 2014-20, and B, relative
contributions of annual suspended-sediment loads measured at Williamson River below Sprague
River from WY 2014-20, using loads calculated with turbidity surrogate models.
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A Annual total phosphorus loads at Williamson River below Sprague River
140,000 — _
m USGS turbidity regression, 2023 TMDLTP load capacity:
120,000 ® Walker and Kann, 2022 109,130 kg (all sources to UKL)
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Figure 8. A, Annual total phosphorus loads calculated at the Williamson River below Sprague
River, near Chiloquin, Oregon (USGS site ID 11502500; U.S. Geological Survey, 2023), using turbidity
surrogate methods compared to total annual phosphorus loads reported by the Klamath Tribes,

and B, relative contributions of total phosphorus loads measured at Williamson River below
Sprague River from 2018 to 2022 using loads calculated with turbidity surrogate models. [USGS, U.S.
Geological Survey; ID, identification number; UKL, Upper Klamath Lake; TMDL, total maximum daily
load; TP, total phosphorus; kg, kilograms; error bars represent 90 percent prediction intervals of the

turbidity surrogate model]
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Discussion

The use of surrogate models at the study sites has been
successful in computing near real-time concentrations of TP
and SSC, both from prior efforts (Schenk and others, 2016)
and with the ongoing validation of the regression models in
this report and prior model archives (Schenk, 2023a, b). The
TP-turbidity surrogate model at the Williamson River site was
greatly improved with the additional samples since the initial
attempt at using turbidity as a surrogate in WY 2014 (table 1).
Additional SSC sampling has also improved the SSC-turbidity
surrogate models at both sites (Schenk, 2023a, b).

The Williamson River represents the combined sediment
and nutrient loads from the Sprague River and the Williamson
River subbasins. To evaluate the relative contributions of
SSL and TPL from the subbasins, the annual loads at the
Sprague River site were subtracted from the annual loads at
the Williamson River site. Comparing annual SSL at both sites
show more sediment transport to Upper Klamath Lake sourced
from the Sprague River Basin compared to the Williamson
River Basin (fig. 7B). This is consistent with observations
in prior studies (Schenk and others, 2016) and shows the
importance of the Sprague River as a sediment source to
Upper Klamath Lake.

The Klamath Tribes have analyzed their long-term
monitoring datasets in the upper Klamath River Basin since
1999 through several technical reports (see “Background”
section). Those reports describe methods by which the authors
compute nutrient loads at several sites in the upper Klamath
River Basin utilizing a regression and interpretation algorithm
(RIA) to compute daily loads using samples collected every 2
weeks over a long period of record (see appendix B, table B1
in Walker and others [2012]). The use of surrogate regressions
to compute TP loads as described in this report allows
for a comparison of the results of the two methods at the
Williamson River site for WY 2014—18. The TP load values
reported in the most recent Klamath Tribes technical report
(Walker and Kann, 2022) includes TP loads at the Williamson
River site from 1991 to 2018. Comparing the loads for WY
2014-18, show that the loads reported in Walker and Kann
(2022) are typically higher than the loads computed using the
USGS turbidity surrogate model with the exception of WY
2015, but are within the range of uncertainty in the regression
model annual load results (fig. 84). The differences between
the two reported load values are likely due to differences in
the modeling approaches and model structures, and temporal
resolution of datasets. The Klamath Tribes’ long-term
monitoring dataset covers decades (1991-2018), whereas
the USGS TP datasets began in WY 2014 at the Williamson
River site. Both modeling approaches have their merits and
complement each other, with the Klamath Tribes’ datasets
more accurately characterizing long-term trends, and the
turbidity surrogate approach more accurately characterizing
short-term loading dynamics with high resolution data.

One of the key questions this study intended to inform
was whether TP loads are decreasing in the upper Klamath
River Basin as a cumulative result of restoration efforts in
the basin. Because the surrogate regression approach has
only been used in recent years, more data would be needed to
evaluate long-term trends in TP loading using these methods.
Additionally, evaluating TP loads at the terminus of these
large basins makes difficult the ability to discern what may
be contributing to loading dynamics at smaller spatial scales.
The Walker and Kann (2022) report evaluated trends in TP
loads from WY 1992-2018 at several locations throughout
the basin, including the Williamson River below Sprague
River. The report showed no significant trend in annual
TP loads at their monitoring site on the Williamson River
(see appendix G, figure G2 in Walker and Kann [2022]),
suggesting that the large reductions in TP loads needed to
comply with the TMDL have not been met to-date. The
authors did report variable loading dynamics (both increasing
and decreasing P loads) at some locations within the large
monitoring network throughout the upper Klamath River
Basin and during different analysis time periods. Therefore,
determining the overall effect of restoration on P loads at the
basin-scale is difficult, but more insight could be achieved by
evaluating results at smaller spatial scales within the Tribes’
monitoring network.

The 2002 TMDL for Upper Klamath Lake set an annual
loading capacity for TP, which applies to all external sources
of phosphorus to Upper Klamath Lake, including major and
minor tributaries, springs, and water pumped into Upper
Klamath Lake from agricultural lands. The total annual
loading capacity was set at 109,130 kilograms (kg) of TP.

The Williamson River, which represents TP loads from the
Williamson River and Sprague River subbasins combined, has
been shown to generate annual TP loads approaching the total
loading capacity in water years with high streamflow (fig. 84).
The Williamson River and Sprague River subbasins combined
have been shown to contribute 45 percent of the TP loads to
Upper Klamath Lake, so the annual loading capacity including
all sources to Upper Klamath Lake is likely frequently
exceeded in water years with near- or above-average
streamflow, such as WY 2017 and 2019.

Additional evaluation of the TP loads calculated with
regression models for WY 2018-20 shows that the Williamson
River Basin contributed a larger fraction of the TP load to
Upper Klamath Lake in the low water years of 2018 (69
percent of the 106-year mean annual streamflow of 999
ft3/s) and 2020 (60 percent of the 106-year mean) than the
near-average water year of 2019 (93 percent of 106-year
mean) from the Sprague River Basin (fig. 8B). Prior studies on
the Williamson River have shown that dissolved phosphorus
comprises an average of 82 percent of TP during base-flow
conditions (Schenk and others, 2016). Although the Sprague
River contributes more suspended-sediment and near-identical
TP loads during average and high-water years compared to the



Williamson River, in low water years most of the TP load from
these two subbasins combined will likely be sourced from the
Williamson River Basin and will be mainly in dissolved form.

This study has shown the utility of surrogate regression
models in computing near real-time concentrations and loads
of TP and SSC. Continued monitoring and modeling of TP and
sediment loading dynamics in the upper Klamath River Basin
will allow better understanding of the effect of large watershed
disturbances on TP and suspended-sediment concentrations
and loads such as the 2021 Bootleg Fire in the Sprague River
and Williamson River subbasins. Continued monitoring will
also help resource managers and restoration practitioners
understand the basin-scale effect of restoration efforts on TP
and suspended-sediment concentrations and loads.
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