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Abstract
Global quantitative estimations of ecosystem functions are vital. Among those, ecosystem respiration and
photosynthesis contribute to carbon cycling and energy flow to food webs. These can be estimated in streams
with the open channel diel oxygen method (single or two stations) essentially relying on a mass balance of
oxygen over a defined reach. The method is generally perceived as low cost and easy to apply with new drift
free optic sensors. Yet, it remains challenging on several key issues reviewed here: measurements of gas transfer at the air-water interface, appropriate mixing of tracers, uncertainty propagation in the calculations, spatial heterogeneity in oxygen concentrations, the derivation of net primary production (NPP) or autotrophic
respiration, and the temperature dependence of photosynthesis and respiration. An extremely simple modeling tool is presented in an Excel workbook recommended for teaching the basic principles of the method.
The only method able to deal with stream spatial heterogeneity is the method by Demars et al. Example
data, Excel workbook, and R script are provided to run stream metabolism calculations. Direct gas exchange
determination is essential in shallow turbulent streams, but modeling may be more accurate in large (deep)
rivers. Lateral inflows should be avoided or well characterized. New methods have recently been developed
to estimate NPP using multiple diel oxygen curves. The metabolic estimates should not be systematically
temperature corrected to compare streams. Other recent advances have improved significantly the open
channel diel oxygen method, notably the estimation of respiration during daylight hours.

oxygen curves (e.g., O’Connor and Di Toro 1970). There are
also strong ecological incentives to go one step further and
estimate autotrophic and heterotrophic respiration (Ra and
Rh, respectively) as well as net primary production (NPP)
notably in studies of ecosystem ecological energetics (e.g.,
Le Cren and Lowe-McConnell 1980; Rosenfeld and Mackay
1987; Meyer 1989), nutrient cycling (Newbold et al. 1982;
Hall and Tank 2003; Stutter et al. 2010), and metabolic bal pez-Urrutia et al. 2006;
ance under climate warming (Lo
Yvon-Durocher et al. 2010; Demars et al. 2011b). Despite
the many methods available, no general consensus has yet
emerged on the determination of Ra, Rh or NPP in aquatic
ecosystems (Robinson and Williams 2005; Kosten et al.
2014).
The present review on stream metabolism is limited to
the open channel diel oxygen method as proposed by Odum
(1956), and similarly applied to CO2 diel change (e.g.,
Wright and Mills 1967; Hanson et al. 2003). Oxygen metabolism may be converted to carbon metabolism via a respiratory quotient (e.g., Hanson et al. 2003; Williams and del
Giorgio 2005). The open diel oxygen change method is also
applied to lakes (e.g., Staehr et al. 2010), oceans (e.g., del

Ecosystems may be metaphorically seen as superorganisms
with organs and metabolic functions: forest as lung providing oxygen, river as blood bringing nutrients to floodplain,
stream benthos as liver purifying water. The pace of activity
is generally poetically expressed through breathing rate,
pulse, or heartbeat (e.g., Baldocchi 2008; Palmer and Febria
2012). There is now a huge international effort trying to
define river health (Sweeney et al. 2004; Young et al. 2008;
Palmer and Febria 2012). Yet, quantitative estimation of
many ecosystem functions remains challenging.
Aquatic ecosystem metabolism can be characterized by
monitoring the diel change in dissolved oxygen concentration to estimate gross primary production (GPP), ecosystem
respiration (ER), and the metabolic balance or net ecosystem
production (NEP) as pioneered by Vinberg (1934, 1960) and
Odum (1956). The estimates may be calculated directly as in
Odum (1956) or indirectly via a model fitted on the diel
*Correspondence: benoit.demars@hutton.ac.uk
Additional Supporting Information may be found in the online version of
this article.
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We aim to review recent improvements in understanding
and practice of the art in rivers to complement a previous
lake perspective (Staehr et al. 2010).
In the first section, the single station approach is presented with an Excel tool allowing the investigation of the
sensitivity of diel oxygen to key parameters (recommended
for teaching basic principles). Gas transfer velocity estimates
from modeling approaches and empirical equations are compared to direct field measurements. In the second section,
we critique the blind application of the Schmidt number
dependence and discuss new developments in field gas tracer
studies (mixing length, injection methods, and choice of
tracers). The third section is devoted to spatial heterogeneity
and propagation of uncertainties in calculations, a hot topic
not confined to streams (e.g., van de Bogert et al. 2012;
Antenucci et al. 2013; McNair et al. 2013). The method proposed by Reichert et al. (2009) is now put to the test devised
by Demars et al. (2011b). New developments in transient
storage metabolism are also considered. Finally, we comment
on the temperature dependence and derivation of autotrophic and heterotrophic respiration in aquatic ecosystems,
critical parameters in many ecological applications. We conclude with a set of recommendations and perspectives.

Giorgio and Duarte 2002), and with some modification to
estuaries (e.g., Vallino et al. 2005). Recently, it has been integrated with isotopic approaches to better constrain parameter estimates (Venkiteswaran et al. 2008; Holtgrieve et al.
2010). Alternative in situ open methods have been developed for coastal systems which may be applied to some running water systems but they tend to be more technical and
expensive (e.g., Berg et al. 2003; McGillis et al. 2011; Long
et al. 2013). Those eddy and gradient flux methods also measure over a small footprint and are explicitly benthic. Other
methods are available to quantify photosynthesis such as the
microelectrode (Jørgensen et al. 1979), 14C (Steemann Nielsen 1946; Peterson 1980; Marra 2009), triple-isotope
approach (Luz and Barkan 2000; Nicholson et al. 2012).
There is still a debate however as to what exactly is being
measured by the different methods (net vs. gross photosynthesis, Robinson and Williams 2005). There is also a wide
range of closed systems (chamber methods) which may be
used in combination to (or instead of) open in situ methods
(e.g., Bott et al. 1997; Dodds and Brock 1998; Uzarski et al.
2001) but scaling issues remain problematic (Petersen et al.
2009; Hanson et al. 2011).
The open diel oxygen method has a set of assumptions.
Oxygenic metabolism is generally the dominant pathway
(Raven 2009) but respiration estimates will ineluctably
include anaerobic metabolic pathways via oxidation of their
respiration products in the upper part of the benthos (Canfield et al. 2005, p. 199; Trimmer et al. 2009). ER also
includes chemical oxidation (nitrification) and photooxidation of organic matter, not to the same extent if estimated from O2 or CO2 diel changes (Estapa and Mayer
2010). ER is generally assumed constant throughout the day
(but see Parkhill and Gulliver 1998, 1999) because until
recently it has not been possible to separate respiration from
photosynthesis during the daylight hours (Raven and Beardall 2005). Two techniques look promising in assessing respiration of oxygenic metabolism throughout the day: the diel
change in d18O of the dissolved oxygen (Tobias et al. 2007;
Hotchkiss and Hall 2014) and the resazurin-resorufin
approach (Haggerty et al. 2009; Argerich et al. 2011;
 n et al. 2012). Those studies suggest that
Gonzalez-Pinzo
assuming constant rates of ER throughout the day is unrealistic, bearing in mind large uncertainties in parameter estimation and underlying processes.
At first, the diel oxygen method appears to be a very simple oxygen mass balance, yet it can be deceptively complicated in practice. Recent efforts and new methodological
developments have strived to improve the determination of
gas exchange, quantify parameter sensitivity, propagate
uncertainties, estimate autotrophic and heterotrophic respiration, and apply temperature corrections. Metabolic estimates should now be more accurate, but many studies fall
short of understanding key principles or applying them in
practice at the expense of additional (implicit) uncertainties.

Single station in homogeneous streams
Principles
The net metabolism of an aquatic ecosystem can be computed from a single diel oxygen curve, the gas transfer velocity, and mixing depth (Odum 1956). The change in O2
concentration at a single station between two subsequent
measurements can be approximated as:
dC=dt ¼ ðCt 2Ct21 Þ=Dt

(1)

with C concentration of oxygen (mg O2 L21 or g O2 m23) at
time t and can be modeled as follows:
dC=dt ¼ ½KL ðCSAT 2Ct Þ1GPP2ER=z

(2)

with KL, gas transfer velocity (m h21); CSAT, oxygen saturated
concentration of O2 as a function of water temperature and
atmospheric pressure (mg O2 L21 or g O2 m23); Ct, oxygen
concentration at time t (mg O2 L21 or g O2 m23); GPP, gross
primary production (g O2 m22 h21); ER, ecosystem respiration (g O2 m22 h21); z, mixing depth (m).
Models are often applied to contrasting datasets, but are
seldom tested (Hanson et al. 2008). Holtgrieve et al. (2010)
presented a set of scenarios using known KL, GPP, and ER to
test how their Bayesian ecosystem metabolism model performed under known conditions. They were able to reproduce as in previous studies (e.g., Simonsen and Harremo€es
1978; Kosinski 1984) known behavior such as the flattening
of the diel oxygen curve with increasing KL and the increasing time lag in oxygen peak relative to solar noon with
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decreasing KL, for daily GPP  ER. They also reported uncertainties in model performance under a set of known daily
GPP/ER ratios and KL. Such test datasets with known parameters help understanding and visualizing the calculation
methods and can readily be prepared as follows (see Excel
workbook in Supporting Information).
First, a bell-shaped curve of photosynthetic radiation
(PAR) was drawn with a peak at 1500 lmol Q m22 s21, and
10/14 h night-day cycle (this can easily be altered, e.g.,
Simonsen and Harremo€es 1978). The scenarios were based
on a 1-h time step (shorter time intervals are recommended
in practice; see Kosinski 1984; Staehr et al. 2010). Then, GPP
was calculated with a Michaelis-Menten type equation as
follows:
GPP ¼

GPPMAX PAR
kPAR PAR

(3)

with GPPMAX, maximum GPP (set at 2 g O2 m22 h21) and
kPAR, PAR at which half the GPPMAX is produced (set at 500
lmol Q m22 s21). Other similar equations are available for
light saturation including a temperature correction for GPP
(e.g., Eilers and Peeters 1988; Henley 1993; Parkhill and Gulliver 1999). ER was set as constant throughout the night-day
cycle (but see Parkhill and Gulliver 1999). This allowed the
calculation of NEP 5 GPP 2 ER at hourly time steps. Hourly
ER was adjusted to ER 5 20.54 g O2 m22 h21 so that daily
ER balanced daily GPP in the first instance (i.e., daily
NEP 5 0). It is interesting to play with the absolute metabolic
rates of GPP and ER and GPP/ER to see how the oxygen
curves change (e.g., Kosinski 1984; Holtgrieve et al. 2010;
Staehr et al. 2010).
To simplify the calculations, normal atmospheric pressure
(760 mm Hg) and 20 8C constant temperature were applied
(so CSAT 5 9.59 g O2 m23). The diel curve of oxygen was
therefore similar for O2 concentration (g O2 m23) and saturation (%). The mixing depth of the system was set to 1 m to
simplify Eq. 1. Under these conditions, the gas transfer
velocity KL (m h21) equal gas exchange coefficient k (h21)
and GPP, ER, and NEP were equally expressed as g O2 m22
h21 or mg O2 L21 h21. The gas exchange coefficient was set
as a constant throughout the night-day cycle (range 0.1–
5 h21). After substituting Eq. 1 in simplified Eq. 2 (with GPPER 5 NEP and z 5 1), we have for Dt 5 1:
Ct ¼

kCSAT 1 NEP 1 Ct21
ð11kÞ

Fig. 1. Diel change in oxygen concentration with daily GPP/ER 5 1,
GPP 5 13 g O2 m22 d21 and varying gas exchange coefficient k (h21),
with mixing depth z 5 1 m so k is equivalent to gas exchange velocity
KL (m h21). Top panel: note the flattening of the diel curve with increasing k and increasing time lag with decreasing t, as previously reported
€s 1978; Holtgrieve et al. 2010). Bottom
(e.g., Simonsen and Harremoe
panel illustrates the change in NEP and oxygen flux F at the air-water
interface for k 5 0.5 h21. Note the amplitude of the curves for a given k
is linearly related to the metabolism, hence at k 5 0.5 h21 the amplitude
would change from 2.7 mg O2 L21 to 0.27 mg O2 L21 if metabolism
decreased by 10 times (close to the accuracy of some oxygen sensors).

This simple tool allows understanding the basics of stream
metabolism calculations, exploring uncertainties in parameter estimation and selecting appropriate equipment. For
example, while river ecologists are used to conditions where
daily ER > GPP and moderate to high gas transfer velocities,
it is not always immediately apparent, why oxygen saturation can be so highly variable and sustain saturation at night
above 100% in deep slow flowing rivers and standing waters
(Williams et al. 2000; Palmer-Felgate et al. 2011). This can
easily happen during an algal bloom in systems with
GPP > ER and low KL (typically <1 m d21)—e.g., Staehr et al.
2010. Similarly at the end of the algal bloom, GPP < ER and
the system can quickly shift to very low saturation values
down to anoxia (Williams et al. 2000; Palmer-Felgate et al.
2011).
The problem of oxygen sensor calibration (accuracy) is
absolutely crucial and cannot be underestimated, especially
in turbulent and/or low productivity streams. Calibration of
the sensors, using water temperature, atmospheric pressure,
and stream water, must be done before deployment, the oxygen sensors must be cross calibrated in the stream at the

(4)

and the gas flux at the air-water interface F (mg O2 L21 h21)
F ¼ kðCSAT 2Ct Þ

(5)

from which dC/dt and estimated NEP were calculated from
Eq. 1 and rearranged Eq. 2, respectively (Fig. 1).
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remained untested and partly based on spurious negative KL
values (the direction of the reaeration flux must be determined by the oxygen deficit) and supersaturation at night
(see Hall et al. 2015), both of which had no biophysical
meaning. Moreover, in similar rivers, Young and Huryn
(1999) compared the day and night time regression methods
to gas tracer studies and found no correlation between the
two with median discrepancy over 100% (calculated as the
absolute difference between the two tracer studies divided by
their average). This is questioning the findings of many studies where the gas exchange coefficient was poorly constrained (e.g., Iwata et al. 2007; Izagirre et al. 2008; Birkel
et al. 2013).
In practice, the derivation of the gas exchange (time21)
with long-term datasets can be further compromised by
change in hydrology, pollution event, and equipment mal~ a et al. 2004; Izagirre
function (e.g., Uehlinger 2000; Acun
et al. 2008; Stutter et al. 2010). To fill gaps, the gas
exchange (time21) can often be related to discharge Q
(personal observations), but this is site specific (Genereux
and Hemond 1992; Roberts et al. 2007; Wallin et al.
2011). Relatively large uncertainties in gas transfer velocity
or gas exchange may also prevent to find strong correlations with Q (e.g., Izagirre et al. 2008). Hence, gas tracer
studies (or modeling in large rivers) and error propagations
should be the norm in stream metabolism studies (e.g.,
McCutchan et al. 1998; Demars et al. 2011b; Hotchkiss
and Hall 2014).

start and end of deployment, and calibration checked again
at the end. Long-term deployment requires additional regular calibration checks. Slight discrepancies between sensors
can then be corrected for the two station method (see
below).
Gas transfer velocity: Direct determination or modeling
It is clear from Fig. 1 that the gas transfer velocity (or gas
exchange) greatly affects the diel oxygen curve. Note the
results of the first day of the time series may be affected by
the chosen initial concentration of oxygen, depending on
the setting (another modeling property to explore). Large
errors in stream metabolism estimates (especially respiration)
will occur with high gas transfer velocity (McCutchan et al.
1998). Hence, models will perform best when k is measured
out in the field with typical uncertainties of 10% in small
streams with discharge generally under a m3 s21 (e.g., Thyssen et al. 1987; Thene and Gulliver 1990; Genereux and
Hemond 1992; Melching 1999) and 30% in larger (1–10 m3
s21) wide and shallow heterogeneous streams (Demars,
unpubl.). The gas transfer velocity may be derived from
existing empirical or theoretical equations (both generally
fitted on field or lab reaeration studies) but their precision is
generally relatively poor (at best 40–125% error) and both
tend to be restricted to relatively narrow conditions of applications (see, e.g., Cox 2003; Wallin et al. 2011; Raymond
et al. 2012; Demars and Manson 2013; Palumbo and Brown
2014).
Hence, several techniques have been proposed to derive
KL from the diel oxygen curve such as the night time
method (Odum 1956; Hornberger and Kelly 1975; Thyssen
C ; Izagirre et al.
and Kelly 1985 implemented in RIVERMETV
2007), day time method (Hornberger and Kelly 1975 corrected in Cox 2003; Chapra and Di Toro 1991), and iterative
methods with simultaneous derivation of KL, GPP, and ER by
best fitting to the diel oxygen curve (Holtgrieve et al. 2010;
Birkel et al. 2013; Riley and Dodds 2013). Those techniques
are however restricted to sinusoidal diel curves (i.e.,
KL < 0.5 m h21 and high productivity, Holtgrieve et al. 2010)
where they perform similarly to suitable empirical equations
(640% discrepancy against Owens et al. 1964; Williams
et al. 2000) and tracer gas studies (665% median discrepancy, Riley and Dodds 2013)—note there is no point in comparing equations outside their range of applicability. The
derivation of KL from the diel oxygen curve understandably
fails under slow metabolism or high KL where dC/dt varies
little at night and the time lag in minimum oxygen deficit
relative to solar noon is negligible (Hornberger and Kelly
1975; Kosinski 1984; Thyssen et al. 1987; Cox 2003; Holtgrieve et al. 2010). Although Birkel et al. (2013) concluded
that a modeling approach could simultaneously determine
KL, GPP, and ER reliably in “well-oxygenated upland channels with high hydraulic roughness,” their model has the
same limits as Holtgrieve et al. (2010) and their results

Reaeration with tracer gas: Theory and practice
The reaeration flux (mg O2 m22 min21) is controlled by
oxygen deficit (CSAT 2 Ct) and the gas exchange coefficient k
(min21), itself the product of gas transfer velocity KL (cm
min21) and specific surface area (area/volume, cm21). In
streams with smooth surface water, KL 5 kz. Note that both
surface area and water depth estimates should have uncertainties attached to them, they can be tricky to estimate due
to surface water turbulence and bed roughness including
macrophytes. Depth is best estimated from width, velocity,
and discharge.
The friction velocity model and the Schmidt number
dependence
One of the most popular equation to link gas transfer
velocities of two gases was derived from the friction velocity
€hne et al. 1987b):
model (e.g., Ja


KL1 =KL2 ¼ Dm1 =Dm2 Þn ¼ Sc1 =Sc2 Þ2n
(6)
with n the Schmidt number dependence of the gas transfer
velocity and Sc the Schmidt number, ratio of the molecular
transport properties m/Dm, where m is the kinematic viscosity
of water (cm2 min21) and Dm the molecular diffusivity (cm2
min21).
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kC3 H8 5 1.39 6 0.03 kO2 , independently of temperature as
expected from previous experimental data (DmO2 /
DmC3 H8 5 1.28 6 0.09 within 10–60 8C, Wise and Houghton
1966). Note from those results 1.25 < n < 1.30, which is also
outside the theoretical range, but routinely used in stream
metabolism studies. The use of helium (or neon) in dual gas
tracer study would have been more appropriate due to their
higher molecular diffusivity than most gases of interest (e.g.
King et al. 1995). But in the end, the quest for n may be a
red herring, as it would not be able to account for additional
mechanisms not taken into account in the initial theory
(e.g., broken waves, bubbles, renewal rate, see Vachon et al.
2010; Demars and Manson 2013) and in any case Eq. 6 is
largely insensitive to n in its predicted range (0.5 < n < 1).
Hence, in practice if not sure what theoretical model should
be used to link the two gases of interest in a given system,
Eq. 6 may be used without n as in early studies (Tsivoglou
et al. 1965; Rathbun et al. 1978).

The Schmidt number dependence has initially been
shown theoretically to be constrained with 0.5 < n < 1 (see,
€hne et al.
e.g., Dobbins 1956; Bennett and Rathbun 1972; Ja
1987b). Direct measurements were also derived from lab
€hne et al. 1987a,b) and a field study in a lake
experiments (Ja
(Watson et al. 1991) as follows:
n ¼ ln ðKL1 =KL2 Þ=ln ðDm1 =Dm2 Þ

(7)

The determination of n requires gases with different diffusivity and accurate and precise estimates of KL and Dm.
Unfortunately, there is no reliable theory to predict Dm and
the experimental measurements of Dm vary widely for most
gases among studies, hence it is best to use the Dm values of
two gases of interest from the same experimental set up
€hne et al. 1987a), and correct
(Bennett and Rathbun 1972; Ja
adequately for temperature using preferably a theoretical
equation (e.g., Stokes–Einstein equation, Edward 1970;
Demars and Manson 2013). Empirical equations for Schmidt
numbers (e.g., Wanninkhof 1992; Raymond et al. 2012) are
not as precise because they were derived from different
experimental set ups and the reader should refer to the original references.
Demars and Manson (2013) previously noted large discrepancies between studies in the application of dual gas
tracer studies with, e.g., three different values for n for similar small turbulent streams (n 5 0.7 in Jones and Mulholland
1998; n 5 20.5 in Hope et al. 2001; n 5 0.5 in Wallin et al.
2011), hence a few important points are recalled.
Equation 6 was only derived for continuous surface water
(i.e., no broken standing waves) and has been initially tested
for a limited range of KL, mostly low to moderate. The only
laboratory experimental sets of data with breaking waves
and bubbles initially showed n down to about 0.3 (outside
its theoretical range) for gas transfer velocity of about 0.3 m
h21 (Wanninkhof et al. 1993). Asher et al. (1996) and Asher
and Wanninkhof (1998) subsequently showed that under
broken waves (high wind) bubble mediated transfer (a function of diffusivity and solubility) needed to be taken into
account and developed a new model (Asher et al. 1997).
There are many other theoretical models that can be used to
relate KL values between two gases of interest, most, however, have limited hydraulic ranges and require additional
parameters (see Demars and Manson 2013).
Dual tracer studies in turbulent streams have been published but the difference in diffusivity between the gases was
too small to derive n accurately (e.g., Genereux and Hemond
1992; Benson et al. 2014), although error propagation in
Genereux and Hemond (1992) is questionable. Indeed, with
ln(x 6 dx) 5 ln(x) 6 dx/x, the addition of the relative errors
(dx/x) of the ratio in quadrature and the data provided,
0.65 < n < 0.81, rather than n 5 0.7 6 0.9 for 113 < k2 < 127
day21 with 0.5 < n < 1. Rathbun et al. (1978) simply related
oxygen to propane gas exchange with a single coefficient

Mixing length
There are a number of comprehensive primers on stream
tracer studies (e.g. Kilpatrick et al. 1989). Although there are
some empirical and theoretical formulae to predict solute
and gas mixing length (Wallis and Manson 2004), in practice
it is not always easy to define the optimal mixing length
(e.g., Young and Huryn 1999 reported potential lack of mixing). Many studies have been content with qualitative observation using a dye; however, lateral and vertical mixing
cannot be guaranteed, especially in deep slow flowing rivers
where precise gas measurements are needed due to the low
evasion rate of the tracer gas. For this reason, in deep slow
flowing rivers the extraction of the gas exchange coefficient
directly from the oxygen curves using modeling is likely to
provide a more accurate result. In small (Q < 1 m3 s21) to
medium (Q < 10 m3 s21) size stream, the combination of a
slug injection of a conservative tracer (e.g., ClA, BrA, conservative dye) and continuous gas tracer study (e.g., C3H8,
SF6) can allow determining hydraulic parameters and mixing
adequately. Mixing may be more accurately certified from
continuous gas tracer studies, coupled with a conservative
tracer, where gas samples are collected across the channel at
different depth.
Injection methods and choice of tracers
Bubbling gas across the channel with air stones has been
successfully applied for decades (Kilpatrick et al. 1989). But it
is rather wasteful in shallow streams (0.3 m deep) as more
than 80–99% of the gas may escape in the atmosphere (Kilpatrick et al. 1989; Benson et al. 2014). This is of particular
concern when SF6 is used as it is significantly more expansive than commercial propane and is a strong greenhouse
gas. Regarding propane, icing of the gas regulator may occur
under high gas flow ( 1 kg liquid gas h21, note this will
vary between gas regulators from different companies) with
subsequent drop in gas flow, so the use of a pressure gauge
360
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2005; McCutchan and Lewis 2006). Demars et al. (2011b)
uncovered a paradox, however, where despite large saturation deficit of the oxygen curves at night (driven by intense
respiration), the two station method can report positive net
metabolism, i.e., photosynthesis at night. This happens,
assuming constant discharge, when the difference (lagged by
travel time) in dissolved oxygen concentration between the
two stations exceeds reaeration ks(CSAT 2 CAV) expressed in
mg L21, with s mean travel time and CAV average oxygen
concentration. It is best visualized with turbulent streams
(k > 1 h21) where the oxygen concentration is constant at
night (see Fig. 1 above). In turbulent stream, the footprint of
the oxygen sensors is also relatively limited and affected by
fine scale spatial heterogeneity (e.g., shading, reaeration, lateral
inflows, substrate). Our measurements of key parameters
such as travel time (s), lateral inflows (Qg), depth (z), reaeration coefficient (k), and saturation deficit (CSAT 2 CAV) are,
however, estimated at coarse spatial scale (entire river reach).
The 95% footprint (length scale L) of the oxygen sensor is
generally calculated as L  3u/k, but the 50% footprint L 
0.7u/k is 4.3 times shorter (with u, velocity in m h21 and k,
gas exchange coefficient in h21, see Supporting Information
for derivation). When the oxygen sensors are precisely calibrated (see above), the difference (lagged by travel time) in
dissolved oxygen concentration between the two stations is
the result of spatial heterogeneity where the two oxygen sensors
are affected differently by local conditions (see Fig. 1 in Demars
et al. 2011b). This is the root of the problem because the
two station method assumes spatial homogeneity. A simple
solution to these problems is to average the dissolved oxygen
concentration from the two (or multiple) stations to create a
single diel oxygen curve. It allows complying with underlying assumptions (spatial homogeneity) and propagating
uncertainties due to spatial heterogeneity (see Demars et al.
2011b). It also provides better results when oxygen sensors
drift unpredictably (see Fig. S2 in Demars et al. 2011b).
Another solution, mathematically grounded with useful
recommendations, was presented earlier by Reichert et al.
(2009). Their model provided an estimate of net metabolism
in heterogeneous river reaches with an exponentially
weighted average of the dissolved oxygen concentrations
along the reach, with more weight on subreaches closer to
the bottom station. Notably, assuming an homogeneous reach,
they suggested that the two station method is most useful
for a reach length L within 0.4u/k < L < 3u/k. Below 0.4u/k,
the bottom station is mostly (>2/3) affected by the top station (rather than within reach stream processes) and above
3u/k the two stations are essentially independent (and onestation method will provide the same result). The optimum
is probably 0.4u/k < L < 1u/k, where the bottom station is
affected by 1/3 to 2/3 of the top station.
We calculated the net metabolism for the four reaches of
the River Luteren using Demars et al. method (2011b, Fig.
2). There was a broad agreement between Demars and

on the outlet of the gas regulator is imperative. Two alternatives are available. One method is to diffuse the gas through
silicone or Teflon tubing insuring more than 99% of the gas
is solubilized in water (Sanford et al. 1996; Cook et al. 2006;
Benson et al. 2014). Another method is to prepare a saturated solution of tracer gas in a collapsible bag and use a peristaltic pump for constant rate injection (Tobias et al. 2009;
Jin et al. 2012). The latter would also ensure complete solubility of the tracer gas.
In large rivers (Q > 10 m3 s21), a tracer gas solution is generally injected as a slug together with a conservative tracer. The
use of propane may be limited at high discharge (Q > 100 m3
s21) by its limit of quantification (0.5–1 mg m23, Kilpatrick
~o 1991). In such
et al. 1989; Thene and Gulliver 1990; Rolda
case, it may be necessary to use tracer gas amenable to gas
chromatography (GC) with electron capture detector for halogenated gases (e.g. Busenberg and Plummer 2010), GC mass
spectrometry for noble gases (e.g. Wanninkhof et al. 1993;
Mackinnon et al. 2002; Benson et al. 2014), or other isotopic
methods (e.g. Yang et al. 2013). Alternatively, as the oxygen
gas exchange coefficient tends to be low in large (deep) rivers,
it may be easier and more accurate to estimate it directly from
the oxygen curves using a modeling approach (e.g. Holtgrieve
et al. 2010; Hotchkiss and Hall 2014).
The use of electric conductivity as a conservative tracer is
pragmatic in small streams but the salt cation is generally
not as conservative as the anion (e.g. Freeman et al. 1995).
Fluorescent dyes are also used routinely in large systems
although there are not always entirely conservative either in
natural waters (Clark et al. 1996). ClA, BrA, or 3He should
be used for more accurate work (see Watson et al. 1991;
Wanninkhof et al. 1993; Clark et al. 1994). The floating
dome approach has known defects but is easy to use and
inexpensive (see Richey et al. 2002; Vachon et al. 2010; Beaulieu et al. 2012).
Some old techniques have been superseded; one being the
oxygen depletion method (Edwards et al. 1961) as it can interfere with the biota (Lavandier and Capblancq 1975), and
another the use of radioactive gases 85Kr (Tsivoglou et al.
1968) due to strict controls on their use (Rathbun et al. 1978).
The major shortcoming of current (dual) gas transfer studies
(e.g., C3H8, SF6, 3He) is their limited temporal scale of application despite known rapid changes in gas transfer velocity (Yotsukura et al. 1984; Tobias et al. 2009). Hence temporal scaling
of k (or KL) rely on building rating curves with wind (Wanninkhof 1992), discharge (Roberts et al. 2007; Beaulieu et al.
2013), sound (Morse et al. 2007), or direct measurements of
water turbulence (Vachon et al. 2010).

Two-station methods in heterogeneous streams
Spatial heterogeneity
The two station method has long been perceived as more
accurate (Odum 1956; Marzolf et al. 1994; Hall and Tank
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Fig. 2. Average O2 saturation (top panels) and net ecosystem production (NEP, bottom panels) of the Luteren reach 2 calculated according to
Demars et al. (2011b) in black (thinner lines represent 61 SD) and Reichert et al. (2009) in red. Left panels: as in original study, right panels: after
slightly modifying the oxygen concentration of the top (20.2 mg L21) and bottom (10.2 mg L21) stations. Note unchanged NEP with larger uncertainties according to Demars et al. (2011b) and positive NEP at night according to Reichert et al. (2009) which is not logical with [O2]  90% saturation at night (top right panel).

ert et al. methods indicated positive NEP, i.e., photosynthesis at night. This is physically impossible (oxygen was
undersaturated) and suggests, as for previously tested methods, that some critical assumptions were violated in applying
the two station diel oxygen method (see Demars et al.
2011b). Note that, under similar conditions, when Ctop > Cbot respiration is over estimated and when the discrepancy
between the two oxygen concentrations is not as extreme
there can still be a significant bias (Demars et al. 2011b).
We also tried Riley and Dodds (2013) two station method
using the gas exchange coefficient provided by Reichert
€ntis (Federal Office of
et al. (2009) and light data from Sa
Meteorology and Climatology, MeteoSwiss) adjusted to the
ground measurements (Fig. 3 in Reichert et al. 2009). However, the model could not converge adequately on the Luteren data, probably due to the combination of moderate
metabolic rates and high reaeration with average k 5 2.6 h21
(cf. Fig. 1 above, Reichert et al. 2009; Holtgrieve et al. 2010).
Spatial heterogeneity is present at several scales from
small macrophyte patches (Hondzo et al. 2013) to reach
scale shading (Reichert et al. 2009). The recommendations of
Reichert et al (2009) on stream reach length assumed homogeneity within reach, and thus may not satisfy stream with
high local heterogeneity such as in Minnehaha Creek (Hondzo et al. 2013). In practice, especially in small streams, it
can be difficult to find an ideal spot for the oxygen sensor,
and the question is now to define how many sensors are
needed to reduce error due to spatial heterogeneity (Demars

Reichert methods using the Luteren data (Fig. 2), with difference in respiration estimates along the four reaches (1–4) of
14%, 33%, 3%, and 14% (based on absolute difference/average) similarly to a comparison between Odum (Bott 2007)
and Reichert methods by Hondzo et al. (2013) in Minnehaha
Creek. The apparent discrepancy in the second reach was
further investigated. The net metabolism (NEP) in Luteren
reach 2 at night was according to Odum (1956) 20.47 g O2
m22 h21, Demars et al. (2011b) 20.35 g O2 m22 h21, and
Reichert et al. (2009) 20.25 g O2 m22 h21.
The method by Reichert et al. (2009) was then tested similarly to other methods as in Demars et al. (2011b). In Luteren reach 2, the difference (lagged by travel time) between
stations in oxygen concentration was already close to reaeration (expressed in mg L21 as above). The dissolved oxygen
data of Luteren reach 2 were then slightly modified to
increase the oxygen concentration difference between the
two stations without changing the average expected oxygen
saturation (Ctop 20.2 mg L21 and Cbot 10.2 mg L21) in order
to have the difference between the two stations exceeding
the reaeration flux. The oxygen saturations at the top and
bottom stations at night were around 87% and 92%, respectively (within 2% of the original oxygen saturation, similarly
to the range of accuracy of many oxygen sondes)—Fig. 2.
The resulting net metabolism were according to Odum
(1956) 10.06 g O2 m22 h21, Demars et al. (2011b)
unchanged at 20.35 g O2 m22 h21, and Reichert et al.
(2009) 10.06 g O2 m22 h21 (Fig. 2). Both Odum and Reich362
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give negative gross primary production estimates during the
day. The most likely cause of this problem was an underestimate of the reaeration coefficient using the propane injection method” is also not valid because the reaeration rate
only amplifies, i.e., it would not change the sign of photosynthesis. Negative GPP has been present in other studies
(e.g. Marcarelli et al. 2010 as reported by Hall and Beaulieu
2013), most likely due to modeling artifacts.
Spatial heterogeneity and lateral groundwater inflows generally remain known unknowns at the likely cost of large
discrepancies and potential lack of correlations in ER
between one and two station methods (e.g. Uzarski et al.
2001; Reichert et al. 2009; Hondzo et al. 2013). Both can be
taken into account, however, and their uncertainties propagated into the final estimates as, e.g., in Demars et al.
(2011b). The concentration of dissolved oxygen in the lateral
inflows can be spatially very heterogeneous and extremely
difficult to estimate, and so wherever possible sites without
lateral inflows should be chosen. The simple direct calculation method of Demars et al. (2011b) gives better metabolic
estimates than any other methods in spatially heterogeneous
streams. Here, we provide example data, an Excel workbook
and R script to run the calculations (see Supporting Information). The R script does not have the correction for lateral
inflows, but this could be easily implemented. The propagation of uncertainties in Demars et al. (2011b) could be
improved, however, using bootstrapping.

et al. 2011b; Hondzo et al. 2013), as done for lakes (van de
Bogert et al. 2012).
It is good practice to check for spatial homogeneity in dissolved oxygen along and across the studied stream (e.g. Williams et al. 2000; Hondzo et al. 2013) including the zone of
influence upstream the top station (see Demars et al. 2011b
and below). Measurements at night may better point toward
potential issues of lateral inflows (independently of photosynthetic activities), at least in turbulent streams with stable
dissolved oxygen concentration at night.
Uncertainties
Most studies in stream metabolism estimates are blighted
by unreported uncertainties and known unknowns (lateral
inflows and spatial heterogeneity including the zone of
influence above the top station). Yet, we know that uncertainties and associated biases can be in the same order of
magnitude as the final metabolic estimates (McCutchan
et al. 1998; Reichert et al. 2009; Demars et al. 2011b). More
rigour is needed and the emergence of new modelling technique is promising (e.g., Holtgrieve et al. 2010; Solomon
et al. 2013; Hotchkiss and Hall 2014).
First, it is wrong to think that unbiased estimates of GPP
and (especially) ER can be derived from sites where the top
station is differently affected by upstream processes compared to within reach processes, e.g., groundwater upwelling
(Hall and Tank 2005; Riley and Dodds 2013), cascade or selfaerated flows (Birkel et al. 2013)—see Fig. 1 in Demars et al.
(2011b). Riley and Dodds (2013, see their Fig. 2) presented
change in dissolved oxygen saturation along two streams
affected by low oxygen groundwater at the top of the reach.
This type of data should not be used, however, for stream
metabolism calculations without first correcting the bias in
dissolved oxygen due to groundwater inflows upstream of
the reach (see Demars et al. 2011b) or adding a transport
model for dissolved oxygen where as it travels downstream,
dissolved oxygen reaches equilibrium with the atmosphere
according to some gas exchange coefficient k all while having ER and GPP act on the dissolved oxygen concentration.
Second, when groundwater inflows are detected along a
stream, it is important to assess the likelihood of bias. This
will depend on both the relative size of the inflows and the
difference in oxygen concentrations between inflows and
main channel (Hall and Tank 2005; McCutchan and Lewis
2006). The statement by Izagirre et al. (2008) “We were
unable to take groundwater inputs into account, but the relatively high metabolic rates measured and turbulent character of Basque streams suggest this problem is of minor
importance in the overall picture” is not valid since high respiration rates could simply result from lateral inflows with
low oxygen concentrations and reaeration rate does not
affect the proportion of ER bias (it will simply amplify the
bias in the same proportion as ER). Similarly Young and
Huryn (1999) stated “[.] the two-station method appeared to

Hyporheic vs. channel metabolism
Spatial heterogeneity has been extended to estimating
how stream metabolism depends on the hyporheic or transient storage zone of the stream (Haggerty et al. 2009;
lez-Pinzo
 n et al. 2012). The transient storage zone (As)
Gonza
is characterized by the stream bed interstices and other near
stagnant water regions that occur in natural channels and by
the rate at which material is transferred in and out of these
regions. Direct measurement of As is not possible for natural
geometries and so recourse is to an indirect measurement
wherein the temporal residence time of a conservative tracer
within a stream reach is measured. A conservative tracer
solution is injected into a stream and then recorded over
time downstream the mixing zone at two locations under
constant discharge. The upstream tracer curve is used as an
inflow boundary condition for the solution of the partial differential equations developed by Bencala and Walters (1983)
that describe solute transport in streams,
@C
@C
@2C
q
¼ 2u
1D 2 1aðs2CÞ2 C
@t
@x
@x
A
ds
A
¼ 2a ðs2CÞ
dt
As

(8)
(9)

where C is the concentration of tracer in the main channel,
u is average water velocity (m s21), s is the concentration of
tracer in the transient storage zone, A is the stream channel
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cross-sectional area (m2), As is the transient storage crosssectional area (m3 m21 or m2), D is the longitudinal dispersion coefficient, a is the solute exchange parameter between
the main channel and the storage zones (s21), q is the lateral
volumetric inflow rate per unit length (m3 s21 m21), x is the
longitudinal spatial co-ordinate (m), and t is time (s).
Current best practice suggest that these equations should
be solved numerically (Cox and Runkel 2008; Demars et al.
2011a) and the resulting downstream prediction is fitted to
the observed downstream tracer curve by optimal choice of
the parameters (u, D, a, As); q is calculated beforehand from
the curves as in a dilution gauging calculation. These model
parameters may be recovered from tracer data using this
technique so long as the Damkohler number is roughly
within an order of magnitude of unity (Wagner and Harvey
1997). Although these hydraulic parameters may be recovered, large uncertainties remain for the parameters As and a
(Wallis et al. 2013; Ward et al. 2013).
Where these hydraulic parameters can be estimated with
reasonable accuracy, they may be used in the estimation of
stream metabolism by another method. The following equations describe the fate and transport of dissolved oxygen in a
stream with transient storage zones (under constant discharge, without groundwater inflows),
@C
@C
@2C
¼ 2u
1D 2 1aðCs 2CÞ1kðCSAT 2CÞ1P2R
@t
@x
@x
dCs
A
¼ 2a ðCs 2CÞ
As
dt

and c is the initial slope of the light-saturation curve (Jassby
and Platt 1976). Pmax and c now become fitting parameters
rather than simply a constant.
While more complex, the transient storage model may be
tested experimentally in stream with the use of resazurin, a
smart tracer changing colour in the presence of oxygenic
metabolism (Haggerty et al. 2009; Argerich et al. 2011;
lez-Pinzo
 n et al. 2012).
Gonza

Net primary production (NPP), autotrophic (Ra) and
heterotrophic (Rh) respiration
Methods
The determination of autotrophic and heterotrophic respiration requires additional assumptions and careful considerations of ecosystem functioning (Roxburgh et al. 2005;
Lovett et al. 2006), because it is not possible using a single
diel oxygen curve to derive Ra, Rh, and NPP from the diel
oxygen method (Kosten et al. 2014). This said, using multiple diel oxygen curves collected across sites or year round at
one site, Solomon et al. (2013) and Hall and Beaulieu (2013)
suggested a regression approach based on ER-GPP coupling
(at standard temperature, see below) to determine basal respiration (y axis intercept) and proportion of Ra to GPP (slope
a of ER on GPP). It assumes that autotrophic respiration
includes heterotrophic respiration by heterotrophs of
autochthonously produced labile organic matter. Hence
both methods assume heterotrophic respiration tends
towards zero (Rh ! 0) in streams with negligible allochthonous carbon inputs (e.g., desert or spring fed streams).
Although Rh could result from autochthonously produced C
from an earlier time, generally ER correlates closely to GPP
(e.g., Stockner 1968; Huryn et al. 2014). The method requires
at least 50 days of daily metabolism estimates at a given site
and thus the approach is limited to available long term data
(Hall and Beaulieu 2013). Most of the results from Hall and
Beaulieu (2013) were derived from poorly constrained metabolic estimates (data from Izagirre et al. 2008, see above).
Despite their high similarity Solomon et al. (2013) and Hall
and Beaulieu (2013) may give very different answers. Solomon et al. (2013) approach will work best for systems where
GPP and ER are strongly correlated. This is, however, not
always the case (e.g. Robinson and Williams 2005; Hall and
Beaulieu 2013).
A wide range of other studies have reported estimates of
Ra, Rh or NPP/GPP using a wide range of alternative methods
(see Table 1). None of these studies and methods are either
bullet-proof or generally applicable (Robinson and Williams
2005), and congruency in results may not warrant better
accuracy. The fraction a 5 Ra/GPP has also generally been
assumed constant in a given study, although this fraction
likely changes along the stream continuum (Meyer 1989),
grazing activity (McIntire et al. 1996) and environmental
gradients such as light or nutrient (Solomon et al. 2013).

(10)
(11)

where C is dissolved oxygen concentration in the main
channel (g m23), Cs is dissolved oxygen concentration in the
transient storage zone (g m23), CSAT is saturated dissolved
oxygen concentration (g m23); P and R represent the daily
average rate of dissolved oxygen production and depletion
by photosynthesis (GPP) and respiration (ER), respectively,
in g m23 s21. Groundwater inflows can be taken into


account with an additional term Aq Cg -C in Eq. 10, with Cg
oxygen concentration of the groundwater inflows.
Using the known hydraulic parameters, u, D, a, As, and q,
and taking the upstream diel dissolved oxygen curve as the
inflow boundary condition, a model prediction based on
these equations (and the same numerical method as above)
may be fitted to the downstream diel dissolved oxygen curve
by optimizing for P and R which, in the simplest analysis,
may be taken as constants. Alternatively, more complex
models of photosynthesis and respiration with additional
parameters can be employed. For example, a model for photosynthetic rate which incorporates the effect of varying
light levels could be employed,


I
PðIÞ ¼ Pmax 12e2cPmax
(12)
where Pmax is the specific photosynthesis rate at optimum
light conditions, I is the light intensity in W m22 (observed),
364

Demars et al.

Problems in stream metabolism studies

Table 1. Fraction a of autotrophic respiration (Ra) relative to GPP in aquatic ecosystems (note that 1 2 a 5 e carbon use efficiency).
MTE, metabolic theory of ecology.
Reference

a 5 Ra/GPP

Comments

0.35

Literature review of marine ecosystems
Phytoplankton

0.26

Microphytobenthos

0.52
0.57

Macroalgae
Seegrasses

Duarte and Cebrian (1996)

McIntire et al. (1996)

0.14/0.42

Derived from stream modeling, with/without grazing

Webster and Meyer (1997)
Young and Huryn (1999)

0.5
0.2

Arbitrary, stream ecosystems across biomes
Arbitrary, to reflect partially grazed stream

Allen et al. (2005)

0.6

Taken from literature, fixed value used in subsequent aquatic ecosystem MTE

Thomas et al. (2005)

0.39

papers
Estimated average weighted mean daily R/P of the various stream autotrophs

Nicholson et al. (2012)

0.33–0.71

Field estimation using modeling and triple oxygen isotope/14C method,

Hall and Beaulieu (2013)

0.34–0.69

marine phytoplankton
Range derived from quantile regression of GPP and ER of stream data (excluding values derived from Izagirre et al. 2008)

Solomon et al. (2013)

0.62 (0.02–5.95)

Median (range) derived from regression of temperature corrected GPP and ER
of lake data (excluding lakes with r2 < 0.4)

have suggested higher activation energy for ER than GPP in
 pez-Urrutia et al. 2006), experimental ponds
the ocean (Lo
(Yvon-Durocher et al. 2010), and streams (Demars et al.
2011b). The search for the temperature dependence of GPP
and ER is in fact an active field of research.
Three approaches have been explored. One is to review
the literature on annual metabolic estimates across sites
(steady state) or seasonal metabolic estimate within site at
nonsteady state (DeNicola 1996; Morin et al. 1999; YvonDurocher et al. 2012). A major caveat is that other factors
may be responsible for the correlation, such as organic mat~ a et al. 2004),
ter availability (e.g., Sinsabaugh 1997; Acun
nutrient supply (Cross et al. 2015; Welter et al. 2015),
~ a and Tockner
hydrology (e.g., Uehlinger et al. 2003; Acun
2010), geomorphology (Jankowski et al. 2014), or simply
light availability (e.g., Kelly et al. 1983; Dodds et al. 2013;
Griffiths et al. 2013). The use of mixed model analyses on
large datasets is probably the best approach (Yvon-Durocher
et al. 2012) although while it will be effective at removing
random effects, systematic bias are likely. In general, all
review studies were poorly constrained and unsurprisingly
many studies (not cited in the literature reviews) fell far
away from the prediction of the metabolic theory of ecology
(e.g., Sinsabaugh 1997: Ep 5 1.56 and Eh 5 1.53 or Q10  9;
Huryn et al. 2014), with even significant negative correlation
~ a et al. 2004; Marcarelli et al. 2010) or no real
(e.g., Acun
effects (e.g., Roberts et al. 2007; Griffiths et al. 2013). Similarly, there was no correlation between temperature and GPP
or ER measured during the summer at 62 sites selected across
biomes and anthropogenic impacts (Bernot et al. 2010; see
also Hoellein et al. 2013). Stream metabolism is difficult to

One alternative is to use a range of carbon use efficiencies
(1 2 a) values and see what are the ecological implications
(e.g., Meyer 1989; Demars et al. 2011b). Just as Meyer (1989)
concluded 25 years ago, new complementary or alternative
methods to quantify a in aquatic ecosystems are still needed.
Temperature dependence
The general consensus is that more comparable metabolic
estimates are obtained when standardized for a reference
temperature, generally 20 8C (e.g. Wilcock et al. 1998; Riley
and Dodds 2013). There are three related ways of standardizing metabolic estimates and the gas exchange coefficient:
van’t Hoff Q10, Arrhenius activation energy Ea (eV), and temperature coefficient h derived from a simplification of Arrhen
nius equation (e.g., Yongsiri et al. 2004; Hernandez-Leo
and Ikeda 2005). The mathematically most accurate is the
activation energy (Gillooly et al. 2001; Yongsiri et al. 2004).
The three constants are related as follows:
Ea ¼ ln ðQ10 ÞRT1 T2
h
i
h ¼ exp Ea ðRT1 T2 Þ21

(13)
(14)

with Boltzmann gas constant R 5 8.62 3 1025 eV K21 and T
temperature in Kelvin.
The major issue is that there is not a universal Q10, Ea, or
h and that many studies have simply used a constant without any justification. There is in fact a wide range of h values
for the gas transfer velocity derived from theoretical modeling, also changing with temperature and turbulence (Demars
and Manson 2013). Many studies have used the same constant to correct for ER and GPP estimates, but recent studies
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modeling tool provided in Supporting Information to better
grasp some of the fundamental principles, notably the sensitivity of key parameters. Extreme care in calibration of oxygen sensors is required in turbulent streams. The
determination of the gas exchange coefficient (or gas transfer
velocity) from the diel curve or other empirical and theoretical equations will carry high uncertainties (at best 40–125%)
affecting the metabolic estimates. These high uncertainties
become inevitable at global or continental scale modeling
(Butman and Raymond 2011), but in detailed studies one
should expect direct measurements of the gas exchange coefficient with appropriate tracers and field technique (e.g., Kilpatrick et al. 1989) or in large (deep) rivers with low
reaeration rate adequate modeling technique to extract the
gas exchange coefficient directly from the oxygen curves
(e.g., Holtgrieve et al. 2010; Hotchkiss and Hall 2014). Tracer
and oxygen gas exchange at the air-water interface can be
simply related by the ratio of their molecular diffusivity,
without the Schmidt number dependence. The associated
cost of running the tracer studies may not be higher than
buying the oxygen sensors. Gas samples can generally be
kept for a month (Demars et al. 2011b) allowing transport
by mail to adequate facilities for analysis (abroad if necessary). The cost of using very inaccurate data must also be
considered. The health and safety concerns (e.g., Birkel et al.
2013) amount generally to little more than daily use of gas
cylinders for barbecues or kitchen hobs. In large streams, the
floating dome may be used with appropriate corrections but
it would be worth trying out more widely the use of silicon
or Teflon tubing to diffuse the tracer gas more effectively in
the water column than with the traditional ceramic diffusers. It also becomes apparent that it is crucial to propagate
uncertainties in all the calculations. There is no excuse not
to with available methods and software.
It is wrong to think that the traditional two station
approach can deal with spatial heterogeneity, including in
the zone of influence upstream of the top station. As it
stands, the most accurate method for heterogeneous streams
is Demars et al. (2011b) and we provide an Excel workbook
with example data as well as R script to run the method. The
method by Demars et al. suffers from a lack of mathematical
derivation, but this is compensated by recognizing explicitly
critical assumptions not taken into account in other methods, including Reichert et al. (2009). The averaging of the
two (multiple) oxygen curves could be used as inputs to
more sophisticated modeling methods.
More work on new methods should be pursued such as
including transient storage (Haggerty et al. 2009), the use of
stable isotopes to better constrain parameters (Holtgrieve
et al. 2010), and the estimation of respiration during daylight hours (Argerich et al. 2011; Hotchkiss and Hall 2014).
New methods to quantify autotrophic respiration have been
presented based on a large number of GPP and ER estimates
(>50) for either a given system or across sites (notably Hall

measure year round due to lateral inflows which can prevent
reliable estimation of ER (O’Gorman et al. 2012). Poorly constrained studies with no assessment of lateral inflows should
not be used (e.g. Izagirre et al. 2008; Birkel et al. 2013).
The second approach is to use a comparative survey where
the sites differ widely in their temperature everything else
being similar and when the streams can be assumed at steady
state under stable flow conditions when standing biomass
and nutrient concentrations remain stable over time (Brookshire et al. 2009; Demars et al. 2011b). Temperature was tentatively shown to alter the metabolic balance of stream due
to the higher activation energy for ER (Eh 5 0.67) than GPP
(Ep 5 0.54). The temperature dependence of GPP was however not significant after taking into account the effect of
transient storage (Demars et al. 2011a) and was not present
at the end of the winter when the streams were clearly not
under steady state (O’Gorman et al. 2012)—a reminder that
other factors do affect stream metabolism across seasons (see
above).
The results from Demars et al. (2011b) were confirmed for
respiration, however, using an experimental approach (Perkins et al. 2012), the third approach. Other recent experiments in stream ecosystems have also investigated the
respiratory response of suspended particles (Sand-Jensen
~ a et al. 2008). Very few
et al. 2007) and periphyton (Acun
experiments have investigated the simultaneous temperature
dependence of GPP and ER in channels (e.g., Beyers 1962;
Kevern and Ball 1965; Phinney and McIntire 1965) and
pond mesocosms (Moss 2010; Yvon-Durocher et al. 2010;
Liboriussen et al. 2011). Surprisingly, the temperature treatment in the pond studies resulted in completely different
metabolic responses, the reasons of which are unclear.
Microcosm and mesocosm experiments are also not always
easily transferred to natural ecosystems due to scaling issues
(Petersen et al. 2009; Hanson et al. 2011).
As it stands, the temperature dependence of aquatic ecosystem metabolism remains poorly constrained (Le Cren and
Lowe-McConnell 1980; Demars et al. 2011b; Yvon-Durocher
et al. 2012). Moreover, the underlying mechanisms of the
MTE (see Gillooly et al. 2001; Allen et al. 2005) are questionable, notably the intrinsic (cellular) activation energy of photosynthesis derived for C3 plants (Ep  0.32) is inadequate
for aquatic photosynthesizers with carbon concentrating
mechanisms suppressing photorespiration (Williams and del
Giorgio 2005; Raven et al. 2012). The activation energy of
RUBISCO carboxylase activity is higher than C3 plants in
algae (Ep 5 0.59 6 0.13; Raven and Geider 1988). The apparent activation energy at the ecosystem level will also result
from the balance of other dominant factors.

Comments and recommendations
In light of the present review, it is recommended for students (or novices) to play with the very simple single station
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and Beaulieu 2013; Solomon et al. 2013). Heterotrophic respiration (necessary for C cycling studies) and NPP (the base
of the food chain) may be calculated more readily. However,
none of the current methods are generally applicable, and
the good work must continue.
While it is appreciated that temperature corrected gas
exchange coefficient and metabolic estimates have been better
related to other drivers, the intrinsic (cellular) temperature
dependence of ER and GPP (Q10  2 or E  0.6 in aquatic ecosystems) is affected by many other dominant processes at the
ecosystem level and the apparent temperature dependence (or
activation energy) can vary considerably from one stream to
another. Therefore, ER and GPP should not be systematically
temperature corrected to compare streams.

References
~ a, V., A. Giorgi, I. Mun
~ oz, U. Uehlinger, and S. Sabater.
Acun
2004. Flow extremes and benthic organic matter shape
the metabolism of a headwater Mediterranean stream.
Freshwater Biol. 49: 960–971. doi:10.1111/j.13652427.2004.01239.x
~ a, V., and K. Tockner. 2010. The effects of alterations in
Acun
temperature and flow regime on organic carbon dynamics
in Mediterranean river networks. Global Change Biol. 16:
2638–2650. doi:10.1111/j.1365-2486.2010.02170.x
~ a, V., A. Wolf, U. Uehlinger, and K. Tockner. 2008. TemAcun
perature dependence of stream benthic respiration in an
Alpine river network under global warming. Freshwater
Biol. 53: 2076–2088. doi:10.1111/j.1365-2427.2008. 02028.x
Allen, A. P., J. F. Gillooly, and J. H. Brown. 2005. Linking
the global carbon cycle to individual metabolism. Funct.
Ecol 19: 202–213. doi:10.1111/j.1365-2435.2005.00952.x
Antenucci, J. P., K. M. Tan, H. S. Eikaas, and J. Imberger.
2013. The importance of transport processes and spatial
gradients on in situ estimates of lake metabolism. Hydrobiologia 700: 9–21. doi:10.1007/s10750-012-1212-z
Argerich, A., R. Haggerty, E. Marti, F. Sabater, and J.
Zarnetske. 2011. Quantification of metabolically active
transient storage (MATS) in two reaches with contrasting
transient storage and ecosystem respiration. J. Geophys.
Res. Biogeosci. 116: G03034. doi:10.1029/2010JG001379
Asher, W. E., L. M. Karle, and B. J. Higgins. 1997. On the differences between bubble-mediated air-water transfer in
freshwater and seawater. J. Mar. Res. 55: 813–845. doi:
10.1357/0022240973224210
Asher, W. E., L. M. Karle, B. J. Higgins, P. J. Farley, E. C.
Monahan, and I. S. Leifer. 1996. The influence of bubble
plumes on air-seawater gas transfer velocities. J. Geophys.
Res. Oceans 101: 12027–12041. doi:10.1029/96JC00121
Asher, W. E, and R. Wanninkhof. 1998. The effect of bubblemediated gas transfer on purposeful dual-gaseous tracer
experiments. J. Geophys. Res. Oceans 103: 10555–10560.
doi:10.1029/98JC00245
367

Demars et al.

Problems in stream metabolism studies

Dobbins, W. E. 1956. The nature of the oxygen transfer coefficient in aeration systems, p. 141–148. Biological treatment of sewage and industrial wastes. Chapman & Hall.
Dodds, W. K., and J. Brock. 1998. A portable flow chamber
for in situ determination of benthic metabolism. Freshwater
Biol.
39:
49–59.
doi:10.1046/j.1365-2427.
1998.00256.x
Dodds, W. K, A. M. Veach, C. M. Ruffing, D. M. Larson, J. L.
Fischer, and K. H. Costigan. 2013. Abiotic controls and
temporal variability of river metabolism: Multiyear analyses of Mississippi and Chattahoochee River data. Freshwater Sci. 32: 1073–1087. doi:10.1899/13-018.1
Duarte, C. M., and J. Cebrian. 1996. The fate of marine autotrophic production. Limnol. Oceanogr. 41: 1758–1766.
doi:10.4319/lo.1996.41.8.1758
Edward, J. T. 1970. Molecular volumes and the StokesEinstein equation. J. Chem. Educ. 47: 261–270. doi:
10.1021/ed047p261
Edwards, R. W., M. Owens, and J. W. Gibbs. 1961. Estimates
of surface aeration in two streams. J. Inst. Water Eng. 15:
395–405.
Eilers, P. H. C., and J. C. H. Peeters. 1988. A model for the
relationship between light intensity and the rate of photosynthesis in phytoplankton. Ecol. Modell. 42: 199–215.
doi:10.1016/0304-3800(88)90057-9
Estapa, M. L., and L. M. Mayer. 2010. Photooxidation of particulate organic matter, carbon/oxygen stoichiometry,
and related photoreactions. Mar. Chem. 122: 138–147.
doi:10.1016/j.marchem.2010.06.003
Freeman, C., P. J. Chapman, K. Gilman, M. A. Lock, B.
Reynolds, and H. S. Wheater. 1995. Ion exchange mechanisms and the entrapment of nutrients by river biofilms.
Hydrobiologia 297: 61–65. doi:10.1007/BF00033502
Genereux, D. P., and H. F. Hemond. 1992. Determination of
gas exchange rate constants for a small stream on Walker
Branch watershed, Tennessee. Water Resour. Res. 28:
2365–2374. doi:10.1029/92WR01083
Gillooly, J. F., J. H. Brown, G. B. West, V. M. Savage, and E.
L. Charnov. 2001. Effects of size and temperature on metabolic rate. Science 293: 2248–2251. doi:10.1126/
science.1061967
lez-Pinzo
 n, R., R. Haggerty, and D. D. Myrold. 2012.
Gonza
Measuring aerobic respiration in stream ecosystems using
the resazurin-resorufin system. J. Geophys. Res. Biogeosci.
117: G00n06. doi:10.1029/2012JG001965
Griffiths, N. A., and others. 2013. Agricultural land use alters
the seasonality and magnitude of stream metabolism.
Limnol.
Oceanogr.
58:
1513–1529.
doi:10.4319/
lo.2013.58.4.1513
Haggerty, R., E. Marti, A. Argerich, D. von Schiller, and N. B.
Grimm. 2009. Resazurin as a “smart” tracer for quantifying metabolically active transient storage in stream ecosystems. J. Geophys. Res. Biogeosci. 114: G03014. doi:
10.1029/2008JG000942

Canfield, D. E., E. Kristensen, and B. Thamdrup. 2005.
Aquatic geomicrobiology. Adv. Mar. Biol. 48: 1–599. doi:
10.1016/S0065-2881(05)48017-7
Chapra, S. C., and D. M. Di Toro. 1991. Delta method for
estimating primary production, respiration, and reaeration in streams. J. Environ. Eng. 117: 640–655. doi:
10.1061/(ASCE)0733-9372(1991)117:5(640)
Clark, J. F., P. Schlosser, M. Stute, and H. J. Simpson. 1996.
SF6-He-3 tracer release experiment: A new method of
determining longitudinal dispersion coefficients in large
rivers. Environ. Sci. Technol. 30: 1527–1532. doi:10.1021/
es9504606
Clark, J. F., R. Wanninkhof, P. Schlosser, and H. J. Simpson.
1994. Gas exchange rates in the tidal Hudson River using
a dual tracer technique. Tellus Ser. B Chem. Phys. Meteorol. 46: 274–285. doi:10.1034/j.1600-0889.1994.t01-200003.x
Cook, P. G., S. Lamontagne, D. Berhane, and J. F. Clark.
2006. Quantifying groundwater discharge to Cockburn
River, southeastern Australia, using dissolved gas tracers
Rn-222 and SF6. Water Resour. Res. 42: W10411. doi:
10.1029/2006WR004921
Cox, B. A. 2003. A review of dissolved oxygen modelling
techniques for lowland rivers. Sci. Total. Environ. 314:
303–334. doi:10.1016/S0048-9697(03)00062-7
Cox, T. J., and R. L. Runkel. 2008. Eulerian-Lagrangian
numerical scheme for simulating advection, dispersion, and transient storage in streams and a comparison of numerical methods. J. Environ. Eng. ASCE 134:
996–1005.
doi:10.1061/(ASCE)0733-9372(2008)134:
12(996)
Cross, W. F., J. M. Hood, J. P. Benstead, A. D. Huryn, and D.
Nelson. 2015. Interactions between temperature and
nutrients across levels of ecological organization. Global
Change Biol. 21: 1025–1040. doi:10.1111/gcb.12809
del Giorgio, P. A., and C. M. Duarte. 2002. Respiration in
the open ocean. Nature 420: 379–384. doi:10.1038/
nature01165
Demars, B. O. L., and J. R. Manson. 2013. Temperature
dependence of stream aeration coefficients and the effect
of water turbulence: A critical review. Water Res. 47: 1–
15. doi:10.1016/j.watres.2012.09.054
Demars, B. O. L., J. R. Manson, J. S. Olafsson, G. M.
Gislason, and N. Friberg. 2011a. Stream hydraulics and
temperature determine the metabolism of geothermal Icelandic streams. Knowl. Manag. Aquat. Ecosyst. 402: 05.
doi:10.1051/kmae/2011046
Demars, B. O. L., and others. 2011b. Temperature and the
metabolic balance of streams. Freshwater Biol. 56: 1106–
1121. doi:10.1111/j.1365-2427.2010.02554.x
DeNicola, D. M. 1996. Periphyton responses to temperature
at different ecological levels, p. 149–181. In R. J. Stevenson, M. L. Bothwell, and R. L. Lowe [eds.], Algal ecology.
Freshwater benthic ecosystems. Academic Press.
368

Demars et al.

Problems in stream metabolism studies

perate peatland stream. Limnol. Oceanogr. 46: 847–857.
doi:10.4319/lo.2001.46.4.0847
Hornberger, G. M., and M. G. Kelly. 1975. Atmospheric reaeration in a river using productivity analysis. J. Environ.
Eng. Div. (ASCE) 101: 729–739.
Hotchkiss, E. R., and R. O. Hall, Jr. 2014. High rates of daytime respiration in three streams: Use of delta O-18(O2)
and O-2 to model diel ecosystem metabolism. Limnol.
Oceanogr. 59: 798–810. doi:10.4319/lo.2014.59.3.0798
Huryn, A. D., J. P. Benstead, and S. M. Parker. 2014. Seasonal
changes in light availability modify the temperature
dependence of ecosystem metabolism in an arctic stream.
Ecology 95: 2826–2839. doi:10.1890/13-1963.1
Iwata, T., and others. 2007. Metabolic balance of streams
draining urban and agricultural watersheds in central
Japan. Limnology 8: 243–250. doi:10.1007/s10201-0070212-6
Izagirre, O., U. Agirre, M. Bermejo, J. Pozo, and A. Elosegi.
2008. Environmental controls of whole-stream metabolism identified from continuous monitoring of Basque
streams. J. North Am. Benthol. Soc. 27: 252–268. doi:
10.1899/07-022.1
Izagirre, O., M. Bermejo, J. Pozo, and A. Elosegi. 2007. RIVERMET (c): An excel-based tool to calculate river metabolism from diel oxygen-concentration curves. Environ.
Modell.
Software
22:
24–32.
doi:10.1016/
j.envsoft.2005.10.001
€hne, B., G. Heinz, and W. Dietrich. 1987a. Measurement of
Ja
the diffusion coefficients of sparingly soluble gases in
water. J. Geophys. Res. Oceans 92: 10767–10776. doi:
10.1029/JC092iC10p10767
€hne, B., K. O. Mu
€ nnich, R. Bo
€ singer, A. Dutzi, W. Huber,
Ja
and P. Libner. 1987b. On the parameters influencing airwater gas exchange. J. Geophys. Res. 92: 1937–1949.
Jankowski, K., D. E. Schindler, and P. J. Lisi. 2014. Temperature sensitivity of community respiration rates in streams
is associated with watershed geomorphic features. Ecology
95: 2707–2714. doi:10.1890/14-0608.1
Jassby, A. D., and T. Platt. 1976. Mathematical formulation
of the relationship between photosynthesis and light for
phytoplankton. Limnol. Oceanogr. 21: 540–547. doi:
10.4319/lo.1976.21.4.0540
Jin, H.-S., D. S. White, J. B. Ramsey, and G. W. Kipphut.
2012. Mixed tracer injection method to measure reaeration coefficients in small streams. Water Air Soil Pollut.
223: 5297–5306. doi:10.1007/s11270-012-1280-8
Jones, J. B., and P. J. Mulholland. 1998. Carbon dioxide variation in a hardwood forest stream: An integrative measure
of whole catchment soil respiration. Ecosystems 1: 183–
196. doi:10.1007/s100219900014
Jørgensen, B. B., N. P. Revsbech, T. H. Blackburn, and Y.
Cohen. 1979. Diurnal cycle of oxygen and sulfide microgradients and microbial photosynthesis in a cyanobacterial mat sediment. Appl. Environ. Microbiol. 38: 46–58.

Hall, R. O., and J. J. Beaulieu. 2013. Estimating autotrophic
respiration in streams using daily metabolism data. Freshwater Sci. 32: 507–516. doi:10.1899/12-147.1
Hall, R. O, and J. L. Tank. 2003. Ecosystem metabolism controls nitrogen uptake in streams in Grand Teton National
Park, Wyoming. Limnol. Oceanogr. 48: 1120–1128. doi:
10.4319/lo.2003.48.3.1120
Hall, R. O, and J. L. Tank. 2005. Correcting whole-stream
estimates of metabolism for groundwater input. Limnol.
Oceanogr. Methods 3: 222–229. doi:10.4319/lom.2005.
3.222
Hall, R. O, C. B. Yackulic, T. A. Kennedy, M. D. Yard, E. J.
Rosi-Marshall, N. Voichick, and K. E. Behn. 2015. Turbidity, light, temperature, and hydropeaking control primary
productivity in the Colorado River, Grand Canyon. Limnol. Oceanogr. 60: 512–526. doi:10.1002/lno.10031
Hanson, P. C., D. L. Bade, S. R. Carpenter, and T. K. Kratz.
2003. Lake metabolism: Relationships with dissolved
organic carbon and phosphorus. Limnol. Oceanogr. 48:
1112–1119. doi:10.4319/lo.2003.48.3.1112
Hanson, P. C, S. R. Carpenter, N. Kimura, C. Wu, S. P.
Cornelius, and T. K. Kratz. 2008. Evaluation of metabolism models for free-water dissolved oxygen methods in
lakes. Limnol. Oceanogr. Methods 6: 454–465. doi:
10.4319/lom.2008.6.454
Hanson, P. C, D. P. Hamilton, E. H. Stanley, N. Preston, O.
C. Langman, and E. L. Kara. 2011. Fate of allochthonous
dissolved organic carbon in lakes: A quantitative
approach. PLoS ONE 6: e21884. doi:10.1371/journal.pone.
0021884
Henley, W. J. 1993. Measurement and interpretation of photosynthetic light response curves in algae in the context
of photoinhibition and diels changes. J. Phycol. 29: 729–
739. doi:10.1111/j.0022-3646.1993.00729.x
ndez-Leo
 n, S., and T. Ikeda. 2005. Zooplankton respiHerna
ration, p. 57–82. In P. A. del Giorgio and P. J. L. B. Williams [eds.], Respiration in aquatic ecosystems. Oxford
Univ. Press.
Hoellein, T. J., D. A. Bruesewitz, and D. C. Richardson. 2013.
Revisiting Odum (1956): A synthesis of aquatic ecosystem
metabolism. Limnol. Oceanogr. 58: 2089–2100. doi:
10.4319/lo.2013.58.6.2089
Holtgrieve, G. W., D. E. Schindler, T. A. Branch, and Z. T.
A’Mar. 2010. Simultaneous quantification of aquatic ecosystem metabolism and reaeration using a Bayesian statistical model of oxygen dynamics. Limnol. Oceanogr. 55:
1047–1063. doi:10.4319/lo.2010.55.3.1047
Hondzo, M., V. R. Voller, M. Morris, E. Foufoula-Georgiou, J.
Finlay, V. Ganti, and M. E. Power. 2013. Estimating and
scaling stream ecosystem metabolism along channels with
heterogeneous substrate. Ecohydrology 6: 679–688. doi:
10.1002/eco.1391
Hope, D., S. M. Palmer, M. F. Billett, and J. J. C. Dawson.
2001. Carbon dioxide and methane evasion from a tem369

Demars et al.

Problems in stream metabolism studies

uring reaeration in rivers, p. 531–540. In C. A. Brebbia
and P. Zannetti [eds.], Development and application of
computer techniques to environmental studies. WIT
Press.
Marcarelli, A. M., R. W. Van Kirk, and C. V. Baxter. 2010.
Predicting effects of hydrologic alteration and climate
change on ecosystem metabolism in a western U.S. river.
Ecol. Appl. 20: 2081–2088. doi:10.1890/09-2364.1
Marra, J. 2009. Net and gross productivity: Weighing in with
C-14. Aquat. Microb. Ecol. 56: 123–131. doi:10.3354/
ame01306
Marzolf, E. R., P. J. Mulholland, and A. D. Steinman. 1994.
Improvements to the diurnal upstream-downstream dissolved oxygen change technique for determining wholestream metabolism in small streams. Can. J. Fish Aquat.
Sci. 51: 1591–1599. doi:10.1139/f94-158
McCutchan, J. H., and W. M. Lewis. 2006. Groundwater flux
and open-channel estimation of stream metabolism:
Response to Hall and Tank. Limnol. Oceanogr. Methods
4: 213–215. doi:10.4319/lom.2006.4.213
McCutchan, J. H, W. M. Lewis, and I. J. F. Saunders. 1998.
Uncertainty in the estimation of stream metabolism from
open-channel oxygen concentrations. J. North Am. Benthol. Soc. 17: 155–164. doi:10.2307/1467959
McGillis, W. R., C. Langdon, B. Loose, K. K. Yates, and J.
Corredor. 2011. Productivity of a coral reef using boundary layer and enclosure methods. Geophys. Res. Lett. 38:
L03611. doi:10.1029/2010GL046179
McIntire, C. D., S. V. Gregory, A. D. Steinman, and G. A.
Lamberti. 1996. Modeling benthic algal communities: An
example from stream ecology, p. 669–704. In R. J. Stevenson, M. L. Bothwell, and R. L. Lowe [eds.], Algal ecology.
Freshwater benthic ecosystems. Academic Press.
McNair, J. N., L. C. Gereaux, A. D. Weinke, M. R.
Sesselmann, S. T. Kendall, and B. A. Biddanda. 2013. New
methods for estimating components of lake metabolism
based on free-water dissolved-oxygen dynamics. Ecol.
Modell.
263:
251–263.
doi:10.1016/j.ecolmodel.
2013.05.010
Melching, C. S. 1999. Accuracy of tracer measurement of
gas-desorption rates, p. 481–486. In J. H. W. Lee, A. W.
Jayawardena, and Z. Y. Wang [eds.], Environmental
hydraulics. Balkema.
Meyer, J. L. 1989. Can P/R ratio be used to assess the
food base of stream ecosystems? A comment on Rosenfeld and Mackay (1987). Oikos 54: 119–121. doi:
10.2307/3565905
Morin, A., W. Lamoureux, and J. Busnarda. 1999. Empirical
models predicting primary productivity from chlorophyll
a and water temperature for stream periphyton and lake
and ocean phytoplankton. J. North Am. Benthol. Soc. 18:
299–307. doi:10.2307/1468446
Morse, N., W. B. Bowden, A. Hackman, C. Pruden, E.
Steiner, and E. Berger. 2007. Using sound pressure to

Kelly, M. G., N. Thyssen, and B. Moeslund. 1983. Light and
the annual variation of oxygen- and carbon-based measurements of productivity in a macrophyte-dominated
river. Limnol. Oceanogr. 28: 503–515. doi:10.4319/
lo.1983.28.3.0503
Kevern, N. R., and R. C. Ball. 1965. Primary productivity and
energy relationships in artificial streams. Limnol. Oceanogr. 10: 74–87. doi:10.4319/lo.1965.10.1.0074
Kilpatrick, F. A., R. E. Rathbun, N. Yotsukura, G. W. Parker,
and L. L. DeLong. 1989. Determination of stream reaeration coeffcients by use of tracers. United States Geological
Survey.
King, D. B., W. J. De Bryun, M. Zheng, and E. S. Saltzman.
1995. Uncertainties in the molecular diffusion coefficient
of gases in water for the estimation of air-sea exchange, p.
€hne and E. C. Monahan [eds.], Air-water
13–22. In B. Ja
gas transfer. AEON Verlag & Studio.
Kosinski, R. J. 1984. A comparison of the accuracy and precision of several open-water oxygen productivity techniques.
Hydrobiologia
119:
139–148.
doi:10.1007/
BF00011953
Kosten, S., B. O. L. Demars, and B. Moss. 2014. Distinguishing autotrophic and heterotrophic respiration based on
diel oxygen change curves: Revisiting Dr. Faustus. Freshwater Biol. 59: 649–651. doi:10.1111/fwb.12288
Lavandier, P., and J. Capblancq. 1975. Influence des variations d’oxygène dissous sur les invertebres benthiques
d’un ruisseau des Pyrenees Centrales. Ann. Limnol. 11:
101–106.
Le Cren, E. D., and R. H. Lowe-McConnell [eds.]. 1980. The functioning of freshwater ecosystems. Cambridge Univ. Press.
Liboriussen, L., T. L. Lauridsen, M. Sondergaard, F.
Landkildehus, M. Sondergaard, S. E. Larsen, and E.
Jeppesen. 2011. Effects of warming and nutrients on sediment community respiration in shallow lakes: An outdoor
mesocosm experiment. Freshwater Biol. 56: 437–447. doi:
10.1111/j.1365-2427.2010.02510.x
Long, M. H., P. Berg, D. de Beer, and J. C. Zieman. 2013. In
situ coral reef oxygen metabolism: An eddy correlation
study.
PLoS
ONE
8:
e58581.
doi:10.1371/
journal.pone.0058581
 pez-Urrutia, A., E. San Martin, R. P. Harris, and X.
Lo
Irigoien. 2006. Scaling the metabolic balance of the
oceans. Proc. Natl. Acad. Sci. USA 103: 8739–8744. doi:
10.1073/pnas.0601137103
Lovett, G., J. Cole, and M. Pace. 2006. Is net ecosystem production equal to ecosystem carbon accumulation? Ecosystems 9: 152–155. doi:10.1007/s10021-005-0036-3
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
Mackinnon, P. A., T. Elliot, Y. Q. Zhao, J. L. Murphy, and R.
M. Kalin. 2002. Evaluation of a novel technique for meas370

Demars et al.

Problems in stream metabolism studies

Peterson, B. J. 1980. Aquatic primary productivity and the C14-Co2 method - A history of the productivity problem.
Annu. Rev. Ecol. Syst. 11: 359–385. doi:10.1146/
annurev.es.11.110180.002043
Phinney, H. K., and C. D. McIntire. 1965. Effect of temperature on metabolism of periphyton communities developed in laboratory conditions. Limnol. Oceanogr. 10:
341–344. doi:10.4319/lo.1965.10.3.0341
Rathbun, R. E., D. W. Stephens, D. J. Shultz, and D. Y. Tai.
1978. Laboratory studies of gas tracers for reaeration. J.
Environ. Eng. Div. (Proc. Am. Soc. Civil Eng.) 104:215–
229.
Raven, J. A. 2009. Contributions of anoxygenic and oxygenic
phototrophy and chemolithotrophy to carbon and oxygen fluxes in aquatic environments. Aquat. Microb. Ecol.
56: 177–192. doi:10.3354/ame01315
Raven, J. A., and J. Beardall. 2005. Respiration in aquatic
photolithotrophs, p. 36–46. In P. A. del Giorgio and P. J.
l. B. Williams [eds.], Respiration in aquatic ecosystems.
Oxford Univ. Press.
Raven, J. A., and R. J. Geider. 1988. Temperature and algal
growth. New Phytol. 110: 441–461. doi:10.1111/j.14698137.1988.tb00282.x
Raven, J. A., M. Giordano, J. Beardall, and S. C. Maberly.
2012. Algal evolution in relation to atmospheric CO2:
Carboxylases, carbon-concentrating mechanisms and carbon oxidation cycles. Philos. Trans. R. Soc. B Biol. Sci.
367: 493–507. doi:10.1098/rstb.2011.0212
Raymond, P. A., and others. 2012. Scaling the gas transfer
velocity and hydraulic geometry in streams and small rivers. Limnol. Oceanogr. Fluids Environ. 2: 41–53. doi:
10.1215/21573689-1597669
~ a. 2009. Estimating
Reichert, P., U. Uehlinger, and V. Acun
stream metabolism from oxygen concentrations: Effect of
spatial heterogeneity. J. Geophys. Res. Biogeosci. 114:
G03016. doi:10.1029/2008jg000917
Richey, J. E., J. M. Melack, A. K. Aufdenkampe, V. M.
Ballester, and L. L. Hess. 2002. Outgassing from Amazonian rivers and wetlands as a large tropical source of
atmospheric CO2. Nature 416: 617–620. doi:10.1038/
416617a
Riley, A. J., and W. K. Dodds. 2013. Whole-stream metabolism: Strategies for measuring and modeling diel trends of
dissolved oxygen. Freshwater Sci. 32: 56–69. doi:10.1899/
12-058.1
Roberts, B. J., P. J. Mulholland, and W. R. Hill. 2007. Multiple scales of temporal variability in ecosystem metabolism
rates: Results from 2 years of continuous monitoring in a
forested headwater stream. Ecosystems 10: 588–606. doi:
10.1007/s10021-007-9059-2
Robinson, C., and P. J. L. Williams. 2005. Respiration and its
measurement in surface marine waters, p. 147–180. In P.
A. del Giorgio and P. J. L. Williams [eds.], Respiration in
aquatic ecosystems. Oxford Univ. Press.

estimate reaeration in streams. J. North Am. Benthol. Soc.
26:
28–37.
doi:10.1899/0887-3593(2007)26[28:USPTER]2.0.CO;2
Moss, B. 2010. Climate change, nutrient pollution and the
bargain of Dr Faustus. Freshwater Biol. 55: 175–187. doi:
10.1111/j.1365-2427.2009.02381.x
Newbold, J. D., P. J. Mulholland, J. W. Elwood, and R. V.
Oneill. 1982. Organic carbon spiralling in stream ecosystems. Oikos 38: 266–272. doi:10.2307/3544663
Nicholson, D. P., R. H. R. Stanley, E. Barkan, D. M. Karl, B.
Luz, P. D. Quay, and S. C. Doney. 2012. Evaluating triple
oxygen isotope estimates of gross primary production at
the Hawaii Ocean Time-series and Bermuda Atlantic
Time-series study sites. J. Geophys. Res. Oceans 117:
C05012. doi:10.1029/2010JC006856
O’Connor, D. J., and D. M. Di Toro. 1970. Photosynthesis
and oxygen balance in stream. J. Sanit. Eng. Div. (Proc.
Am. Soc. Civil Eng. (ASCE)) 96: 547–571.
O’Gorman, E. J., and others. 2012. Impacts of warming on
the structure and functioning of aquatic communities:
Individual to ecosystem level responses. Adv. Ecol. Res.
47: 81–176. doi:10.1016/b978-0-12-398315-2.00002-8
Odum, H. T. 1956. Primary production in flowing waters.
Limnol. Oceanogr. 1: 102–117. doi:10.4319/lo.1956.
1.2.0102
Owens, M., R. W. Edwards, and J. W. Gibbs. 1964. Some reaeration studies in streams. Int. J. Air Water Pollut. 8: 469–
486.
Palmer, M. A., and C. M. Febria. 2012. The heartbeat of ecosystems. Science 336: 1393–1394. doi:10.1126/science.1223250
Palmer-Felgate, E. J., R. J. G. Mortimer, M. D. Krom, H. P.
Jarvie, R. J. Williams, R. E. Spraggs, and C. J. Stratford.
2011. Internal loading of phosphorus in a sedimentation
pond of a treatment wetland: Effect of a phytoplankton
crash. Sci. Total. Environ. 409: 2222–2232. doi:10.1016/
j.scitotenv.2011.02.034
Palumbo, J. E., and L. C. Brown. 2014. Assessing the performance of reaeration prediction equations. J. Environ.
Eng.
140:
04013013.
doi:10.1061/(ASCE)EE.19437870.0000799
Parkhill, K. L., and J. S. Gulliver. 1998. Application of photorespiration concepts to whole stream productivity. Hydrobiologia 389: 7–19. doi:10.1023/A:1003519302002
Parkhill, K. L., and J. S. Gulliver. 1999. Modeling the effect
of light on whole-stream respiration. Ecol. Modell. 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
Petersen, J. E., V. S. Kennedy, W. C. Dennison, and W. M.
Kemp [eds.]. 2009. Enclosed experimental ecosystems and
scale. Tools for understanding and managing coastal ecosystems. Springer Verlag.
371

Demars et al.

Problems in stream metabolism studies

~o, J. S. F. 1991. Appraisal of the 85Kr and propane
Rolda
methods to determine reaeration rate coefficients in
large rivers, p. 45–60. Use of artificial tracers in hydrology. Proceedings of an Advisory Group Meeting.
Vienna, International Atomic Energy Agency, March 19–
22.
Rosenfeld, J. S., and R. J. Mackay. 1987. Assessing the food
base of stream ecosystems: Alternatives to the P/R ratio.
Oikos 50: 141–147. doi:10.2307/3565412
Roxburgh, S. H., S. L. Berry, T. N. Buckley, B. Barnes, and M.
L. Roderick. 2005. What is NPP? Inconsistent accounting
of respiratory fluxes in the definition of net primary production. Funct. Ecol. 19: 378–382. doi:10.1111/j.13652435.2005.00983.x
Sand-Jensen, K., N. L. Pedersen, and M. Sondergaard.
2007. Bacterial metabolism in small temperate streams
under contemporary and future climates. Freshwater
Biol. 52: 2340–2353. doi:10.1111/j.1365-2427.2007.
01852.x
Sanford, W. E., R. G. Shropshire, and D. K. Solomon. 1996.
Dissolved gas tracers in groundwater: Simplified injection,
sampling, and analysis. Water Resour. Res. 32: 1635–
1642. doi:10.1029/96WR00599
Simonsen, J. F., and P. Harremo€es. 1978. Oxygen and pH
fluctuations in rivers. Water Res. 12: 477–489.
Sinsabaugh, R. L. 1997. Large-scale trends for stream benthic
respiration. J. North Am. Benthol. Soc. 16: 119–122. doi:
10.2307/1468244
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.
doi:10.4319/lo.2013.58.3.0849
Staehr, P. A., and others. 2010. Lake metabolism and the diel
oxygen technique: State of the science. Limnol. Oceanogr.
Methods 8: 628–644. doi:10.4319/lom.2010.8.0628
Steemann Nielsen, E. 1946. Carbon sources in the photosynthesis of aquatic plants. Nature 158: 594–596. doi:
10.1038/158594a0
Stockner, J. G. 1968. Algal growth and primary productivity
in a thermal stream. J. Fish. Res. Board Canada 25: 2037–
2058. doi:10.1139/f68-182
Stutter, M. I., B. O. L. Demars, and S. J. Langan. 2010. River
phosphorus cycling: Separating biotic and abiotic uptake
during short-term changes in sewage effluent loading.
Water
Res.
44:
4425–4436.
doi:10.1016/j.watres.
2010.06.014
Sweeney, B. W., and others. 2004. Riparian deforestation,
stream narrowing, and loss of stream ecosystem services.
Proc. Natl. Acad. Sci. USA 101: 14132–14137. doi:
10.1073/pnas.0405895101
Thene, J. R., and J. S. Gulliver. 1990. Gas transfer measurements using headspace analysis of propane. J. Environ.
Eng. ASCE 116: 1107–1124. doi:10.1061/(ASCE)07339372(1990)116:6(1107)

Thomas, S. A., T. V. Royer, E. B. Snyder, and J. C. Davis.
2005. Organic carbon spiraling in an Idaho river. Aquat.
Sci. 67: 424–433. doi:10.1007/s00027-005-0790-5
Thyssen, N., M. Erlandsen, E. Jeppesen, and C. Ursin. 1987.
Reaeration of oxygen in shallow, macrophyte rich
streams. 1. Determination of the reaeration rate coefficient. Int. Rev. Gesamten. Hydrobiol. 72: 405–42.9 doi:
10.1002/iroh.19870720403
Thyssen, N. M., and M. G. Kelly. 1985. Water air exchange
of carbon dioxide and oxygen in a river - Measurement
and comparison of rates. Arch. Hydrobiol. 105: 219–228.
Tobias, C. R., J. K. Bohlke, and J. W. Harvey. 2007. The
oxygen-18 isotope approach for measuring aquatic metabolism in high-productivity waters. Limnol. Oceanogr. 52:
1439–1453. doi:10.4319/lo.2007.52.4.1439
Tobias, C. R., J. K. Bohlke, J. W. Harvey, and E.
Busenberg. 2009. A simple technique for continuous
measurement of time-variable gas transfer in surface
waters. Limnol. Oceanogr. Methods 7: 185–195. doi:
10.4319/lom.2009.7.185
Trimmer, M., I. A. Sanders, and C. M. Heppell. 2009. Carbon
and nitrogen cycling in a vegetated lowland chalk river
impacted by sediment. Hydrol. Process. 23: 2225–2238.
doi:10.1002/hyp.7276
Tsivoglou, E. C., J. B. Cohen, S. D. Shearer, and P. J. Godsil.
1968. Tracer measurement of reaeration: II. Field studies.
J. Water Pollut. Control Fed. 40: 285–305.
Tsivoglou, E. C, R. L. O’Connell, C. M. Walter, P. J. Godsil,
and G. S. Logsdon. 1965. Tracer measurement of reaeration: I. Laboratory studies. J. Water Pollut. Control Fed.
37: 1343–1362.
Uehlinger, U. 2000. Resistance and resilience of ecosystem
metabolism in a flood-prone river system. Freshwater Biol.
45: 319–332. doi:10.1111/j.1365-2427.2000.00620.x
Uehlinger, U., B. Kawecka, and C. T. Robinson. 2003.
Effects of experimental floods on periphyton and stream
metabolism below a high dam in the Swiss Alps (River
Spol). Aquat. Sci. 65: 199–209. doi:10.1007/s00027-0030664-7
Uzarski, D. G., T. M. Burton, and C. A. Stricker. 2001. A new
chamber design for measuring community metabolism in
a Michigan stream. Hydrobiologia 455: 137–155. doi:
10.1023/A:1011929719866
Vachon, D., Y. T. Prairie, and J. J. Cole. 2010. The relationship between near-surface turbulence and gas transfer
velocity in freshwater systems and its implications for
floating chamber measurements of gas exchange. Limnol.
Oceanogr.
55:
1723–1732.
doi:10.4319/
lo.2010.55.4.1723
Vallino, J. J., C. S. Hopkinson, and R. H. Garritt. 2005. Estimating estuarine gross production, community respiration and net ecosystem production: A nonlinear inverse
technique. Ecol. Modell. 187: 281–296. doi:10.1016/
j.ecolmodel.2004.10.018
372

Demars et al.

Problems in stream metabolism studies

Webster, J. R., and J. L. Meyer [eds.]. 1997. Stream organic
matter budgets. J. North Am. Benthol. Soc. 16: 3–13. doi:
10.2307/1468223
Welter, J. R., J. P. Benstead, W. F. Cross, J. M. Hood, A. D.
Huryn, P. W. Johnson, and T. J. Williamson. 2015. Does
N2 fixation amplify the temperature dependence of ecosystem metabolism? Ecology 96: 603–610. doi:10.1890/
14-1667.1
Wilcock, R. J., J. W. Nagels, G. B. McBride, K. J. Collier,
B. T. Wilson, and B. A. Huser. 1998. Characterisation
of lowland streams using a single-station diurnal curve
analysis model with continuous monitoring data for
dissolved oxygen and temperature. N. Z. J. Mar. Freshwater
Res.
32:
67–79.
doi:10.1080/00288330.
1998.9516806
Williams, P. J. L. B., and P. A. del Giorgio. 2005. Respiration
in aquatic ecosystems: History and background, p. 1–17.
In P. A. del Giorgio and P. J. L. B. Williams [eds.], Respiration in aquatic ecosystems. Oxford Univ. Press.
Williams, R. J., C. White, M. L. Harrow, and C. Neal. 2000.
Temporal and small-scale spatial variations of dissolved
oxygen in the rivers Thames, Pang and Kennet, UK. Sci.
Total Environ. 251–252: 497–510. doi:10.1016/S00489697(00)00401-0
Wise, D. L., and G. Houghton. 1966. Diffusion coefficients
of 10 slightly soluble gases in water at 10-60 degrees C.
Chem. Eng. Sci. 21: 999–1010. doi:10.1016/00092509(66)85096-0
Wright, J. C., and I. K. Mills. 1967. Productivity studies
on the Madison River, Yellowstone national Park. Limnol. Oceanogr. 12: 568–577. doi:10.4319/lo.1967.12.4.
0568
Yang, G. M., and others. 2013. Analysis of Kr-85: A comparison at the 10(-14) level using micro-liter samples. Sci.
Rep. 3: 1596. doi:10.1038/srep01596
Yongsiri, C., J. Vollertsen, and T. Hvitved-Jacobsen. 2004.
Effect of temperature on air-water transfer of hydrogen
sulfide. J. Environ. Eng. ASCE 130: 104–109. doi:10.1061/
(ASCE)0733-9372(2004)130:1(104)
Yotsukura, N., D. A. Stedfast, and G. H. Jirka. 1984. Assessment of a steady-state propane-gas tracer method for
determinating reaeration coefficients, Chenango River,
New York. United-State Geological Survey.
Young, R. G., and A. D. Huryn. 1999. Effects of land use on
stream metabolism and organic matter turnover. Ecol.
Appl. 9: 1359–1376. doi:10.1890/1051-0761(1999)009
[1359:EOLUOS]2.0.CO;2
Young, R. G, C. D. Matthaei, and C. R. Townsend. 2008.
Organic matter breakdown and ecosystem metabolism:
Functional indicators for assessing river ecosystem health. J.
North Am. Benthol. Soc. 27: 605–625. doi:10.1899/07-121.1
Yvon-Durocher, G., J. I. Jones, M. Trimmer, G. Woodward,
and J. M. Montoya. 2010. Warming alters the metabolic

van de Bogert, M. C., D. L. Bade, S. R. Carpenter, J. J. Cole,
M. L. Pace, P. C. Hanson, and O. C. Langman. 2012. Spatial heterogeneity strongly affects estimates of ecosystem
metabolism in two north temperate lakes. Limnol. Oceanogr. 57: 1689–1700. doi:10.4319/lo.2012.57.6.1689
Venkiteswaran, J. J., S. L. Schiff, and L. I. Wassenaar. 2008.
Aquatic metabolism and ecosystem health assessment
using dissolved O-2 stable isotope diel curves. Ecol. Appl.
18: 965–982. doi:10.1890/07-0491.1
Vinberg, G. G. 1934. The experiment of the study of the
photosynthesis and respiration in the aqueous mass of
the lake. On the problem of the balance of organic matter. Trans. Limnol. Stn. Kosino 18: 5–24 (in Russian).
Vinberg, G. G. 1960. The primary production of bodies of
water. Institute of Biology of the Academy of Sciences of
the Byelorussian, S.S.R. (U.S. Atomic Energy Commission.
Translation series).
Wagner, B. J., and J. W. Harvey. 1997. Experimental design
for estimating parameters of rate-limited mass transfer:
Analysis of stream tracer studies. Water Resour. Res. 33:
1731–1741. doi:10.1029/97WR01067
Wallin, M. B., M. G. Oquist, I. Buffam, M. F. Billett, J.
Nisell, and K. H. Bishop. 2011. Spatiotemporal variability
of the gas transfer coefficient (KCO2) in boreal streams:
Implications for large scale estimates of CO2 evasion.
Global Biogeochem. Cycles 25: Gb3025. doi:10.1029/
2010GB003975
Wallis, S. G., and J. R. Manson. 2004. Methods for predicting
dispersion coefficients in rivers. Proc. Inst. Civil Eng.
Water Manag. 157: 131–141. doi:10.1680/wama.2004.
157.3.131
Wallis, S. G, M. Osuch, J. R. Manson, R. Romanowicz, and B.
O. L. Demars. 2013. On the estimation of solute transport
parameters for rivers, p. 415–425. In P. Rowinski [ed.],
Experimental and computational solutions of hydraulic
problems. Springer-Verlag. doi:10.1007/978-3-642-302091_30
Wanninkhof, R. 1992. Relationship between wind-velocity
and gas exchange over the ocean. J. Geophys. Res. Oceans
97: 7373–7382. doi:10.1029/92JC00188
Wanninkhof, R., W. Asher, R. Weppernig, H. Chen, P.
Schlosser, C. Langdon, and R. Sambrotto. 1993. Gas transfer experiment on Georges Bank using two volatile deliberate tracers. J. Geophys. Res. Oceans 98: 20237–20248.
doi:10.1029/93JC01844
Ward, A. S., and others. 2013. Variations in surface waterground water interactions along a headwater mountain
stream: Comparisons between transient storage and water
balance analyses. Water Resour. Res. 49: 3359–3374. doi:
10.1002/wrcr.20148
Watson, A. J., R. C. Upstillgoddard, and P. S. Liss. 1991. Airsea gas exchange in rough and stormy seas measured by a
dual-tracer technique. Nature 349: 145–147. doi:10.1038/
349145a0
373

Demars et al.

Problems in stream metabolism studies

balance of ecosystems. Philos. Trans. R. Soc. B Biol. Sci.
365: 2117–2126. doi:10.1098/rstb.2010.0038
Yvon-Durocher, and others. 2012. Reconciling the temperature dependence of respiration across timescales and ecosystem types. Nature 487: 472–476. doi:10.1038/
nature11205

the Scottish Government Rural and Environment Science and Analytical
Services (RESAS) and additional funding to work under the United Kingdom Natural Environment Research Council (NERC) Coupled Macronutrient Cycling Program. JT was funded by NERC grant NE/J011967/1,
The Multi-Scale Response of Water Quality, Biodiversity and C Sequestration to Coupled Macronutrient Cycling from Source to Sea.
Submitted 26 November 2014
Revised 22 March 2015

Acknowledgments
The authors thank Marc Stutter and an anonymous referee for their
comments on the manuscript. Bob Hall merit a special thank for his
detailed and engaging review. JRM acknowledges the support of the
Richard Stockton College of New Jersey. This article was supported by

Accepted 6 April 2015
Associate editor: Paul Kemp

374

