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 INTRODUCTION  
 

Primary production and respiration are core 

functions of river ecosystems that in part determine 

the carbon balance.  Gross primary production (GPP) 

is the total rate of carbon fixation by autotrophs such 

as algae and higher plants and is equivalent to 

photosynthesis. Ecosystem respiration (ER) measures 

rate at which organic carbon is mineralized to CO2 by 

all organisms in an ecosystem.  Together these fluxes 

can indicate the base of the food web to support 

animal production (Marcarelli et al. 2011), can 

predict the cycling of other elements (Hall and Tank 

2003), and can link ecosystems to global carbon 

cycling (Cole et al. 2007). 

 

Much of the work in estimating metabolism 

of lotic ecosystems is from small streams (Bernot et 

al. 2010), including several from streams in and 

around Grand Teton National Park (Hall and Tank 

2003; Hall et al. 2003).  We know much less about 

metabolism in larger rivers (Figure 1); one reason is 

that methods have not been worked out for them. As 

part of our larger project examining carbon and 

nutrient cycling in large rivers, we measured GPP and 

ER from 5 regional rivers in summer 2010. 

 

 

 METHODS 
 

We studied 5 rivers:  Buffalo Fork of the 

Snake River east of Grand Teton National Park in the 

Teton National Forest; Snake River below the 

confluence of the Buffalo Fork; Green River below  

Figure 1.  Most estimates of ecosystem metabolism are 

from small streams. Frequency of discharge for which 

metabolism has been measured.  Data from Marcarelli et al. 

2011, and Bernot et al. 2010.  Rivers in this study ranged 

from 20-70 m3 s-1, which are in the right tail of the 

distribution (between log 1 and 2). 

 

Fontenelle Dam in Seedskadee National Wildlife 

Refuge; Henry‘s Fork of the Snake downstream of 

Warm River, Idaho; and Salmon River upstream of 

Challis, Idaho.  In each river we identified a 5-12 km 

study reach for which to estimate metabolism and 

nutrient uptake. 

 

 We estimated two-station metabolism (Hall 

et al. 2007) which budgets dissolved oxygen.  We use 

oxygen as a surrogate for carbon; GPP produces  

1

Hall et al.: High Rates of Ecosytem Metabolism in Five Western Rivers

Published by Wyoming Scholars Repository, 2010



116 

 

 

Equation A 

 
 

Equation B

Figure 2.    

 

oxygen and ER consumes oxygen. We varied the 

classic two-station approach by modeling oxygen 

concentrations and solving for GPP and ER as best fit 

parameters in a model as inspired by Van de Bogert et 

al. (2007) and Holtgrieve et al. 2010, though  these 

papers used 1 station methods which would not have 

worked as well in our reaches (M. R. Grace and R. O. 

Hall, unpublished manuscript).  Our two station 

approach modeled oxygen concentration between an 

upstream and downstream station in a Lagrangian 

framework.  Controls of oxygen concentration were 

GPP, ER and gas exchange with the atmosphere. 

 

 The equation for the model is in Figure 2 

(Equations A) where O2 is oxygen concentrations 

(mg L
-1

 or g m
-3

) at upstream and downstream 

locations. Reach travel time is  (d).  GPP is gross 

primary productivity and ER is ecosystem respiration 

(g O2 m
-3

 d
-1

), z is mean river depth (m), K is gas 

exchange coefficient (1/d).  The expression to the 

right of K  is the reach average saturation deficit, 

where O2satup is upstream oxygen saturation.  We 

normalized GPP to the fractional amount of light 

(PAR, µmol photoms m
-2

 s
-1

) received in the reach 

following Van de Bogert (2007).  Note that O2down 

is on both sides of equation (1), thus we rearranged 

that equation (see Figure 2 Equation B). 

 

 We estimated the parameters (GPP, ER and 

sometimes K) as those that minimized the negative-

log likelihood of predicted oxygen from equation 2 

relative to the downstream oxygen data. 

 

 We measured oxygen at 5 min intervals at 

the top and bottom of the reach using recording 

optical sensors. We measured travel time as nominal 

transport time from pulse addition of sodium 

bromide.  Mean depth was estimated assuming 

hydraulic continuity (discharge=velocity*depth* 

width).  Light was measured nearby the reach.  We 

estimated K as either a free parameter or used the 

nighttime regression method (Hornberger et al. 

1977). 

 

 

 RESULTS  
 

 Modeling procedure produced close fits 

between modeling and data (Figure. 3) and 

subsequently low estimates of uncertainty on 

parameters GPP and ER.  Using likelihood ratio tests 

GPP error was 6% for Buffalo Fork, the least 

productive river and 1.3% for Henry‘s Fork, the most 

productive river. 

 

 Metabolism varied widely among the 5 

rivers (Figure 4).  Green River and Henry‘s Fork had 

the highest rate of metabolism; both rivers had stable 

discharge due to dams and spring inputs (Henry‘s).  

The other 3 rivers were snowmelt-driven alluvial 

rivers and had much lower GPP and ER. 

 

 
Figure 3.  Downstream oxygen concentration for Henry‘s 

Fork (black points) and model (red line).  Note large diel 

excursion in oxygen concentration in this productive river. 
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Figure 4.  GPP (top panel) and ER (bottom) from 5 rivers.  

Boxplots show mean and distribution of data from 4 

estimates each day for 2 days. 

 

 

 DISCUSSION  
 

 We developed a two-station, Lagrangian 

modeling approach that fit the data well and 

produced low estimates of uncertainty on metabolism 

parameters. We emphasize that parameter uncertainty 

does not represent the true variation; metabolism 

measured at another location in the river or during the 

following week may have been different.  However, 

we suggest that our approach holds promise for 

estimating metabolism in large rivers.  Because these 

rivers had low rates of oxygen exchange (K), they 

had high diel oxygen excursion which likely allowed 

more constrained parameter estimates. 

 

 GPP and ER in the Green River and Henry‘s 

Fork were among the highest ever measured.  The 

fact that GPP exceeded ER shows that these rivers 

were autotrophic (producing more carbon than 

consuming) on the measurement days.  Autotrophy is 

uncommon for streams (Marcarelli et al. 2011, Figure 

5).  Three of the 5 rivers we studied, plus a tailwater 

on the Colorado River, were autotrophic; this fraction 

is much higher than that for most streams and rivers.  

This finding supports predictions of the river 

continuum concept (Vannote et al. 1980) where mid 

order river have high GPP:ER ratios.  However, we 

worked in clear rivers.  Further research in more 

sediment-filled rivers in the Southwest and Midwest 

should provide more variability; work in these other 

two regions is ongoing. 

Figure 5.  GPP tends to be much smaller than ER for most streams and rivers.  Black points are from Marcarelli et al. (2011) and 

Bernot et al. (2010).  Red points are this study plus one unpublished point from the Colorado River below Glen Canyon Dam (R. 

O. Hall et al. unpublished).  Line is where GPP=ER.  Note log10 scale of both axes. 

0.5 1.0 2.0 5.0 10.0 20.0 50.0

0.
01

0.
05

0.
50

5.
00

50
.0

0

ER  (g O2m
--2

d
--1

)

G
P

P
  (

g 
O

2m
--2

d--1
)

●

●
●

●

●

●

3

Hall et al.: High Rates of Ecosytem Metabolism in Five Western Rivers

Published by Wyoming Scholars Repository, 2010



118 

 

 

 ACKNOWLEDGEMENT  

 

 The National Science Foundation funded 

this work. 

 

 

 LITERATURE CITED  

 

Bernot MJD, Sobota J, Hall RO, Mulholland PJ, 

Dodds WK, Webster JR, Tank JL, Ashkenas 

LR, Cooper LW, Dahm CN, et al. 2010. 

Inter-regional comparison of land-use 

effects on stream metabolism.  Freshwater 

Biology 55:1874-1890 

 

Cole JJ, Prairie VT, Caraco NF, McDowell WH, et al. 

2007. Plumbing the global carbon cycle: 

Integrating inland waters into the terrestrial 

carbon budget. Ecosystems 10: 172–185. 

 

Hall RO, Tank JL, Dybdahl MF. 2003. Exotic snails 

dominate nitrogen cycling in a highly 

productive stream. Frontiers in Ecology and 

the Environment. 1:407-411. 

 

Hall RO, Tank JL. 2003. Ecosystem metabolism 

controls nitrogen uptake in streams in Grand 

Teton National Park, Wyoming. Limnology 

and Oceanography 48:1120-1128. 

 

Hall RO, Thomas S, Gaiser EE. 2007. Measuring 

primary production and respiration in 

freshwater ecosystems. Pages 175-203 In: 

Fahey TJ and Knapp AK, editors. Principles 

and Standards for Measuring Primary 

Production. Oxford University Press,  

Oxford. 

Holtgrieve GW, Schindler DE, Branch TA, A‘mar ZT. 

2010. Simultaneous quantification of aquatic 

ecosystem metabolism and reaeration using 

Bayesian statistical model of oxygen 

dynamics. Limnology and Oceanography 

55: 1047-1063. 

 

Hornberger GM, Kelly MG, Cosby BJ. 1977.  

Evaluating eutrophication potential from 

river community productivity. Water 

Research 11:65-69 

 

Marcarelli A, Baxter CV, Mineau M,  Hall RO. 2011. 

Quantity and quality: unifying food web and 

ecosystem perspectives on the role of 

resource subsidies in freshwaters. Ecology 

92:1215-1225. 

 

Van de Bogert MC, Carpenter SR, Cole JJ, Pace ML. 

2007. Assessing pelagic and benthic 

metabolism using free water measurements. 

Limnology and Oceanography: Methods 

5:145-155.  

 

Vannote RL, Minshall GW, Cummins KW, Sedell JR, 

Cushing CE. 1980. The river continuum 

concept. Canadian Journal of Fisheries and 

Aquatic Sciences 37:130-137. 

 

 

 

 

 

 

  

 

 

  

4

University of Wyoming National Park Service Research Center Annual Report, Vol. 33 [2010], Art. 15


