
http://www.diva-portal.org

This is the published version of a paper published in Limnology and Oceanography.

Citation for the original published paper (version of record):

Hotchkiss, E., Hall, R. (2014)

High rates of daytime respiration in three streams: Use of delta O-18(O2) and O-2 to model diel

ecosystem metabolism.

Limnology and Oceanography, 59(3): 798-810

http://dx.doi.org/10.4319/lo.2014.59.3.0798

Access to the published version may require subscription.

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:umu:diva-92679



High rates of daytime respiration in three streams: Use of d18OO2
and O2 to model diel

ecosystem metabolism

Erin R. Hotchkiss a,* and Robert O. Hall, Jr.

Program in Ecology, Department of Zoology and Physiology, University of Wyoming, Laramie, Wyoming

Abstract

Photosynthesis and respiration determine the carbon and oxygen (O2) balance of ecosystems. Current methods
used to estimate ecosystem respiration (ER) do not include diel ER fluctuations, which limit testing predictions
about short-term drivers of ecosystem metabolism. Diel changes in d18OO2

can be used to estimate
diel ER due to discrimination against 18OO2

during respiration. We monitored diel d18OO2
, O2, light, and

water temperature in three Wyoming streams and measured respiration fractionation (aR) against 18OO2
in dark

benthic flow chambers in two streams. The ranges of measured and literature aR values were used to estimate
uncertainty in metabolism parameters associated with not measuring aR directly. Daytime ER was 54–340%
higher than nighttime ER using d18OO2

, but diel ER parameter estimates were highly uncertain relative to
traditional estimates of ecosystem metabolism. Diel variations in water temperature only accounted for 4–55% of
the range of diel ER calculated using diel d18OO2

. Measured benthic flow chamber aR varied within the range of
literature values: from 0.9755 to 0.9954. Metabolism parameter estimates were very sensitive to choice of aR

within the measured and published range of values. The mean and uncertainty of diel ER estimates increased with
decreasing aR, with daily ER more than ten times higher given an aR of 0.975 vs. 0.999. Diel changes in ER can be
modeled using d18OO2

and O2, but diel ER estimates depend on the choice of aR, suggesting the need to better
understand how aR may vary within spatial and temporal scales appropriate for d18OO2

metabolism models.

Gross primary production (GPP) and ecosystem respira-
tion (ER) govern the production, transformation, and
retention of organic carbon (C) and nutrients in ecosystems.
Accurate measurements of GPP and ER are needed in order
to understand the metabolic balance and contributions of
ecosystems to the global C cycle, but ER is still one of the
largest gaps in our understanding of how freshwater
ecosystems process C (del Giorgio and Williams 2005).

Scientists make two assumptions to simplify C cycling
measurements in aquatic ecosystems. The first is that
measurements of dissolved oxygen (O2) can be used as a
proxy for C cycling (Odum 1956). Most C cycling
measurements in freshwater ecosystems are made using
O2, which is easier to measure than dissolved inorganic C
but may not always accurately assess CO2 fixation and ER
(del Giorgio and Williams 2005). Production of O2 may not
occur in a 1 : 1 stoichiometric ratio with CO2 fixation
because O2 can be evolved by both the Mehler reaction and
photorespiration during periods of high light intensity
(Mehler and Brown 1952; Brown 1953; Jackson and Volk
1970). While the relative contributions of the Mehler
reaction and photorespiration to total O2 cycling may be
low, if these processes are responsible for increased
O2 cycling, the use of O2 as a proxy for C cycling
measurements may not be accurate.

The second assumption is that ER measured at night is
equal to ER during the day and can therefore be applied to
daytime changes in C and O2 to isolate the contributions of
GPP during the day. Daytime rates of ER are likely higher

than nighttime rates (Tobias et al. 2007) due to increasing
water temperatures, algal photosynthate exudation, and/or
photo-breakdown of complex organic C. Water tempera-
tures increase during the daytime and may raise the
metabolic rates of organisms, thereby increasing O2

consumption (Perkins et al. 2012). Algal exudation of
dissolved organic C (DOC) and other photosynthates could
enhance the availability of organic matter and subsequently
increase daytime heterotrophic respiration (Cole et al. 1982;
Kaplan and Bott 1982; Baines and Pace 1991). Complex DOC
structures exposed to sunlight can break down into smaller
molecular structures (‘‘photo-breakdown’’), potentially pro-
viding additional labile DOC for microbial growth and
respiration during the day (Moran and Zepp 1997; De Lange
et al. 2003; Amado et al. 2006).

d18OO2
values represent a promising tool with which to

measure diel rates of ER in aquatic ecosystems. Stable
isotopes of oxygen can be used to measure ER without the
influence of GPP during the day, and they provide an
additional measured value when solving for unknown
metabolism parameters. Three stable isotopes of oxygen
exist naturally: Oxygen-16 (16O) is very common, while
oxygen-17 (17O) and oxygen-18 (18O) are less abundant.
Respiration discriminates against 18OO2

, leaving behind a
greater fraction of 18O than 16O dissolved in the water (Luz
and Barkan 2000). Photosynthesis lowers d18OO2

values by
producing O2 with similar d18OO2

values as source H2O
(Kroopnick 1975). This discrimination during respiration
allows scientists to infer increased O2 consumption during
the day if there is a greater ratio of 18OO2

: 16OO2
left behind

in the water after accounting for photosynthesis (Bender
et al. 1987; Luz et al. 2002; Tobias et al. 2007).

Estimates of ER using d18OO2
values in lake and marine

ecosystems suggest that O2 consumption is up to tenfold
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higher during daytime than at night (Bender et al. 1987;
Luz et al. 2002). Because of the link between biological
processes and d18OO2

values, scientists have monitored
changes in d18OO2

values over diel cycles in streams and
rivers (Parker et al. 2010), and some have estimated
ecosystem metabolism from these diel changes (Tobias
et al. 2007; Venkiteswaran et al. 2007; Holtgrieve et al.
2010). While d18OO2

values can provide an additional set of
data with which to estimate daily rates of GPP and ER
(Holtgrieve et al. 2010), few studies have used diel changes
in d18OO2

values to estimate diel changes in ER in streams
and rivers. One notable exception is Tobias et al. (2007),
who found that daytime ER, measured using d18OO2

, was
sometimes more than twice as great as nighttime ER.

Calculations of GPP and ER using d18OO2
values may be

sensitive to the choice of aR (the respiration fractionation
factor), which represents the fractionation against 18OO2

during respiration. Pelagic water-column measurements of
aR range from 0.975 to 1.015 and vary by site, organism,
and season (Lane and Dole 1956; Kiddon et al. 1993; Wang
et al. 2008), limiting the use of d18OO2

for ecosystem
metabolism calculations. Although Tobias et al. (2007)
quantified aR in static incubations that included benthic
substrates, aR in flowing waters has not been quantified,
which also limits the use of d18OO2

values in stream and
river ecosystem metabolism calculations.

In this paper, we test current assumptions about
ecosystem metabolism and quantify the discrimination
against 18OO2

in flowing waters to improve estimates of
diel ER. We used a combination of whole-stream and flow-
chamber measurements, linked with Bayesian inverse
modeling, to answer the following questions: (1) How
much greater is daytime ER than nighttime ER, measured
as O2, in streams? (2) How do estimates of diel O2

consumption from d18OO2
models compare to estimates

from temperature-driven O2 models? (3) How sensitive are
estimates of ER to the respiration fractionation factor
required for d18OO2

metabolism models? We estimated diel
changes in ER using measurements of O2, light, tempera-
ture, and d18OO2

to test the hypothesis that ER varies over
24 h cycles. We measured the fractionation factor for
respiration in dark benthic flow-through chambers. We
compared diel ER rates to those calculated using temper-
ature-adjusted ER calculations to quantify the potential
underestimation of total ER in streams, and we quantified
the uncertainty of GPP, ER, and aR estimates using
Bayesian inverse modeling.

Methods

Site descriptions—We measured reach-scale diel changes
in O2, d18OO2

, and water temperature in three open-canopy
streams in central and western Wyoming to calculate
ecosystem metabolism. Kelly Warm Springs (Kelly;
43u38924.510N, 110u3795.650W) and Polecat Creek (Polecat;
44u6937.820N, 110u41921.110W) are both highly productive
spring streams with warm groundwater inputs in Grand
Teton National Park, Wyoming. Red Canyon Creek (Red
Canyon; 42u40948.760N, 108u39953.350W) is a less produc-
tive second-order stream south of Lander, Wyoming. We

collected diel data from Red Canyon, Polecat, and Kelly on
24–25 June 2007, 20–21 July 2007, and 27–28 July 2007,
respectively. We used dark flow-through chambers to
estimate the fractionation factor for respiration (aR) during
July 2009 in Kelly and Ditch Creek, Wyoming (Ditch;
43u39948.390N, 110u37952.470W). Ditch Creek was chosen
as the second site for aR measurements because it was near
Kelly and less productive than Kelly and Polecat.

Data collection—We measured diel changes in O2, water
temperature (T), light, d18OO2

, and d18OH2O at each site. We
placed Hydrolab Minisondes equipped with Clark-type
membrane electrodes and stirrers (Hach Environmental) at
one (Kelly) or two (Red Canyon and Polecat) locations in
each stream reach to measure diel changes in O2 and T at
10 min intervals for 24–48 h periods. Red Canyon and
Polecat sites 1 and 2 were upstream and downstream,
respectively. We measured and modeled date- and site-
specific photosynthetic photon flux density (PPFD;
mmol m22 s21) at 10 min intervals for the same date and
time period as our O2 and d18OO2

measurements (Yard et al.
2005). We collected 12 mL of dissolved water every 4 h for a
28 h period and preserved samples with HgCl2 for d18OO2

analyses (Thermo Finnigan Gas Bench to Delta Plus XP
mass spectrometer). We also collected and preserved water
samples for site-specific d18OH2O measurements (Thermo
Finnigan Gas Bench to Delta Plus XP mass spectrometer).

We measured and modeled air–water gas exchange and
physical parameters for each site. We calculated gas-
exchange rates (KO2

; d21) for each stream reach using
additions of sulfur hexafluoride (SF6), a biologically inert
gas that evades at rates proportional to O2 (Wanninkhof
1992; Cole and Caraco 1998). We also solved for KO2

as an
unknown parameter for Red Canyon sites. We converted
measured KSF6

to K600 and KO2
using temperature and gas-

specific Schmidt numbers and the relationship between K
values and Schmidt numbers (Jähne et al. 1987; Wannin-
khof 1992). We added salt as a conservative tracer with SF6

additions to estimate groundwater dilution downstream.
We measured stream width (w; m) at 20 sites within each
stream reach. We measured velocity (v; m min21) at 10
transects within our study reach using a Marsh McBirney
flow meter. We used measurements of stream width and
velocity to calculate discharge (Q; m3 min21), and
estimated the mean depth (z; m) from width, velocity,

and discharge: z~
Q

w|v
.

Ecosystem metabolism: Diel O2 model—GPP and ER can
be calculated using a one-station, open-channel metabolism
model (Odum 1956), where the change in dissolved O2

concentrations (g O2 m23) between measurement intervals
(t and t21) is a function of ER, GPP, air–water gas
exchange (KO2

), and the time between measurement
intervals (Dt; d):

O2 tð Þ~O2 t{1ð Þz
GPP

z
z

ER

z
zKO2

O2sat t{1ð Þ{O2 t{1ð Þ

� �� �
Dt ð1Þ

where GPP is a positive rate of O2 production (g O2

m22 d21), ER is a negative rate of O2 consumption (g O2
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m22 d21), z is mean stream depth (m), and KO2
is the O2

gas-exchange rate (d21). O2 saturation (O2sat tð Þ ; g O2 m23) is

calculated using water temperature (T ; uC) and barometric
pressure (BP; mm Hg) for each measurement time (t; as in
Hotchkiss and Hall 2010). All parameter descriptions and
units are listed in Table 1.

Various expansions of the simple O2 model in Eq. 1 have
been used to better constrain unknown values of GPP, ER,
and K (Hanson et al. 2008; Holtgrieve et al. 2010). Many
expanded metabolism models use light and/or temperature
to improve model estimates of GPP and ER. Light-driven
GPP calculations can use a light saturation photosynthesis–
irradiance curve or a linear photosynthesis–irradiance
relationship (Van de Bogert et al. 2007; Hanson et al.
2008; Holtgrieve et al. 2010):

O2 tð Þ~O2 t{1ð Þz
GPP

z
|

PPFD t{1ð ÞP
PPFD24 h

� �
z

ER|Dt

z

zKO2
|Dt| O2sat t{1ð Þ{O2 t{1ð Þ

� � ð2Þ

We used this model to obtain prior daily estimates of
base GPP and base ER modeled from O2 alone (see
‘‘Bayesian estimation of parameters’’ section). We used
site-specific estimates of BP measured with a Hydrolab
Surveyor (Hach Environmental). We modeled O2 using
measured KO2

for Kelly and Polecat and modeled KO2
for

Red Canyon. We measured minimal groundwater intrusion
based on conservative solute additions, so we did not
include groundwater estimate corrections in any of our
metabolism models.

We also used a temperature-driven O2 metabolism model
to compare diel rates of ER estimated with diel temperature
vs. d18OO2

. Temperature-driven ER calculations often use
the van’t Hoff–Arrhenius equation (as in Venkiteswaran
et al. 2007; Holtgrieve et al. 2010):

ERt~ERTfix
|1:047 Tt{Tfixð Þ ð3Þ

where rates of O2 consumption at different water tempera-
tures (T) are extrapolated from ER estimated at a known
temperature (ERTfix

; often 20uC or temperature at nighttime).

Ecosystem metabolism: Diel d18OO2
model—Ecosystem

metabolism can also be calculated using the changes in
d18OO2

and O2, where concentrations of 18OO2
are modeled

as a function of isotope values of sources, isotope
fractionation values, air–water gas exchange, ER, and
GPP (modified from Tobias et al. 2007; parameter
descriptions and units are in Table 1):

18OO2(t)~
18OO2(t{1)z

GPP

z
|ap|AFw|Dt

� �

z
ER

z
|aR|AFDO t{1ð Þ|Dt

� �

z KO2
|ag|Dt| O2sat t{1ð Þ|as|AFatm

� �
{18OO2(t{1)

� �� �
ð4Þ

Similar to the O2 metabolism models above, time-
specific estimates for 18OO2

are a function of 18OO2
, GPP,

ER, air–water gas exchange, and the isotope fractionation
factors and source values of the atomic fraction of 18O

Table 1. Model parameter symbols, descriptions, sources, and units.

Parameter symbol Parameter description Source Units

O2 Dissolved oxygen Measured g O2 m23

O2sat
O2 at saturation Modeled g O2 m23

KO2
O2 gas-exchange rate Measured and modeled d21

PPFD Photosynthetic photon flux density Estimated (Yard et al. 2005) mmol m22 s21

ER Ecosystem respiration Modeled g O2 m22 d21

ERbase Baseline ER without dielMET added Modeled g O2 m22 d21

GPP Gross primary production Modeled g O2 m22 d21

GPPbase Baseline GPP without dielMET added Modeled g O2 m22 d21

dielMET Diel metabolism term Modeled g O2 m22 d21

Dt Time step between measurements Measured d
z Mean stream depth Measured m
T Water temperature Measured uC
d18OO2

d18O value of dissolved O2 Measured % vs. VSMOW

d18OH2O d18O value of H2O Measured % vs. VSMOW
18OO2

Concentration of 18O in dissolved O2 Measured g 18O m23

AFDO Atomic fraction of dissolved O2 Measured mol 18O : mol O2

AFw Atomic fraction of H2O Measured mol 18O : mol O2

AFatm Atomic fraction of atmospheric air Literature mol 18O : mol O2

ag Fractionation factor: air–water gas exchange Literature —
as Fractionation factor: O2 dissolution in H2O Literature —
aR Fractionation factor: respiration Measured, modeled, and literature —
ap Fractionation factor: photosynthesis Literature —
eR Enrichment factor: respiration Measured, modeled, and literature —
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specific to H2O (AFw), dissolved O2 (AFDO), and atmo-
spheric O2 (AFatm). Fractionation factors describe the
enrichment of 18OO2

due to air–water gas exchange (ag 5
0.9972), air dissolution in water (as 5 1.0007), respiration
(aR; varied by site measurement and within range of
literature values), and photosynthesis (ap 5 1.0000). We
converted sample and literature values to 18OO2

concentra-
tions and atomic fractions (AF) used in Eq. 4. The value of
d18OO2

was calculated using the isotopic ratio of a sample
relative to the isotopic ratio of Vienna standard mean
ocean water (RVSMOW 5 1.008; Craig 1961), where:

RVSMOW~
18O
16O

ð5Þ

Sample d18OO2
~

Rsample

RVSMOW
{1

� �
|1000 ð6Þ

Atomic fractions (AF) were calculated from Rsample as:

AF~
R

1{R
ð7Þ

and the concentration of samples (18OO2
) was calculated as:

18OO2
~AF|O2 ð8Þ

To model diel ER, we introduced an additional param-
eter that increased total ER and GPP by the same amount
during the day to account for the equal consumption and
production of O2 not accounted for with net measurements
of diel O2. We added a new diel metabolism parameter,
dielMET, to the dual O2 and d18OO2

model to reflect
additional changes in diel metabolism not detectable from
O2 data alone. Having diel d18OO2

in addition to O2 data
allowed us to solve for not only base GPP and ER (hereafter,
GPPbase and ERbase), but also dielMET. By adding the
dielMET parameter, we assumed diel measurements of
dissolved O2 reflected the net diel changes in O2 due to GPP,
ER, and air–water gas exchange. To secure the mass balance
of measured diel O2, we added dielMET to GPPbase and
subtracted dielMET from ERbase. Thus, total rates of GPP
and ER are equal to GPPbase or ERbase (GPP and ER in
traditional O2 models above and GPPbase and ERbase in Eqs.
9a and 9b below) plus or minus dielMET, respectively.

We solved for unknown parameters GPPbase, ERbase,
and dielMET using Bayesian inverse modeling (described
below). We modified the Tobias et al. (2007) and
Holtgrieve et al. (2010) d18OO2

metabolism models in three
ways: (1) We simultaneously inversely modeled O2 and
18OO2

concentrations at 10 min intervals by including a
separate O2 model (Eq. 9a) in our inverse modeling
framework with shared GPPbase and ERbase between the
two models; (2) we updated Eq. 4 with a dielMET
parameter to solve for diel changes in total ER as informed
by diel changes in d18OO2

and light intensity (Eq. 9b); and
(3) we used one-station O2 metabolism (Eq. 2) means and
credible interval estimates for GPP and ER as prior
distribution inputs for GPPbase and ERbase in the dual O2

and d18OO2
model.

O2 tð Þ~O2 t{1ð Þz
GPPbase

z
|

PPFD t{1ð ÞP
PPFD24 h

� �

z
ERbase|Dt

z

� �
z KO2

| O2sat t{1ð Þ{O2 t{1ð Þ

� �
|Dt

� �ð9aÞ

18OO2(t)~
18OO2(t{1)

z
GPPbasezdielMETð Þ

z
|

PPFD t{1ð ÞP
PPFD24 h

|ap|AFw

� �

z
ERbase|Dt

z
|aR|AFDO t{1ð Þ

� �

z
{dielMETð Þ

z
|

PPFD t{1ð ÞP
PPFD24 h

|aR|AFDO t{1ð Þ

� �

z KO2
|ag|Dt| O2sat t{1ð Þ|as|AFatm

� �
{18OO2(t{1)

� �� �

ð9bÞ

Diel d18OO2
data allowed us to estimate diel changes in

total GPP and ER (via dielMET) that O2, temperature, and
light data cannot predict. This model structure allowed us
to test the assumption that daytime ER was greater than
nighttime ER using diel d18OO2

data, and acknowledge that
if daytime ER is greater than nighttime ER, then daytime
GPP must also be larger than GPP measured with O2 to
keep diel modeled concentrations of O2 the same as
measured O2.

We linked dielMET to light as with GPP. This dual
model assumed that diel changes in total GPP and ER
could be explained by diel changes in PPFD to avoid
creating an overfitted d18OO2

model with exact solutions of
total ER based on ER20uC and T (Eq. 3). Because we had
10 min measurement intervals for O2, PPFD, and T but
approximately 4 h intervals between d18OO2

measurements,
we modeled O2 and 18OO2

concentrations on 10 min
intervals (t 5 0.00694 d). We only compared our modeled
O2 and estimates and calculated joint likelihoods for O2

and d18OO2
models at the approximately 4 h d18OO2

measurement intervals (t 5 0.16667 d).

Bayesian estimation of parameters—We used inverse
modeling and Bayesian parameter estimation to solve for
GPPbase, ERbase, and dielMET (similar to Holtgrieve et al.
2010). This approach estimates the probability distribution
of unknown parameters that produce the best fit between
the modeled and measured O2 data and does not rely on O2

data to directly solve for GPP and ER, as have past exact
solution methods (Mulholland et al. 2001; Hotchkiss and
Hall 2010). Bayesian parameter estimation also allows for
the inclusion of prior information about parameters, where
the joint posterior probability of all parameter estimates
(GPP, ER, others) given the data (O2) is proportional to
the product of the metabolism model likelihood (L) and
prior probability distributions for unknown parameters
(Holtgrieve et al. 2010). Posterior probability distribution
estimates were based on the Bayes rule (Hilborn and
Mangel 1997):

Probability hjDð Þ!L Djhð Þ|Prior(h) ð10Þ
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where the posterior probability of the parameter estimates
(h) was calculated as the product of the joint probabilities

of modeled O2 and 18OO2
based on O2 and 18OO2

data (D),
multiplied by prior information about the mean and
distribution of GPPbase, ERbase, and dielMET parameters
(h). Likelihood calculations assumed normally distributed
(N) error:

L Djhð Þ~P
n

i~1
N Dijmi,s

2
i

� �
ð11Þ

where the likelihood of D given h is the product of the
likelihoods of D for i to n measurements given modeled

oxygen concentrations (mi) and variance (s2
i ). We used a

‘‘random walk’’ Metropolis algorithm and Markov chain
Monte Carlo (MCMC) to simulate the posterior distribu-
tion of unknown parameters using the R metrop function in
the mcmc package (Geyer and Johnson 2013; R Develop-
ment Core Team 2012). Each model was run for at least
200,000 iterations using three different starting values
within our prior distributions to ensure convergence on
the same posterior parameter estimate. We altered the
proposed distribution step size to obtain an acceptance rate
near 20% (Geyer and Johnson 2013) and subtracted the
first 10,000 iterations of burn-in time based on visual
assessments of MCMC chain behavior before calculating
parameter posterior distribution means and credible
intervals. We did not thin MCMC chains.

The Bayesian modeling framework requires prior
information about the distribution of GPPbase, ERbase,
and dielMET as well as potential error in O2 and d18OO2

estimates. We estimated O2 and d18OO2
error terms as

unknown parameters with priors of the mean and range of

O2 and d18OO2
data (used to calculate likelihood; Eq. 10) as

the variance of measured O2 and d18OO2
. O2 model priors

for GPP and ER were minimally informative normal
distributions with standard deviations beyond probable
rates of GPP and ER for Wyoming streams. We used O2

model posterior distribution estimates of GPP and ER as
prior distributions for GPPbase and ERbase in the d18OO2

model. Because we had little prior information about
dielMET, we used minimally informative uniform distri-
butions (0 to 100 g O2 m22 d21) as prior probability
distributions for dielMET in d18OO2

models.
We generated two sets of model outputs to compare

temperature-adjusted O2 model estimates of GPP and ER
(Eqs. 2 and 3) with total GPP and ER (calculated from
model output of dielMET, GPPbase, and ERbase) from the
dual O2 and d18OO2

model (Eqs. 9a and 9b). Data input for
both models included diel PPFD and T. Fixed parameters
were BP, t, K, and z, and KO2

was adjusted for diel changes
in T. We also fixed all fractionation factors and AF of
source water and the atmosphere in the dual O2 and d18OO2

model for this comparison. Diel O2 and d18OO2
data were

only used to calculate the likelihood of parameter estimates
(Eq. 11).

Respiration fractionation factor for d18OO2
in flowing

waters—To compare fractionation factors in flowing

benthic chambers with literature values for static water
and sediment incubations, we measured the fractionation
factor for composite dark O2 consumption in four replicate
dark 4.2 liter circulating flow chambers in Kelly and Ditch.
We placed stream rocks in the base of the flow chambers,
sealed the chambers under water to remove all air bubbles,
covered the chambers with multiple layers of black plastic,
and incubated the sealed dark chambers in situ for 6 to 7 h
at each site (long enough to ensure substantial O2 depletion
but without inducing anoxia). We measured O2 and d18OO2

at the start and the end of the dark flow-through incu-
bations and calculated the site-specific enrichment factors
(eR) and fractionation factors (aR) for respiration (using
relationships between eR, d18OO2

, and O2 from the Rayleigh
equation as in Tobias et al. 2007), where

eR|ln fDOð Þ~d18OO2 tð Þ{d18OO2(t{1) ð12Þ

aR~1z
eR

1000
ð13Þ

eR was calculated from the fraction of the original dissolved
O2 remaining in the chamber water (fDO) at the end of each

incubation and the change in d18OO2
between the start

(d18OO2(t{1)) and end (d18OO2(t)) of each incubation (similar
to static benthic incubations by Tobias et al. 2007 and static
bottle incubations by Quay et al. 1995; Helman et al. 2005).

We used fixed measurements of aR to estimate dielMET
and ERbase in our three study streams. We compared
d18OO2

model dielMET and ERbase estimates and uncer-
tainty when we fixed measured aR, fixed a range of
commonly used literature values for aR, or included aR as
an unknown parameter with prior probability distributions
based on measured or literature values.

Results

Ecosystem metabolism: Diel O2 model—O2 varied over
24 h at all sites, corresponding to greater rates of GPP and
ER (Eq. 2; Fig. 1). All streams were heterotrophic: Rates of
ER exceeded GPP at all sites. Daily rates of GPP were
greatest in Kelly and lowest in both Red Canyon sites
(Table 2). Daily rates of ER were greatest in Kelly and
lowest in Polecat site 1 and Red Canyon site 2 (Table 2).
Posterior probability estimates of GPP and ER were well
constrained and provided good fits of modeled O2 to O2

data (Fig. 1). We used the posterior distributions for GPP
and ER from O2 models (Eq. 2) as the prior probability
distributions for GPPbase and ERbase in d18OO2

models
(Eqs. 9a and 9b).

Ecosystem metabolism: Diel d18OO2
model—Posterior

probability distributions of GPPbase and ERbase in the
d18OO2

model were similar to the priors from the O2-based
model at each site. The magnitude of diel d18OO2

cycles
varied by site, with large diel changes in Kelly and Polecat
and small diel changes in Red Canyon (Fig. 1). All d18OO2

parameter estimates converged on a nonzero dielMET term
(Table 2). The d18OO2

model posterior dielMET estimates
reflected the magnitude of diel d18OO2

and O2: Estimated
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Fig. 1. Measured vs. modeled O2 and d18OO2
during 24 h sampling periods in three Wyoming streams during summer 2007.

Measured O2 and d18OO2
data are noted with open circles; solid lines represent estimates of O2 and d18OO2

using a Bayesian inverse
metabolism modeling framework (Eqs. 9a and 9b).

High daytime respiration in streams 803



dielMET in Kelly was quite high, with lower dielMET
estimates for Polecat and Red Canyon, respectively.
Estimated rates of dielMET in Kelly more than doubled
the diel rates of GPP and ER throughout the day (Table 2).

Comparing diel O2 and d18OO2
estimates of ER—Tem-

perature-driven O2 and dielMET d18OO2
models both

estimated diel changes in ER for all three streams (Table 3;
Fig. 2). ER was greater during the day than night at all sites
for all models (Fig. 2). The light- and temperature-adjusted
O2 metabolism model accounted for only a small fraction
of the increased daytime ER calculated using d18OO2

,
especially at the most productive site (Kelly), suggesting
that something else, in addition to temperature, increased
rates of O2 cycling during the daytime. Kelly maximum
daytime ER was 410% greater than the maximum rate of
ER estimated using the temperature-adjusted O2 model.
The ranges of diel ER rates over one 24 h period were 80–
2400% greater using d18OO2

model ER estimates compared
to temperature-adjusted O2 model estimates (Table 3;
Fig. 2).

Respiration fractionation factor for d18OO2
in flowing

waters—The mean flow-through benthic chamber mea-
surements of aR for Kelly and Ditch were within the range

of values reported in the literature (Fig. 3). Mean measured
aR was slightly larger in Kelly (0.9884; standard deviation
[SD] 5 0.0084) than aR in Ditch (0.9821; SD 5 0.0038) and
reported from static chambers in the literature. Posterior
estimates of dielMET (and thus, total ER) were very
sensitive to variation in aR, even within the range of
measured (this study) and published aR values (Fig. 4).
Posterior parameter estimates of dielMET and aR did not
converge on a constrained estimate when we included aR as
an unknown parameter (with prior) in the d18OO2

metabolism model, so total ER estimates presented in
Fig. 4 are from a range of fixed aR values. Mean Kelly
dielMET estimates ranged from 12.2 to 95.5 g O2 m22 d21

across the high to low range of aR, respectively. Increasing
values of aR decreased mean dielMET estimates, with
dielMET estimates near zero when aR 5 1.0. Varying aR

also changed the confidence in dielMET estimates: Credible
intervals were largest at low aR values. Larger values of aR

produced ER estimates with smaller credible intervals
(Fig. 4).

Discussion

Drivers of high daytime O2 cycling—Daytime ER was
greater than nighttime ER in three Wyoming streams. Most
ecosystem metabolism measurements using only O2 are
limited to estimates of ER based on the assumption that
nighttime ER is the same as daytime ER or that ER varies
according to laboratory-derived temperature–respiration
relationships. We estimated time-varying rates of diel ER
using diel measurements of O2 coupled with d18OO2

. While
several studies have measured diel changes in d18OO2

, used
these data to calculate daily rates of GPP and ER, and
noted the role of diel changes in GPP and ER in driving
these swings, few have used d18OO2

to calculate diel changes
in ER. The few studies that used d18OO2

to estimate
different rates of ER during the day and night (or in light
and dark incubations) concluded that daytime (or light
incubation) respiration may be up to tenfold greater than
nighttime rates (Bender et al. 1987; Tobias et al. 2007).

We modeled dielMET as a function of light to estimate
diel changes in GPP and ER beyond GPPbase and ERbase

measured from diel changes from net O2. Higher rates of
daytime than nighttime respiration have been estimated

Table 2. Parameter estimates and 2.5–97.5% credible intervals (CI) for gross primary production (GPP), ecosystem respiration (ER),
and a modeled diel metabolism term (dielMET) using flow-through chamber measurements of the fractionation against 18O during
respiration (aR). Kelly parameters were estimated using measured aR in Kelly (aR 5 0.9884). Red Canyon and Polecat parameters were
estimated using the mean aR measured in Kelly and Ditch (aR 5 0.9852). Diel GPP and ER from the 18OO2

model were calculated as
GPPbase + dielMET and ERbase + (2dielMET), respectively. All units are g O2 m22 d21.

Site

GPPbase ERbase DielMET Diel GPP Diel ER

Mean CI Mean CI Mean CI Mean Mean

Kelly 14.9 14.3, 15.4 238.6 239.3, 237.8 48.8 35.4, 65.2 63.7 287.4
Red Canyon 1 2.5 2.4, 2.6 29.3 29.4, 29.2 3.7 2.5, 5.0 6.2 212.9
Red Canyon 2 2.4 2.4, 2.5 26.7 26.7, 26.6 2.8 1.9, 3.7 5.2 29.4
Polecat 1 5.1 4.9, 5.3 25.5 25.7, 25.2 3.1 2.1, 4.2 8.2 28.5
Polecat 2 11.5 11.4, 11.7 213.2 213.3, 213.0 8.8 1.7, 15.9 20.3 222.0

Table 3. A comparison of mean, minimum, and maximum
ecosystem respiration (ER) from temperature-driven O2 (Eqs. 2
and 3) and dielMET 18OO2

(Eqs. 9a and 9b) metabolism models.
Diel ER from the dielMET 18OO2

model was calculated as ERbase

+ (2dielMET). All units are g O2 m22 d21.

Diel ER

Site Model Mean Min Max

Kelly Temperature O2 229.8 227.8 233.0

DielMET 18OO2
287.4 238.3 2168.6

Red Canyon 1 Temperature O2 210.0 27.7 212.8

DielMET 18OO2
212.9 29.3 218.6

Red Canyon 2 Temperature O2 27.4 25.8 29.6

DielMET 18OO2
29.4 26.7 213.7

Polecat 1 Temperature O2 26.7 25.6 28.3

DielMET 18OO2
28.5 25.7 213.6

Polecat 2 Temperature O2 214.1 211.6 218.0

DielMET 18OO2
222.0 213.2 235.9

804 Hotchkiss and Hall



using pulses of light in bottle incubations and by including
light in ecosystem models. Instead of separating light and
dark bottles and assuming constant respiration rates in light
and dark, light pulse experiments estimate O2 consumption
in the dark immediately after a period of light exposure and
assume that the immediate O2 consumption rates reflect
rates of light respiration (Weger et al. 1989; Pringault et al.
2007). Rates of light respiration measured by the light pulse
technique for coastal plankton assemblages, marine dia-
toms, hypersaline mats, and intertidal sediments were 3–10
times greater than dark respiration (Weger et al. 1989;
Epping and Jørgensen 1996; Pringault et al. 2007). At the
stream reach scale, using light to model diel changes in O2

produced a better fit of modeled and measured O2 (Parkhill
and Gulliver 1999). Diel changes in light intensity drive the
mechanisms likely responsible for diel changes in ER
measuring using O2 and d18OO2

: light-mediated O2 cycling,
water temperature, GPP, and DOC availability.

Metabolism measurements using d18OO2
assume that diel

changes in d18OO2
are a product of mitochondrial

respiration and fully reflect an increase in biological C
cycling. Other biotic and abiotic processes during the
day also result in fractionation against 18OO2

, including

photorespiration (a 5 0.979), the Mehler reaction (a 5
0.985), alternative oxidase (a 5 0.969), and photolysis (a 5
0.988–0.995; Luz et al. 2002; Chomicki and Schiff 2008).
Although likely less common than dark respiration, all of
these processes discriminate against 18OO2

. Our measure-
ments of composite dark respiration fractionation excluded
light reactions with fractionation against 18OO2

and may
not fully reflect whole-stream diel 18OO2

dynamics. Luz
et al. (2002) used 18O and 14C isotope tracers to compare O2

and C cycling and estimate overall discrimination against
18OO2

in Lake Kinneret. Rates of O2 production were about
7.5 times greater than C fixation, and models suggested the
role of the alternative oxidase pathway, in addition to
photorespiration, dark respiration, and/or the Mehler
reaction, in driving changes in d18OO2

(Luz et al. 2002).
In another lake, coupled measurements of CO2 and O2

cycling using 13C tracers found similar respiration rates,
measured as CO2 and O2, at the ecosystem level (Carvalho
and Eyre 2012). We suggest that O2 light reactions only
account for a small fraction of total O2 cycling in our clear-
water study streams, but photorespiration and the Mehler
reaction may increase during periods of highest light
intensity during the day.

Fig. 2. Diel rates of ecosystem respiration (ER) in three Wyoming streams estimated using a
temperature-adjusted O2 metabolism model (dashed lines; Eqs. 2 and 3) and a dual O2 and d18OO2

metabolism model (solid lines; Eqs. 9a and 9b, where ER 5 ERbase + [2dielMET]).
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Temperature may increase ER during the daytime.
Elevated temperatures can increase metabolic rates of
organisms within their thermal tolerance range; Perkins
et al. (2012) found a consistent relationship between

temperature and ER in streams across a broad range
of water temperatures. We used diel changes in water
temperature to predict temperature-driven changes in ER,
but the range of and maximum diel ER rates derived from
O2 temperature models were much lower than ranges and
maximum diel ER rates estimated using d18OO2

data
(Fig. 2). Tobias et al. (2007) also compared diel estimates
of ER from d18OO2

with temperature-driven ER estimates.
While the temperature and d18OO2

model estimates of
daytime ER were similar in the fall, d18OO2

model-derived
diel ER estimates were larger than temperature models
could account for during the summer (Tobias et al. 2007).

ER and GPP can be coupled in freshwater ecosystems.
Much of the respiration is from autotrophs themselves,
especially on daily timescales (Hall and Beaulieu 2013;
Solomon et al. 2013). GPP can also stimulate respiration by
increasing concentrations of O2 and/or organic compounds
available for respiration (Weger et al. 1989; Epping and
Jørgensen 1996). Algal exudation of DOC and nutrients
may increase rates of daytime ER, which would not be
included in temperature-driven metabolism models. Algae
can release up to 75% of organic C fixed during
photosynthesis into their surrounding environment, al-
though the average release is likely closer to 15% (Baines
and Pace 1991). This algal DOC tends to be highly
biologically available for consumption by heterotrophic
microbes and may support a large portion of secondary
production and respiration (Cole et al. 1982; Moran and
Zepp 1997; Farjalla et al. 2006). While gross rates of algal
DOC release are difficult to measure directly because of
rapid consumption by associated microbes, net algal DOC
exudation rates can increase the total streamwater concen-
tration of DOC during daytime (Kaplan and Bott 1982).
Given the positive relationship between GPP and the
magnitude of diel ER in our streams, we believe that GPP
stimulated ER via higher rates of autotrophic respiration as
well as DOC exudation and coupled heterotrophic respi-
ration. Diel changes in production-driven ER likely
account for much of the difference between the tempera-
ture-driven O2 model and d18OO2

model estimates of diel
ER (Fig. 2).

Limitations of the diel d18OO2
model—While we used diel

d18OO2
and O2 data to estimate site-specific dielMET

parameters for five sites in three streams and quantify the
uncertainty associated with choice of aR, our d18OO2

dielMET estimates had large credible intervals in compar-
ison to GPPbase and ERbase estimates (Table 2). By adding
the dielMET parameter, we were able to assume diel
measurements of dissolved O2 were accurate and reflected
the net diel changes in O2 due to GPP, ER, and air–water
gas exchange. The larger uncertainty in dielMET estimates
could have been due to choices in model structure or
limited power to estimate an additional unknown param-
eter with the data available. The uncertainty in dielMET
estimates using our d18OO2

data is also likely a result of
fewer d18OO2

measurements; we modeled d18OO2
at 10 min

time-steps, but we were only able to compare those
modeled values with collected d18OO2

data at 4 h time-
steps. More frequent d18OO2

data throughout each 24 h

Fig. 3. Measurements of fractionation against 18OO2
during

respiration (aR) vary among studies. All published measurements
were from static water or benthic incubations. Measurements
from this study were made using dark flow-through benthic
chambers. Whiskers represent the minimum and maximum values
for aR, boxes range from the first to third quartile, and the thick
line within the box represents the median.
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period could help to better constrain the parameter
estimates for dielMET and resulting diel ER and GPP
calculations.

Direct measurements of the fractionation against 18OO2

during respiration are rare, especially measurements
including benthic assemblages in flowing waters. Early aR

measurements focused on single species or assemblages in
marine and lake water and were static chamber measure-
ments made in the field or laboratory (Fig. 3). Tobias et al.
(2007) were the first to include a benthic component, but
they did not account for changes in aR due to flowing water
over the benthos. We included flowing water and benthic
assemblages (on stream rocks) in our flow-through
chamber measurements, but we still created an artificial
environment using chambers. We used measured aR in our
d18OO2

models, but we did not have flow-through chamber
aR estimates for each of the five specific sites on the dates

and times of d18OO2
data collection. The broad range of our

aR estimates (aR 5 0.9767–0.9957; Fig. 3) likely reflected
patchiness of biological processes and aR within the
benthos, different processes driving net changes in d18OO2

in dark chambers, and measurement error.
Diel estimates of ER using d18OO2

metabolism models
were sensitive to the value of aR. Our modeling framework
allowed us to show the uncertainty associated with one of
the most sensitive parameters in the d18OO2

model: aR.
However, we were unable to solve for aR as another
unknown parameter with the addition of the dielMET
term. Fractionation likely varies over space and time, even
within a single study reach during a single day. Wang et al.
(2008) calculated aR at a range of lake sites in different
seasons; pelagic aR estimates ranged from 0.981 to 1.001.
To our knowledge, no one has measured diel changes in aR.
Considering the range of values for aR in the literature as

Fig. 4. Error in modeled diel ecosystem respiration (ER) increases as aR (fractionation
against 18OO2

during respiration) increases. Modeled estimates of ER are highly sensitive to the
choice of aR. Each point represents the mean modeled estimate of ER (ER 5 ERbase +
[2dielMET]); Eq. 9b). Brackets represent the 2.5% and 97.5% Bayesian credible intervals.
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well as the range of aR estimates for a specific site across
replications, sampling locations, times, and dates, the
susceptibility of dielMET (and diel ER) to changes in aR

is troublesome. Estimates of dielMET in Kelly ranged from
12.1 to 95.5 g O2 m22 d21, depending on the choice of aR

(ranging from 0.975 to 1.000, respectively). While this was
the largest range of dielMET estimates for the sites in our
study, all site diel ER estimates depended heavily on choice
of aR (Fig. 4). We ultimately decided our chamber
estimates were the best choice for aR in our d18OO2

models
given the inclusion of benthos and flowing water, but
estimates of diel ER would have been 1.5 times greater if we
did not have chamber measurements and instead relied on
the mean literature value for aR (,0.982).

Metabolism estimates have been very sensitive to the
choice of aR in other models, even when the focus has been
on daily estimates of GPP and ER and not diel changes in
ER. For example, a model sensitivity analysis found that
changing fractionation from 0.978 to 0.985 increased the
ratio of GPP : ER by a factor of 3 (Quiñones-Rivera et al.
2009). Other d18OO2

and O2 model best fits in the literature
required aR values as high as 0.998 (Venkiteswaran et al.
2007). Assuming little or no fractionation against d18OO2

during respiration allows for the use of d18OO2
as an

additional data set with which to constrain daily estimates
of GPP and ER, but it prevents the use of diel d18OO2

data
to investigate the mechanisms driving diel rates of ER.
Using aR estimates from 0.995 to 1.000 to model diel ER
for our study sites would have reduced dielMET estimates
to one half or one tenth of dielMET using flow-chamber
measurements of aR. Despite the uncertainty associated
with not knowing the ‘‘true’’ value of aR appropriate for
site- and time-specific estimates of ecosystem metabolism,
Bayesian parameter estimation can be used to quantify this
uncertainty while showing that daytime ER does indeed
increase relative to nighttime rates, likely as a result of GPP
driving increases in ER during the day.

The way forward—d18OO2
may prove to be a powerful

tool in enhancing our ability to estimate diel changes in ER
and quantifying drivers of diel ER. Using diel changes in
the natural abundance of d18OO2

, we modeled diel changes
in ER for three streams in Wyoming, and we showed that
ER, as measured by O2, was greater in the daytime. Diel
ER modeled using temperature-adjusted O2 models did not
account for the magnitude of diel ER swings estimated
using d18OO2

, suggesting that GPP may drive diel changes
in ER in these streams. Beyond the logistical and financial
restrictions associated with diel sampling efforts and the
cost to analyze d18OO2

samples, three major challenges
associated with d18OO2

metabolism estimates remain: (1)
identifying the role of O2-cycling light reactions beyond
mitochondrial respiration, (2) constraining aR, and (3)
acknowledging the uncertainty of parameter estimates to
better inform within- and among-site comparisons of
biological interest.

To estimate diel ER in the context of ecosystem C
cycling, scientists must continue to examine how much of
measured O2 (whether dissolved O2 or d18OO2

) cycling
represents C cycling. This question of O2 and C coupling

could be a larger problem for d18OO2
metabolism models,

where estimates of ER depend on the choice of aR and
assume mitochondrial respiration is responsible for this
fractionation. If estimates of diel ER made using O2

measurements do not fully reflect C cycling, identifying
other processes responsible for increased O2 cycling during
the day is of great interest. There is potential to quantify
the relative contributions of different O2 cycling processes
using a combination of O2 and C isotope tracers and
estimates of process-specific isotope fractionation factors.
Measurements at a larger scale than laboratory and field
incubations are logistically more challenging but will likely
yield more useful information for ecosystem-level metab-
olism calculations.

While higher frequency of d18OO2
sampling will increase

the precision of d18OO2
model parameter estimates, the

sensitivity of modeled ER to the choice of aR will still be
a major limitation of metabolism models using d18OO2

.
Measurements of aR should ideally match the spatial scale
of O2 measurements for metabolism estimates, but labora-
tory and field incubations can still provide valuable
information about the range of realistic aR values to use.
Spatial and temporal heterogeneity in aR is relatively
unknown, especially for flowing waters and measurements
made throughout diel cycles. Strategic combinations of
laboratory and field measurements, coupled with modeling
approaches that account for parameter uncertainty, could
help us better understand aR at the ecosystem level.

Bayesian parameter estimation provides a framework
with which to compare model estimates with data to
quantify the probability density distribution of metabolism
parameters as a means of estimating parameter uncertainty.
In this study, we could quantify diel rates of ER as well as
the uncertainty in ER estimates associated with the range
of aR values in the literature. Further exploration of model
structures and ways to quantify parameter uncertainty will
greatly advance the confidence in our metabolism param-
eter estimates and how we identify the primary drivers
associated with changes in GPP and ER.

To estimate the current and future role of freshwater
ecosystems in regional and global C budgets, we require
better estimates of freshwater ecosystem metabolism and
better understanding of metabolism drivers. Various
laboratory and field experiments and measurements,
including this study, suggest that assuming constant rates
of ER throughout 24 h cycles is unrealistic, which may limit
our understanding of drivers of ecosystem metabolism and
C cycling. What are the drivers of greater daytime vs.
nighttime ER in aquatic ecosystems? To what extent do

d18OO2
-derived diel estimates of ER reflect an increase in C

oxidation? How can we use models to quantify the
uncertainty in metabolism model parameter estimates? A
better understanding of the relationships among light
intensity, temperature, GPP, and C bioavailability in
driving diel rates of ER will improve ecosystem metabolism
models, with or without access to diel d18OO2

data.
Estimating rates of ER continues to be one of the biggest
challenges associated with measuring C cycling in aquatic
ecosystems, but improvements in data collection, metabo-
lism models, and modeling approaches can enhance our
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understanding of C processing and the role of freshwater
ecosystems in regional and global C budgets.
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JÄHNE, B., G. HEINZ, AND W. DIETRICH. 1987. Measurement of
diffusion coefficients of sparingly soluble gases in water. J.
Geophys. Res. 92: 10767–10776, doi:10.1029/JC092iC10p10767

KAPLAN, L. A., AND T. L. BOTT. 1982. Diel fluctuations of DOC
generated by algae in a piedmont stream. Limnol. Oceanogr.
27: 1091–1100, doi:10.4319/lo.1982.27.6.1091

KIDDON, J., M. L. BENDER, AND J. ORCHARDO. 1993. Isotopic
fractionation of oxygen by respiring marine organisms. Glob.
Biogeochem. Cy. 7: 679–694, doi:10.1029/93GB01444

KROOPNICK, P. M. 1975. Respiration, photosynthesis, and oxygen
isotope fractionation in oceanic surface water. Limnol.
Oceanogr. 20: 988–992.

LANE, G. A., AND M. DOLE. 1956. Fractionation of oxygen
isotopes during respiration. Science 123: 574–576, doi:10.
1126/science.123.3197.574

LUZ, B., AND E. BARKAN. 2000. Assessment of oceanic productivity
with the triple-isotope composition of dissolved oxygen.
Science 288: 2028–2031, doi:10.1126/science.288.5473.2028

———, ———, Y. SAGI, AND Y. Z. YACOBI. 2002. Evaluation of
community respiration mechanisms with oxygen isotopes: A
case study in Lake Kinneret. Limnol. Oceanogr. 47: 33–42,
doi:10.4319/lo.2002.47.1.0033

High daytime respiration in streams 809

http://dx.doi.org/10.1111%2Fj.1574-6941.2006.00028.x
http://dx.doi.org/10.1111%2Fj.1574-6941.2006.00028.x
http://dx.doi.org/10.4319%2Flo.1991.36.6.1078
http://dx.doi.org/10.4319%2Flo.1987.32.5.1085
http://dx.doi.org/10.2307%2F2439688
http://dx.doi.org/10.4319%2Flom.2012.10.167
http://dx.doi.org/10.1016%2Fj.scitotenv.2008.04.024
http://dx.doi.org/10.1016%2Fj.scitotenv.2008.04.024
http://dx.doi.org/10.4319%2Flo.1998.43.4.0647
http://dx.doi.org/10.4319%2Flo.1998.43.4.0647
http://dx.doi.org/10.4319%2Flo.1982.27.6.1080
http://dx.doi.org/10.1126%2Fscience.133.3467.1833
http://dx.doi.org/10.1093%2Fplankt%2F25.1.111
http://dx.doi.org/10.1093%2Fplankt%2F25.1.111
http://dx.doi.org/10.3354%2Fmeps139193
http://dx.doi.org/10.1007%2Fs00248-006-9021-4
http://dx.doi.org/10.1007%2Fs00248-006-9021-4
http://cran.r-project.org/package=mcmc
http://cran.r-project.org/package=mcmc
http://dx.doi.org/10.1007%2FBF00392616
http://dx.doi.org/10.1899%2F12-147.1
http://dx.doi.org/10.4319%2Flom.2008.6.454
http://dx.doi.org/10.4319%2Flom.2008.6.454
http://dx.doi.org/10.1104%2Fpp.105.063768
http://dx.doi.org/10.1104%2Fpp.105.063768
http://dx.doi.org/10.4319%2Flo.2010.55.3.1047
http://dx.doi.org/10.1007%2Fs00442-009-1536-1
http://dx.doi.org/10.1146%2Fannurev.pp.21.060170.002125
http://dx.doi.org/10.1146%2Fannurev.pp.21.060170.002125
http://dx.doi.org/10.1029%2FJC092iC10p10767
http://dx.doi.org/10.4319%2Flo.1982.27.6.1091
http://dx.doi.org/10.1029%2F93GB01444
http://dx.doi.org/10.1126%2Fscience.123.3197.574
http://dx.doi.org/10.1126%2Fscience.123.3197.574
http://dx.doi.org/10.1126%2Fscience.288.5473.2028
http://dx.doi.org/10.4319%2Flo.2002.47.1.0033
http://dx.doi.org/10.4319%2Flo.2002.47.1.0033


MEHLER, A. H., AND A. H. BROWN. 1952. Studies on reactions of
illuminated chloroplasts. III. Simultaneous photoproduction
and consumption of oxygen studied with oxygen isotopes.
Arch. Biochem. Biophys. 38: 365–370, doi:10.1016/0003-
9861(52)90042-8

MORAN, M. A., AND R. G. ZEPP. 1997. Role of photoreactions in
the formation of biologically labile compounds from dis-
solved organic matter. Limnol. Oceanogr. 42: 1307–1316,
doi:10.4319/lo.1997.42.6.1307

MULHOLLAND, P. J., AND OTHERS. 2001. Inter-biome comparison of
factors controlling stream metabolism. Freshw. Biol. 46:
1503–1517, doi:10.1046/j.1365-2427.2001.00773.x

ODUM, H. T. 1956. Primary production in flowing waters. Limnol.
Oceanogr. 1: 102–117, doi:10.4319/lo.1956.1.2.0102

PARKER, S. R., AND OTHERS. 2010. Diel behavior of stable isotopes of
dissolved oxygen and dissolved inorganic carbon in rivers over a
range of trophic conditions, and in a mesocosm experiment.
Chem. Geol. 269: 22–32, doi:10.1016/j.chemgeo.2009.06.016

PARKHILL, K. L., AND J. S. GULLIVER. 1999. Modeling the effect of
light on whole-stream respiration. Ecol. Model. 117: 333–342,
doi:10.1016/S0304-3800(99)00017-4

PERKINS, D. M., AND OTHERS. 2012. Consistent temperature
dependence of respiration across ecosystems contrasting in
thermal history. Global Change Biol. 18: 1300–1311,
doi:10.1111/j.1365-2486.2011.02597.x

PRINGAULT, O., V. TASSAS, AND E. ROCHELLE-NEWALL. 2007.
Consequences of respiration in the light on the determination
of production in pelagic systems. Biogeosciences 4: 105–114,
doi:10.5194/bg-4-105-2007

QUAY, P. D., D. O. WILBUR, J. E. RICHEY, A. H. DEVOL, R. BENNER,
R., AND B. R. FORSBERG. 1995. The 18O : 16O of dissolved
oxygen in rivers and lakes in the Amazon Basin: Determining
the ratio of respiration to photosynthesis rates in freshwaters.
Limnol. Oceanogr. 40: 718–729, doi:10.4319/lo.1995.40.4.0718
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———, W. WISSEL, D. JUSTIĆ, AND B. FRY. 2007. Partitioning
oxygen sources and sinks in a stratified, eutrophic coastal
ecosystem using stable oxygen isotopes. Mar. Ecol. Prog. Ser.
342: 69–83, doi:10.3354/meps342069

R DEVELOPMENT CORE TEAM. 2012. R: A language and environ-
ment for statistical computing, reference index 2.15.2. R
Foundation for Statistical Computing, Vienna, Austria. ISBN
3-900051-07-0, Available from http://www.R-project.org/.

SOLOMON, C. T., AND OTHERS. 2013. Ecosystem respiration: Drivers
of daily variability and background respiration in lakes
around the globe. Limnol. Oceanogr. 58: 849–866.
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