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Impact of warming on CO2 emissions from
streams countered by aquatic photosynthesis
Benoît O. L. Demars1*, Gísli M. Gíslason2, Jón S. Ólafsson3, J. Russell Manson4, Nikolai Friberg5,6,
James M. Hood7†, Joshua J. D. Thompson8† and Thomas E. Freitag1

Streams and rivers are an important source of CO2 emissions1.
One important control of these emissions is the metabolic
balance between photosynthesis, which converts CO2 to
organic carbon, and respiration, which converts organic carbon
intoCO2 (refs2,3).Carbonemissions fromrivers could increase
withwarming, independentlyof organic carbon inputs, because
the apparent activation energy is predicted to be higher
for respiration than photosynthesis4,5. However, physiological
CO2-concentrating mechanisms may prevent the increase in
photorespiration, limiting photosynthesiswithwarming6. Here
we report the thermal response of aquatic photosynthesis
from streams located in geothermal areas of North America,
Iceland and Kamchatka with water temperatures ranging
between 4 and 70 ◦C. Based on a thermodynamic theory
of enzyme kinetics, we show that the apparent activation
energy of aquatic ecosystem photosynthesis is approximately
0.57 electron volts (eV) for temperatures ranging from 4 to
45 ◦C, which is similar to that of respiration4,5,7–9. This result
and a global synthesis of 222 streams suggest that warming
will not create increased stream and river CO2 emissions
from a warming-induced imbalance between photosynthesis
and respiration. However, temperature could a�ect annual
CO2 emissions from streams if ecosystem respiration is
independentofgrossprimaryproduction, andmaybeamplified
by increasing organic carbon supply.

A key, rate-limiting step during photosynthesis is CO2-fixing
by the D-ribulose-1,5-bisphosphate carboxylase/oxygenase enzyme
(Rubisco)10,11. The average activation energy of Rubisco carboxylase
activity across phylogenetic groups is about 0.57 eV (chlorophytes
0.30 eV, cyanobacteria 0.44 eV, spermatophytes 0.63 eV, diatoms
0.65 eV, rhodophytes 0.82 eV) (refs 12,13) and is similar to the
respiratory complex, but it becomes less efficient with warming
under the decreasing solubility of CO2/O2 concentration ratio in
solution leading to photorespiration (fixation of O2 instead of CO2)
(refs 10,11,14). This creates a difference in apparent (or effective)
activation energies between photosynthesis (Ea ≈ 0.32 eV, based
on C3 terrestrial plant metabolism)10 and community respiration
(Ecr≈0.47 to 0.65 eV) (refs 4,5,7–9) predicted to alter the metabolic
balance of aquatic ecosystems in response to warming4,5,15. How-
ever, most autotrophic aquatic organisms, contributing to half
of the global oxygenic photosynthesis16, have evolved a diversity

of CO2-concentrating mechanisms suppressing photorespiration17.
Hence, we postulate that the temperature dependence of photo-
synthesis and respiration should be similar in aquatic ecosystems
(E ≈ 0.57 eV). To test this hypothesis, we developed novel quan-
titative predictions based on the thermodynamics of rate-limiting
enzyme Rubisco and CO2-carbon-concentrating mechanisms in
aquatic photosynthesizers. We assembled an unprecedented set of
photosynthesis measurements from streams in geothermal areas as
model ecosystems to isolate the role of temperature. As part of
our survey, we conducted a ‘natural experiment’, using a nested
design, where the effect of temperature was tested separately within
independent geothermal areas, with individual streams acting as
replicates within an area. Finally, we compiled a global synthesis of
metabolic rates in streams to test our predictions across a range of
biomes and stream size, and including pristine to polluted systems
(see Methods and Supplementary Information 1–3).

We selected a flexible mathematical framework able to describe
the full thermal response curve of photosynthesis. The diversity
of CO2-concentrating mechanisms among aquatic oxygenic
photolithotrophs and the multiple cellular processes involved in
photosynthesis causes difficulties in generalizing the responses
of oxygenic photolithotrophs to environmental change16,18,19.
Here, we intentionally simplified this cellular complexity by
linking enzymatic activity to ecosystem processes. We modelled
the regulation of ecosystem photosynthesis by the kinetics of
the rate-limiting enzyme Rubisco using the Sharpe–Schoolfield
thermodynamic theory20, derived from transition state theory
(see Methods and Supplementary Information 4). We developed a
novel quantitative theory based on the presence of multiple forms
of Rubisco evolutionarily adapted to temperature, that is, natural
selection is assumed here to operate at the level of the genes, rather
than individuals21. We assumed no temperature compensation in
the fixation of CO2, with Rubisco density and community size
structure and biomass equivalent across sites along the temperature
gradient5, to link the average activation energy of Rubisco to
the temperature sensitivity of photosynthesis at the community
level (theory expounded in Supplementary Information 5). These
assumptions may not hold in terrestrial ecosystem photosynthesis
across biomes22, but this may be due, at least in part, to the
constraint of water availability on plant age and standing biomass23.
Finally, our model should perform best under low (limiting) CO2
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and relatively high bicarbonate concentrations where the carbon
concentration mechanisms should be most active.

Our results show that ecosystem-level photosynthesis conforms
to our predictions based on Rubisco carboxylase activity.
Photosynthesis increased exponentially with temperature within
the physiological temperature range 4–45 ◦C, according to the
most parsimonious model (Johnson–Lewin) derived from the
Sharpe–Schoolfield thermodynamic theory (Fig. 1, see Methods).
The enthalpy of activation, within 4–45 ◦C, was 52.0 kJmol−1
(nonlinear regression; t value = 3.5, P = 0.0009), equivalent to
an activation energy of 0.57 eV which was likely within 0.41–0.72
(68% confidence interval) and very likely within 0.22–0.86 eV (95%
confidence interval), with Ea=1H ∗A+RT and 1 eV= 96.4 kJmol−1
(see Supplementary Information 6). The apparent activation
energy likely excluded the effective activation energy of C3 plant
photosynthesis (0.32 eV) and was statistically indistinguishable
from the apparent activation energy of respiration (Ecr ≈ 0.47 to
0.65 eV), as predicted according to the observed Rubisco activation
energy (ERubisco ≈ 0.57 eV) and CO2-concentrating mechanisms
of aquatic photolithotrophs suppressing photorespiration. The
temperature optimum of gross primary production (GPP) was
45 ◦C (Fig. 1), likely within 33–57 ◦C (68% confidence interval),
and very likely within 21–70 ◦C (95% confidence interval)
(see Supplementary Information 4), similar to many Rubisco
carboxylase-specific activities13.

The same apparent activation energy characterized the thermal
response of ecosystem photosynthesis across geothermal areas,
independently of environmental conditions. We explored seven
independent geothermal areas, from which four areas yielded
enough data (at least six streams and temperature range in excess
of 20 ◦C), to investigate whether the temperature dependence
of photosynthesis would be similar across areas (Fig. 2, see
Supplementary Information 1). We centred the temperature data
at TC= 293K= 20 ◦C and fitted a linear mixed-effects Arrhenius
model5 to our observed data, ln(GPPobs), at 39 sites within the range
4–45 ◦C (the physiological temperature range identified above):

ln(GPPj
T )=(Ea+ε

j
E)

(
1

kTC
−

1
kT

)
+ ln(GPPTC)+ε

j
GPP

In this equation, ln(GPPj
T ) is the natural logarithm of GPP for

some arbitrary geothermal area j at absolute temperature T (K),
Ea is the average apparent activation energy of autotrophs across
geothermal areas, ln(GPPTC) is the natural logarithm of GPP across
areas at TC, and k is the Boltzmann constant (8.62 10−5 eVK−1).
We treated the average slope Ea and intercept ln(GPPTC) as random
variables with area-specific deviations from these averages εjE and
ε
j
GPP, respectively. Estimates of activation energy did not differ
between areas (likelihood ratio test; χ 2

2 =2.7, P=0.26). The average
activation energy, here Ea = 0.50 eV (linear mixed-effects model;
t35.01=6.7, P=9×10−8), was therefore sufficient to characterize
the temperature dependence of photosynthesis across geothermal
areas (Fig. 2), despite significant area-specific deviations, εjGPP,
from the average absolute photosynthesis across geothermal areas
(likelihood ratio test; χ 2

1 = 16.3, P = 4 × 10−5). The average
activation energywas very likelywithin the range 0.35–0.65 eV (95%
confidence interval), similar to the mass-specific activation energy
estimates of GPP in Hengill experimental channels (0.3–0.5 eV)
(ref. 24), and excluding the effective activation energy of C3
plant photosynthesis (0.32 eV) (ref. 10). The final simplified model
gave a strong conditional R2

= 0.74 (variance explained by fixed
and random factors), and robust marginal R2

= 0.38 (variance
explained by fixed factors alone)—see Fig. 2. The average apparent
activation energy showed no sign of amplification due to N2
fixation, which has a much higher apparent activation energy below
25 ◦C (1.5–2.0 eV) (ref. 24) than the average activation energy
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Figure 1 | Thermal response of aquatic ecosystem photosynthesis (GPP)
from groundwater-fed streams draining geothermal areas of the
Northern Hemisphere. The standardized inverse absolute temperature
(1/eV) was centred at Tc=35◦C. Observed ecosystem- or community-level
GPP (ln g O2 m−2 d−1, open symbols) and fitted model (Johnson–Lewin,
black line) on 69 sites using nonlinear regression from streams, with
discharge less than 50 l s−1, in North America (17 sites), Iceland (48 sites)
and Kamchatka (4 sites)—see Methods and Supplementary Information 1
and 2. Inset depicts locations of streams in the Northern Hemisphere.

of Rubisco carboxylase activity (0.57 eV). More generally, there
was no evidence of limitation by light and substrate supply (see
Supplementary Information 2).

We can now evaluate how temperature affects the metabolic
balance of streams and rivers. Our results allow for the expression of
the temperature dependence of the metabolic balance of ecosystems
(net ecosystem production, NEP) more simply than previously
suggested4, notably without the need to separate autotrophic and
heterotrophic respiration (see Supplementary Information 7):

NEPT =(GPPTC−ERTC)exp
[
E
(

1
kTC
−

1
kT

)]
Importantly, this equation assumes that ecosystem respiration (ER)
is relatively independent of GPP.While our data from groundwater-
fed streams in geothermal areas were ideal to determine the
temperature dependence of GPP, they should not be used to test
the effect of warming on NEP, because ER was constrained by
GPP (Supplementary Fig. 1.3). Now, since ER generally exceeds
GPP in streams, rivers and estuaries2, and ER is generally relatively
independent of GPP25, our equation suggests that global CO2
emissions from the metabolic balance of fluvial systems could
potentially increasewithwarming by 1.3 times to 0.40 PgC yr−1 with
a 3 ◦C warming, equivalent to 14% of the current global terrestrial
CO2 sink (see Supplementary Information 7).

We can now compare the predicted rate of change in NEP
with warming against our global synthesis of summer stream
metabolic rates (Fig. 3). Ln transformed GPP and ER were
positively related to each other (linear regression; R2

= 0.46,
F1,220=187, P=2.2×10−16) and to temperature (GPP: R2

= 0.18,
F1,220 = 48.63, P=3.6×10−11; ER: R2

= 0.13, F1,220 = 31.88,
P=5.0×10−8). The apparent activation energy (±s.e.m.) of
GPP was higher than anticipated (Ea=1.15±0.16eV), while ER
was as expected (Ecr=0.59±0.10eV). When stream discharge, an
indicator of stream size, was taken into account (multiple regression,
no interaction factor; R2

= 0.26, F2,219= 39.5, P = 2.3× 10−15), the
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Figure 2 | Thermal response of photosynthesis in four Icelandic geothermal areas (39 sites in total). a, Relationships between GPP (g O2 m−2 d−1) and
standardized inverse absolute temperature (1/eV) for four geothermal areas, all statistically significant (see Methods). b, Standardized fluxes of GPP were
plotted as ln(GPPobs/GPPj

TC
), the log ratio of observed GPP relative to geothermal area-specific (J) estimates at the reference temperature

(TC=293K=20 ◦C)—see Methods. The slope of the curves represents the average activation energy of the fitted Arrhenius model (Ea=0.50eV, solid
line), indistinguishable statistically from the predicted slope (0.57 eV, dashed line).
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Figure 3 | Global synthesis of stream ecosystemmetabolism at 222 sites, with discharge 0.5 to 5,120 l s−1 during summer time. a, GPP (g O2 m−2 d−1).
b, Ecosystem respiration (ER, g O2 m−2 d−1). c, Net ecosystem production (NEP, g O2 m−2 d−1). The x axis is standardized inverse absolute temperature
(1/eV). The lower y axis of NEP was cut at the 97.5% quantile to focus on most data. Empirical fits (solid lines) were compared with theoretical predictions
(dashed lines) centred at 15 ◦C and average metabolic rates; indistinguishable for ER.

activation energy (±s.e.m.) of GPP dropped to Ea=0.92±0.16eV,
closer to our prediction (Ea ≈ 0.6± 0.15 eV). Hence, stream size
may alter the apparent activation energy of GPP, likely via light
availability26. The activation energy (±s.e.m.) of ER also dropped
to Ea= 0.44± 0.10 eV after taking into account stream discharge,
but remained close to previous estimates (Ecr ≈ 0.47 to 0.65 eV).
NEP was unrelated to stream discharge (R2

= 0.01, F1,220 = 2.32,
P=0.13) and temperature (R2

=0.0006, F1,220=0.14, P=0.71), even
though respiration exceeded photosynthesis (Fig. 3). This suggests
that the streams were hydrologically relatively disconnected
from the surrounding land, which may explain the relatively
high dependence of ER on GPP. In effect, streams during the
summer behave similarly to the groundwater-fed streams of
Iceland and Kamchatka (Supplementary Fig. 1.3). Our metabolic
balance model should be tested at other seasons, and also in
large rivers.

In our study, the apparent activation energy of community
respiration in streams and rivers (Ecr≈0.47 to 0.65 eV) was mostly
derived from observational data across seasons5 (with results
potentially biased by confounding factors such as light)6 and short-
term experiments7–9 (mostly reflecting physiological plasticity). We
used a different approach for photosynthesis to avoid confounding
effects. However, large-scale studies in terrestrial ecosystems across
biomes22 and long-term experiments in aquatic mesocosms6,27 have
reported conflicting results. Both intrinsic biological mechanisms
(for example, acclimation, rapid evolution, adaptation)28–30 as well

as extrinsic factors (for example, hydrology, nutrients, light—see
Supplementary Information 2)6 and their interactions27,31 are known
to dampen or amplify the apparent thermal reaction of both
photosynthesis and respiration in aquatic and terrestrial ecosystems.
This may explain why our theory was also less powerful with our
global synthesis (Fig. 3) than under the more controlled conditions
of the streams in geothermal areas (Fig. 2). This calls for more
dynamic and integrative models where metabolic theories23,30,31
could play a key role in predicting what the metabolic balance of
aquatic ecosystems may be under future climate change.

The thermal response of aquatic photosynthesis presented here
is theoretically grounded and tested at ecosystem scale in ‘natural
laboratories’. This crucially allows the identification of causal
mechanisms from apparent relationships31. The effect of warming
on the metabolic balance of other freshwater and marine systems
usingC3 plantmetabolism4,32 should be reassessed in the light of our
findings. Our study suggests that themetabolic balance of streams is
not as sensitive to warming as previously thought, but warming can
still have a direct effect on CO2 emissions when ER is independent
of GPP. This direct effect may be amplified with the current increase
in external organic carbon supply33.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Data collection from geothermal streams. Sites were selected in independent
streams, except for two streams in one geothermal area (Hveragerdi) where it was
possible to study cold and warm sections marked by different benthic communities
(Supplementary Information 1). The streams we studied were fed by groundwater
from the uppermost permeable rock layer and the warm water was heated
indirectly by the deep geothermal activity. The photosynthetic communities
encompassed thin films of diatoms, algae, and cyanobacteria, filamentous algae,
thick cyanobacterial mats, bryophytes and vascular plants. Daily photosynthesis
(gross primary productivity, GPP) and ecosystem respiration (ER) were measured
using an open channel diel oxygen method6,15 at 50 sites in Iceland and Kamchatka
(see Supplementary Information 1). Measurements were carried out during the
summer under steady-state conditions (constant daily photosynthesis and
respiration) in clear water, shallow (depth interquartile range 4–8 cm), and
unshaded groundwater-fed streams (discharge up to 50 l s−1). The streams were
circum-neutral to alkaline (pH interquartile range 7.3–8.1) and with relatively low
pCO2 during daylight (interquartile range 334–1,163 ppm). For more information,
see Supplementary Information 2. Stream water spanned a wide temperature range
(4–45 ◦C). Temperature was unrelated to light, hydrology, hydraulics and not
consistently related to water chemistry, abundance of primary producers and
density of macroinvertebrates across geothermal areas (see Supplementary
Information 2). We extended our data set with an additional 19 published
measurements of photosynthesis (temperature range 33–70 ◦C) from six
comparable geothermal streams34–38 (see Supplementary Information 3).

Global synthesis.We thoroughly reviewed the literature to collect data on stream
water temperature, discharge and metabolic rates (photosynthesis and respiration).
We selected only studies using the whole ecosystem open channel method. We used
only summer or dry season data to avoid the interference with hydrological
variability. In any case, there were too few year-round studies, as previously noted3.
When several estimates were available for one site we averaged the values. All
metabolic rate units were converted to gO2 m−2 d−1. We used a photosynthetic
quotient PQ= 1 to convert carbon units into oxygen units. Many studies on stream
metabolism did not report temperature and/or discharge. Yet, we managed to
assemble a comprehensive data set of 222 stream reaches from Japan (23 sites),
Europe (51 sites), America (110 sites), Africa (10 sites) and New-Zealand
(28 sites)26,39–52. We provided 18 sites from our own unpublished studies using the
same methods and equipment as in this study. In one study39, several metabolic
rates were estimated from a range of reaeration equations, and we took the average
of all estimates. In another study52, GPP was calculated from maximum
photosynthesis as follows53: GPP=GPPmax((2f /πt)), with f photoperiod (hours)
and t=24h. In the same study, standardized ER20 was corrected according to the
reported Q10 as follows: ERT =ER20×Q((T−20)/10)

10 , with T being the stream
water temperature.

Data analyses.Wemodelled the regulation of ecosystem photosynthesis by the
kinetics of the rate-limiting enzyme Rubisco using the Sharpe–Schoolfield
thermodynamic theory20, derived from transition state theory according to:

GPPT =

GPPTC

(
T
Tc

)
exp
[
1H∗A
R

(
1
Tc
−

1
T

)]
1+exp

[
1HL
R

(
1
TL
−

1
T

)]
+exp

[
1HH
R

(
1
TH
−

1
T

)]
In this expression, GPPTC is the absolute metabolic flux (gO2 m−2 d−1) at the
reference temperature TC (308K= 35 ◦C) assuming no enzyme inactivation;1H ∗A
is the enthalpy of activation (Jmol−1) of the reaction that is catalysed by a
rate-controlling enzyme (here Rubisco) which characterizes the temperature
sensitivity of ecosystem photosynthesis within the physiological temperature range
(temperature range TL to TH) (ref. 20);1HL and1HH are changes in enthalpy
(Jmol−1) associated with the low and high temperature (TL and TH) at which the
rate-controlling enzyme is half inactive; and R is the universal gas constant
(8.31 J K−1 mol−1). The numerator is equivalent to the Arrhenius model
(Supplementary Information 6). The denominator captures the decrease in
metabolic rates at low and high temperatures. The reciprocal of the denominator
gives the probability of the enzyme to be in its active state54.

Enzyme activity is generally compromised at both extremes of the temperature
gradient, although this may not be the case for Rubisco at extremely low
temperatures55. Hence, two theoretical temperature reaction norms were fitted
and compared: the full model (Sharpe–Schoolfield) and a partial model
(Johnson & Lewin) where the de-activation term at low temperature,
exp[(1HL/R)((1/TL)−(1/T ))], was removed. The two theoretical temperature
reaction norms (Sharpe–Schoolfield and Johnson & Lewin models) were fitted to
the observed 69 measurements of GPP (GPPobs) by nonlinear regression using the
nonlinear least-squares (nls function) of the stats package in the R statistical
software (version 3.1.3) (ref. 56) (see Supplementary Information 4). To improve
heteroscedasticity and normality, the Sharpe–Schoolfield and Johnson & Lewin
equations were ln transformed and fitted on ln transformed observed GPP

(in mgO2 m−2 d−1 to avoid negative values). Both nonlinear models fitted the data
equally well (regression of observed against fitted GPP values, both with a natural
logarithm transformation, gave the same R2

=0.47), but the Johnson & Lewin
model (Fig. 1) was more parsimonious with a lower Akaike Information Criterion
(181.4 versus 184.7) and much larger Akaike weight (0.9 versus 0.1) than the full
model. Moreover, all its individual parameters were statistically significant
(Supplementary Information 4). The Johnson & Lewin model was also fitted after
down-weighting multiple sites on the same stream by 0.5 using nonlinear weighted
least-squares (nls function in R)—see Supplementary Information 4.

The raw P values of ln(GPP)-temperature linear regressions within the
geothermal areas of Fig. 2a were all significant, even after considering a false
discovery rate of 0.1, using the Benjamini–Hochberg procedure57: Hengill (circles),
N =13, F1,11=5.5, P=0.039; Hveragerdi (squares), N =13, F1,11=23.4, P=0.0005;
Torfajökull (diamonds), N =6, F1,4=13.8, P=0.021; Vonarskard (triangles), N =7,
F1,5=8.1, P=0.036.

The linear mixed model analyses follow previous modelling strategy and
recommendations5,58–60 using the lmer function in the lme4 package (version
1.1-10) (ref. 60) of the R statistical software (version 3.1.3) (ref. 56) (see
Supplementary Information 6). Individual parameters were tested using the
lmerTest package (version 2.0-29) (ref. 61) in R. The 95% confidence intervals of
the parameters of the final (simplified) model were determined with the function
confint.merMod from the lme4 package60. Finally, the fit of the models was assessed
with the conditional and marginal coefficient of determination (R2) using the
function r.squaredGLMM from the MuMIn package62,63 in R. The reference
temperature used (TC=293K=20 ◦C) was arbitrary and did not substantively
affect the results5. Standardization of the fluxes in Fig. 2b was for visualization of
the data only; GPPobs values were used in the mixed-effects analysis to determine
the temperature dependencies.

Data availability. The raw data from Iceland and Kamchatka are available in
Supplementary Data Table 1 and include geography, metabolism, water properties,
hydrology and hydraulics. The data for our global synthesis are gathered in
Supplementary Data Table 2.
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