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15 Abstract

Aerobic respiration of organic matter is a key metabolic process influencing carbon (C) biogeochemistry in aquatic ecosystems.
Anthropogenic and environmental perturbations to stream ecosystem metabolism can have deleterious effects on downstream water
quality. Various environmental features of rivers also influence stream metabolism, including physical (e.g., discharge, light, flow
regimes) and chemical factors (nutrients, organic matter) and watershed characteristics (e.g., stream size or drainage area, land
20 use). The relative proportion of surface water contact with benthic sediments has been considered the primary driver of ecosystem
processes, including ecosystem respiration (ER). While aquatic ecosystem respiration occurs in the water column (ERw¢) and in
benthic sediments—including surficial and subsurface sediments (ERseq)—ERsed has long been assumed to be the primary
contributor to whole-river ecosystem respiration (ERq:). Recent studies show, however, that somewhere along the river continuum
(e.g., 59" order), rivers transition from being dominated by benthic processes to being dominated by water column processes.
25 Yet few metabolism studies have parsed contributions from the water column (ERwc) to ER:wt, making it difficult to evaluate the
relative magnitude and importance of ERw. across the river continuum and across biomes. In this study, we used the Yakima River
basin, Washington, USA, to increase our understanding of basin-scale variation in ERw.. We collected ERw. data and water
chemistry samples in triplicate at 47 sites in the Yakima River basin distributed across Strahler stream orders 2—7 and different
hydrological and biophysical settings during summer baseflow conditions in 2021. We found that observed ERy. rates were
30 consistently slow throughout the basin during baseflow conditions, ranging from —0.11-0.03 mg O, L-* d%, and were generally at
the very slow end of the range of published ERy literature values. When compared to reach-scale ER rates predicted for rivers
across the conterminous United States (CONUS), the very slow ER rates we observed throughout the Yakima River basin indicate
that ERuc is likely a small component of ERy in this basin. Despite these slow rates, ERwc nonetheless shows spatial variation
across the Yakima River basin that was well explained by watershed characteristics and water chemistry. Multiple linear regression
35 model results show that nitrate (NO3-N), dissolved organic carbon (DOC), and temperature together explained 41.5 % of the spatial
variation in ERwc. Supporting the findings of other studies, we found that ERuc increased linearly with increasing NOs-N, increasing
DOC, and increasing temperature. We hypothesize that low concentrations of nutrients, DOC, and low temperatures in the water
column, coupled with low TSS concentrations, likely contribute to the slow ERy. rates observed throughout the Yakima River



https://doi.org/10.5194/egusphere-2023-3038
Preprint. Discussion started: 15 January 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

basin. Because ERi: measurements integrate contributions from water column respiration and sediment-associated respiration
40 (ERseq), estimating ERy in cold, clear, low nutrient rivers like those in the Yakima River basin with very slow ERw. will essentially

measure contributions from ERgeq.

1 Introduction

Aerobic respiration is a key metabolic process influencing biogeochemical cycling through the processing of organic matter (OM)
45 in aquatic ecosystems (Reisinger et al., 2016; Hall and Hotchkiss, 2017; Genzoli and Hall, 2016; Allan et al., 2021a).
Anthropogenic and environmental perturbations (e.g., land use/land cover change, fire, flooding) to stream ecosystem metabolic
processes such as gross primary production (GPP) and ecosystem respiration (ER) can lower downstream water quality (Zhang
and Chadwick, 2022; Diamond et al., 2021a; Alnoee et al., 2021). Climate change-related alterations in temperature and
precipitation have affected the frequency, intensity, and scale of the impacts from these disturbances on streams and rivers.
50 Environmental features of rivers also influence their metabolism, including physical factors such as discharge (Bernhardt et al.,
2022; Isabel et al., 2022; Hensley et al., 2019; Hotchkiss et al., 2015), flow regimes (Bernhardt et al., 2018; Ahmed and Abdul-
Aziz, 2022; Clapcott and Barmuta, 2010), flow extremes (Hensley et al., 2019; Demars, 2019; Schiller et al., 2019), light
availability (Bernhardt et al., 2022; Savoy and Harvey, 2021; Kirk et al., 2021; Cory et al., 2014; Savoy et al., 2021), and
temperature (Hornbach, 2021; Jankowski and Schindler, 2019; Hotchkiss and Hall, 2014; Nakano et al., 2022); chemical factors
55 including the availability of nutrients (Mulholland et al., 2008; Hoellein et al., 2007; Reisinger et al., 2021; Reisinger et al., 2015;
Hall and Tank, 2003; Mulholland et al., 2001; Carlson and Poole, 2022) and the amount and quality of OM inputs and dissolved
organic C (DOC) (Allan et al., 2021b; Garayburu-Caruso et al., 2020a; Bertuzzo et al., 2022; Zarnetske et al., 2011; Ellis et al.,
2012); and watershed characteristics such as stream size or drainage area (Finlay, 2011; Hotchkiss et al., 2015), hydrologic
connectivity (Hotchkiss et al., 2015; Rocher-Ros et al., 2019; Demars, 2019), watershed geomorphology (Jankowski and Schindler,
60 2019), and land use and land cover (Bernot et al., 2010; Bertuzzo et al., 2022; Hoellein et al., 2013; Trentman et al., 2021; Gu et
al., 2022).

Historically, lotic metabolism studies have been conducted in headwater streams characterized by the relatively large contact area
between surface water and benthic sediments (for purposes of this paper, benthic sediments include surficial, hyporheic or
65 subsurface, and bank sediments) (Peterson et al., 2001; Alexander et al., 2007; Mulholland et al., 2008; Gomez-Velez et al., 2015;
Findlay, 1995; Battin et al., 2008). Early metabolism studies typically focused primarily on estimating reach-scale ER (referred to
hereinafter as ER:) or on the contributions of benthic sediment-associated respiration (ERseq) to ER:o (Uzarski et al., 2004; Grimm
and Fisher, 1984), with less attention on the relative contribution of water column respiration (ERwc) t0 ERwt (Son et al., 2022;
Gardner and Doyle, 2018). For example, Grimm and Fisher (1984) measured respiration in both surficial sediments and the
70 hyporheic zone in a Sonoran Desert stream and found that, on average, ERseq contributions comprised 76 % of ERy:. Similarly,
Naegeli and Uehlinger (1997) measured respiration rates in the hyporheic zone of a gravel bed river using closed chambers and
found that ERseq contributions ranged from 76-96 % of ERw:. However, recent advances in computer software and processing
speeds, coupled with the increased availability of high temporal resolution time series sensor data (e.g., dissolved oxygen (DO),
temperature, and river depth), have extended the reach of studies beyond the headwaters, enabling researchers to estimate GPP and
75 ER for hundreds of mid-sized (i.e., non-wadeable) rivers and headwater streams across the conterminous United States (CONUS)
(Bernhardt et al., 2018; Bertuzzo et al., 2022; Savoy et al., 2019; Appling et al., 2018a; Appling et al., 2018b, c) and entire stream
networks (Segatto et al., 2021; Koenig et al., 2019; Savoy and Harvey, 2021; Diamond et al., 2021b; Mejia et al., 2019; Rodriguez-
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Castillo et al., 2019). Additionally, we know that the relative contribution of the water column to reach-scale processes such as
GPP, ER, and carbon (C) and nitrogen (N) cycling are greater than previously assumed (Gardner and Doyle, 2018; Battin et al.,
80 2008; Alexander et al., 2000; Reisinger et al., 2021; Reisinger et al., 2016; Reisinger et al., 2015; Marzadri et al., 2017), an
assumption attributed to the historic lack of empirical data in non-wadeable or mid-sized rivers (Reisinger et al., 2015; Liu et al.,
2013; Tank et al., 2008). Some biogeochemical processes such as denitrification, a process commonly assumed to occur primarily
in benthic sediments (Mulholland et al., 2008; Alexander et al., 2000; Hall and Tank, 2003), can occur in the water column of
rivers and streams (Liu et al., 2013; Peterson et al., 2001; Reisinger et al., 2021; Battin et al., 2008; Marzadri et al., 2017; Reisinger
85 etal., 2016). Examining the relative contributions of benthic sediments and the water column to reach-scale processes, Reisinger
et al. (2016) estimated that water column denitrification accounted for 0-85 % of reach-scale denitrification and 39-85 % of reach-
scale ERwt (i.€., ERwe + ERseq), concluding that the water column can be more biogeochemically active than benthic sediments.
Furthermore, water column processes become more important as rivers increase in size and that along the river continuum material
processing transitions from being a benthic-dominated process to a water column-dominated process (Gardner and Doyle, 2018;
90 Reisinger et al., 2015; Reisinger et al., 2016; Del Giorgio and Williams, 2005).

While water column processes can contribute significantly to ERw: (Vannote et al., 1980; Reisinger et al., 2021; Roley et al., 2023),
there is a paucity of direct ERw. measurements. This lack of data makes it difficult to evaluate the magnitude of ERyc, the
contribution of ERwc to ERy, Or determine which factors control basin-scale variation in ERw.. However, recent work has shown
95 that across 15 mid-sized midwestern and western rivers primary production and respiration in the water column were controlled
by a suite of factors: ERw. was driven by physical and chemical drivers (e.g., turbidity, nutrient concentrations) while water column
GPP responded more to biological factors (e.g., chlorophyl a, ash free dry mass) (Reisinger et al., 2021). In this study, we used the
Yakima River basin in Washington, USA, as an environmentally diverse river network to advance our understanding of basin-
scale spatial variation in ERwc. We demonstrate that the Yakima River basin is representative of the larger Columbia River basin,
100 which spans the northwest region of the CONUS. The Yakima River basin encompasses climatic regimes, biomes, physical
settings, and land use conditions commonly found throughout the Columbia River basin and other basins across the western
CONUS. We took advantage of the basin’s environmental diversity to study ERwc across conditions found in the Columbia River
basin. Our goal is to generate knowledge of ERw. that could be transferable across the Columbia River basin, and potentially
beyond. Our specific objectives were to 1) estimate the magnitude of ERyw. across the Yakima River basin during baseflow
105 conditions; 2) investigate the relative importance of contributions from ERuwc to ER: through comparisons to published literature
values of ERwc and ER from rivers beyond the Yakima River basin; and 3) investigate how ERu. is organized spatially and with
respect to environmental conditions to estimate the primary drivers of spatial variability in ERwc. To test the transferability of study
results to catchments throughout the Columbia River basin, we used cluster analysis to group catchments in the Columbia River
basin into six classes sharing similar landscape characteristics using key biophysical and hydrological attributes selected from
110 readily available spatial datasets. We collected water chemistry samples and measured ERw. using a modified semi-in situ dark
bottle incubation at field sites during low flow conditions during the summer of 2021. We then ran a multiple linear regression
model using watershed characteristics and surface water chemistry to determine which explanatory variables best explained spatial
variation in ERy. across the Yakima River basin. Addressing these objectives indicated that across biomes, land use, etc., ERuc in
the Yakima River basin is similar to ERw in other basins and is likely a very small fraction of ERy, but variation in ERyc is

115 nonetheless well-explained by watershed, physical, and chemical conditions.



https://doi.org/10.5194/egusphere-2023-3038
Preprint. Discussion started: 15 January 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

2 Methods
2.1 Methods Overview

We grouped all catchments in the Columbia River basin into six classes sharing similar landscape characteristics using key
biophysical and hydrological attributes selected from readily available spatial datasets. We used this information to select field

120 sites across six Strahler stream orders in the Yakima River basin spanning a wide range of land cover types and physical settings.
To estimate the magnitude of ERwc across the basin and investigate how ERy. is organized spatially and with respect to
environmental conditions, we collected surface water chemistry samples and measured ER. using dark bottle incubations at field
sites during summer baseflow conditions in 2021 (i.e., the 2021 “Spatial Study” sampling event). To see how water column
respiration rates in the Yakima River basin compared to rates observed in streams and rivers across the CONUS and around the

125 world, and how the magnitude of ERw. contributions to ER: may vary around the Yakima River basin, we also compared ERwc
observed in the basin against ERw: and ERt published values found in the literature. We then used multiple linear regression to
evaluate the nature of the relationship between ERwc and Strahler stream order, drainage area, stream temperature, surface water
chemistry, and the number of OM transformations and determine the primary drivers of ERw. throughout the Yakima River basin.
All analyses were performed using R Statistical Software (v4.2.0) (R Core Team, 2022). All data generated from the sampling

130 study, including data not evaluated in this manuscript, and R scripts to run the statistical analyses for this study, are publicly
available (Fulton et al., 2022; Grieger et al., 2022; Kaufman et al., 2023) (see Code and Data Availability section for more details
on how to access these datasets).

2.2 Watershed characterization and site selection

The Yakima River basin is one of four major watersheds draining the Columbia River basin and is located entirely within the state
135 of Washington, USA. The basin is roughly 16,000 km? and spans forested mountainous regions in the west to arid valleys and
plains in the east (Fig 1a). The basin has a diversity of land covers and land uses dominated by dry rangeland, forest, and agriculture

(Fig 1b). Annual precipitation ranges from 250 cm in the west to 25 cm in the east.

To test the transferability of study results to catchments throughout the Columbia River basin, we strategically selected sampling
140 sites in the Yakima River basin based on their biophysical characteristics. This was done by first grouping all USGS National
Hydrography Dataset Plus Version 2.1 (NHDPIlusV2.1) catchments (U.S. Geological Survey, 2019b) in the Columbia River basin
(n = 181,531) into six classes sharing similar landscape characteristics using cluster analysis. To capture the variability in
hydrologic settings found across the Columbia River basin, we then selected multiple sites within each of the six Columbia River
basin classes. We selected 16 key biophysical and hydrological attributes as input variables to the cluster analysis, including
145  climate, vegetation structure and function, topography, and wildfire potential (Table S1). Existing, readily available geospatial data
came from multiple sources including NASA Moderate Resolution Imaging Spectroradiometer (eMODIS) Remote Sensing
Phenological (RSP) data (U.S. Geological Survey, 2019a); NASA MODIS land cover type (Friedl and Sulla-Menashe, 2019);
NASA MODIS normalized difference vegetation index (NDVI), fraction of photosynthetically active radiation (FPAR, %), and
leaf area index (LAI, m? m~2) (Myneni et al., 2015); NASA MODIS total evapotranspiration (ET, kg H,O m2 d-!) (Running et al.,
150 2017); NASA MODIS terrestrial net primary productivity (NPP, kg C m=2 y') and terrestrial net ecosystem productivity data
(NEP, kg C m~2 y) (Running and Zhao, 2019); PRISM precipitation data (https://www.prism.oregonstate.edu/); NHDPlusV2.1
stream length and catchment boundaries (U.S. Geological Survey, 2019b); USGS National Elevation Dataset (NED) 1/3 Arc-

Second Digital Elevation Model topography data (http:/nationalmap.gov/elevation.html); USFS Wildfire Hazard Potential (WHP)
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data (Dillon, 2018); and Landscape Fire and Resource Management Planning Tools (LANDFIRE) existing vegetation percent
cover (%) and height (m) data (Dillon and Gilbertson-Day, 2020).
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Figure 1. Yakima River basin study area, Washington, USA. (a) Map of land use/land cover classes in the Yakima River basin. (b) Relief
map of the Yakima River basin. The highlighted red area within the state of Washington (shaded in black) shown in the inset map
highlights the location of the Yakima River basin relative to the CONUS. The maps were generated by Brieanne Forbes using the Free
and Open Source QGIS (v. 3.16.1 and v. 3.26.0). Map data include catchment boundaries and hydrography from the National
Hydrography Dataset Plus (NHDPlusV2.1) (U.S. Geological Survey, 2019b), 30 m elevation data from the National Elevation Dataset
(http://nationalmap.gov/elevation.html), and 2016 land use/land cover data from the National Land Cover Dataset
(https://www.mrlc.qov).
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165 We used a k-means clustering algorithm (R stats::kmeans function) to group NHDPlusV2.1 catchments with like properties using
as input the normalized, statistical moments (minimum, maximum, mean, and standard deviation (SD)) for 70 geospatial variables
within each NHDPIusV2.1 catchment (Table S1). To calculate statistical moments for each variable, we summarized geospatial
data types at the NHDPIlusV2.1 catchment level using two different methods: zonal statistics for continuous raster data and
tabulation for vector data. Zonal statistics calculate statistical moments by individual catchment polygon. Tabulation calculates

170 total length or area of a particular vector feature within each individual catchment polygons. We evaluated 13 different sets of
variable-statistical moment combinations for use in the cluster analysis and selected variable set 8, which included the zonal mean
and zonal SD for 70 variables (n = 140) (Table S2). Once the data for variable set 8 were summarized at the NHDPIlusV2.1
catchment level, we calculated z-scores (z) for each geospatial variable as:

175 z= (X,i= Kigi—n) )

SDi,i—n

where X = observed value for parameter k in the in NHDPIusVV2.1 catchment, n = total number of NHDPlusV2.1 catchments in
the Columbia River basin, X, ;_,, = the global mean of observed values for parameter k across the population of i-n NHDPlusV2.1
catchments in the Columbia River basin, and SDy;-, = global standard deviation for parameter k across the population of i—n
180 NHDPIlusV2.1 catchments. Resultant z-scores for variable set 8 were fed into the k-means classifier, which iteratively adds each
catchment to one of n clusters, with n being set by the user (n = 15, this study), using Euclidean distance to minimize within-cluster
distance and maximize between-cluster distance. We ran multiple iterations of the cluster analysis using 2-15 clusters using the
mean and SD of all variables. To visualize the reduction in within-cluster variation between iterations 1-15, we generated elbow
plots by plotting the Within Cluster Sum of Squares (WCSS) value against the total number of catchments in a cluster and selected
185  six clusters as the suitable number of clusters that minimized map visual complexity enough to guide manual site selection while
maintaining a level of variation in key biophysical and hydrological variables representative of the Columbia River basin. Clusters
1 and 3-6 were categorized according to tree height, precipitation, and elevation (Table 1 and Table S3). Cluster 2 was categorized
as “Water dominated” and was not used for selecting sites. Cluster analysis results were then used to guide the selection of 47 field
sites distributed across Strahler stream orders 2—7 (the highest order stream in the Yakima River basin) that spanned the basin and
190 captured the variation in biophysical and hydrologic parameters represented by clusters 1 and 3-6 (Fig S1). First order and other
non-perennial streams were not sampled due to the lack of flow during summer baseflow or baseflows were too low to support
sampling. We attempted to include logistical considerations in model-based site selection, but this task proved impractical and
field-scouting trips were needed to refine site selections. Day-of-sampling changes to the sampling plan were made on-the-fly
when the Schneider Springs Fire started on the Okanogan-Wenatchee National Forest. Fire activity and road closures restricted
195 access to a large portion of the Yakima River basin, primarily in the Tieton River and American River watersheds located in the

midwestern portion of the basin.

Table 1. Cluster analysis results characterizing NHDPlusV2.1 catchments across the Columbia River basin and Yakima River basin with
similar biophysical and hydrologic characteristics and the number and percentage of sites in each basin.

Cluster Name CRB Drainage YRB Drainage YRB Sites Percent YRB
Area Area Per Cluster  Sites Per Cluster

1 Tree dominated high elevation mesic 23% 27% 9 19%

2 Water dominated 3% 2% 0 0%

3 Tree dominated high elevation hydric 7% 2% 2 4%

4 Shrub-steppe middle elevation xeric 25% 28% 10 21%

5 Tree dominated middle elevation mesic  17% 17% 13 28%
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6 Tree dominated middle elevation xeric  24% 23% 13 28%
200 “CRB Drainage Area” is the percentage of the total drainage area of the Columbia River basin that was classified in each cluster. “YRB
Drainage Area” is the percentage of the total drainage area of the Yakima River basin that was classified in each cluster. “YRB Sites
Per Cluster” is the total number of field sites in the Yakima River basin (n = 47) located in each cluster. “Percent YRB Sites Per Cluster”
is the percentage of the total number of sampling sites in the Yakima River basin located in each cluster.

2.3 Water column respiration data collection

205 We measured ERwc (Mg O, L-*d™) in triplicate for 2 h at each site between 30 August and 15 September 2021, using a modified
“semi-in situ” dark bottle incubation water column metabolism approach (Genzoli and Hall 2016) (Fig 2). DO sensors (miniDOT
Logger; Precision Measurement Engineering, Inc.; Vista, CA, USA) recorded DO concentration (mg L) and temperature (°C) at
1-min intervals in 2-L dark bottles (Nalgene™ Rectangular Amber HDPE bottles; ThermoFisher Scientific; Waltham,
Massachusetts, USA) (Fulton et al., 2022). Bottle necks were slightly widened (1 to 2 mm) using a drill press and a hole saw to

210 accommodate the diameter of the DO sensor. A small, battery-powered mixing device (i.e., toy boat motor propellor) was placed
inside each bottle to mix the water samples throughout the duration of the incubation (Underwater Motor, Item Number 7350;
Playmobil; Shanghai, China; rechargeable AA NiMH battery; Amazon; Seattle, Washington, USA). Bottles remained filled with
river water throughout the sampling period to minimize the potential bias on ERw. caused by the diffusion of atmospheric oxygen
into bottle micropores and the subsequent re-release of that oxygen into river water samples during deployment.

215
At the start of each sampling day, DO sensors and all sampling equipment were placed in a cooler with blue ice packs to keep them
cool and minimize the time needed at each site for the sensors to equilibrate with the similarly cool river water temperatures.
Bottles were emptied upon arrival at each site, rinsed three times with river water, and filled with river water by wading as close
to the thalweg as possible, submerging the bottles below the river surface, and rolling them 360 degrees while held upright

220 underwater to ensure no air bubbles were present in the bottles (Fig 2a). After filling a second cooler with river water and placing
it in the shade on the streambank, the bottles were placed in the cooler and secured to the bottom using pre-applied Velcro strips
to keep the bottles upright and allowed to equilibrate for 20 min. Following the 20-min equilibration period, the bottles were
emptied and re-filled with fresh river water as described above, the battery-powered mixing device and DO sensor were gently
inserted (sensor face-up) in the bottles to minimize trapping air bubbles in the bottles, the bottles were capped underwater, and

225 returned to the cooler (Fig 2a). We ran the incubation test for 2 h, replenishing river water in the cooler every 20 min to maintain

in situ temperature.
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Figure 2. Modified semi-in situ dark bottle incubation method and example study sites. (a) Underwater photograph of DO sensor being

inserted into incubation bottle filled with river water and mixing device. Right panels emphasize the diversity of environmental settings
covered in this study. (b) West Fork Teanaway River (site S20R), Kittitas County, Washington, 02 September 2021. Site 20R is classified

230 as a mesic, high elevation site dominated by tree canopy (Cluster 1; see Table 1, Table S3, and Fig S1a). (c) Yakima River at Mabton
(site T02), Yakima County, Washington, 07 September 2021. Site T02 is classified as a mesic, middle elevation site dominated by tree
canopy (Cluster 5; see Table 1, Table S3, and Fig S1a). Poor air quality evident in the photograph is due to significant smoke impacts
from the Schneider Springs Fire burning ~105 km northwest of site T02.

2.4 Surface water chemistry sample collection and analysis

235  Filtered surface water samples were collected in triplicate for each site for dissolved inorganic C (DIC, mg L1); dissolved organic
C (DOC, mg L); ions, including nitrate (NOs-N, mg L™1); and OM chemistry (Grieger et al., 2022). Samples were collected using
a 50-mL syringe and filtered into 40 mL amber glass vials (ThermoScientific™ Amber Clean Snap Vials (DOC, NOs-N, and OM)
or Amber Clean Snap Vials with 0.125 in Septa (DIC); Thermo Fisher Scientific; Waltham, Massachusetts, USA) using a 0.22 um
sterivex filter (MilliporeSigma™ Sterivex™ Sterile Pressure-Driven Devices; MilliporeSigma™; Burlington, Massachusetts,
240 USA). DIC samples were collected using a sterivex filter equipped with an 18 g needle (DIC only) (BD General Use and
PrecisionGlide Hypodermic Needles; Becton, Dickinson and Company; Franklin Lakes, NJ, USA). Samples collected for ion
analysis (including NOs-N) were filtered using a 0.22 um sterivex filter into a 15 mL conical tube (Olympus). Samples collected
for OM chemistry were filtered into pre-acidified (85 % phosphoric acid, HsPO4) amber vials (Grieger et al., 2022). Filter and
filter+needle assemblies were rinsed once by pushing 5 mL of river water through the filter prior to collecting the first sample and
245 removed before pulling each fresh volume of water. Each triplicate sample was collected while pushing a final 50 mL of river
water through the syringe and then capped with a surface tension dome of water to ensure no headspace. DIC samples were
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collected by placing the sterile needle inside the vial and pushing three vial-volumes of river water (~150 mL) slowly through the
syringe to prevent the introduction of air bubbles to the sample while allowing the vials to overflow continuously. Five mL of
uncollected water were pushed through the syringe between samples to ensure independent samples. Samples were collected from

250 50 % of the water column depth in sample containers using nitrile gloves and sterile sampling techniques. One unfiltered grab
sample for total suspended solids (TSS, mg L) was collected using a pre-washed 2-L amber bottle (Nalgene™ Rectangular Amber
HDPE Bottles; ThermoFisher Scientific; Waltham, Massachusetts, USA). TSS bottles were rinsed three times with river water
prior to sample collection. All samples were stored on ice in the field and then refrigerated at 4° C before shipping for analysis at
the Pacific Northwest National Laboratory (PNNL) Marine and Coastal Research Laboratory in Sequim, Washington (NO3-N,

255 DOC, and DIC) and PNNL Biological Sciences Facility Laboratory in Richland, Washington (TSS and OM characterization). TSS
samples were analyzed within one week of collection, DOC concentrations were measured within two weeks of collection, DIC
content was measured within one month of collection, ion samples were frozen upon arrival at the laboratory and NOs-N content
was measured within two months of collection, and OM samples were immediately frozen (=20 °C) upon receiving.

260 DOC was measured as non-purgeable organic C (NPOC), which removes inorganic and volatile C species by purging with gas
after in-line acidification, after which the sample is converted to carbon dioxide (CO5) via catalytic combustion. DIC was measured
by bubbling samples in 25 % H3;PO, and CO, was detected via nondispersive infrared detection (NDIR). CO; generated via DOC
and DIC methods were then detected via chemiluminescence on a Shimadzu TOC-L Total Organic Carbon Analyzer. NOs-N was
measured via ultraviolet (UV) absorbance on a Thermo Scientific Dionex 1CS-6000 DP. Visual checks of calibration curves,

265 samples, blanks, and check standard peaks were performed before exporting data. Concentrations below the limit of detection
(LOD) of the instrument, or below the standard curve, were flagged (Grieger et al., 2022). The coefficient of variation (CV) for
each replicate set was calculated. Sets with CV of 30 % or higher were flagged and the outlier sample was identified by calculating
the distance between each of the replicate samples. Replicates with the highest distance to the other two replicates were flagged as
outliers and removed from the analysis. Parameter mean values for each site were then calculated from the remaining replicates

270 and input as predictor variables in the multiple linear regression (Sect. 2.7).

TSS samples were filtered in the laboratory through a pre-weighed and pre-combusted 4.7 cm, 0.7 um GF/F glass microfiber filter
(Whatman™ glass microfiber filters, Grade 934-AH®; MilliporeSigma; Burlington, Massachusetts, USA). After water filtration,
the filter and filtration apparatus were rinsed with 30 mL of ultrapure Milli-Q water (Milli-Q® 1Q Water Purification System;

275 MilliporeSigma; Burlington, Massachusetts, USA) to ensure that all residue was captured by the filter. The filter was placed in foil
and oven dried overnight at 45° C. The filter was allowed to cool in a desiccator prior to weighing. TSS (mg L) was calculated
as the difference between the weight (mg) of the filter before and after filtration of the water sample divided by the volume of
water filtered (L).

2.5 OM chemistry via ultra-high resolution mass spectrometry and biochemical transformations

280 Organic matter chemistry was characterized via ultra-high resolution mass spectrometry using a 12 Tesla (12T) Bruker SolariX
Fourier transform ion cyclotron resonance mass spectrometer (FTICR-MS) at the PNNL Environmental Molecular Sciences
Laboratory in Richland, Washington, following methods described in Garayburu-Caruso et al. (2020b). Briefly, samples were
thawed in the dark at 4° C overnight. We used the DOC concentrations to normalize the DOC concentration of the sample to 1.5
mg C L. Normalized samples were acidified to pH 2 using 85 % H3PO4 and were then subjected to solid phase extraction (SPE)

285 using Bond Elut PPL cartridges (sorbent modified with a proprietary nonpolar surface; Agilent; Santa Clara, CA, USA) following
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protocols employed by Dittmar et al. (2008). Extracted samples were run in the FTICR-MS with a standard electrospray ionization
source in negative mode. Data were collected with an ion accumulation time of 0.08 seconds. BrukerDaltonik Data Analysis
version 4.2 was used to convert raw spectra to a list of molecular compound mass-to-charge ratios (m/z) with a signal-to-noise
ratio (S/N) threshold set to 7 and absolute intensity threshold to the default value of 100. Peaks were aligned (0.5 ppm threshold)
290 and molecular formula were assigned using the Formularity software with S/N > 7 and mass measurement error < 0.5 ppm (Toli¢
etal., 2017). The Compound Identification algorithm takes into consideration the presence of C, H, O, N, S, and P and excludes
other elements. Aligned and calibrated data was further processed using ftmsRanalysis (Bramer et al., 2020). Replicate samples
were merged into one site where peaks in a sample were retained if they were present in at least one of the replicates. OM
biochemical transformations were inferred following methods previously employed by Garayburu-Caruso et al. (2020b). In
295 summary, we calculated pairwise mass differences between every peak in a sample regardless of molecular formula assigned and
compared that mass difference to a list of 1,255 molecular masses associated with commonly observed biochemical transformations
(Table S4). Biochemical transformations allow you to infer the number of times a specific molecule is gained or lost. For example,
if a mass difference between two peaks corresponded to 128.095, that would correlate to the loss or gain of the amino acid lysine
(see Table S4). We further calculated the total number of OM transformations per site and the total number of OM transformations
300 normalized by the number of peaks present in the site (i.e., “normalized OM transformations™).

2.6 DO sensor data cleaning, processing, and analysis

We extracted the raw DO concentration (mg O, L) and temperature (°C) sensor data for each site and plotted DO and temperature
against incubation time for each set of triplicate incubations (n = 141). The plots were visually inspected to a) confirm that
temperature sensors were at equilibrium with the river temperature when the 2-h incubation test period began and b) identify data

305 gaps, outliers, and other data anomalies. Following the visual inspection of plots, we removed the first and last 5 min of the 2-h
incubation time series data to account for data anomalies due to emptying and refreshing river water in the bottles at the beginning
and end of the incubation period. Sensor data distributions were also evaluated using violin plots for each site.

Water column respiration rates for individual triplicate incubation samples were calculated as the slope of the linear regression

310 model (R stats::Im function) fit to the DO sensor data (mg O, L~ min?), which was converted to daily units (mg O, L-! d%) using
Eq. (2):

ERy,c = (mpo)(®) @

315 Where mpo = the slope of the regression line (mg O, L* min?) and t = number of minutes in a day (min d-). Only sample
observations with a normalized root mean square error (NRMSE) < 0.01 were used for further analysis (Shcherbakov et al., 2013)
and all triplicate samples except one at site TO3 (Yakima River at Union Gap) met the NRMSE criteria. Mean ERu, for each site
and the global mean and variance were calculated from the remaining samples (n = 140) (R stats::Ime4 package) (Bates et al.,
2015). More than one-third of ERw. values were slightly positive (i.e., ERwc > 0). Although positive respiration rates are biologically

320 unrealistic, and values greater than 0 mg O, L=t d* but less than 0.5 mg O, L d* are difficult to distinguish from zero (Appling
et al., 2018b), we retained positive ERwc values.

10
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2.7 Relationship of water column respiration rates to watershed characteristics and surface water chemistry

We evaluated the relationship between ERwc and watershed characteristics and surface water chemistry using multiple linear
regression models (R stats::Im function) to establish which explanatory variables best explained spatial variation in ERuc across
325 the Yakima River basin. Explanatory variables hypothesized to control ERw. were selected a priori. Variables included in the full
model were drainage area, Strahler stream order, stream temperature, NOs-N, DOC, DIC, TSS, number of OM transformations,
and normalized number of OM transformations. Drainage area (km?) was defined as the total upstream drainage area from each
site and was extracted for each site from the USGS NHDPIlusV2.1 stream database (https://www.epa.gov/waterdata/get-nhdplus-

national-hydrography-dataset-plus-data) using site latitude and longitude (Wieczorek et al., 2018). Stream order for each site was

330 extracted as the reach attribute “StreamOrde” from the NHDPlusV2.1 stream database, which is a modified version of Strahler
stream order (Mckay et al., 2012). We observed that several model input variables had skewed distributions. To improve normality,
we logso transformed all variables. The best fit model was determined using stepwise forward selection (R stats::step function).
Akaike Information Criterion corrected for small sample size (A1C,) was used as the model selection criterion, with models having
AAIC, < 2 equally likely to describe the data (Burnham and Anderson, 2007; Aho et al., 2014).

335 2.8 Comparison to published water column respiration rates

To contextualize the magnitude of observed water column respiration rates in the Yakima River basin, we compared our results to
published literature values of ERwc and ERr. Areal estimates of ERwe (g O, m=2 d1) for temperate and tropical streams and rivers
(n = 25) were first converted to volumetric units (this study; mg O, L™ d*) using standard unit conversions and then multiplied by
1/depth (m™1) using same-day depth data for each reach studied or same-day depth data from related studies when available. We
340 also compared our ERyc values to daily reach-averaged estimates of ERw: (n = 490,907) for 356 rivers and streams across the
CONUS by using the Appling et al. (2018c) dataset. For comparison with our ERu. values, we first converted Appling et al. (2018b,
2018c) ER: areal units to volumetric units as described above and then calculated the mean value for each site (n = 356) by
summing daily predictions and dividing by the number of observations for each site. Fifteen sites had positive ERy: values (i.e.,
ERt > 0), which—as mentioned previously (see Sect. 2.6)—is a biologically unrealistic outcome (Appling et al., 2018b). For our
345 comparative analysis, we culled potentially problematic sites from the Appling et al. (2018c) dataset by matching site IDs with the
StreamPULSE sites (n = 222) and keeping sites common to both datasets, which resulted in a total of 208 sites used in this study.
StreamPULSE sites are a subset of sites from the Appling et al. (2018c, 2018b) dataset for 222 rivers across the CONUS created
by Bernhardt et al. (2022) through a robust data quality analysis to remove sites potentially affected by process or observation

error.

350 3 Results and discussion
3.1 Water column respiration rates were slow and may contribute little to reach-scale ecosystem respiration

DO sensor time series datasets (mg O, L1) from the triplicate incubation bottles used at two distinctly different example sites—
West Fork Teanaway River (site S20R; Fig 2b) and Yakima River at Mabton (site T02; Fig 2c)—show how consistent DO and
temperature measurements were across replicates (Fig 3). The linear regression models for each triplicate set of DO sensor
355 measurements were well fit to the data and all sites except one (site T03, Yakima River at Union Gap) met the criteria for NRMSE
< 0.01 (Fig 3). Comparison of triplicate sample ERy rates (mg O, L* d*) showed that within-sample variation was small (5 =
0.004 mg O, L d1), indicating that the method we used consistently generated precise data (Borquez-Lopez et al., 2020) for all
streams sampled throughout the Yakima River basin (Fig 4). ERyc rates ranged from —0.11-0.03 mg O, L* d!, with a median

11
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value of —0.01 mg O, Lt d* (global mean: —0.01, standard error = 0.003 mg O, L d-?), indicating relatively little consumption

360 of DO within the water column (Fig 5a). Thirteen sites had at least one individual replicate incubation where ERw: > 0.0 mg O
Lt d% Positive ERwc values shown in Fig 4 likely indicate that true ERwc values were too small to overcome instrument noise
(i.e., values were indistinguishable from 0). The distribution of ERwc was left-skewed (skewness = —2.69) with few outliers,
illustrating how consistently slow (i.e., very small negative values) observed ERu. rates were throughout the Yakima River basin
during baseflow conditions (Fig 5a).
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Figure 3. Example triplicate incubation bottle dissolved oxygen (DO) sensor time series data and linear regression models fit to the data
for two sites in the Yakima River basin in different environmental settings. Left: West Fork Teanaway River (site S20R), Kittitas County,
Washington. Right: Yakima River at Mabton (site T02), Yakima County, Washington. The red, blue, and black circles are raw sensor
measurements logged on a 1-min time interval for each replicate bottle. Temperature data (°C) are shown in the top two panels. DO data

370 (mg L) are shown in the lower two panels and the red, blue, and black lines are the regression lines fit to each data set. The slope (mg
O, Lt min?) is provided for each regression model. The regression models were well fit to the data with a normalized root mean square
error (NRMSE) < 0.01. Water column respiration rates (ERwc) for each site were calculated as the mean slope (converted to daily units
using Eq (2); mg Oz L d) of the three regression models.
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Figure 4. Dot plot comparison of the mean water column respiration rates for the triplicate sample incubations at each site (n = 141).
Black dots represent water column respiration rates (ERw,, mg O, L™ d%) from individual replicates. Red diamonds represent the mean
ERvc at each site. More negative ERy. rates indicate greater oxygen consumption. Positive ERy. rates are a biologically unrealistic
outcome and likely indicate true oxygen consumption rates were too small to overcome instrument noise.
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Figure 5. Kernel density plots and ranges of water column respiration data from the Yakima River basin (this study), published water
column respiration rates from the literature, and reach-scale ecosystem respiration estimated by Appling et al. (2018b, 2018c). (a) The
distribution of mean water column respiration values from this study (ERwc (this study); n = 47) overlayed with published mean water
385  column respiration values from the literature (ERwc (Lit); n = 25). The vertical, solid blue line is the median ER,, observed in the Yakima
River basin (—0.01 mg O, L™ d). The dashed vertical red lines are the published mean ERy. values from studies in rivers across the
CONUS and the Amazon River basin (Table 2). (b) The distribution and range (—77.63-1.34 mg O, L d-!) of mean daily reach-averaged
ecosystem respiration rates (ERwt, mg O, L d?) for rivers and streams across the CONUS estimated by Appling et al. (2018b, 2018c)
and modified by Bernhardt et al. (2018) (n = 208) overlayed with the range and median values for ERy. (this study) and ERy. (Lit). The
390 X-axis ranges from -20.00-1.34 mg O, L d* for visualization purposes; only two sites fall outside the cutoff at -20.00 mg O, L' d . The
vertical solid black line is the median ER value (—3.51 mg O, Lt d). The vertical blue and shaded red columns represent the range of
ERuwc values for this study (-0.11-0.03 mg O, Lt d%) and from published studies (—4.63—0.02 mg O, L* d%), respectively (Table 2).

The values of ERwc observed in our study are generally at the very slow end of the range of published literature values (Table 2).
395 For example, ERy in the water column of the Amazon River and several large tributaries was measured in stationary (i.e., no
mixing) and rotating (i.e., bottles were rotated at two different speeds to ensure mixing) incubation bottles (Ward et al., 2018).
ERw. rates in stationary incubation bottles were 10—30x higher than those measured in the Yakima River basin: ERw. values ranged
from —1.0-—2.9 mg Oz L d* (mean: —2.0 mg O, L™* d) (Ward et al., 2018). Furthermore, increased velocity in rotating bottles
enhanced maximum ERy. rates by ~2-3x compared to stationary bottles: rotating bottle ERw. measurements ranged from —1.3—
400 —6.1 mg Oz Lt d*(mean: —2.0mg O, L1 d!) and —2.6——8.1 mg O, L ! d"! (mean: —4.2 mg O, L d?) for bottles spun at 0.22 m
s and 0.66 m s2, respectively. Our approach used continuous mixers within each bottle and is likely similar to the rotational
method of Ward et al. (2019), thereby avoiding artificially slow rates; however, ERw. rates from our study were nonetheless
substantially slower than the ERw. rates measured in unmixed bottles of Amazon rivers (Ward et al., 2019). The very slow rates
we observed demonstrate very small amounts of in situ respiration in the water column across the Yakima River basin. The
405 relatively slow ERyc values measured in the basin is further emphasized by comparison to additional literature values (Table 2).
For example, Reisinger et al. (2021) measured ERwc over a substantially larger range of values (min: —0.10, max: —4.63 mg O, L!
d1) than in the Yakima River basin. Rivers in Reisinger et al. (2021) spanned 13 mid-sized turbid midwestern rivers and both clear
and turbid western rivers across a gradient of turbidity levels and nutrient concentrations, which collectively had a median ERuc
value (—0.60 mg O, L d?!) that was 60x greater than the median ERwc value observed in the Yakima River basin (—0.01 mg O
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L d). However, while ERy. rates in the Yakima River basin were slow, they were not outside the range of reported literature
values. For example, 14 rivers in the Amazon River basin had slow ERy. (—0.02—0.96 mg O, L d!) in a study by Ellis et al.
(2012). ERy rates measured in the mainstem Amazon River near Manaus, Brazil, ranged from —0.05—0.86 mg O, L d* (Devol
et al., 1995). Another study in the same year observed similarly slow water column respiration at nine sites along the Amazon
River mainstem, with ERy rates ranging from —0.08—0.77 mg O, L™! d-! (Quay et al., 1995). Lastly, relatively slow ERy. values
were observed in the lower mainstem Amazon River during both during low water (—0.95 + 0.10 mg O, Lt d) and high water
periods (—1.52 £ 0.35 mg O, mg O, L-! d1) (Gagne-Maynard et al., 2017).

Table 2. River ecosystem metabolism studies that measured water column respiration rates.

River Description ERw Source Year
Amazon River Amazon River mainstem near Manaus, -0.27+£0.18  Devol etal.® 1995
Brazil (-0.05, —0.86)
Rivers in the Amazon Basin Amazon River mainstem near Vargem -0.32 Quay et al. 1995
Grande, Xibeco, Tupe, Jutica, Itapeua, (-0.08, -0.77)
Anori, Manacapuru, Sao Jose do
Amatari, Paura, and Obidos during three
cruises of the CAMREX project
Barro Branco River, southwestern Amazon Clear water river at the falling water -0.02 Ellis et al.b¢ 2012
Basin stage
Acre River, State of Amazonas, Whitewater river at low water stage —0.96 Ellis et al.>¢ 2012
southwestern Amazon Basin
Clear, whitewater, and blackwater riversin A subset of “small” rivers classified -0.22+0.20  Ellisetal.”d 2012
the southwestern and central Amazon Basin  according to drainage area (km?)
Clear, whitewater, and blackwater rivers in A subset of “mid-sized” rivers classified -0.73+£0.12  Ellisetal.”d 2012
the southwestern and central Amazon Basin  according to drainage area (km?)
Clear, whitewater, and blackwater riversin A subset of “large” rivers classified -0.11+£0.06  Ellisetal.d 2012
the southwestern and central Amazon Basin  according to drainage area (km?)
Klamath River, CA Seiad site, the uppermost reach of the -0.58 £0.38 Genzoli and 2016
Klamath River Hall®
Klamath River, CA Weitchpec reach, middle reach of the -0.92+0.75 Genzoli and 2016
Klamath River Hall®
Klamath River, CA Turwar reach, the lowermost reach of the -0.38+0.16  Genzoli and 2016
Klamath River located 9 km upstream of Hall®
the mouth
Amazon River mainstem Average water column respiration rate -0.95+0.10  Gagne-Maynard 2017
measured across five sites on the etal.f
mainstem Amazon River at high water
Amazon River mainstem Average water column respiration rate -152+0.35  Gagne-Maynard 2017
measured across five sites on the etal.f
mainstem Amazon River at low water
Amazon River, Tapajos River, and Xingu Varying mixtures of turbid Amazon —4.2 Ward et al.9 2018
River River water and two lowland (—2.6,-8.1)
tributaries—the Tapajos and Xingu rivers
spunat0.66 ms*
Amazon River, Tapaj6s River, and Xingu Varying mixtures of turbid Amazon -2.0 Ward et al.? 2018
River River water and two lowland (-1.3,-6.1)
tributaries—the Tapajos and Xingu rivers
spunat0.22ms*t
Amazon River, Tapajos River, and Xingu Varying mixtures of turbid Amazon -2.0 Ward et al.% 2018
River River water and two lowland (-1.0, -2.9)
tributaries—the Tapajés and Xingu rivers
spunatOms?
East Fork, White River Midwest CONUS —2.06 Reisinger et al.n 2021
Manistee River Midwest CONUS —0.50 Reisinger et al." 2021
Muskegon River Midwest CONUS -0.67 Reisinger et al." 2021

14
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St. Joe Midwest CONUS -0.52 Reisinger et al." 2021
Tippecanoe River Midwest CONUS -0.57 Reisinger et al." 2021
Buffalo Fork Clear water in western CONUS —4.63 Reisinger et al.n 2021
Snake River Clear water in western CONUS —0.60 Reisinger et al." 2021
Green River, WY Clear water in western CONUS -0.10 Reisinger et al." 2021
Henry’s Fork Clear water in western CONUS -0.26 Reisinger et al." 2021
North Platte River Turbid water in western CONUS -0.10 Reisinger et al." 2021
Bear River Turbid water in western CONUS -0.76 Reisinger et al.n 2021
Green River at Ouray Turbid water in western CONUS -1.19 Reisinger et al." 2021
Green River at Gray Canyon Turbid water in western CONUS -0.73 Reisinger et al." 2021

2 \Volumetric ERyc units in mg Oz L™ d. To compare to ERy. values in the Yakima River basin, given units for ERy. values from the
420 literature were converted to volumetric units using standard conversions (see footnotes b, ¢, f, g, and h) and depth data (as needed).
5 ERwc Units given in pmole O, per hour (h™). Given units were converted by multiplying pmole O, by 0.022391 mg O, L™ and by
multiplying hours (h-%) by 24 hours per day (h d*). Resultant ERy. values were then multiplied by —1 to account for methodological
differences in respiration rate calculations.
¢ ERwc “...was calculated from the average oxygen difference between sample and poisoned control.”
425 JER,was determined as “...the rate of change between the initial and final replicates over the incubation period in pmele of O, L-* h-1.”
¢ Given units (g O, m2 d') were divided by mean depth (m™) to convert to equivalent volumetric units used in this study (mg O, Lt d°%).
f Given units for ERw (g O m= d) were equivalent to volumetric units used in this study (mg O, L* d-). Resultant ERy. values were
multiplied by —1 to account for methodological differences in respiration rate calculations.
9 Given units for ERwc (Mg O, L™ d-!) were equivalent to volumetric units used in this study (mg O, L* d?). Resultant ERy values were
430 multiplied by —1 to account for methodological differences in respiration rate calculations.
" Given units (g O, m2 d*) were divided by mean depth (m) to convert to equivalent volumetric units used in this study (mg O, L™ d*?).
Resultant ERy. values were then multiplied by —1 to account for methodological differences in respiration rate calculations.

The slow rates of ERuwc across the Yakima River basin lend credence to recent work on stream metabolism across the Yakima River

435 basin and the broader Columbia River basin that focused on reactions occurring within and below the riverbed (Son et al., 2022).
That is, the slow water column respiration rates indicate that ERwc is likely a small component of ER: across the Yakima River
basin during baseflow. While ERy: estimates are not available across the Yakima River basin, ERw. rates across the basin were
very slow relative to ERy rates estimated by Appling et al. (2018c, 2018b) across the CONUS: the fastest ERu. rate in the Yakima
River basin (—0.11 mg O, L™t d) was slower than every ER; rate estimated for 208 CONUS rivers and streams (range: —77.63—

440 1.34mg O, Lt d?) (Fig 5b). The sample distribution for CONUS ERyt was left-skewed (skewness = —2.94), and the median value
of =6.36 mg O, L™* d* is ~630x greater than the median ERy. rates (—0.01 mg O, L= d) observed in the Yakima River basin
(Fig 5b).

3.2 ERwc is well-explained by watershed characteristics and surface water chemistry

While our measured rates of ERw: were slow relative to published values of both ERwc and ER, regression model results show

445 that ERwc nonetheless varied spatially across the Yakima River basin and was well explained by chemical and physical water
quality parameters. When provided with drainage area, Strahler stream order, temperature, NOs-N, DOC, DIC, TSS, total number
of OM transformations, and normalized OM transformations, NOs-N, DOC, and temperature were retained in the multiple
regression model; these three variables together explained 41.5 % of the total variation in ERuc (Table 3). Our results show that
ERwc increased (i.e., was faster) with increasing NOs-N, increasing DOC, and increasing temperature (Fig 6). Faster ERwc with

450 increasing NOs-N, DOC, temperature in the Yakima River basin is unsurprising since nutrients, DOC, and temperature can drive
variation in stream metabolism (Honious et al., 2021; Hornbach, 2021; Bernot et al., 2010; Nakano et al., 2022). An increase with
NO3-N may not always we expected, however, as Reisinger et al. (2021) found that ER\ was faster with more NH,* but slower
with more NOz-N. This finding suggests that additional work is needed to unravel the joint influences of different N species on
ERwe.

455
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Table 3. Multiple linear regression model results for the best fit model predicting water column respiration across the Yakima River

basin.
Predictor Variable Parameter Standard tvalue p-value
Estimate Error
Intercept 428x102% 3.76x1072 1.137 2.62x10*
l0g10(NO3-N) -1.27x102 450x10° -2.823 7.32x10°
log10(DOC) -2.49%x102 141x10% -1.766 8.49x 102
logio(temperature) -158%x102 3.16x102% -1.764 852x10?

The best fit model (R? = 41.5) was determined using step-wise forward selection with Akaike’s Information Criterion adjusted for small

sample size (AAICc) as our model selection criterion.
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Figure 6. Partial residual plots showing the nature of the relationship between ERy. and explanatory variables retained in the multiple
regression model. The best fit model was determined using step-wise forward selection with Akaike Information Criteria adjusted for
small sample size (AAIC.) as our model selection criteria. (a) NOs-N. (b) DOC. (c) Temperature. X-axis variables are reported as the
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logso of the mean value for each explanatory variable (NOs-N, mg L; DOC, mg L™; and water temperature, °C). Y-axis variables are

reported as the partial residual variation in ERy. explained by each individual explanatory variable after controlling for the remaining
two explanatory variables. Open circles represent individual field sites, and the dashed blue lines are linear regression models fit to the

partial residuals.
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470  While ERw; may be a small component of Yakima River basin ER, water column processes in the basin may still be relevant to
other biogeochemical processes such as the cycling and downstream transport of C and N (Reisinger et al., 2015). In-stream
metabolism relies on terrestrially-driven inputs of organic C (OC), which support heterotrophic metabolism that degrades and
removes OC input through respiration (Plont et al., 2022; Hall et al., 2016; Allan et al., 2021a). Metabolism can also drive nutrient
uptake both at the reach-scale and in the water column specifically (Hall and Tank, 2003; Hall et al., 2009; Reisinger et al., 2015).

475 Nitrogen assimilation into biomass is the primary mechanism for N removal from the water column (Peterson et al., 2001;
Mulholland et al., 2008; Hall et al., 2009; Tank et al., 2018), although dissimilatory processes such as nitrification and
denitrification also contribute to removal, although denitrification is not likely to contribute to the same extent as denitrification
processes that occur in benthic sediments (Peterson et al., 2001; Mulholland et al., 2008). Nitrogen and phosphorus are usually the
most limiting nutrients in clear, freshwater rivers such as the Yakima River and its tributaries (Carroll, 2022). Large improvements

480 in water quality draining to the Yakima River and its tributaries from agricultural wastewater drainages (“Wasteways”) throughout
the Yakima River basin have decreased nutrient and TSS loads to these rivers (Appel et al., 2011). Total dissolved nitrogen (TDN;
data not shown, see Grieger et al. (2022)) concentrations throughout the basin (median: 0.19 mg L%, mean: 0.38 mg L) were
within reference conditions (i.e., representing the least impacted conditions and intended to be protective of designated uses) set
by the U.S. Environmental Protection Agency (EPA) for the lower Yakima River (1.468 mg L; Yakima River at Mabton);

485 however, TDN concentrations exceeded reference conditions for the Naches River (0.166 mg L), a major tributary to the Yakima
River (Wise et al., 2009). Similarly, NOs-N concentrations (median: 0.07 mg L, mean: 0.51 mg L) were within reference
conditions for nitrite+nitrate for the lower Yakima River (1.095 mg L; Yakima River at Mabton) but exceeded reference
conditions for nitrite+nitrate for the Naches River (0.031 mg L%).

490 Our results also have implications for C cycling across stream networks. We observed faster ERwc with higher values of DOC. The
positive relationships between ERwc and NOs-N, DOC, and temperature all make conceptual sense in that faster respiration will
occur when there are more nutrients and DOC available at higher temperatures. The generally low TSS concentrations observed
during our study period may inhibit ERwc in rivers throughout the basin. Suspended sediment can control ERw. (Honious et al.,
2021). We suspect that high suspended sediment loads in turbid Midwestern and western rivers (Reisinger et al. (2021) and rivers

495 in the Amazon River basin (Ellis et al., 2012) may be one of the primary factors controlling water column respiration rates. TSS
loads stimulate the processing of OM in the water column (Gardner and Doyle, 2018). One major difference between the Yakima
River basin and the Amazon River basin is relatively low TSS during our study period. Low TSS is potentially causing the very
slow ERw. rates throughout the Yakima basin. The formation of bacterial assemblages (i.e., bacterioplankton) on suspended
sediment contribute substantially to material processing in the water column, particularly in larger rivers starting around 5 order

500 and higher (Millar et al., 2015; Ochs et al., 2013; Reisinger et al., 2015). The increased surface area of suspended particles in the
water column provides microsite habitats for microorganisms (Ochs et al., 2010; Liu et al., 2013). It is likely that most bacterial
production and enzymatic activity occur on suspended sediments (Gardner and Doyle, 2018). Using a model based on geomorphic
and hydrologic principles to estimate the total surface area of individual sediment particles in contact with surface water in the
water column and benthic zone (Rsa), they found more sediment-water contact area in the water column than in the benthic zone

505 and that the ratio of water column to benthic sediment contact area scaled as a power function of watershed area (Gardner and
Doyle, 2018).
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4 Conclusions, limitations, and next steps

Here we established that the very slow rates of water column respiration observed in rivers and streams across the Yakima River

basin were 10-30x smaller than published rates from similar studies conducted in temperate and tropical rivers across the CONUS
510 and in the Amazon River basin, respectively. We also concluded that ERw. did not likely contribute much to ERq: throughout the

basin. Our model results showed that variation in ERw is well explained by NO3-N, DOC, and stream temperature and found that

ERw. rates in Yakima River basin rivers and streams increase linearly with increasing NOs-N, DOC, and stream temperature. In

addition to low temperatures and low concentrations of NOs-N and DOC, we also observed low TSS concentrations during our

sampling period and we infer that it is likely all four of these factors that combined to cause extremely slow ERw. throughout the
515 Yakima River basin.

A practical implication of very slow ERyc is that estimating ER: (€.9., via in situ DO sensors)—which integrates contributions
from water column respiration and sediment-associated respiration (ERsed), including respiration from biofilms and hyporheic zone
processes (Plont et al., 2022)—in rivers like those in the Yakima River basin will essentially measure ERsq. Isolating respiration
520 from the sediment/benthic portion of river systems is challenging and is often done via localized incubation bottle measurements
that do not provide integrated reach-scale rates. The Yakima River basin and other basins with very slow ERyc provide an
opportunity to study spatiotemporal variation in reach-scale ERseq Via in situ DO sensors. Cold, clear rivers such as those in the
Yakima River basin can be useful in parsing ERw: and ERseq contributions to ERy in future metabolism studies because ERseq is
often, though not always, the dominant component of respiration in river systems. The slow rates of ERuc across the Yakima River
525  basin support modeling work on ecosystem metabolism across the basin and the broader Columbia River basin that focused on
reactions occurring within and below the riverbed (Son et al., 2022). Those modeling efforts provide predictions of EReq spatial
variation that remain untested. We propose that stream metabolism, at least during baseflow conditions, across the basin is due
almost entirely to activity along, within, and below the streambed simply because ERwc was so slow. Mechanistic understanding
of spatiotemporal variation in ERt throughout the Yakima River basin is, therefore, likely to come from knowledge of riverbed-
530 associated respiration. Except for much larger, deeper rivers like the mainstem Columbia River, where water column processes
dominate (Roley et al., 2023; Ellis et al., 2012; Caraco and Cole, 1999), this inference is likely to hold true across much of the
broader Columbia River basin as our field sites spanned locations that represented biophysical and hydrologic characteristics across
the Columbia River basin (Table 1). We encourage taking advantage of rivers with slow ERy. to test process model predictions by
studying ERseq Via in situ sensors. Such a test can provide in situ rate estimates that align with the spatial scale of model predictions,
535 whereby both measurements and models are operating at the reach-scale (e.g., 10s to 100s of meters).

Future work will expand our current Yakima River basin river metabolism study by collecting both ERwc and ER«: measurements
throughout the basin to estimate ERseq. To overcome potential limitations of our current study as well as investigate the primary
drivers of spatial variability in ERseq, we will be evaluating the effect of a broader range of environmental conditions, including
540 fluvial geomorphic characteristics, on respiration rates throughout the basin. We also hope to include a broader range of stream
orders; this study included orders 2—7, with order 7 being the highest order in the Yakima River basin. Aquatic material processing
can shift between 5" and 9™ order rivers, from occurring primarily in benthic sediments to occurring primarily in the water column
(Gardner and Doyle, 2018; Reisinger et al., 2021). For example, production of nitrous oxide (N2O) in the water column increased
with river size (Marzadri et al., 2021). Similarly, ammonium (NH,4) production increased with increasing river size, while
545  denitrification in the water column dominated in mid-sized rivers (Reisinger, 2015; Reisinger et al., 2016). Because large rivers
carry loads of suspended sediment and have the potential to support planktonic communities, water column material processing
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may only be important in the largest rivers (Gardner and Doyle, 2018; Reynolds and Descy, 1996). However, a recent study by
Roley et al. (2023) on reach-scale metabolism in the mainstem Columbia River found ER rates similar in scale to ERuc rates
measured by Reisinger et al. (2021) in mid-sized turbid midwestern and clear and turbid western rivers. Despite these limitations
550 and future research needs, the Yakima River basin is representative of the vast majority of the broader Columbia River basin
(excluding the Columbia River itself) and we propose that at least during baseflow conditions, nearly all ER: will be from ERseq,
with small contributions from ERwc. This small contribution is most likely due to low turbidity, low nutrient concentrations, and

low temperatures in the water column.

Code and data availability

555  The minimal data set and statistical analysis code (“data package™) underlying the findings in our study will be published at the
U.S. Department of Energy’s Environmental System Science Data Infrastructure for a Virtual Ecosystem (ESS-DIVE) repository
(https://ess-dive.lbl.gov/about/) prior to publication. Following internal review, the authors will submit the data package to ESS-

DIVE for approval and, upon approval, a persistent DOl will be assigned to data package. The full data sets (i.e., sensor data;
surface water chemistry data; and geospatial information, metadata, and maps for 2021 Spatial Study sampling event) and statistical
560 analysis code from which the minimal data set was acquired can be accessed at the ESS-DIVE repository, including 1) “Spatial
Study 2021: Sensor-Based Time Series of Surface Water Temperature, Specific Conductance, Total Dissolved Solids, Turbidity,
pH, and Dissolved Oxygen from across Multiple Watersheds in the Yakima River Basin, Washington, USA (v2)” (Fulton et al.,
2022) (https://data.ess-dive.lbl.gov/view/doi:10.15485/1892052); 2) “Spatial Study 2021: Sample-Based Surface Water Chemistry
and Organic Matter Characterization across Watersheds in the Yakima River Basin, Washington, USA (v2)” (Grieger et al., 2022)
565 (https://data.ess-dive.lbl.gov/view/doi:10.15485/1898914); and 3) “Geospatial Information, Metadata, and Maps for Global River
Corridor Science Focus Area Sites (v2)” (Kaufman et al., 2023) (https://data.ess-dive.Ibl.gov/datasets/doi:10.15485/1971251).

Supplement link

The persistent DOI and the link to the Supplementary Material will be supplied by EGU Biogeosciences prior to publication.
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