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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 as impaired 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 attached to the streambed elevate 

dissolved oxygen (O2) concentrations during the day, creating a 24-hour cycle in dissolved O2 

concentrations.  Respiration at night by those same organisms and bacteria has the reverse effect, 

depressing dissolved O2 levels. Resulting low nighttime dissolved O2 concentrations can 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 (ecosystem respiration, ER).  GPP and ER are integrative 

measures of river ecosystem health, and are complementary to more commonly used structural metrics 

that are regularly monitored on the Klamath River, such as dissolved O2 concentration, water 

temperature, and periphyton biomass.  Ecosystem metabolism directly controls dissolved O2 

concentrations in aquatic ecosystems and algal biomass, in part, forms the base of animal productivity 

in river food-webs (Thorp and Delong 2002, Cross et al. 2013).  

Time series 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, dissolved O2 concentrations will respond to 

changes in environmental conditions and management actions.  Additionally, rates and patterns in 

ecosystem metabolism may be useful explanatory variables in other studies conducted in the Klamath 

River. 

We calculated daily ecosystem metabolism from 2007 to 2014 from ~MayïNovember 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 dissolved O2 and water temperature data from water 

quality sondes maintained by the Karuk and Yurok tribes.  We related rates of GPP to minimum 

dissolved O2 to investigate how GPP controls levels of dissolved O2 in the Klamath River.  We 

investigated the effect of the reservoir-derived cyanobacterial 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 multivariate time series 

models.   

Rates 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, and then decreased again in the fall.  The six-

month means of GPP and ER across all sites and years was 7.1 g O2 m
-2 

d
-1

 and -5.9 g O2 m
-2 

d
-1

.  Rates 

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

and ER at 9.2 and -6.9 g O2 m
-2 

d
-1
, mean GPP and ER at Weitchpec were 7.6 and -5.8 g O2 m

-2 
d

-1
, and 

mean GPP and ER at Turwar was 4.3 and -4.5 g O2 m
-2 

d
-1

.  

Variation in daily GPP controlled variation in daily ER and daily minimum dissolved O2 saturation.  

Variation in GPP explained 47%, 71%, and 73% of the variation in ER at Seiad, Weitchpec, and 

Turwar, respectively.  Dissolved O2 minima occurs at night when ER removes O2 from the water 

without concurrent primary production, so high rates of GPP correlated with low daily dissolved O2 
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minima, with dissolved O2 predicted to sink below 90% saturation at ~13, ~15, and ~6 g O2 m
-2 

d
-1

 at 

Seiad, Weitchpec, and Turwar respectively.  During algal bloom conditions, the relationship between 

GPP and minimum daily dissolved O2 values shifted such that dissolved O2 minimum was expected to 

sink below 90% saturation at lower rates of GPP than during non-bloom conditions.       

We focused the correlation analyses of intra- and inter- annual variation in metabolism on the summer 

months, which we defined as July, August, and September.  Rates of GPP were low during high 

discharge, but rates of GPP spanned the full range of observed values during base-flow conditions, 

which occurred in summer months. 

Mean summer metabolism metrics were related to summer base-flow rates in the Klamath River.  

Mean summer GPP and ER at Weitchpec and Turwar decreased as summer base-flow increased.  At 

Seiad, net ecosystem production (NEP) was positively related to base-flow.  Means of summer base-

flow were highly correlated with other environmental variables that may influence rates of metabolism, 

making it difficult to determine which components of discharge (depth, width, velocity), or which 

covariates to discharge, were responsible for controlling the variability in summer metabolism.  Means 

of summer water temperature, depth, total phosphorus, and total nitrogen were all highly correlated 

with mean discharge (> 64%, Pearsonôs correlation coefficient). 

Multivariate time series models predicted daily variation in GPP in the Klamath River.  We predicted 

measured rates of GPP using modeled light, the fraction 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 

model predicted GPP to decrease ~3.5 g O2 m
-2 

d
-1
 from non-bloom to bloom conditions.  The effect 

was smaller at down stream sites, with no bloom effect on total GPP at Turwar.  These results 

supported the results of paired t-tests of GPP during non-bloom and bloom conditions across years.  

Increases in the fraction of discharge from Iron Gate from lowest observed summer levels to highest 

observed summer levels predicted an increase in GPP of ~3.5, ~9, and ~2 g O2 m
-2 

d
-1

 at Seiad, 

Weitchpec, and Turwar respectively.  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 multiple time scales, 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 associated 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 benthic light reduction due 

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

flow from Iron Gate.  GPP was highly auto-correlated through time, and the limiting control on GPP 

changed through time, making the use of multivariate time series models useful 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 light conditions 

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 O F STUDY AREA 

The Klamath River is one of the major salmon spawning and rearing rivers of the Western 

United States. Its uppermost tributaries originate in Southern Oregon and drain into Upper 

Klamath Lake, the Link River and Lake Ewauna, where the Klamath River begins.  From this 

point, the river flows through a series of hydroelectric impoundments, including J.C. Boyle, 

Copco (I & I I), and Iron Gate Reservoirs. Below Iron Gate Dam, the river flows 306 kilometers 

to the Pacific Ocean, mostly through a confined, bedrock canyon.  The climate is Mediterranean, 

with cool, wet winters featuring rainfall at lower elevations and snow at higher elevations, and 

hot, dry summers that are moderated in downstream reaches by a cooling maritime influence.  

High winter and spring discharges, exceeding 3000 m
3
/s every one to two years, 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 base-flow) and these flows are primarily from Iron 

Gate Dam, with additional flows coming from the regulated Trinity River.  

This study focused on the Lower Klamath River (i.e., downstream of Iron Gate Dam, Figure 1).  

The three study reaches spanned ~200 river km, over a range of geomorphic conditions and 

forest types.  The most up-river 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 well-defined rapids separated 

by pools.  The final site, Turwar, is located nine kilometers upstream from the riverôs mouth, 

above the Klamath River Estuary.  Summer base-flows at Turwar are approximately double 

those of upstream sites due to tributary inputs from the Trinity River.  Vegetation and weather at 

Turwar is coastally influenced, with wetter, cooler conditions and more cloud cover.  The 

primary source of nutrients to the Lower Klamath River is from the upper 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 bodies.  The 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 O2, sedimentation/siltation, ammonia toxicity, microcystin, 

and chlorophyll -a (NCRWQCB 2010).  Total Maximum Daily Loads (TMDLs) 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 O2 follows a 24-hour cycle in which photosynthesis by aquatic plants and 

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 

O2 levels (Nimick et al. 2011).  The resulting low nighttime dissolved O2 can exceed water 

quality 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 anthropogenic alteration to ecosystem 

process and are complementary to more commonly used structural metrics that are regularly 

monitored on the Klamath River, such as dissolved O2 concentration, water temperature, and 

periphyton biomass.   

 

Figure 1. Location of sondes 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 production) and mineralization (via 

respiration) of organic carbon in aquatic ecosystems.  Ecosystem metabolism directly controls 

dissolved oxygen concentrations in aquatic ecosystems and algal biomass, and in part, forms the 

base of animal productivity in river food webs (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 versus in-stream primary production to a river.  River and 
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stream research suggests that negative NEP (i.e., heterotrophy) is the common condition in 

flowing water, due to large subsides of terrestrial organic carbon (OC) from the surrounding 

watershed, productive upstream ecosystems, and light limitation to primary 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 upstream, creating conditions for autotrophy in the resulting tailwater 

reach (Davis et al. 2012).  

Continuous monitoring of ecosystem metabolism has shown that rates of GPP and ER can be as 

variable within a stream as those among biomes (Roberts et al. 2007).  This variability 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 studies (Uehlinger 2000, 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 (Roberts et al 2007, Palmer and Febria 2012).  Long-term, high 

frequency dissolved O2 data exists at multiple sites on the Lower Klamath River as part of water 

quality monitoring efforts, allowing the calculation of daily ecosystem metabolism during the 

spring, summer and fall.   

Time series 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, dissolved O2 concentrations will 

respond to changes in environmental conditions and management actions.  Additional research 

opportunities exist to relate river metabolism to pH, periphyton and macrophyte biomass, 

nutrients loads, and effects on the food web.  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 metabolism during a single year 

(2012; Genzoli and Hall in revision), the overall goal of this study was to gain a multi-year 

understanding of ecosystem metabolism dynamics. Specifically, the goal was to assess inter-

annual controls on metabolism and water quality on the Lower Klamath River.  Specific 

objectives included: 1) calculation of daily rates of GPP and ER at three study sites during an 

eight-year period (2007-2014) during MayïOctober when sondes were deployed in the river; 2) 

examine daily, seasonal, and longitudinal trends in GPP and ER to assess variability in river 

metabolism; 3) relate rates of river metabolism to daily minimum dissolved O2 saturation; 4) 

relate variation in ER and GPP to environmental variables including the reservoir-born 

cyanobacteria blooms, river discharge, and light to identify major drivers of river metabolism on 

inter- and intra-annual scales.        
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2 METHODS 

2.1 SITE SELECTION AND S ONDE MEASUREMENTS  

We selected three study reaches between Iron Gate Dam and the mouth of the Klamath River 

(Figure 1, Table 1).  Reaches were immediately upstream of long-term water quality monitoring 

stations maintained by the Karuk Tribe Department of Natural Resources (Karuk DNR) and the 

Yurok Tribe Environmental Program (YTEP).  Although additional water quality monitoring 

sites are maintained along the Klamath River (Asarian and Kann 2013), we only selected reaches 

where ecosystem metabolism could be calculated using the one-station method, based on criteria 

necessary for one-station estimates of metabolism (Chapra and DiToro 1991, 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 distance of 1.6v/K, 

which corresponds to turnover of 80% of dissolved O2 in a river reach (where v is mean reach 

velocity (m/min) and K is the air-water gas exchange rate (1/min); Chapra and DiToro 1991).  

Additionally, we selected reaches where we could estimate atmospheric gas exchange using the 

night-time regression technique (Hornberger and Kelly 1974), which was not possible in reaches 

containing numerous large rapids that cause high rates of gas exchange (Hall et al. 2012).   

Mulitparameter YSI sondes were deployed by YTEP and Karuk DNR at the three metabolism 

study sites annually from approximately May through October on the Klamath River (with some 

sites extending this season during some years).  Sondes deployment was limited to an 

approximately six-month period due to budget and logistical constraints. Huge winter 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 

impairment is common.  Sondes measured and logged data (dissolved O2 concentration, 

dissolved O2 as percent saturation, water temperature, pH, specific conductivity, and florescence 

associated with blue-green algae pigments) every 30 min, and sondes were re-calibrated once 

every two weeks.  During these years, sondes at Turwar and Weitchpec were maintained by 

YTEP and the sonde at Seiad was maintained by the Karuk DNR.  Complete data collection 

methods and protocols are in water quality summary reports (Karuk Tribe 2008, 2010, 2011, 

2012; Yurok Tribe 2010, 2011, 2012, 2013). 

To provide consistency in dissolved O2 measurements among years, we began calculating and 

analyzing metabolism data in 2007, the year that all
1
 long-term mainstem monitoring sondes 

were upgraded to YSI 6600 EDS/V2 with optical dissolved O2 sensors.  Additionally, sondes at 

the three metabolism sites were equipped with phycocyanin sensors in 2007. 

We used sonde data compiled by YTEP and the Karuk DNR for metabolism calculations, but 

made some revisions to the data in order to include as many days as possible in the daily 

metabolism dataset presented in this report.  The metabolism model does not operate with 

missing O2 or water temperature data.  When three or fewer lines of data were missing (e.g., the 

                                                 
1
 Yurok Tribe also used optical probes in 2005 and 2006, but we did not include those years in our analysis because 

the Karuk Tribeôs data at Seiad were collected using Hydrolab 4a probes which utilized the fouling-prone Clarkôs 

membrane method for dissolved O2. 
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data lines were present with a time stamp, but data cells were populated with NAs) we 

interpolated the water temperature and dissolved O2 data using nearby measurements.  When no 

rows were present for missing data (e.g., the data jumped from 10:30 to 12:00), we did not 

attempt to add rows and interpolate data and we did not calculate metabolism for those days.   

Calculations of ecosystem metabolism are sensitive to calibration errors.  In two cases, we found 

calibration errors in the sonde measurements that we were able to correct.  In 2011, days 159 to 

171 at Seiad were calibrated high, as made apparent by a jump in minimum dissolved O2 

concentrations for a two-week period between re-calibrations.  To correct this, we took the 

means of the minimum dissolved O2 concentrations for two weeks before and after this period 

and subtracted it from the mean of the minimum dissolved O2 level for the mis-calibrated period.  

We then subtracted the difference in those means from all of the O2 data during the mis- 

calibrated period.  At Turwar in 2014, there was a mis-calibration in the time stamp that caused 

the model to be skewed from the data for a two week period.  We subtracted three hours from the 

time stamp from day 141 to day 154 to address this problem. 

In other cases of sonde mis-calibration we excluded ER and NEP data from the analysis because 

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

in 2010 due to apparent low calibration during the first two weeks of the monitoring season.  We 

did not attempt to correct the data because we didnôt have data from prior to the calibration error.  

We excluded ER and NEP values at Weitchpec for all of 2007 because there were obvious shifts 

in dissolved O2 highs and lows every two to four weeks that corresponded with sonde 

maintenance times.           

 

Table 1. Site characteristics of metabolism study reaches on the Klamath River.  

 

Seiad Weitchpec Turwar  

Site Code SV WE KAT 

Sonde Location (river km from mouth) 207 70 9 

Elevation (m) 413 59 7 

Barometric Pressure (mmHg) 725 755 760 

Nearest USGS Gage 11520500 11523000 11530500 

Reach Length (km) 7.6 6 40.7 

Watershed Area (km2) 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 (m3/s)* 106 (2847) 58 (1426) 36 (267) 

Mean Total Nitrogen (mg/L)***  0.62 0.34 0.24 

Mean Total Phosphorus (mg/L)***  0.14 0.07 0.04 

*
 Discharge is mean of daily summer discharge (Jul, Aug, and Sep) followed by the mean of the largest flood for 

each water year during the study period.   

**  
Mean reach depth and width were measured during base-flow conditions in 2012, and mean reach velocity 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 air-water gas exchange from the high frequency dissolved O2 data using the night-

time regression method (Hornberger and Kelly 1974).  At night when no light is available to 

support photosynthesis, the change in O2 with time is:    

 

ɝ/

ɝὸ
ὉὙ ὑὕ ὕ                                                                          ρ 

 

where K (1/d) is the air-water gas exchange rate and ὕ ὕ is the dissolved O2 deficit.  We 

calculated K nightly at each site from May through October for 2010, 2011, and 2012 as the 

slope of the line produced in the regression from equation 1.  We converted each K measurement 

to K600 (1/d) based on Schmidt number scaling to standardize K values across variable water 

temperatures (Jähne and Haußecker 1998).  We calculated confidence intervals based on the 

regression slope for each K600 measurement and eliminated the 10% of measurements with the 

widest confidence intervals, resulting in 451, 455, and 445 K600 measurements at Seiad, 

Weitchpec, and Turwar, respectively.  We plotted retained daily K600 values by daily discharge.  

We added a smoothing spline to our plots using the smooth.spline function in R (R Core Team 

2013) with 10 degrees of freedom.  We predicted K600 values daily at each site using daily mean 

discharge values with the site-specific gas exchange rate-discharge relationships (Figure 2).  

 

Figure 2.  Daily gas exchange rate was non-linearly related to discharge at the three metabolism 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 reach-scale metabolism based on fitting O2 data to a metabolism model (Van de 

Bogert et al. 2007): 

 

mO2(t)= mO2(t-1)+  
 Ὃὖὖ

ᾀ
Ĭ
ὖὖὊὈ

ВὖὖὊὈ
 +  

ὉὙ

ᾀ
æt+K(t)O2sat(t)-mO2(t-1)æt         (2) 

 

where mO2 is modeled O2 (mg/L) at time step t, GPP is g O2 m
-2

 d
-1

,   ᾀ (m) is mean reach depth, 

PPFD is solar insolation (µmol photons m
-2

 s
-1

),  ВὖὖὊὈ is daily solar insolation (Yard et al. 

2005), ER is g O2 m
-2

 d
-1

, æt is the time between O2 measurements (30 minutes in this study), 

and K Ô is K600 corrected for temperature at each time step. We used an extended day length to 

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 to the O2 data, selecting 

the parameter values that minimized the negative log likelihood function of a normal 

distribution, using function nlm in R (R Core Team 2013, see appendix C for examples of model 

fits).  We automated the computational process via a looping algorithm to estimate daily GPP 

and ER at each site.  We calculated GPP for 1220, 1238, and 1255 days at Seiad, Weitchpec, and 

Turwar, respectively (Figure 2).   

We calculated ER for the same days as GPP, except for days in which the minimum daily 

dissolved O2 saturation never fell below 100% saturation.  Supersaturation, due to bubble-

mediated gas exchange in rapids during high discharge, prevents accurately estimating ER by 

causing calculation of positive ER values (Hall et al. 2012, Hall et al. 2015a).  Supersaturation 

occurred rarely at Seiad, most often at Weitchpec, and moderately at Turwar, resulting in 1208, 

1042, and 1187 daily ER calculations at these sites, respectively.  Some underestimation may be 

present in ER calculations when supersaturation occurs through most, but not all of the day, 

however this generally happens during periods of high discharge and not during the time of year 

when metabolism drives lower water quality. 

As an indicator of trophic state of the Klamath River, we calculated NEP by adding GPP to ER 

(a negative number), and were thus only able to calculate NEP when both GPP and ER were 

present for that day.   

 

 

 

 

 



 

 

8 Lower Klamath River ecosystem metabolism 2007-2014 

 

Table 2.  Number of ecosystem metabolism measurements by month and year at each site.  Number in 

parenthesis indicates number of ER and NEP measurements when dissolved O2 was consistently 

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) 7 (4) 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) 31 26 30 29 (27) 8 (7) 0 

2011 0 8 (0) 30 (18) 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 real-time phycocyanin sensors, which record florescence in 
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the water and relate the florescence to calibrated blue-green algae concentrations.  We calculated 

mean daily blue-green algal concentrations from the 30-minute interval sonde data, excluding the 

top and bottom 10% of the data to better represent the condition that most of the river is 

experiencing at during the day.  We plotted daily means from all three sites for each year, and 

visually identified bloom periods (Appendix A).  Not all years had continuous data at all three 

sites, and at times, among-site differences in patterns occurred.  Because we  expected the bloom 

to affect the river similarly with respect to relative concentration and timing (but not necessarily 

absolute algal concentration), we relied on two or more sites showing similar patterns in our 

identification of bloom timing).   

2.4.2 DISCHARGE AND DEPTH 

To enable calculations of river metabolism, we obtained daily stream discharge measurements 

from USGS gauging stations (Table 1).  Gauging stations for Seiad and Turwar were located < 

0.5 km from the sondes.  The gauging station for Weitchpec was located 23 km up-river from the 

sonde.  No major tributaries entered between gauging stations and sondes locations in any reach.  

To calculate mean depth for each day, we created rating curves for each site based on the 

relationship between mean depth and discharge (Holmquist-Johnson and Milhous 2010). 

We included the daily mean discharge from Iron Gate Reservoir in the database (USGS gauging 

station number 11516530).  We calculated the fraction of discharge originating from Iron Gate 

Reservoir daily at each site as the discharge released from Iron Gate Reservoir divided by the 

discharge at each metabolism study site.   

2.4.3 SONDE DATA  

We calculated water temperature metrics from the sonde data at each site, including mean water 

temperature over a 24-h period, minimum and maximum water temperatures during the day, and 

daily water temperature range as the difference between the maximum and minimum water 

temperature each day.     

We calculated daily minimum dissolved O2 saturation at each site from the dissolved O2 

concentration (mg/L) recorded by the sonde at each site using the equation from Garcia and 

Gordon (1992).  We used temperature measurements from the sondes and the standard 

barometric pressure for the elevation of each sonde (Table 1).  We then selected the minimum 

value of dissolved O2 during each 24-h day.     

2.4.4 LIGHT AND WEATHER DATA 

We calculated daily-predicted light as the mean of the hourly PPFD (µmol photons m
-2

 s
-1

) from 

light estimates used in the metabolism calculations above.  These predictions were based on a 

light model that does not account for topographical features and does not take into account 

weather conditions or events such as smoke from fires (Yard et al. 2005), but captures seasonal 

patterns of light.   

We obtained measured light (solar radiation in watts/m
2
) from the Notchko Remote Automated 

Weather Station (Notchko RAWS).  Although other RAWS stations exist (Oak Knoll, Somes 

Bar) along the lower Klamath River, data were most thorough over the eight-year study at the 

Notchko site.  Solar radiation data from Notchko generally paralleled solar radiation data from 



 

 

10 Lower Klamath River ecosystem metabolism 2007-2014 

 

the next closest site, Somes Bar, but due to missing data and long periods of data that didnôt 

match other sites, we elected to only use solar radiation data from Notchko.  The Notchko 

RAWS site is located at ~river kilometer 48, and at 150 m elevation.  We applied the Notchko 

solar radiation data to rates of metabolism at Weitchpec.  Although the 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 proximity.  We did not include 

measured light data for Seiad or Turwar.        

We included precipitation (daily totals measured in mm) in the metabolism database at each site.  

We used Oak Knoll RAWS for Seiad (located at river kilometer 253 and 591 m elevation), the 

the Somes Bar RAWS for Weitchpec (located at river kilometer 108, and 280 m elevation), and 

the Notchko RAWS for Turwar, based on site proximity.      

2.4.5 NUTRIENT DATA 

 

Nutrient samples were collected at a station near each of the three sonde sites ~every two weeks. 

Nutrient parameters included in this report include nitrate plus-nitrite (NO3+NO2, hear-on 

referred to as NO3), total nitrogen (TN), soluble reactive phosphorus (SRP), and total phosphorus 

(TP).  Nutrient concentrations are expressed in units of mg/L as N or mg/L as P.  The Karuk and 

Yurok tribes collected and processed the nutrient with samples, with methodologies described in 

the following reports: Karuk Tribe (2007, 2008, 2010, 2011, 2012a, 2012b, 2013) and Yurok 

Tribe (2007, 2008, 2009, 2010b, 2011b, 2012b, 2013b).   

 

We compared nutrient parameters to discharge metrics to assess the possibility of using flow 

rates as a daily proxy for nutrient concentration.  We compared mean summer discharge rates 

with the mean of summer nutrient concentrations, and because the vast majority of nutrients in 

the Klamath River originate from upstream of Iron Gate Dam (Asarian and Kann 2010), we also 

compared nutrient samples (collected every two weeks) to the proportion of discharge 

originating from Iron Gate dam.    

2.5 DATA ANALYSIS  

2.5.1 RELATIONSHIPS BETWEEN GPP, ER, MINIMUM DAILY DISS OLVED O2, AND 

CYANOBACTERIAL BLOOMS 

To evaluate the hypothesis that cyanobacterial blooms would affect daily minimum dissolved O2 

concentrations, we used an analysis of covariance (ANCOVA) to test for a difference in the 

relationship between minimum daily dissolved O2 saturation and daily GPP between periods 

with and without a cyanobacterial bloom.  We first used an ANCOVA with an interaction term 

to tested for a differences in slopes of the relationships between GPP and minimum daily 

dissolved O2 saturation at each site during bloom and non-bloom conditions.  If there was no 

significant interaction term at a site, we used ANCOVA without an interaction term to test for 

the effect of the bloom (a difference in intercepts between bloom and non-bloom regressions).  

To determine what level of GPP correlates with minimum daily dissolved O2 levels lower than 

the 90% saturation seasonal water quality goal during non-bloom conditions versus bloom 
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conditions, we performed simple linear regression at each site for bloom and non-bloom periods 

using all summer dates in the eight-year dataset.  

2.5.2 INTER-ANNUAL CORRELATION ANALYSIS 

To investigate annual patterns in ecosystem metabolism, we selected data from summer months 

(defined as July, August and September), when discharge is lowest and water quality problems 

peak on the Klamath River.  We calculated summer means of daily metabolism data at 

Weitchpec and Turwar.  At Seiad, we calculated means for each month, and then calculated the 

mean of the three months, in order to account for missing data from specific months in some 

years, which would otherwise skew the summer means (Table 2).   

At each site, we calculated the summer means of environmental data including daily discharge 

(which we refer to as summer base-flow), the percent of discharge from Iron Gate Reservoir, 

water temperature, and nutrients.  We included the magnitude and date of the largest flood 

during each water year (Oct. 1 the previous year to Sep. 30).  We related these environmental 

variables to summer mean metabolism metrics. 

We conducted simple linear regressions of the annual means of GPP, ER, and NEP with summer 

base-flow at each site.  We compared environmental data to summer base-flows to identify 

covariates of base-flow.     

2.5.3 DAILY TIME SERIES MODELS TO EVALUATE INTRA-ANNUAL CONTROLS 

ON GPP           

To estimate short-term 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) and the fraction of Iron Gate flow.  The latter we use as a proxy for nutrients 

because of the degree to which it covaries with SRP, though we recognize that other variables 

also vary with the fraction of Iron Gate flow such as mean depth and site-specific discharge.  

Like most time series, GPP is highly auto-correlated from day-to-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 Bayesian state-space time series 

model where the daily parameter estimate of GPP is known with observation („ ) and process 

error („ ) (Clark 2007).   

 

                                                           ὋὖὖȢέὦίὋὖὖ ύ                                            (3) 

ύ  ͯὔπȟ„  

 

Ὃὖὖ —  Ὃὖὖ      ὦὰέέάίὸὥὸ   ὰὭὫὬὸ    ὗ Ὢὶέά ὍὋὺ    
(4) 

ὺ  ͯὔπȟ„  
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We solved for the parameters in a multi-level way by solving for each year with partial pooling 

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

years, but the parameter estimates borrow strength from all years. Because this approach is 

Bayesian, we assigned minimally informative prior probabilities on the pooled s.  Prior for — 
was uniform between 0 and 1 and represents the extremes between no correlation among days (— 
= 0) to a random walk (— = 1). We simulated the posterior distribution of the parameters using 

Markov-Chain Monte Carlo sampling using the program JAGS.  The model parameters are in 

Appendix C. 

Given the parameters  and —, we want to know how much variation in these parameters 

controls variation in daily GPP. Because this model is an autoregressive time series, the mean 

value of GPP for any values of X is: 

 

ὉὋὖὖ
π ρὢρ ςὢς σὢσ

ρ —
     (5) 

 

We then calculated the estimated GPP (E(GPP)) at each site as a function of 5
th
 and 95

th
 

quantiles of the fraction of flow from Iron Gate, algal bloom status, and light (modeled PPFD or 

measured solar radiation) to 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 through time and space on the Klamath River.  Temporal 

variation was evident on multiple time scales including daily, seasonal, and annual scales.  Rates 

of GPP and ER changed daily, with a mean change of < 1 g O2 m
-2 

d
-1

, and never more than an 

increase or decrease of 8 g O2 m
-2 

d
-1

 (Figure 3).  Seasonally, rates of GPP and ER were lower in 

the spring (mean GPP and ER for May at all sites = 4.5 and -3.5 g O2 m
-2 

d
-1

), peaked in the 

summer (mean GPP and ER for August at all sites = 9.6 and -7.7 g O2 m
-2 

d
-1

), and then 

decreased again in the fall (mean GPP and ER for October at all sites = 4.7 and -3.5 g O2 m
-2 

d
-1

).  

Variation to the seasonal pattern is present, with some sites and years displaying high rates of 

GPP during the spring.  Annually, GPP was higher during 2007-2009 (six-month mean = 8.2 g 

O2 m
-2 

d
-1
) than for the five more recent years (six-month mean = 6.6 g O2 m

-2 
d

-1
).  Ecosystem 

respiration mirrored the rates and patterns of GPP, resulting in annual NEP medians and ranges 

that did not fluctuate much among years (Figure 4).   

Longitudinal variation occurred in metabolism metrics.  Rates of GPP and ER generally 

decreased from upstream to downstream sites.  Mean six-month GPP was 9.5, 7.7, and 4.3 g O2 
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m
-2 

d
-1

 at Seiad, Weitchpec and Turwar respectively.  Mean six-month ER was -7.1, -5.9, and -

4.7 g O2 m
-2 

d
-1

 at Seiad, Weitchpec and Turwar respectively.  The differences between rates of 

GPP and ER decreased from upstream to downstream sites, resulting in the lowest rates of NEP 

at Turwar (Figure 5).  For all three metabolism metrics Turwar had a lower range than the upper 

two sites due to lower maximum rates of GPP and ER.   

High rates of metabolism occurred on the Klamath River at both Seiad and Weitchpec.  The 95
th
 

quantiles for GPP and ER at Seiad were 16.1 and -13.6 g O2 m
-2 

d
-1
 and at Weitchpec were 14.7 

and -12.1 g O2 m
-2 

d
-1

, respectively for May to October.  More moderate rates of GPP and ER 

occurred at Turwar where the 95
th
 quantiles for GPP and ER were 7.2 and -7.2 g O2 m

-2 
d

-1
.    

Longitudinal patterns in GPP, ER, and NEP differed from year to year.  From 2007 to 2012, GPP 

decreased from upstream to downstream sites (Figure 6).  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 mirrored the patterns in GPP, with ER decreasing in 

a downstream direction.  This pattern began to dissolve in 2010 when two or more sites 

displayed medians that were more similar in all remaining years.  In 2011 and 2012, medians for 

ER were similar at all three sites.  Net 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.     

The three metabolism study reaches showed distinct seasonal patterns (Figure 7).  A Locally 

Estimated Scatterplot Smoothing (LOESS) regression curve (Helsel and Hirsch 2002) fit to the 

daily GPP data at each site, using data from all years, shows that Turwar almost always had the 

lowest rates of GPP and lowest seasonal changes.  Seiad and Weitchpec reached similar peaks in 

GPP in mid-summer, but GPP at Seiad started much higher in the spring.  Weitchpec had the 

largest seasonal changes in GPP, starting very low in the spring, reaching a summer peak, and 

returning to rates near 0 g O2 m
-2 

d
-1

 by the end of October.  Seasonal 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 always the lowest, with 

rates near 0 g O2 m
-2 

d
-1

, with slightly 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 a rate of ~3 

g O2 m
-2 

d
-1

 through mid-August.  NEP at Seiad decreased to similar to rates as those at Turwar 

by the end of October.  Weitchpec had moderate NEP in the spring, which increased to a peak of 

~3 g O2 m
-2 

d
-1

 in mid-summer, and then decreased until mid-September, followed by a final 

increase that ended the monitoring season with the highest rates of NEP.                
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Figure 3.  Time series of daily metabolism rates at Seiad, Weitchpec, and Turwar (from top to bottom) on the Lower Klamath River.  Positive values shown in 

lighter shades are GPP and negative values shown in darker shades are ER.  
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Figure 4.  Box plots of GPP, ER, and NEP from three sites for May through October, on the Lower 

Klamath River by year.  

 

 

Figure 5.  Box plots of GPP, ER, and NEP for May through October by site, for all eight years. 
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Figure 6.  GPP, ER, and NEP by site and year from MayïOct. (SV=Seiad, WE=Weitchpec, TG=Turwar). 

0

5

10

15

20

SV WE TG

2007

0

5

10

15

20

SV WE TG

2008

0

5

10

15

20

SV WE TG

2009

0

5

10

15

20

SV WE TG

2010

0

5

10

15

20

SV WE TG

2011

0

5

10

15

20

SV WE TG

2012

0

5

10

15

20

SV WE TG

2013

0

5

10

15

20

SV WE TG

2014

G
P

P
 (

g
 O

2
 m

-
2
 d

-
1
)

-15

-10

-5

0

SV WE TG

2007
-15

-10

-5

0

SV WE TG

2008
-15

-10

-5

0

SV WE TG

2009
-15

-10

-5

0

SV WE TG

2010

-15

-10

-5

0

SV WE TG

2011
-15

-10

-5

0

SV WE TG

2012
-15

-10

-5

0

SV WE TG

2013
-15

-10

-5

0

SV WE TG

2014

E
R

 (
g
 O

2
 m

-
2
 d

-
1
)

-10

-5

0

5

10

SV WE TG

2007

-10

-5

0

5

10

SV WE TG

2008

-10

-5

0

5

10

SV WE TG

2009

-10

-5

0

5

10

SV WE TG

2010

-10

-5

0

5

10

SV WE TG

2011

-10

-5

0

5

10

SV WE TG

2012

-10

-5

0

5

10

SV WE TG

2013

-10

-5

0

5

10

SV WE TG

2014

N
E

P
 (

g
 O

2
 m

-
2
 d

-
1
)



 

 

17 Lower Klamath River ecosystem metabolism 2007-2014 

 

 

Figure 7.  Generalized seasonal patterns of GPP, ER, and NEP at the three metabolism study sites based 

on daily metabolism data from 2007 to 2014. Points are individual days and lines are Locally Estimated 

Scatterplot Smoothing (LOESS) regression curves. 

 

3.2 RELATIONSHIPS BETWEE N METABOLIC PARAMETERS , DISSOLVED O2, 

AND THE CYANOBACTERI AL BLOOM  

3.2.1 RELATIONSHIPS BETWEEN ECOSYSTEM METABOLISM AND MINIMUM 

DISSOLVED O2  

ER increased with increasing GPP at all sites during the eight-year study period (Figure 8).  With 

all eight years of data combined, GPP explained 47%, 71%, and 72% of the variation in ER at 

Seiad, Weitchpec, and Turwar, respectively.  From year to year, the amount that GPP explained 

ER was variable ( 

 

Table 3).  At Seiad, only 2% of the variation in ER was explained by GPP in 2010, while 80% of 

the variation was explained in 2009 and 2012.  At Weitchpec, variation in ER explained by GPP 

ranged from 49% to 85% annually, while it ranged from 22% to 86% at Turwar.  















































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
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