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EXECUTIVE SUMMARY

The Klamath River and some of its tributaries are designated on the Clean Water Act (CWA) Section
303(d) list asmpaired water bodies. Water quality is a concern in the Klamath River because it
affects culturally and economically important salmon fisheries as well as public health. During the
summer months, photosynthesis by aquatic plants and algae attadiedtteambed elevate

dissolved oxygen (& concentrations during the day, creating éhddr cycle indissolved Q
concentrations. Respiration at night by those same organisms and bacteria has the reverse effect,
depressing dissolved; levels. Resultinglow nighttime dissolved @concentrationsan exceed water
quality standards and be stressful to fish (NCRWQCB 2010)

Ecosystem metabolism describes the fixation of organic carbon (gross primary production, GPP) and
the mineralization of organic carbon ¢sgstem respiration, ER\GPP and ER are integrative

measures of river ecosystem health, arelcomplementary to more commonly used structural metrics
that are regularly monitored on the Klamath River, such as dissob@shCentration, water

temperatug, and periphyton biomasg&cosystem metabolism directly controls dissol@ed

concentrations in aquatic ecosystems algdl biomassn part forms the base of anal productivity

in river foodwebs (Thorp and Delong 2002, Cross et al. 2013).

Time seres of daily metabolism estimates across many years allows examination of controls on
metabolism at multiple time scales. Knowing what drives metabolism in the Klamath River will allow
us to predict how rates of GPP and ER, and in turn, diss@yedncentrations will respond to

changes in environmental conditions and management actions. Additionally, rates and patterns in
ecosystem metabolismay be useful explanatory variablesoiher studies conducted in the Klamath
River.

We calculated daily@system metabolism from 2007 to 2014 from ~Mégvember at three sites

(Seiad, Weitchpec, and Turwar) on the Lower Klamath River to quantify rates, patterns, and drivers of
GPP and ER. We calculated GPP and ER using dissolvadddwvater temperature ddtom water

guality sondes maintained by the Karuk and Yurok tribes. We related rates of GPP to minimum
dissolvedO; to investigate howsPPcontrols levels of dissolve@, in the Klamath RiverWe

investigated the effect of the reservdarived cyanobaerial bloom on GPP and ER by comparing
metabolism rates before and during the cyanobacterial. We related summer means of GPP and ER to
control variables, and we investigated controls on daily variation in GPP using multitian@ateries
models.

Ratkes of ecosystem metabolism varied through time and space on the Klamath River. Temporal
variation occurred on multiple time scales including daily, seasonal, and annual. Rates of GPP and ER
were generally low in the spring, peaked in the summer, andld@aased again in the fall. The-six

month means of GPP and ER across all sites and years was 7mi@i®and-5.9 g @ m?d’. Rates

of GPP and ER generally decreasing at detveam sites, such that Seiad had the highest mean GPP

and ER at 9.2nd-6.9 g @ m?d™, mean GPP and ER at Weitchpec were 7.6-ai&lg @ m?d*, and

mean GPP and ER at Turwar was 4.3 @hflg @ m?d™

Variation in daily GPP controlled variation in daily ER and daily minimum dissolyeshtration.
Variationin GPP explained 47%, 71%, and 73% of the variation in ER at Seiad, Weitchpec, and
Turwar, respectively. Dissolved,@inima occurs at night when ER removesflom the water
without concurrent primary production, so high rates of GPP correlated witthaibywdissolved @
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minima, with dissolved ©predicted to sink below 90% saturation-48,~15, and~6 g O, m?d™ at

Seiad, Weitchpec, and Turwar respectively. During algal bloom conditions, the relationship between
GPP and minimum daily dissolved @alues shifted such that dissolved@nimum was expected to

sink below 90% saturation at lower rates of GPP than duringplomm conditions.

We focused the correlation analyses of inénad inter annual variation in metabolism on the summer
montrs, which we defined as July, August, and SeptemBates of GPP were low during high
discharge, but rates of GPP spanned the full range of observed values durfigvbasaditions,

which occurred in summer months.

Mean summer metabolism metrizgre elated to summer baslew ratesin the Klamath River.

Mean summer GPP and ER at Weitchpec and Turwar decreased as sumsflentiasecased. At

Seiad, net ecosystem production (NEP) was positively related tdlbaseMeans of summer base

flow were hghly correlated with other environmental variables that may influence rates of metabolism,
making it difficult todeterminewvhich components of discharge (depth, width, velocity), or which
covariates to discharge, were responsible for controlling thabibtty in summer metabolism. Means

of summer water temperature, depth, total phosphorus, anditodgienwere all highly correlated

with mean discharge (> 64%, Pear@asorrelation coefficient).

Multivariatetime seriesnodels predicted daily variat in GPP in the Klamath River. We predicted
measured rates of GPP using modeled lightfrietion of discharge originating from Iron Gate Dam,
and the cyanobacterial bloom status of the river. The effect of the bloom was large at Seiad, where the
modelpredicted GPP to decrease ~3.5. 07 d** from nonbloom to bloom conditions. The effect

was smaller at down stream sites, with no bloom effect on total GPP at Turwar. These results
supported the redslof paired-tests of GPP during nemloom andbloom conditions across years.
Increases in thiractionof discharge from Iron Gate from lowest observed summer levels to highest
observed summer levels predicted an increase in GPP of-93&nd~2 g & m?d* at Seiad,

Weitchpec, and Turwar respgeely. GPP was predicted to increase with increasing light at all sites,
with the biggest effect at Weitchpec, where steep canyon walls may amplify the effects of decreased
day length.

Ecosystem metabolism on the Klamath River was variable at multipescales, allowing us to

assess that variation both among and within years. In both cases, discharge metrics were a predictor of
metabolism. At higher flows, decreased metabolism is likely due to a combination of benthic scour,
and reduced light assated with increased depth and decreased water clarity. During summer
months, the focal period of this study, discharge generally decreased or remained stable. In these
months, the effect of discharge on rates of metabolism may be due to some bdritredligtion due

to increased depth, or changes in nutrient concentrations, which increased with an ifiaetsedf

flow from Iron Gate GPP was highly autoorrelated through time, and the limiting control on GPP
changed through time, making thesud multivariateime seriesnodelsuseful in teasing apart the

drivers of variation in daily rates of GPP. Understanding the specific mechanisms limiting production
at the ecosystem level may require additional data collection including ambient hgliticits
representative of the light at the river surface, measurements of water clarity, and high frequency
measurements of nutrient concentrations.
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1 INTRODUCTION

1.1 DESCRIPTION OF STUDY AREA

The Klamath River is one of the major salmspawning and rearingvers of the Wstern

United States. Its uppmosttributaries originate in &thern Oregon and drain into Upper
Klamath Lake, the Link River and Lake Ewsy where the Klamath Riveegins. From this

point, theriver flows through a series blydroelectric impoundments, includidgC. Boyle,

Copco(l & 11), and Iron Gate Reservoirs. Below Iron Gate Dam, the riversf896 kilometers

to the Pacific Ocegmmostly through a confinetdedrockcanyon The climate idMediterranean
with cool, wet wintes featuring rainfall at lower elevations and snat higler elevations, and

hot, dry summers that are moderated in downstream reaches by a cooling maritime influence.
High winter and spring discharges, exceeding 3088 avery one to twgears, are derived

from heavy rain and snowmelt floods from tributaries below Iron Gate Dam. Summer and early
autumn flows are low (hereafter referred to as {flase) andtheseflows areprimarily from Iron
Gate Dam, with additional flows coming fromethegulated Trinity River.

This studyfocusedon the lowerKlamath River (i.e.downstream of Iron Gate Daraigurel).
The threestudy reaches spanned ~200 river, lover a range of geomorphic catats and

forest types The most upiver site, Seiad, is in a constricted valley surrounded by dry mixed
pine forest. The second site, Weitchpec, is characterized by steep canyon topography with
mixed conifer forest.The river is confined within the canyon with wekfined rapids separated
by pools. Thdinal site, Turwar, is located nine kilometerp st ream from t he ri v
above the Klamath River Estuary. Summer Hases at Turwar ar@pproximatelydouble

those of upstream sites due to tributary inputs from the Trinity RWegetation and weather at
Turwaris coastally influenced, with wetter, cooler conditions and more cloud cover.

primary source of nutrients to the Lower Klamath River is fromughger basin, and nutrient
concentrations generally decrease in a downstream direction (Oliver et al. 2014).

1.2 BACKGROUND

The Klamath River and some of its tributaries are designated on the Clean Water Act (CWA)
Section 303(d) list as impaired water bodid@$e list of impairments varies by state and river
reaches within states, but includes pH (only in Oregon reservoirs), water temperature, nutrients,
organic enrichment/low dissolved,Gedimentation/siltation, ammonia toxicity, microcystin,

and chloropkll-a (NCRWQCB 2010). Total Maximum Daily Loads (TMDLSs) have been
developed for the river and its tributaries by the U.S. EPA, Oregon Department of Environmental
Quality (ODEQ 2010) and the North Coast Regional Water Quality Control Board (NCRWQCB
2010). Water quality is a concern in the Klamath River because it affects culturally and
economically important salmon fisheries as well as public health. During the warm summer
months, dissolved gollows a 24hour cycle in which photosynthesis by aquatiagaand

algae attached to the streambed (periphyton) elevate dissolved oxygen concentrations during the
day. Respiration at night by those same organisms has the reverse effect, depressing dissolved
O, levels (Nimick et al. 2011). The resulting low nigmie dissolved @can exceed water

guality standards and be stressful to fish (NCRWQCB 2010)
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Functional indicators of river condition, which describe ecological processes, are an emerging
means to assess river ecosystem health (Fellows et al. 2006, Young et al. 2008, Woodward et al.
2012). These metrics represent a mechanism to link anthrop@demnation to ecosystem

process and are complementary to more commonly used structural metrics that are regularly
monitored on the Klamath River, such as dissolvedocentration, water temperature, and
periphyton biomass.

¥ Weitchpec
¥ Study Sites
@ Agricultural Lands

N

60 120
Km

Figurel. Location ofsondes used for river metabolism calculations on the lower Klamath.River

Gross primary production (GPP) and ecosystem respiration (ER), collectively referred to as
ecosystem metabolism, describe the fixation (via primary prodyamhmineralization (via
respiration) of organic carbon in aquatic ecosystems. Ecosystem metabolism directly controls
dissolved oxygen concentrations in aquatic ecosystemalgalbiomassandin part forms the

base of animal productivity in river fdovebs (Thorp and Delong 2002, Cross et al. 2013).

Net ecosystem production (NEP), which describes the balance of GPP and ER, can indicate the
relative importance of terrestrial inputs versustiream primary production to a rivelRiver and
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stream research suggests that negative (NER heterotrophyis the canmon condition in

flowing water due to large subsides of terrestrial organic carbon (OC) from the surrounding
watershed, productive upstream ecosystems, and light limitatgmmtary producers (Dodds

2006, Marcarelli et al. 2011). Autotrophy (i.e., positive NEP) may occur in rivers and streams
that have limited terrestrial inputs relative to GPP, for example, where dams cut off the transport
of OC and sediment from upstreameating conditions for autotrophy in the resulting tailwater
reach (Davis et al. 2012).

Continuous monitoring of ecosystem metabollsas shown that rates of GPP and ER can be as
variable within a stream as those among biomes (Roberts et al. 2007y.arfdidity within

streams can be used to identify processes controlling metabolism within a single watershed,
while considering that some controls on metabolism may have prolonged effects not generally
taken into account in short duration studigehlinger200Q Beaulieu et al. 2013)

Additionally, high frequency metabolism measurements are needed to accurately calculate
seasonal metabolism estimates and variability in daily rates may in themselves be important
indicators of ecosystem health (Robertale2007, Palmer and Febria 2012png-term, high
frequency dissolved Qlata exists at multiple sites on the Lower Klamath River as part of water
guality monitoring efforts, allowing the calculation of daily ecosystem metabolism during the
spring, summeand fall.

Time series of daily metabolism estimates across many years akkawsnation otontrols on
metabolism at multiple time scaleKnowing what drives metabolism in the Klamath River will
allow us to predict how rates of GPP and ER, andrim @lissolvedD, concentrations will
respond to changes in environmental conditions and management agiilofisonal research
opportunities exist to relate river metabolism to pH, periphyton and macrophyte biomass,
nutrients loads, and effects on thedowveb. As an integrative measure of river ecosystem
condition, rates of river metabolism may be a useful metric for monitoring water quality and
overall ecosystem health.

1.3 STUDY GOALS

While previous research evaluated Klamath River ecosystem metafuhliing a single year
(2012; Genzoli and Hall in revision the overall goal of this study was to gain a mystar
understanding of ecosystem metabolism dynamics. Specifically, the goal asse$s inter
annual controls on metalism and water qualitgn the lower Klamath River.Specific
objectives included: 1) calculatior daily rates of GPP and ER at thigady sites during an
eightyear period (2002014) during MayOctober whenandes were depyed in the river; 2)
examinedaily, seasonal, and longitudinal trends in GPP and ER to assedsility in river
metabolism3) relate rates of river metabolism to daily minimum dissolvegd&uration4)
relatevariation inER and GPP to environmental variables including theaveseborn
cyanobacteria blooms, river discharge, agldt to identify maor drivers of river metabolism on
inter- and intraannual scales
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2 METHODS

2.1 SITE SELECTION AND SONDE MEASUREMENTS

We selected threstudy reaches between Iron Gate Dam aedbuth of the Klamath River
(Figurel, Tablel). Reaches were immediatelgsaiream of longerm water quality monitoring
stations maintained by the Karuk Tribe Department of Natural Resqit@aasgk DNR)and the
Yurok Tribe Environmental PrograYTEP). Although additional water quality monitoring

sites are maintained along tkeamath River(Asarian and Kann 20)3we only selected reaches
where ecosystem metaksh could becalculatedusing the onestation method, dsed on criteria
necessary for onstation estimates of metabolism (Chapra and DiT&@l, M. Grace and R.

Hall, unpublished data). This criterion requires that reaches have relatively uniform upstream
physical characteristics including no major tributaries entering the reach for a distancelkqf 1.6
which corresponds to turnover of 8@fdissolved Qin a river reach (whereis mean reach
velocity (m/min) andK is the airwater gas exchange ratgrfiin); Chapra and DiToro 1991).
Additionally, we selected reaches where we could estimate atmospheric gas exchange using the
night-time regression technique (Hornberger and Kél®74), which was not possible in reaches
containing numerous large rapids that cause high rates of gas exchange (Hall et al. 2012).

Mulitparameter YSIendes were deployday YTEP and Karuk DNFRat the threenetabdism

study sites annually from approximately May through Octolbethe Klamath Rivejwith some

sites extending this season during some ye&shdes deploynme was limited to &
approximatelysix-month period due to budget and logistical constraiHisge wnter floods

outside of this period make sondes inaccessible for maintenance and cause a risk of equipment
loss. Additionally, sondes deployment was prioritized in the summer and fall when water quality
impairmentis common Sondes measureahd loggd data (dissolve@, concentration,

dissolvedO;, as percent saturation, water temperature, pH, specific conductivity, and florescence
associated with blugreen algae pigments) every 30 prand sondes were-oalibrated once
everytwo weeks. During theg years, sondes at Turwar and Wigpec were maintained by

YTEP and the sonde at Seiags maintained by the Karuk DNFComplete data collection

methods and protocoésein water quality summary reportgaruk Tribe 2008, 2010, 2011,

2012; Yurok Tribe2010, 2011, 2012, 2013

To provide consistency in dissolved @easurements among yeavg begarcalculating and
aralyzing metabolism data in 200the year that dlllong-term mainstem monitoringoades
were upgraded to YSI 6600 EDS/M2th optical disslved O, sensors. Addionally, sondes at
the threemetabolism sites were equipped with phycocyanin sensors in 2007.

We used sonde data compileg YTEP and the Karuk DNR fanetabolism calculations, but
made some revisions to the data in order to inchsd@many days as possible in the daily
metabolism dataset presented in this report. The metabolism model dopsnatdéwith
missingO, or water temperature data. When thoedewer lines of data were missing (e.qg., the

YYurok Tribe also used optical probes in 2005 and 2006, but we did not include those years in our analysis because

the Karuk Tribeds dat dydeolab 48 probestiichwtdizedthe boulihghbe oned Clar R g s

membrane method for dissoldeO,.
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data lines were present withime stamp, but data cells were populated with NAs) we
interpolated the water temperature and dissolvedata using nearby measurements. When no
rows were present for missing data (e.g., the data jumped from 10:2@@), e did not
attempt to add mes and interpolate data and we did not calculate metabolism for those days.

Calculations of ecosystem metabolism are sensitive to calibration elmdvgo cases, we found
calibration errors in the sonde measuremémat we were able to corredh 2011, dhys 159 to
171 at Seiad were calibrated high, as made apparent by a jump in minimum dissolved O
concentration$or a twoweek periodbetween recalibrations To correct this, we took the
means of the minimum dissolved Gncentration$or two weeks before and after this period
andsubtracted it from the mean of the minimum dissolvete@el for the miscalibrated period.
We then subtracted the difference in those means from all of;tat®during the mis
calibrated period. At Turwar i2014, there was a maalibration in the time stamp that caused
the model to b skewed from the data for a two Wegeeiod. We subtracted thréeurs from the
time stamp from day 141 to day 154 to address this problem.

In other cases of sonde rualibraion we excluded ER and NEP data from the analysis because

ER estimates arsensitive to calibration errors. We excluded data from days 121 to 133 at Seiad

in 2010 due to apparent losalibration during the first two wée of the monitoring season. We

didnotat t empt to correct the data because we did
We excluded ER and NEP values at Weitchpec for all of 2007 because there were obvious shifts

in dissolved @highs and lows every two to foureeks that coresponded with sonde

maintenance times.

Tablel. Site characteristiosf metabolism study reaches the Klamath River

Seiad Weitchpec Turwar
Site Code SV WE KAT
Sonde Location (river krfrom mouth 207 70 9
Elevation (m) 413 59 7
BarometricPressure (mmHgQ) 725 755 760
NearesUSGS Gage 11520500 11523000 11530500
Reach Length (km) 7.6 6 40.7
Watershed Area (kfh 27,600 32,200 40,600
Mean Depth (m) 1.3 1.7 1.9
Mean Width (m)" 52 51 85
Mean Velocity(m/s)” 0.49 0.51 0.50
Discharge 1f1’/s)” 106 (2847) 58 (1426) 36 (267)
MeanTotal Nitrogen(mg/L)™ 0.62 0.34 0.24
MeanTotal Phosphorugmg/L) "™ 0.14 0.07 0.04

’ Discharge is mean of daily summer discharge (Jul, Aug, and Sep) followed by the mean of thédacyfest
each water year during the study period.

” Mean reach depth and width were measured duringfmseonditions in 2012, and mean reaeHocity was
calculated based on these measurements and USGS discharge measurements.

™ Refers to the mean of the variable during summer months (Jul, Aug, and Sep).
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2.2 AIR-WATER GAS EXCHANGE

We calculated aiwater gas exchange from the high frequency diesb0Q data using the night
time regression method (Hornberger and KellyZ)97At night when no light is available to
support photosynthesis, the change w@h time is:

whereK (1/d) is the aifwater gas exchange rate and 0 is the dissolved @deficit. We
calculatedK nightly at each site from May through October for 2010, 2011, and 2012 as the
slope of the line produced in the regsion from equation 1. We converted edacheasurement
to Keoo (1/d) based on Schmidt number scaling to standakKliz&lues across variable water
temperaturesJ@hne and HaulRecker 199&8Ve calculated confidence intervals based on the
regression slope for ea&laoo measurement and eliminated the 10% of measurements with the
widest confidence intervals, resulting in 451, 455, andkigbmeasurements at Seiad,
Weitchpec, and Turwar, spectively. We plotted retained dakyoo values by daily discharge.
We added a smoothing spline to our plots usingtheoth.splinéunction in R (R Core Team
2013) with 10 degrees of freedom. We predittgs valuesdaily at each sitasing daily nean
discharge values with the sigpecific gas exchange radescharge relationshifg&igure2).
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Figure2. Daily gas exchange rate waswmearly relatel to discharge at the thregetabolism study
reaches.Line is smooth spline fit of daily gas exchange rates from 2010 to 2012.
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2.3 REACH-SCALE METABOLISM

We estimated reaescale metabolism based on fitti@g data to a metabolism model (Vde
Bogert et al. 2007):

1

—C

00 D 0 0 "00 0'Y
[0

mQEmQat —grroo * A +K((QrsamM@n @ (2)

wheremQ; is modeled @(mg/L) at time stet, GPPis g & m?d*, &(m)is mean reach depth,
PPFDis solar insolatiorfumol photons rifs*), B0 0 "OQGs daily solar insolation (Yard et al.
2005), ER is g @m? d*, a is the time between neasurement@0 mirutesin this study)

andK 4s Kggpcorrected for temperature at each time step. We used an extendedgihyo
model metabolism that extended from 22:00 the previous night to 06:00 the morning following
the day being calculated. To solve for GPP and ER, we fit equation 2 tg da¢aQselecting

the parameteralues that minimized the negative log lIkeod function ofa normal

distribution, usingunctionnimin R (R Core Team 2013ee ppendix Cfor examples omodel

fits). We automated the computational process via a looping algorithm to estimate daily GPP
and ERateachsite We calculated GPfer 1220, 1238, and 125fys at Seiad, Weitchpec, and
Turwar, respectivelyFigure2).

We calculated ERor the same dayas GPPexcept for days in which the mimum daily

dissolved Qsaturation never fell below 19®saturation.Supersaturationjue to bubble

mediated gas exchange in rapids during high dischprgeents accurately estimating BRR
causingcalculation of positiviER values(Hall et al. 2012, Haet al. 2015). Supersaturation
occurred rarely at Seiad, most often at Weitchpec, and moderately at Turwar, resulting in 1208,
1042, and 1187 daily ER calculatioaisthese sites, respectivelgome underestimation may be
present in ERalculationsvhen supersaturation occurs through miest,not all of the day,
howeverthis generally happens duringeriods of high discharge anbtduringthe time of year
whenmetabolism drivetower water quality

As an indicator of trophic state of the Klamatlv@&i we calculated NEBy adding GPP to ER
(a negative numberand were thus only able to calculate NEP when both GPP and ER were
present for that day.
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Table2. Number of ecosystem metabolism measurements by month arat geah site. Number in
parenthesis indicates number of ER and NEP measurements when dissataesdoOnsistently
supersaturated and therefore could not be calculated.

Seiad

Apr May Jun Jul Aug Sep Oct Nov Dec
2007 0 0 10 20 19 27 15 0 0
2008 0 0 21 31 5 30 31 6 0
2009 0 14 (10) 27 14 25 3 18 0 0
2010 0 29(17) 13 17 31 28 30 0 0
2011 2(0) 23(16) 29(28) 31 31 30 31 3 0
2012 0 28 30 31 29 30 29 0 0
2013 5 31 28 29 31 30 31 1 0
2014 11 (9) 11 29 31 31 30 31 30 9
Weitchpec

Apr May Jun Jul Aug Sep Oct Nov Dec
2007 0 9(0) 28(0 31(0) 29(0) 28(0) 8(0 0 0
2008 0 11 (0) 21(9) 31 31 24 5 0 0
2009 0 10(0) 28(25) 31 31 30 31(30) 2 0
2010 0 17 (0) 25(5) 31 31 30 31(27) 74 0
2011 0 14 (0) 26 (0) 19 31 30 31 4 0
2012 0 22(0) 30(24) 31 31 30 31 5 0
2013 0 16 (8) 30(24) 30 23 30 9 0 0
2014 0 31(19) 30 31 31 24 23 0 0
Turwar

Apr May Jun Jul Aug Sep Oct Nov Dec
2007 0 10 26 30 31 30(27) 6(0) 0 0
2008 0 12 28 31 31 30 4 0 0
2009 0 12 30 31 31 30 8 0 0
2010 0 20(6) 30(20)0 31 26 30 29(27) 8(7) 0
2011 0 8(0) 30(8) 23 31 30 31 5 0
2012 0 21 (9) 30 31 31 30 31 5 0
2013 0 18 (15) 30 31 31 30(29) 14 0 0
2014 0 31 30 31 31 30 26 (25) 0 0

2.4 ENVIRONMENTAL DATA

2.4.1 CYANOBACTERIA BLOOM: TIMING AND MAGNITUDE

We calculated metrics to represent the timing and magnitude of the cyanobacteria bloom in the
Klamath River, relying on data from refine phycocyanin sensors, which record florescence in
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the water and relate thi®rescence to calibrated bhggeen algae concentrations. We calculated
mean daily bluggreen algal concentrations from ther@ihute interval sonde data, excluding the
top and bottom 10% of the data to better represent the condition that most eéthe ri
experiencing at during the day. é/glotted daily means from all threites for each year, and
visually identified bloom period@ppendix A) Not all years had continuous data at all three
sites, and at timegmongsite differences ipatternsoccurred. Because w expeadthe bloom

to affect the river similarlyvith respect to relative concentration and timfbgt not necessarily
absolutealgal concentrationwe relied on twar more sites showing similar patterns in our
identification of bbom timing).

2.4.2 DISCHARGEAND DEPTH

To enablecalculations of river metabolism, we obtained daily stream discharge measurements
from USGS gauging statiorfablel). Gauging stations for Seiad and Turwar were located <

0.5 km from the sondes. The gauging station for Weitchpec was located 23rkrardpm the

sonde. No major tributaries entered between gauging stations and sondes locations in any reach.
To calculde mean depth for each day, we created rating curves for each site based on the
relationship between mean depth and dischadgémquistJohnson and Milhous 2010

We included the daily mean discharge fromon GateReservoir in the dabase (USGS gauging
station number 11516530). We calculatedfthetion of discharge originating from Iron Gate
Reservoir daily at each site as thischarge released from Iron Gate Reservoir divided by the
discharge at each metabolism study. site

2.4.3 SONDEDATA

We calculated water temperature metrics from the sonde data at earitkitthngmean water
temperature over a Zdperiod, minimum and maximum water temperatures during theadialy
daily water temperature range as the difference between thenoraxand minimum water
temperature each day.

We calculatedlaily minimum dissolved @saturation at each siteom the dissolved @
concentration (mg/L) recorded by the sonde at eachusiteg the equation from Garcia and
Gordon (1992). We used tempgrre measurements from the sondesthedtandard
barometric pressutfer the elevation of each son(leablel). Wethenselected the minimum
valueof dissolved @during each 24 day.

2.4.4 LIGHT AND WEATHER DATA

We calculated daibpredicted light as the mean of the how?FD (umol photons rif s*) from
light estimatesised in the metabolism calculaticedsove. These predictions were based on a
light model that does not amant for topographical featuremd does not take into account
weather conditions or events such as smoke from fires (Yatd2005) but captures seasonal
patterns of light

We obtainedneasured ligh¢solar radiation in watts/fhfrom theNotchko Renote Automated
Weather StatioiNotchko RAWS) Although other RAWS stations exist (Oak Knoll, Somes
Bar) alongthe lowerKlamath River, d& weremost thorough over the eigiearstudy at the
Notchko site.Solar radiation data from Notchko generally paralleled solar radiation data from
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the next closest site, Somes Bar, but due to missing data and long periods of data that 6 t
match other sites, we elected to only use solar radiation data from Nofth&dotchko

RAWS site is located atriver kilometer 48, and at 150 m elevatide applied the Notchko

solar radiation data to g of metabolism a/eitchpec. Althoghthe weather station is located
about 22 kilometers below the bottom of the Weitchpec reach, it is likely more representative of
conditions at Weitchpec due to its similar elevation and relative proximMity.did not include
measured light data for Sdiar Turwar.

We included precipitatiofdaily totals measured in mrm the metabolism database at each site.
We used Oak Knoll RAWS for Seiad (locatediaér kilometer253 and 591 m elevatiorthe

the Somes Bar RAWS for Weitchpec (locatedar kilometer 108, and 280 m elevatiomda

the Notchko RAWS for Turwar, based on site proximity.

2.4.5 NUTRIENT DATA

Nutrient samples were collectatla station near each of the thseade sitesevery two weeks.
Nutrient parameters included in this report incladeate plusnitrite (NO;+NO,, hearon

referred to as Ng), total nitrogen (TN), soluble reactive phosphorus (SRRJtotal phosphorus
(TP). Nutrient concentrations are expressed in units of mg/L asmig/L as P.TheKaruk and
Yurok tribescollected and processed the nutrierth samples, withmethodologies described in
the following reports: KaruKribe (2007, 20082010, 2011, 2012a, 2012b, 2013) ahdok
Tribe (2007, 2008, 2009, 2010b, 2011b, 2012b, 2D13b

We compared nutrient parameters to discharge metrics to assess the possibility of using flow
rates as a dailgroxyfor nutrientconcentration We compared mean summer discharge rates
with the mean of summer nutrient concentratjcarsd becausdé vast majority of nutrients in

the Klamath River originate from upstream of Iron Gate Dam (Asarian and Kann 2@H0$ow
compared nutrient samplésollected every twaveeks to the proportion of idcharge

originating from Iron Gate dam

2.5 DATA ANALYSIS

2.5.1 RELATIONSHIPS BETWER GPP, ER MINIMUM DAILY DISS OLVED O,, AND
CYANOBACTERIAL BLOOMS

To evaluate the hypothesis that cyanobacterial blooms would affect daily minimum dissplved O
concentrations, wasedan analysis of covariancANCOVA) to testfor a difference in the
relationship between minimum daily dissolvegilg@turation and daily GPetween periods

with and without a cyanobacterial bloorwe first used an ANCOVA with an interaction term

to tested for a differences in slopes of the relationships bet@B&and minimum daily

dissolved Q saturation at each site duribpom and notbloomconditions. If there was no
significant interaction term at a site, we used ANCOVA without an interatgromto test for

the effect of the bloom (a difference in intercepts between bloom anbloom regressions).

To determine what level @ PPcorrelats with minimum daily dissolved @evelslower than

the 90% saturatiorseasonal water quality goddiring nonbloom conditionsersus bloom
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conditions we performed simple linear regressianeach sitéor bloom and notbloom periods
using allsummer datem the eightyear dataset

2.5.2 INTER-ANNUAL CORRELATION ANALYSIS

To investigate annual patterns icosystem metabolism, we selected data from summer months
(defined as July, August and Septempahendischarge is lowest andater quality problems
peakon the Klamath River. We calculated summer means of daily metabolism data at
Weitchpec and TurwarAt Seiad, we calculated means for each month, lagxl ¢alculated the
mean of the thremonths,in order to account famissing data from specific monthrssome

years which would otherwise skew the summer me@ble?2).

At each site, w calculated the summereanf environmentatata including daily discharge
(which we refer to as summer bdt®mw), the percent of discharge from Iron Gate Reservoir,
watertemperature, and nutrients. We included the magnitude and date of the largest flood
during each water year (Oct. 1 the previous year to SepV86)elated these environmental
variables to summer mean metabolism metrics.

We conducted simple linear reggons of the annual means of GER, and NEP with summer
baseflow at each site We compared environmental data to summer Hlases to identify
covariates of bastow.

2.5.3 DAILY TIME SERIESMODELS TO EVALUATE INTRA-ANNUAL CONTROLS
ON GPP

To estimate shofterm controls on variation of GPP in the Klamath River we developed linear
regression models predicting GPP as a function of daily solar insolation, bloom status (coded as

a dummy variable) anthe fraction ofiron Gate flow. The latter wase as a proxy for nutrients
because of the degremwhich it covariesvith SRP, though we recognize that other variables

also vary with thdractionof Iron Gate flow such as mean depth andsjtecific discharge

Like mosttime seriesGPP is highly ato-correlated from dayo-day, and this autocorrelation

needs to be accounted for in the model. We assumed an autoregressive process whereby GPP on
one day is a function of GPP the day prior. We developed a Bayesiaspstatéme series

model where the daily parameter estimate of GPP is known with observationand process

error (, ) (Clark 2007).

00 & @i 000 U (3)
0x O mh,
"O00 — 000 I WOaéEAiDOON T T 0"Qi £€@0v
4
0x 0 T,
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We solved for the parameters in a midtrel way by solving for each year with partial pooling

of thel s among years (Gelman and Hill 2007). Pooling allows the parameters to differ among

years, but the parameter estimates borrow strength from all Pesause this approach is
Bayesian, we assigned minimally informative prior probabilities on the ppaledPriorfor —

was uniform between &nd 1 and represents the extremes between no correlation among-days (

= 0) to a random walk<{= 1). We simlated the posterior distribution of the parameters using
Markov-Chain Monte Carlo sampling usitige program JAGS. The model paramesgesn
Appendix C.

Given the parametersand— we want to know how much variation in thgsgameters
controls varation n daily GPP. Because this model is an autoregressive time series, the mean
value of GPP for any values of X is:

()

We then calculated thestimatedsPP(E(GPP) at each sitas a function of Band 9%’

guantilesof thefractionof flow from Iron Gate, algal bloom status, and light (modeled PPFD or
measured solar radiatipto estimate the relative effect of variation in each of the predictors on
GPP.

3 RESULTS

3.1 LONGITUD INAL AND T EMPORAL TRENDS IN DAILY META BOLISM
RATES

Rates of ecosystem metabolism varied througlke &md space on the Klamath Riv@emporal
variation was evident on multiple time scales including daily, seasonal, and annual Retdss
of GPP and ER changeldily, with a mean change of < 1 g @2d*, and never more tham
increase or decrease®fy & m?d* (Figure3). Seasonally, rats of GPP and ER wel@werin
the spmg (mean GPP and ER for May at all site4.5 and-3.5 g @ m?d™), peaked in the
summermean GPP and ER for August at all sites = 9.6-@&ritlg Q@ m?d™?), and then
decreased again in the féihean GPP and ER for October at all sites = 4. 725y O, m?d™).
Variation tothe seasongdattern is present, with some sites and years displaying high rates of
GPP during the springAnnually, GPP was higheturing 20072009(six-month mean = 8.2 g
0, m?d™?) than for the fivenore recent year(six-month mean = 6.6 g£n?d™"). Ecosystem
respirationmirrored therates angatterrs of GPR resulting inannual NEP mediarend ranges
that did not fluctuate much among yeéfgyure4).

Longitudinal variation occued in metabolism metrics. aes of GPRnd ER generally
decreaseftom upstream to downstream sites. Meannsonth GPP was 9.5, 7.7, and 4.3 g9 O
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m?2d? at Seiad, Weitchpec and Turwar respesii. Mean sixmonth ER was7.1,-5.9, and

4.7 g @ m?2d* at Seiad, Weitepec and Turwar respectively. The differences between rates of
GPP and ER decreased from upstream to downstreanraegeling inthe lowest rates dEP

at Turwar Figure5). For all thre metabolism metrics Turwar hadower range than the upper
two sitesdue to lower maximum rates of GPP and ER

High rates of metabolism oarred on the Klamath Riveitboth Seiad and WeitchpecThe 95'
quantiles for GPP and ER at Seia@re16.1 and13.6 g @ m?d* andat Weitchpec weré4.7
and-12.1 g @ m?d™, respectivelyor May to October More moderate rates of GPP and ER
ocaurred at Turwar where the 9%uantiles for GPP and ER were 7.2 an@ g Q m2d™.

Longitudinal patterns in GPP, ER, and NEP differed from year to year. From 2007 to 2012, GPP
decreased from upstream to downstream diiggife6). In 2013 and 2014, GPP at Seiad was

lower than GPP at Weitchpec, while the median and range of GPP at Turwar remained the
lowest. From 2007 to 2009, patterns in ER mirroredotiteerns in GPP, with ER decreasing in

a downstream direction. This pattern began to dissol2€10 when twar more sites

displayed medianthat were more similan all remaining years. In 2011 and 2012, medfans

ER were similar at all three sitedlet ecosystem productivity was lowest at Turwar in all years.

In 2011 and 2012, there was a strong longitudinal pattern of decreasing NEP from upstream to
downstream. In other years, NEP was similar to, or slightly lower than NEP at Weitchpec.

Thethreemetabolism study reacheBoweddistinct seasonal pattesifFigure7). A Locally

Estimated Scatterplot Smoothing (LOESS) regression curve (Helsel and Hi@sti2o the

daily GPP data at each site, using data from all yshosvs that Turwar almost alwaysdthe

lowest rates of GPBnd lowest seasonal change&eiad and Weitchpec readsimilar peaks in

GPP in midsummer, but GPP at Seiad stannuch hgher in the spring. Weitchpecdhthe
largestseasonal changes in GPP, startvery low in the spring, reaaig a summer peak, and
returring to ratesnear0 g O, m?d™ by the end of OctoberSeasonal patterns in ER were similar

to those in GPP, except that during May and June, and again during October, ER was higher at
Turwar than at Weitchpec. Net ecosystem production at Turwar was alvedgsvést, with

rates neab g O, m2d™, with sightly positive values in the spring and fall, and slightly negative
values in the summer. In the spring, NEP was highest at Seiad, where it maintained a3rate of ~
g O, m?2d* through midAugust. NEPat Seiad decreased to similar to rates as thoseratf

by the end of October. Weitchpec had moderate NEP in the spring, which increased to a peak of
~3 g O, m?d*in mid-summer, and then decreased until #8&btember, followed by a final

increase that ended the monitoring season with the highesofNES.
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Figure7. Generalized seasonal pattern&&fP, ER, and NEP at thiereemetabolism study sitdsased
ondaily metabolism data from 2007 to 20R4ints are idividual days and lines atecally Estimated
Scatterplot Smoothing (LOESS) regression csirve

3.2 RELATIONSHIPS BETWEE N METABOLIC PARAMETERS , DISSOLVED Oy,
AND THE CYANOBACTERI AL BLOOM

3.2.1 RELATIONSHIPS BETWEBR ECOSYSTEM METABOLSM AND MINIMUM
DISSOLVED G,

ER increased with ioreasing GPP at all sitésiring the eightyear study perioddigure8). With
all eightyears of data combined, GPP explaid&&o, 726, and 2% of the variationn ER at
Seiad, Weitchpec, and Turwar, respectively. From year to year, the atimai®PP explained
ER wasvariable(

Table3). At Seiad, only2% of the variation in ER was explained by GPP in 2010,e8P6 of
the variation was explained in 2009 and 2022 Weitchpec, variation in ER explained by GPP
rangedrom 49% to 8%46 annually while it ranged fron22% to 866 at Turwar.
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http://www.riverbendsci.com/reports-and-publications-1/Klamath0508_nutrient_dynamics_final_report_revised.pdf
http://www.riverbendsci.com/reports-and-publications-1/Klamath0508_nutrient_dynamics_final_report_revised.pdf
http://www.riverbendsci.com/reports-and-publications-1/Klamath_2001_2011_sonde_rpt_20130502_final.pdf
http://www.riverbendsci.com/reports-and-publications-1/Klamath_2001_2011_sonde_rpt_20130502_final.pdf
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