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19 Abstract

20 The Columbia River and its major tributary, the Willamette River, are large systems 

21 impacted by human activities, including the installation of hydroelectric dams. Hourly 

22 measurements of dissolved oxygen (DO) from in situ sensors and laboratory incubations 

23 showed that daily net ecosystem production (NEP) was slightly positive in the Columbia, 

24 with annual NEP of 121.30 gC m-2 y-1. In the Willamette, we observed high gross primary 

25 production (GPP) and positive daily NEP during the summer months but slightly negative 

26 daily NEP during winter and spring, with annual NEP equal to -16.67 gC m-2 y-1. Our 

27 estimates of annual NEP in both the Columbia and the Willamette far exceeded the global 

28 average reported for temperate rivers of -260 gC m-2 y-1. Generalized additive regression 

29 modeling showed that variation GPP and ecosystem respiration (ER) could be explained by 

30 river discharge, chlorophyll concentration, temperature, and nitrate concentration in the 

31 Columbia River (83.0% and 73.8% of deviance in GPP and ER explained, respectively). In 

32 the Willamette, variation in GPP was associated with chlorophyll and temperature (41.6% of 

33 deviance explained), while ER variation tracked temperature alone (31.6% of deviance 

34 explained). The light attenuation coefficient (Kd) determined from vertical irradiance profiles 

35 was influenced by turbidity in both rivers, with chlorophyll accounting for 7.7% of the 

36 variation in turbidity in the Willamette and 43.5% in the Columbia. A comparison of GPP 

37 rates determined from in situ and bottle data suggest that the relative contribution of 

38 phytoplankton versus vascular plants to GPP is modulated by hydrologic variation. The data 

39 lend support for classifying the Columbia as a ‘green’ river, where annual areal primary 

40 production exceeds respiration and food webs are supported by autochthonous production. 

41 The Willamette displayed characteristics of both a green and a brown river, depending on the 
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42 season, with a shift from negative to positive NEP values from winter to summer and net 

43 negative values at an annual scale. 
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44 Introduction

45 Characterization and quantification of aquatic primary production and respiration 

46 constitute fundamental aspects of ecosystem science that are crucial for understanding and 

47 modeling the global carbon cycle (1-4), for predicting coastal hypoxia risk (5, 6), and for 

48 tracking water quality and energy flow in aquatic habitats (7-9). Until recently (10, 11), 

49 comparatively few investigations of water column primary productivity and ecosystem 

50 metabolism have been conducted in rivers relative to other aquatic systems, resulting in gaps 

51 in knowledge about their influence on global carbon budgets and response to climate change 

52 (12). This is particularly true for large rivers, for which much less is known than streams or 

53 small rivers (13). In part, this reflects the challenge of making observations in highly 

54 dynamic large-river ecosystems (14) or reproducing complex environmental conditions in the 

55 laboratory (15). With the availability of robust in situ sensors capable of collecting 

56 continuous, high-resolution data (16-19), it is increasingly possible to observe temporal 

57 variations in ecosystem constituents that provide better insight into the drivers and 

58 characteristics of riverine primary production (20, 21). 

59 An important application of in situ sensors for improved understanding of aquatic 

60 carbon cycling is the determination of net ecosystem metabolism, or NEM (22), also 

61 conceptualized as net ecosystem production (NEP). NEM, or NEP, is the balance between 

62 gross primary production (GPP) and ecosystem respiration (ER) in a 24 h period as 

63 determined by changes in dissolved oxygen (DO), usually from hourly data (23-25). NEP is 

64 useful for characterizing the trophic state of an ecosystem: positive values indicate that 

65 production of organic matter (OM) exceeds respiration, which influences food webs, energy 

66 flow, and water quality. When GPP < ER (i.e., negative NEP), the system is a net sink for O2 
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67 and biological production is fueled by allochthonous organic matter rather than 

68 autochthonously produced organic matter (22, 26). The trophic status of rivers provides an 

69 indicator of a system’s susceptibility to eutrophication (27, 28) and informs global carbon 

70 budget assessments (29), which supports resource management and climate mitigation 

71 strategies. New analytic tools to aid calculation of ecosystem metabolism have advanced our 

72 understanding of controls on biological production in river systems (30, 31); however, large 

73 rivers are not always well characterized by the tools that aid in determining ecosystem 

74 productivity for streams and smaller rivers (13), underscoring challenges in deriving 

75 estimates of gross primary productivity (GPP), ecosystem respiration (ER), or net ecosystem 

76 production (NEP) in these systems. 

77 The Columbia River is a large and complex system with competing social-ecological-

78 economic interests, including recreation, culture, critical habitat, agriculture, and shipping 

79 (32). The dramatic decline of ecologically and culturally important west coast salmonid 

80 populations over the past several decades has motivated substantial efforts to restore critical 

81 habitats that support ESA-listed stocks during their juvenile stages (33, 34). River restoration 

82 efforts have increasingly acknowledged the importance of habitat features, food webs, and 

83 ecological processes (35-38) and their sensitivity to climate change (39, 40). The complex 

84 lifecycles of anadromous fish, including salmonids, require that restoration efforts take an 

85 ecosystem approach that includes habitat characterization (41, 42); determination of NEP 

86 supports these efforts by yielding insight into organic matter sources and availability for 

87 pelagic food webs, as well as through identification of potential drivers of poor water quality 

88 that negatively impact fish growth and survival.
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89 The Columbia River has been heavily modified by the installation of hydroelectric 

90 dams along its mainstem between 1933 and 1984 (43). Aside from presenting barriers to fish 

91 passage, hydroelectric dams influence carbon cycling and flow to the ocean through 

92 modification of flow regimes, water clarity, and residence times (44, 45) that accompany the 

93 sequence of dams and impoundments along the Columbia’s mainstem, which have 

94 fundamentally altered the hydrograph and riverine ecosystems (46-49). One aspect of the 

95 decline of anadromous species that has received attention is an apparent shift from detritus-

96 based to a phytoplankton-based food webs that is thought to have accompanied the 

97 installation of major hydroelectric dams (50-52). Silt trapping in impoundments behind major 

98 dams tends to lower turbidity and increase light penetration through the water column (7, 51, 

99 53), opening a niche for phytoplankton and increasing autochthonous production of organic 

100 carbon. A shift in riverine organic matter from detritus-dominated to a mix of allochthonous 

101 and autochthonous sources has been implicated in changes in biogeochemical cycles (54) – 

102 similar to effects more generally observed in other dammed systems (44, 45, 55, 56) – as 

103 well as food web characteristics (52), fish assemblages (57, 58) and ultimately  a decline in 

104 salmonid stocks (59-61) in the lower river and estuary. Although phytoplankton are 

105 considered an important source of energy to consumers in large rivers generally (62, 63), the 

106 significance of a shift toward greater phytoplankton production as well as other indirect 

107 impacts of dams on salmon survival  in the Columbia remain poorly understood (64, 65). 

108 One of the goals of the present study of ecosystem metabolism was to characterize the 

109 rhythms of metabolism in the Columbia and Willamette Rivers and determine the balance of 

110 autotrophy versus heterotrophy in these systems to better understand implications of a shift 

111 from detritus-based to phytoplankton-based food webs in the Columbia River. In contrast to 
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112 the Columbia, the Willamette River has fewer major dams and other barriers to flow than the 

113 Columbia and is characterized by high turbidity and high nutrient concentrations from 

114 agricultural inputs along the productive Willamette Valley (31, 66, 67), providing additional 

115 insights into environmental controls on ecosystem metabolism. 

116 In this study, we used in situ dissolved oxygen (DO) sensors to determine daily and 

117 annual rates of gross primary production (GPP), ecosystem respiration (ER), and NEP 

118 between July 2017 and July 2018 in two large rivers, the Columbia and its major tributary, 

119 the Willamette, to characterize their productivity regimes as a foundational element of 

120 salmonid habitat. This work informs broader efforts to characterize the salmon food web as 

121 part of the Lower Columbia Estuary Partnership (LCEP)’s Ecosystem Monitoring Program 

122 (EMP) (https://www.estuarypartnership.org/) and supports improved understanding of the 

123 carbon budget in these systems.

124

125 Materials and Methods

126 The Columbia River system. The Columbia River is the fourth largest in North 

127 America by flow, draining a land area of 668,000 km2 that encompasses seven U.S. states 

128 and one Canadian province. The river has been extensively dammed for hydroelectricity 

129 generation and flood control with 18 major hydroelectric dams in the Columbia and lower 

130 Snake Rivers that have created a series impoundments connected by river flow; the Columbia 

131 includes more than 250 reservoirs along its length 

132 (https://www.nwd.usace.army.mil/crwm/cr-dams/). 

133 The Willamette River, a major tributary of the Columbia, is the 19th largest in the 

134 United States by volume, draining 11,487 square miles (68) and accounting for 12-15% of 
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135 the Columbia River flow downstream of the confluence. Similar to the Columbia, flows in 

136 the Willamette and its tributaries are highly regulated, with 20 dams operated mainly for 

137 navigation and flood control.

138 Sensor locations and sample sites. We collected hourly data from in situ oxygen 

139 sensors and co-located water quality parameters (temperature, conductivity, turbidity, 

140 chlorophyll) at two sites: one in the Columbia River as part of the Lower Columbia Estuary 

141 Partnership’s Ecosystem Monitoring Program and one in the Willamette River. The 

142 Columbia River sensor platform is part of a network of sensors operated by the Columbia 

143 River Inter-Tribal Fish Commission (CRITFC)’s Center for Coastal Margin Observation and 

144 Prediction (CMOP). The sensor network is referred to as the Science & Technology 

145 University Research Network (SATURN) (www.cmop.critfc.org) (69); the Columbia River 

146 site is referred to as SATURN-08 and is located at the Port of Camas-Washougal in the 

147 Columbia River (river mile 122, river km 196) upstream of the Columbia-Willamette 

148 confluence. The sensor package consisted of a metal frame with sensors attached; the frame 

149 was mounted on a floating dock that extends ~100-125 m into the river channel. The 

150 Willamette River site is known as SATURN-06 and is maintained by the U. S. Geological 

151 Survey (station ID 14211720); the sensor package is fixed to the Morrison Bridge in 

152 Portland, Oregon (river mile 12.8, river km 21; Fig. 1). SATURN-08 sensor data were 

153 downloaded from http://columbia.loboviz.com, and SATURN-06 data were acquired from 

154 the U.S. Geological Survey [https://waterdata.usgs.gov/nwis/inventory/?site_no=14211720]. 

155 All sensors were serviced by the manufacturer annually and calibrated prior to deployment 

156 according to manufacturer recommendations. Dissolved oxygen sensors underwent 2-point 

157 calibration in the laboratory before deployment. The sensors were cleaned every 3-4 weeks 
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158 during the deployment period and data were downloaded and subject to quality control 

159 checks. 

160

161 Figure 1. Map of the Columbia River estuary from the Bonneville Dam to the river 

162 mouth, including study area. The locations of sensor platforms (SATURN-05, -06, -08) 

163 and water sampling (Willamette Park) are indicated in colored circles. The location of 

164 Bonneville Dam is included for reference. SATURN-05 is also known as Beaver Army 

165 Terminal; SATURN-06 is referred to as ‘Camas, Washington’ for its location at the 

166 Port of Camas; and SATURN-08 is in the Willamette River at Morrison Bridge in 

167 Portland, Oregon.

168

169 In addition to collecting sensor data, we determined rates of primary production and 

170 respiration through laboratory incubation experiments carried out in a temperature-controlled 

171 walk-in environmental chamber in the laboratory (described below). Weekly 1-L grab 

172 samples were collected in triplicate for the incubations and for measuring dissolved nutrients 

173 (nitrate, phosphate) at the sensor site at Camas and <4 km upstream of the SATURN-06 

174 sensor package in the Willamette River at a site on the South Waterfront of Portland, Oregon 

175 (45°28'32"N, 122°40'04"W). Vertical profiles of temperature-conductivity-dissolved oxygen-

176 depth were performed at sites in close proximity to the in situ sensors (co-located with the 

177 SATURN-08 sensor package in the Columbia and on the South Waterfront (SWF). 

178 Light, conductivity, temperature, and dissolved oxygen profiles. A LiCor LI-1500 

179 light sensor (LiCor Inc., Lincoln, NE) was attached to a SonTek CastAway CTD 

180 (conductivity, temperature, depth; Yellow Springs Instruments Inc., Yellow Springs, OH) 
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181 unit to collect weekly measurements of photosynthetically active radiation (PAR) through the 

182 water column at both the Columbia and Willamette sites. In addition, we collected vertical 

183 profile data through the water column at the Columbia site using a YSI (Yellow Springs 

184 Instruments Inc., Yellow Springs, OH) sonde equipped with an OBOD 626401 probe to 

185 measure dissolved oxygen concentration and saturation relative to the atmosphere during 

186 spring-summer in 2018 (15 weeks). Both the CTD unit plus light sensor and DO probe were 

187 lowered three times to the river bottom to measure light, conductivity, temperature, and DO 

188 through the water column following surface equilibration (~30 s). The profile data were 

189 binned to 1 m depth intervals in the Columbia River and 0.5 m intervals in the Willamette 

190 River (SWF). Data from the three casts were averaged to produce vertical profiles of all 

191 parameters for each day and site. 

192 The light attenuation coefficient, Kd, was calculated from vertical profiles of PAR 

193 data according to:

194 𝐾𝑑 =  
―ln ( 𝐼𝑧

𝐼0
)

𝑧

195

196 where I0 is the surface irradiance (mol m-2 s-1), Iz is the irradiance at depth z, and z is the 

197 depth (in m).

198 Gross primary production, ecosystem respiration, and net ecosystem production. 

199 Gross primary production (GPP), Ecosystem Respiration (ER), and Net Ecosystem 

200 Production (NEP) were determined from (1) continuous in situ sensor DO data and from (2) 

201 bottle incubation experiments. 

202 Continuous data were used to determine GPP, ER, and NEP according to the single-

203 station, open water method (23, 30, 70, 71), where daily GPP, ER, and NEP rates were 
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204 determined from hourly changes in biologically derived oxygen (BDO) (22, 25). We 

205 subtracted abiotic oxygen flux, the product of atmosphere-surface water gas diffusion, which 

206 is a function of water temperature, wind speed, and current velocity (72, 73). Wind speed 

207 data used for determining kwind, the gas transfer velocity associated with wind-driven friction, 

208 at SATURN-08 were downloaded from the weather station at the Troutdale Airport (station 

209 ID: GHCND:USW00024242; 45.55098°N, -122.40984°W, https://www.ncdc.noaa.gov/cdo-

210 web/datasets/GHCND/stations/GHCND:USW00024242/detail), and for SATURN-06 from 

211 the Portland International Airport (GHCND:USW00024229; 45.59578°N, -122.60919°W; 

212 https://www.ncdc.noaa.gov/cdo-

213 web/datasets/GHCND/stations/GHCND:USW00024229/detail), accessed from the Climate 

214 Data Online interface provided by the Global Historical Climatology Network’s daily 

215 database, managed and maintained by NOAA’s National Centers for Environmental 

216 Information (NCEI). USGS water velocity data for the Willamette site were recorded at 

217 SATURN-06 (site code 14211720; https://waterdata.usgs.gov/nwis/uv?14211720); velocity 

218 measurements for the SATURN-08 site were obtained from the USGS at site 14144700 in 

219 Vancouver, WA (https://waterdata.usgs.gov/nwis/uv?14144700). The gas transfer velocity 

220 (k) was computed according to Wanninkhof (73) normalized to a Schmidt number (Sc) of 

221 660 and included kwind and kflow components. 

222 We estimated ER by calculating the average hourly change in DO during night hours 

223 in the absence of photosynthesis and assuming this rate was constant over 24 h. Daily-

224 integrated ER was thus determined by multiplying the hourly nighttime rate by 24 h. Daily-

225 integrated GPP was estimated from addition of the sum of daytime hourly DO changes 

226 during the day and the sum of hourly ER during the day (ERDay):
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227

228 GPP = DODay   ERDay | (1)

229

230 where ERDay is the product of average nighttime hourly respiration times the number of 

231 daylight hours and DODay is the sum of hourly DO changes observed during the day, or 

232 daily net primary production (NPP). 

233 NEP is net ecosystem production, which refers to the daily balance of GPP and ER 

234 (NEP = GPP – ER). NPP refers to the amount of primary production minus losses to 

235 respiration; that is, on an hourly basis, NPP reflects net production of biologically fixed 

236 carbon); in contrast, NEP considers the balance of primary production and respiration for the 

237 system for a 24 h period. Therefore, daily NEP is calculated from:

238

239 NEP = GPP - | ER24h| (2)

240

241 GPP is gross primary productivity that takes place during the day and is reported as a daily 

242 rate, ER24h is the total amount of respiration that occurs in 24 h, and NEP is the balance 

243 between the two. Thus, NEP will always be lower than NPP. 

244  For calculations of GPP, NEP, and ER, O2 measurements were converted to units of 

245 carbon (C) using a photosynthetic quotient of 1.3; a respiratory quotient of 0.85 was used in 

246 ER calculations (74).

247 To consider the impact of inaccuracies in depth on NEP estimates, we compared 

248 calculations of respiration with and without the kflow term, which parameterizes the influence 

249 of bottom friction on velocity distributions in the flow field, as well as various simulated 
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250 current velocities (Fig. S1). There were negligible differences in NEP with or without kflow at 

251 the velocities encountered during the study period. We also assumed that the influences of 

252 ground water and chemical oxidation were negligible at the sites, given the large surface flow 

253 volumes in both the Columbia and Willamette Rivers, which should overwhelm inputs from 

254 groundwater.

255 Bonneville is a run-of-the-river dam, with spill discharge ranging from < 3 kcfs 

256 (84.95 m3 s-1) in the fall and winter months to >300 kcfs (8495 m3 s-1) in the spring during 

257 the freshet. Dam operations often lead to the injection of dissolved gases from the 

258 atmosphere into waters when the spillway is operational (13, 75). The same process occurs in 

259 association with natural features such as waterfalls and pressure-driven supersaturation could 

260 be included as another term in the determination of the gas transfer velocity, k (73). Roley et 

261 al., (2023) recommended applying a correction to account for excess oxygen in waters 

262 downstream of dam structures, so we consulted TDG data from a network of sites in the 

263 lower Columbia River (https://www.cbr.washington.edu/dart/query/river_graph_text). The 

264 network of seven monitoring stations (Fig. S2) is operated by the U.S. Army Corps of 

265 Engineers, which tracks total dissolved gas (TDG) levels to determine whether TDG levels 

266 exceed water quality standards in Oregon; these standards were developed to minimize 

267 negative effects on fish physiology. The sites include the John Day navigation lock* and 

268 tailwater, The Dalles forebay* and tailwater, Bonneville forebay* and tailwater* (Cascade 

269 Island, ~1 km downstream of the Bonneville Dam), and at Warrendale, Oregon, 10 km 

270 downstream from Bonneville Dam. Sites denoted with an asterisk operate only from March 

271 through September when spill operations are active (https://www.usgs.gov/centers/oregon-

272 water-science-center/science/lower-columbia-river-dissolved-gas-monitoring-network). 
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273 TDG sensors placed at Warrendale, Oregon ~10 km downstream of the Bonneville 

274 Dam are considered within the tailrace and suitable to capture the supersaturation of gases 

275 associated with the dam. The Warrendale site is considered a tailwater sampling site by the 

276 USACE; however, Tanner and Bragg (2001) note that some degassing between the spill 

277 outflow and Warrendale likely occurs because the sensor is located above the gas 

278 compensation depth, which theory suggests is deeper than the river bottom depth at that 

279 location. The transit time, tau (), determined from water velocity, discharge, and the river’s 

280 cross-sectional area, is approximately 15 h. 

281 We compared TDG data from Warrendale, with TDG data from the USACE 

282 monitoring station at Camas, Washington (~40 km downstream of Bonneville Dam), and the 

283 two showed similar values throughout the period of our data collection. We considered 

284 correcting the in situ DO data at the Camas site (SATURN-08) to account for supersaturation 

285 effects in dissolved gases (e.g., Roley et al., 2023), but the fact that the sequence of dams in 

286 the lower Columbia are relatively close together (i.e., Bonneville, The Dalles, John Day) 

287 makes it difficult to disentangle the influence of each dam on oxygen concentrations and 

288 saturation. Similarly, correcting the SATURN-08 (Camas) data for spill volume/rate at 

289 Bonneville did not significantly improve the estimates of daily GPP, ER, and NEP made 

290 without corrections, so we used uncorrected hourly data for our calculations. Error arising 

291 from not accounting for gas supersaturation would tend toward underestimation of GPP and 

292 overestimation of ER since gases in supersaturated waters will tend to diffuse out into the 

293 atmosphere, leading to an underestimation of daily increases in DO. Conversely, ER could be 

294 overestimated because the greater tendency for DO to leave a supersaturated solution would 

295 produce falsely elevated losses, which would be attributed to ER. Thus, our estimates of NEP 
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296 could be slightly lower than the true values; however, we believe our calculated rates provide 

297 a reasonable approximation of NEP.

298 Bottle incubations. Water samples for measurement of DO, nutrients, and chl a were 

299 collected weekly at noon (±45 min) at both SATURN-06 (Willamette) and SATURN-08 

300 (Columbia) at two depths (surface and 1% light level, determined by PAR sensor profile), in 

301 triplicate 1 L brown Nalgene bottles using a Van Dorn bottle (WildCo, Saginaw, MI). If the 

302 river bottom was shallower than the 1% light level, samples were taken from ~0.5 m above 

303 the bottom. Water samples were transported to the laboratory in a cooler on ice (<1 h), 

304 transferred into 300 mL BOD bottles (Wheaton®; Wheaton Industries, Inc., Millville, N.J.), 

305 and grouped as follows: (1) clear, surface water (n=3); (2) screened, deep water (1% light 

306 level; n=3); (3) dark surface water (n=3); and (4) dark deep water (n=3). 

307 The groups of bottles were incubated in an environmental chamber at 15oC in the 

308 laboratory with full spectrum, “cool-white” lighting (maximum irradiance of 260 μmol 

309 photons m-2 s-1). The clear bottles were incubated at 100% and 1% of ambient light 

310 (measured in light profiles described above), achieved using layers of neutral density 

311 screening. Net primary production (NPP) was determined from changes in DO between time 

312 zero (T0) and 4 h, divided by the period of incubation and applied to the number of hours of 

313 daylight on the day of sample collection. In order to account for the effect of vertical mixing 

314 and its impact on rates of primary production during the day, the NPP measurements from 

315 the 100% and 1% laboratory incubations were averaged for comparison with the in situ data. 

316 NPP rates were adjusted for differences between in situ and incubation temperature in the 

317 laboratory using a Q10 value of 2 (76). 
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318 To determine ER in the absence of photosynthesis, dark bottles (groups 3 and 4) were 

319 completely shielded from light under two black garbage bags [measured at <0.5 μmol 

320 photons m-2 s-1, below the limit at which most phytoplankton can photosynthesize (77)]. All 

321 samples were placed in the 15oC environmental chamber on a shaker table (85 rpm) to 

322 prevent settling during incubation. DO (in mg L-1 and % saturation), temperature, and 

323 ambient pressure were measured using a YSI (Yellow Springs Instruments, Yellow Springs, 

324 OH) OBOD (Optical Biochemical Oxygen Demand) 626401 probe. The probe was designed 

325 to fit snugly in BOD bottles to avoid trapping of gas bubbles. Homogeneous circulation 

326 during measurement was achieved using a motorized stirring paddle set on low speed during 

327 measurements. After initial measurement (T0), samples were immediately capped with a 

328 glass stopper and sealed with ParafilmTM, with care taken to avoid trapping gas bubbles. 

329 After 4 h ±20 min, DO was re-measured in each sample (T4h). Respiration rate measurements 

330 were adjusted for temperature differences between the environmental chamber and the river 

331 using a Q10 value of 2.2 (76). 

332 Chlorophyll a and nutrients. 100-200 mL of surface and bottom water samples 

333 were passed through a GF/F filter (nominal pore size of 0.7 μm) using gentle vacuum 

334 pressure (<100 mmHg) and stored at -20oC pending extraction and analysis. Chlorophyll a 

335 (chl a) was extracted from the filters in 90% acetone for 24 h and determined according to 

336 the non-acidified method (78) using a Turner Trilogy fluorometer (Turner Designs, 

337 Sunnyvale, CA) calibrated with pure chlorophyll a from Anacystis nidulans (Sigma-Aldrich 

338 Inc., St. Louis, MO). Measurements of chl a were used to correct fluorescence data from the 

339 in situ sensors using regression slope values of 2.99 and 2.17 (with intercepts of 1.11 and 

340 0.74) for the Columbia and Willamette Rivers, respectively. 
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341 Duplicate samples were collected into acid-washed 30 or 60 mL polycarbonate 

342 (Nalgene, Thermo Fisher Scientific, Inc., Waltham, MA) bottles from the surface and bottom 

343 for inorganic nutrient analysis. The samples were filtered through GF/F filters (nominal 

344 porosity of 0.7 μm) and stored at -20°C pending analysis. Nitrate, nitrite, ammonium, and 

345 ortho-phosphate were measured colorimetrically using an Astoria-Pacific Rapid Flow 

346 Analyzer (Astoria-Pacific Inc., Clackamas, OR) (79-81). Laboratory measurements made for 

347 samples collected at two depths were averaged and then used to correct the nitrate sensor 

348 data, producing slopes of 0.91 and 0.83, and intercepts of -1.88 and -1.11 for the Columbia 

349 and Willamette, respectively.

350 Statistical analysis. Generalized additive modeling (GAM) is a statistical approach 

351 used to estimate relationships between response and predictor variables without the 

352 assumption of linearity (82, 83). Using the mgcv package (v 1.8-9) in R (84, 85) we explored 

353 relationships between (1) the light attenuation coefficient (Kd) and environmental variables 

354 (river discharge, chlorophyll a concentration, and turbidity) in both the Columbia and 

355 Willamette Rivers and (2) NEP and environmental variables in both the Columbia and 

356 Willamette Rivers with generalized additive models (GAM) that employed the Gaussian 

357 method. The number of smooth functions (s) was chosen to maximize the percentage of 

358 deviance explained by the model and by minimizing generalized cross-validation scores 

359 (GCV). 

360

361 Results

362 Water quality in the Columbia and Willamette Rivers. River discharge was 

363 highest between May 15 and May 29, peaking at ~13,000 m3 s-1 on May 25, 2018 (Fig. 2). 
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364 Discharge and turbidity were correlated both in the Columbia River (r = 0.93; R2 = 0.87; p < 

365 0.001) and the Willamette (r = 0.75; R2 = 0.57; p < 0.001) (not shown). Among our 

366 observations, chl a values in the Columbia consistently exceeded those in the Willamette, 

367 with peak chl a concentrations observed in May prior to the spring freshet (May 6, 2018). 

368 Once the freshet subsided, chl a concentrations in the Columbia increased and remained high 

369 through the summer, characterized by episodic peaks. High, episodic peaks in chl a were also 

370 observed in the Willamette in the summer, with very low values observed during the winter 

371 months. 

372

373 Figure 2. Water quality parameters in the Columbia River at the Port of Camas-

374 Washougal, WA and in the Willamette River in downtown Portland, OR. A) Discharge 

375 in the Columbia at Bonneville Dam; B) discharge in the Willamette in downtown 

376 Portland at the Morrison Bridge; C) 1% light depth determined at the Port of Camas-

377 Washougal in the Columbia River at Camas, WA; D) 1% light depth determined in the 

378 Willamette River near the Morrison Bridge; E) turbidity (NTU) determined in the 

379 Columbia River at the Port of Camas-Washougal; F) turbidity (NTU) determined in the 

380 Willamette River near Morrison Bridge; E) chlorophyll a fluorescence (RFU) 

381 determined in the Columbia River at the Port of Camas-Washougal; F) chlorophyll a 

382 fluorescence determined in the Willamette River at the Morrison Bridge in downtown 

383 Portland, OR. 

384

385 Light penetration depth and attenuation coefficient. In the Columbia 1% light 

386 depths ranged from approximately 4⎼10 m, with the deepest light penetration observed in 
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387 January and May (Fig. 2); the shallowest 1% light depths coincided with periods of low river 

388 discharge. The 1% light depth shoaled to 4–6 m over the course of the spring phytoplankton 

389 bloom (mid-April to late June), deepening after the freshet subsided to ~7⎼7.5 m by late 

390 summer. In the Willamette River, the shallowest light penetration depths (1% light level; ~2 

391 m) corresponded with peaks in turbidity and discharge events in the winter and spring 

392 (February, March, and April). As flow in the Willamette subsided from May through July, 

393 light penetration in the water column increased to ~7.5 m. 

394 Vertical light attenuation coefficient values (Kd) ranged from 0.6⎼1.1 m-1 in the 

395 Columbia and 0.6⎼2.2 m-1 in the Willamette, with consistently deeper light penetration 

396 depths in the Columbia, particularly in autumn and winter (Fig. 2). A generalized additive 

397 model (GAM) to predict the light attenuation coefficient, Kd, using turbidity, chlorophyll, and 

398 river discharge as smooth terms (Fig. 3) yielded only one predictor for the Columbia: 

399 turbidity (p = 0.00021), which accounted for 91.0% of variation in Kd. In contrast, GAM 

400 analysis of factors influencing the light attenuation constant (Kd) in the Willamette identified 

401 both turbidity and river discharge as predictors (p = 0.011, discharge, p = 0.00033, turbidity; 

402 92.1% deviance explained). Turbidity, which depresses primary production as light is 

403 attenuated through absorption and scattering (86), was, on average, 25% higher in the 

404 Willamette than in the Columbia (calculated as the average of day-for-day percent difference 

405 between the two sites). In addition to scattering, pigments like chlorophyll a contribute to 

406 turbidity and 76.4% of the deviance in turbidity was explained by a combination of river 

407 discharge and chlorophyll in the Willamette River, with chlorophyll accounting for only 

408 7.7% of the variation in turbidity (n = 377). In the Columbia, 93.7% of variation in turbidity 

409 was accounted for by river discharge and chlorophyll, with 43.5% explained by chlorophyll 
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410 (n = 247). This difference in the turbidity-chlorophyll relationship between the two rivers 

411 indicates that phytoplankton influences light attenuation/absorption in the Columbia more 

412 than the Willamette. 

413

414 Figure 3. Light attenuation coefficient (Kd, in m-1) versus river discharge, chlorophyll a 

415 concentration, and turbidity. Data in A, C, and E come from the Columbia River at the 

416 Port of Camas-Washougal, while B, D, and F come from the Willamette River at the 

417 Morrison Bridge in downtown Portland, OR. The line represents output from a 

418 Generalized Additive Model describing the relationship between each parameter and 

419 Kd. 

420

421 Vertical profiles of water quality parameters. Profiles of temperature, dissolved 

422 oxygen (DO), nitrate, and chlorophyll were vertically homogeneous through the water 

423 column, with surface and bottom values of these parameters varying by <1.5% in both the 

424 Columbia and the Willamette (Fig. 4). Vertical profile data for temperature and DO were 

425 collected continuously during up and down casts, while discrete values were determined at 

426 the surface and near the bottom for nitrate and chlorophyll a concentrations. 

427

428 Figure 4. Relationships between water quality parameters recorded at the surface and 

429 at depth (river bottom) in the Columbia River at Camas, Washington. (A) Temperature 

430 (oC); (B) dissolved oxygen percent saturation relative to air (DO%); (C) chlorophyll a 

431 (g L-1); (D) nitrate concentration (𝛍M). 

432
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433 GPP, ER, and NEP calculated from in situ data. Spill over the Bonneville Dam 

434 influences DO and other dissolved gases downstream; therefore, we examined the 

435 relationship between spill volume and TDG (total dissolved gas) concentrations during 

436 periods of active spill. In 2017-2018, there were several periods of active spill over 

437 Bonneville Dam (Fig. S3), including during the summer of 2017 (7/1/172-9/1/17), a short 

438 period in February 2018 (2/5/18-2/20/18), a period in April that reflected the onset and 

439 development of the spring freshet (beginning on ~4/12/18 and peaking on 5/18/18; subsiding 

440 on 6/15/18). Because Bonneville is a run-of-the-river dam, spill occurs due to high water 

441 volumes (passive) as well as active spill; active spill took place between 6/15/18 and the end 

442 of our time series in July 2018. 

443 The relationship between spill volume and TDG saturation differed with the 

444 magnitude of flow in three distinct regression segments: (1) at spill volumes <40 kcfs, there 

445 is no relationship between spill and TDG pressure or saturation; (2) for spill volumes 

446 between 60 and 150 kcfs, TDG saturation is predicted from y = 0.1374x + 102.65 (R2 = 

447 0.8878), where y is TDG saturation and x is spill volume; (3) at spill volumes >150 kcfs, the 

448 relationship is described by y = 0.0416x + 115.8, R2 = 0.8333. The Columbia River site at 

449 Camas-Washougal, WA is located approximately 40 km downstream of Bonneville Dam, 

450 108 km downstream of The Dalles dam and 148 km downstream of the John Day dam. As 

451 evidenced by the persistent supersaturation of dissolved gases relative to the atmosphere in 

452 the forebays and tailwater sites at Bonneville Dam, The Dalles Dam, and John Day Dam (i.e., 

453 upstream of the dam; see https://www.nwd-wc.usace.army.mil/ftppub/water_quality/tdg/ for 

454 data tables), the distance between dams is not great enough for the spill-driven gas 

455 supersaturation to reach equilibrium with the atmosphere and DO in this extensive stretch of 
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456 the river is always supersaturated. However, the daily ranges in dissolved oxygen 

457 concentration and percent saturation were similar during periods associated with spill and 

458 after the spill ceases (i.e., September 1), which indicates that diel patterns reflect biological 

459 activity and not dam operations. Daily changes in DO persisted regardless of river discharge 

460 volume, suggesting a biological signal (Fig. S4).    

461 With the assumption that daily changes in DO reflect biological activity, we 

462 calculated GPP and ER using sensor data. In situ GPP showed strong seasonality, with the 

463 highest values observed in the summer months at both the Columbia River site and in the 

464 Willamette River (Fig. 5). There was a dip in GPP values associated with spring freshet 

465 flows in the Columbia River that was not seen in the Willamette. The timing of the local 

466 minimum in GPP coincided with that of strong flows associated with snowmelt, consistent 

467 with a dilution effect.  

468

469 Figure 5. Comparison of NEM, GPP, and ER between the Columbia and Willamette 

470 rivers. (A) daily GPP, NEM, and ER for the Columbia River at Camas-Washougal WA, 

471 calculated using data from the SATURN-08 sensor. (B) daily GPP, NEM, and ER for 

472 the Willamette River at Willamette Park OR, calculated using data from the SATURN-

473 06 sensor.

474

475 With the exception of a few observations in September and October, daily in situ GPP 

476 exceeded in situ ER in the Columbia, resulting in slightly positive daily NEP values (Fig. 5). 

477 Between March and May when GPP was highest, ER was also at its peak, dampening NPP 

478 and producing NEP values close to zero. Although there was a gap in sensor data between 
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479 October and February, observations made just before and after the gap suggest that both 

480 production and respiration were low during winter, and this is consistent with low chl a 

481 concentrations and algal densities observed during the winter in the system (87). The daily 

482 NEP values averaged 0.42 gC m-2 d-1 for the 249 days where data were collected; if we 

483 assume that the missing 128 winter days from the period (Oct 2 and February 7) had NEP 

484 values similar to the period of February 7-14 when there were data available (average = 0.17 

485 gC m-2 d-1), then an estimate for annual NEP in the Columbia would be 121.30 gC m-2 y-1:

486

487 NEPannual = (0.17 gC m-2 d-1) * 128 d + (0.42 gC m-2 d-1) * 237 d = 121.3 gC m-2 y-1

488

489 The Willamette River had lower overall NEP than the Columbia, with slightly 

490 negative daily values observed between June and August, indicating net heterotrophy (88). 

491 GPP values in the Willamette were high during the summer months, but were nearly matched 

492 by high ER, leading to NEP values that were generally close to zero. Annual NEP in the 

493 Willamette River was -16.67 gC m-2 y-1;. Note that the in situ data included some daily ER 

494 rates that were positive; these data were removed from the calculated estimate since positive 

495 respiration rates are impossible. 

496 Hourly rates of change in DO in the Willamette were more variable than in the 

497 Columbia in the spring and summer months, where the summer was characterized by low 

498 discharge, high temperatures, lower turbidity, and deeper 1% light depths. Summer 

499 conditions include large cyanobacteria blooms in Ross Island Lagoon (Oregon Department of 

500 Environmental Quality). Slower growth (production and respiration) in the winter months led 

501 to small hourly differences in DO in both systems and low GPP, ER, and NEP values. 
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502 In both the Columbia and Willamette Rivers, ER and GPP were coupled according to 

503 in situ observations (Fig. 6), as has been observed elsewhere (13). The relationships are 

504 described by the linear equations y = -0.84x + 0.044, R2 = 0.804 for the Columbia and y = -

505 0.90x + 0.054, R2 = 0.868 for the Willamette, where y is ER and x is GPP. In both rivers, 

506 GPP and ER increased with temperature to a maximum (ER rates became more negative with 

507 increasing temperature, interpreted as an increase in ER).

508

509 Figure 6. Relationships between primary production and respiration in the Columbia 

510 (left panels) and Willamette (right panels) Rivers. A) Ecosystem Respiration (ER) 

511 versus Gross Primary Production (GPP) determined using continuous in situ sensors in 

512 the Columbia River; B) ER vs. GPP determined using continuous in situ sensors in the 

513 Willamette River; C) respiration (R) versus net primary production (GPP) determined 

514 in bottle incubations in the Columbia River; D) R vs. GPP determined in bottle 

515 incubations in the Willamette River; E) GPP or ER versus temperature in the 

516 Columbia River determined using in situ sensors; F) GPP or ER versus temperature in 

517 the Willamette River determined using in situ sensors; R or NPP versus temperature in 

518 the Columbia River determined in bottle incubations; R or NPP in the Willamette 

519 River determined in bottle incubations.

520

521 GPP, ER, and NEP calculated from bottle incubation data. In contrast to in situ, 

522 the relationships between GPP and ER in the Columbia and Willamette Rivers were non-

523 linear, with the highest ER values occurring when GPP levels were moderate (Fig. 6). 

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


25

524 GAM analysis of relationships between GPP and ER with water quality parameters 

525 showed that variations in both GPP and ER could be explained by temperature, and that 

526 seasonal discharge patterns in the Columbia influenced GPP and ER, but not in the 

527 Willamette (Figs. 7, 8). There was a weak relationship with instream chlorophyll 

528 concentration in both rivers.    

529

530 Figure 7. Gross Primary Production (GPP) versus water quality parameters [river 

531 discharge, chlorophyll a (Chl), and temperature for the Columbia (left panels) and the 

532 Willamette (right panels)]. The line represents a Generalized Additive Model showing 

533 relationships between GPP and environmental variables. 

534

535 Figure 8. Ecosystem Respiration (ER) versus water quality parameters [river discharge, 

536 chlorophyll a (Chl), and temperature for the Columbia (left panels) and the Willamette 

537 (right panels)]. The line represents a Generalized Additive Model showing relationships 

538 between GPP and environmental variables. 

539

540 A comparison of GPP calculated from in situ and bottle data showed that departures 

541 from a 1:1 line varied with season or river conditions (Fig. 9). There were only small 

542 differences between the bottle and in situ measurements in the Columbia in the winter; in 

543 May and June, when river discharge volumes were highest, GPP measured in bottle 

544 incubations were lower than in situ measurements, suggesting that primary production is 

545 driven by larger ecosystem processes not captured in water samples (i.e., vascular plants, 

546 including submerged aquatic vegetation and riparian plant communities). In the early spring 
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547 and summer, however, GPP determined in the bottle incubations exceeded that determined 

548 from in situ sensor data, suggesting that phytoplankton-associated primary production is a 

549 significant contributor to ecosystem primary production. 

550

551 Figure 9. GPP determined using in situ sensor data versus GPP determined using bottle 

552 incubations (R and NPP). A 1:1 would be expected if measurements were the same 

553 using both techniques. Superimposed on the graph is an indication of seasonal 

554 affiliation of data points to illustrate the hypothesis that bottle incubations exhibit 

555 higher productivity than in situ rates during the spring and summer months when river 

556 discharge volumes are relatively low, while in situ GPP exceeds that determined in 

557 bottle incubations during the spring freshet when water levels are high. We hypothesize 

558 that a comparison of GPP determined from in situ observations and bottle incubations 

559 can be used to identify time periods when GPP in the river is dominated by instream 

560 phytoplankton production vs. vascular plants.

561

562 In contrast to the Columbia, NPP and GPP rates determined in bottle incubations 

563 from the Willamette were almost always lower than the in situ measurements, suggesting that 

564 bottle incubations underestimate primary production. 

565

566 Discussion

567 Large rivers are globally significant, highly complex systems. As important landscape 

568 integrators (89, 90), they influence global carbon and material budgets, provide crucial 

569 habitat for myriad species, including threatened and vulnerable taxa, and contribute key 
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570 ecosystem services (32, 38, 91). The Columbia and Willamette Rivers are both large U.S. 

571 rivers with strong variations in modern, historical, and predicted future flows (92-94) (95); 

572 each makes important contributions to the region’s economy, supports critical ecosystems 

573 (9), and has been heavily impacted by human activities, including a changing climate (96), 

574 similar to rivers worldwide (97). 

575 Aside from high primary production observed within impoundments (Bristow et al. 

576 1985), most rivers are considered net sources of CO2 (Butman and Raymond 2011) and are 

577 among the most heterotrophic systems on Earth (98). Yet, in many ways, large rivers – 

578 particularly those characterized by flow interruptions associated with dams – do not behave 

579 like their smaller counterparts (13). For example, GPP and ER have been shown to increase 

580 along with mean discharge (Q) in smaller rivers, up to a threshold of ~10 m3 s-1 (99); 

581 however, the flow volumes in the Columbia and Willamette far exceed these levels, making 

582 comparisons difficult. Previous work in the Columbia’s Hanford Reach downstream of Priest 

583 Rapids dam showed that there was no relationship between Q and GPP (13); in contrast, Q 

584 accounted for 44.1% of variation in GPP and 39.8% of variation in ER in the Columbia in 

585 this study, with no relationship between Q and NEP. Q did not predict GPP, ER, or NEP in 

586 the Willamette River. The highest GPP, ER, NEP, and chlorophyll concentrations in the 

587 Columbia were observed just prior to the spring freshet in early May, when Q was ~5000 m3 

588 s-1. This pre-freshet period is characterized by strong phytoplankton growth, dominated by 

589 large diatoms, including Asterionella formosa and Aulacoseira spp. (87, 100, 101), both 

590 species commonly found in large rivers worldwide [e.g., the Murray River in Australia 

591 (102)].
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592 While the global average NEP for temperate rivers is -260 g C m-2 y-1 (29), NEP was 

593 net positive in both the Columbia (121.30 g C m-2 y-1) and slightly negative in the Willamette 

594 (-18.8 gC m-2 y-1). While these annual rates include assumptions, particularly around missing 

595 data in the winter months at the Columbia site, the daily NEP values suggest that, on the 

596 whole, these rivers are close to neutral, which supports the idea that they are not highly 

597 heterotrophic systems. 

598 The deeper depths of large rivers beg the question: are there vertical discontinuities, 

599 or stratification that limit the utility of single-depth measurements? Weekly vertical profiles 

600 of water quality parameters showed that DO and other environmental parameters 

601 (temperature, inorganic nutrients, chlorophyll a) were vertically uniform in both rivers across 

602 seasons, indicating not only that measurements made at a single depth reasonably 

603 approximate the water column, but that constituents contained therein, including 

604 phytoplankton, likely reach the benthos, with implications for carbon and nutrient cycling 

605 between the water column and sediments (103, 104). This interaction provides a mechanism 

606 by which pelagic primary production can fuel benthic food webs, including prey taxa that 

607 support juvenile salmon, namely amphipods (Order Amphipoda) and benthic chironomids 

608 (105).

609 Similar to observations by Roley et al. (13), GPP and ER were coupled in the 

610 Columbia and in the Willamette according to data from in situ DO sensors. However, the 

611 relationship between respiration (R) and net primary production (NPP) in the bottle 

612 incubations varied in a non-linear way that is consistent with seasonal effects (Fig. 8). That 

613 is, at low GPP, there is a linear relationship between ER and GPP to a maximum; at high 

614 GPP, values of ER are low. This likely reflects the metabolism of different organic matter 
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615 sources (autochthonous vs. autochthonous), with relatively high rates of ER during months of 

616 the year when GPP is low and allochthonous organic carbon provides the main substrate for 

617 respiration. During periods of low primary production, for example in the winter, metabolism 

618 by heterotrophs likely makes a greater proportional contribution to respiration than in the 

619 spring and summer when primary producers are more abundant (106). As autochthonous 

620 primary production increases, the ratio of GPP:ER increases; the ratio of photosynthesis to 

621 respiration in phytoplankton can be more than 50, as shown in laboratory cultures (107, 108).

622 In addition to seasonal variation in the relationship between GPP and R in the bottle 

623 incubations, we observed seasonality in differences between in situ GPP and GPP determined 

624 using bottle incubations. During low-flow periods, laboratory measurements suggest higher 

625 primary production compared to the in situ observations, while during periods of high flow in 

626 the late spring, GPP is underestimated in the laboratory incubations compared to the in situ 

627 observations. More broadly, an underestimation of GPP in the continuous, in situ data, and an 

628 overestimation of ER is consistent with the effect of gas supersaturation associated with dam 

629 operations (75); gases in supersaturated waters will tend to diffuse into the atmosphere, 

630 leading to an underestimation of GPP computed from hourly change in DO. Conversely, ER 

631 could be overestimated under conditions where gases are supersaturated; since DO has a 

632 greater tendency to leave a supersaturated solution, the observed losses -- attributed to ER 

633 when using in situ data – would reflect a combination of ER plus loss to the atmosphere 

634 enhanced by the supersaturation. It is not uncommon for differences to be observed between 

635 in situ and in vitro data (109), often attributed to so-called ‘bottle effects’ (110), where the 

636 suppression of mixing and overturn can lead to higher apparent respiration rates. In the 
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637 present study, gas supersaturation provides a mechanistic explanation for observed 

638 differences. 

639 At the landscape scale, positive NEP in the lower Columbia River leads to delivery of 

640 organic matter to the estuary, where it undergoes chemical transformation in the estuarine 

641 turbidity maximum (111, 112), effectively shifting primary production away from tidal 

642 freshwater habitats and into estuarine food webs. Within tidal freshwater habitats, longer 

643 residence times and lower discharge volumes allow for the build-up of phytoplankton 

644 standing stocks; transformation of organic carbon can occur via grazing (113-115) or by the 

645 re-packaging of phytoplankton organic carbon into more labile forms by infection of fungal 

646 parasites known as chytrids (116). A study by Maier and Peterson (117) suggested that losses 

647 to microbial parasitism of the dominant primary producers during the spring blooms could 

648 rival grazing impacts. Although the degree to which phytoplankton contributes to river food 

649 webs, including juvenile salmonids, remains unclear, phytoplankton-derived organic matter 

650 may complement alternative sources of primary production derived from macro-detritus from 

651 the region’s wetlands (7, 9). 

652 GPP in the Columbia was lower than in the Willamette during the summer months. 

653 Yet, because ER rates were also higher in the Willamette, NEP was generally weakly 

654 negative throughout the study, with moderately negative values observed during the period of 

655 greatest GPP. While both rivers had chlorophyll concentrations that are lower than would be 

656 expected in eutrophic systems (28), the larger range in GPP and ER in the Willamette suggest 

657 that this river shows more eutrophic tendencies than the Columbia, consistent with higher 

658 nutrient loads (118). A combination of lower biological drawdown and high agricultural 

659 inputs make inorganic nutrient loads in the Willamette higher than the Columbia (51, 118). 
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660 The seasonal shift from negative to positive NEP in the Willamette is similar to the pattern 

661 observed in a modeling study of the river Thames, in which the river is autotrophic during 

662 low-flow periods (spring and early summer) but heterotrophic during higher-flow periods 

663 (119). 

664 We investigated Kd and light penetration depth to explore the importance of light 

665 limitation in these two large rivers. Light penetration depth (Zeu) was greater in the Columbia 

666 than in the Willamette, consistent with differences between “green” and “brown” rivers and 

667 supporting the idea that primary production is light-limited in the Willamette River (66). The 

668 estimated Kd values in this study ranged from 0.6⎼1.1 and 0.6⎼2.2 for the Columbia and 

669 Willamette, respectively; the largest Kd values here are similar to those calculated for filtered 

670 seawater, which range from 1.03 to 2.7 m-1 (120), demonstrating the range of water clarity 

671 observed during different seasons and conditions. The observation that high river discharge 

672 coincides with the shallowest Zeu in the Willamette River, but the deepest Zeu in the 

673 Columbia, highlights the different relationship between discharge and turbidity in the two 

674 rivers; there is higher turbidity per unit volume of the Willamette, leading to an influx of 

675 particles at high discharge, while in the Columbia, the snowpack-driven flows – which tend 

676 to be relatively clear – have lower turbidity per unit volume, making periods of high flow 

677 ones of greater water clarity in the Columbia. With chlorophyll accounting for <10% of 

678 turbidity variation, it is unlikely that differences in the specific absorption of light by 

679 different phytoplankton taxa (121) influenced Kd in the Willamette River, a water body 

680 characterized by high turbidity (122). However, in the Columbia, chlorophyll variability 

681 accounted for ~40% of deviance in turbidity, suggesting that phytoplankton contribute to 

682 light absorption. 
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683 We did not investigate along-stream variability in water quality parameters, which 

684 could have been achieved through a two-station approach; a two station approach was not 

685 practical for the same reasons outlined in Roley et al. (13). In addition, previous work 

686 showed that fluorescent dissolved organic matter and dissolved organic carbon exhibit only 

687 small daily variations in a synoptic survey of the lower Columbia River below Bonneville 

688 Dam (123). Prahl et al. (66) showed that increases in chlorophyll concentration between 

689 Bonneville Dam and the mouth of the Columbia River estuary were attributable to steady, 

690 autochthonous growth rather than to external inputs of primary production. A progressive, 

691 along-stream increase in the build-up of phytoplankton biomass is consistent with low 

692 synoptic variability in riverine conditions, supporting the applicability of data from in situ 

693 sensors for determination of NEM, GPP, and ER in these river systems using a single-station 

694 approach. Further, (Bernhardt et al. 2022) point out that the dominant controls on primary 

695 production and respiration vary at scales that encompass large stretches of the river (e.g., 

696 light level, nutrient concentration, precipitation, phytoplankton standing stocks; (124). In 

697 addition, Roley et al. concluded that a single-station approach was adequate for calculation of 

698 NEP in the Columbia River at a site downstream of Priest Rapids dam; in that study, 

699 simultaneous measurements of argon and dissolved oxygen were used to decipher the 

700 biological component of gas fluxes used in calculations of hourly variation in DO for 

701 determination of GPP, ER, and NEP. Therefore, it is likely that a one-station approach is 

702 sufficient to approximate NEP in the lower stretches of the Columbia and Willamette. 

703 However, we acknowledge that our NEP estimates could be influenced by the fact that we 

704 are not re-sampling the same water during the day and night. 

705
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706 Conclusions

707 In this study, we showed that unlike most rivers worldwide, annual net ecosystem 

708 production in the Columbia River is positive and while annual NEP in the Willamette River 

709 is negative, values are much smaller than in many other systems. A comparison between in 

710 situ data and bottle incubations supports a hypothesis that during periods of high river 

711 discharge, ecosystem primary production exceeds instream primary production, while during 

712 periods of lower flow and water elevation, instream primary production is an important 

713 contributor to ecosystem production. In addition, seasonal differences in the relationship 

714 between respiration and GPP in bottle incubations suggest that during periods characterized 

715 by low GPP, respiration is driven by allochthonous organic matter, while during periods 

716 associated with high GPP, respiration is driven by autochthonous organic matter. 

717 Observations of positive NEP during most of the year—indicating net production of organic 

718 carbon in the system—are consistent with the idea that the Columbia is a “green” river that 

719 supports net growth of pelagic phytoplankton. In a green river, GPP exceeds respiration, 

720 resulting in an accumulation of organic matter that can contribute to pelagic food webs, 

721 export particulate organic carbon to the sea, and fuel bacterial secondary production in the 

722 estuary. We conclude with a hypothesis that vascular plants (either submerged or in riparian 

723 areas that are inundated at tidal scales) dominate aquatic ecosystem primary production 

724 during high-flow periods associated with the spring freshet, as well in the winter season, 

725 while instream phytoplankton dominate aquatic ecosystem primary production during the 

726 spring bloom and summer.

727

728
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