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S1. Supplementary methods 

Study areas 

The present study reports findings from hydrothermal areas of Iceland along the mid-
Atlantic ridge between the North American and Eurasian tectonic plates, and Kamchatka 
sitting atop a small tectonic plate called the Okhotsk block1,2, at the convergence zone of the 
Pacific, North American and Eurasian plates. 

The natural streams we studied were fed by groundwater from the uppermost permeable 
rock layer and not by the deep geothermal water, judging from their water chemistry3. 
Heating of the water is indirect and can be very localised, hence cold and hot streams can be 
found literally metres away from each other’s4.  

We organised several summer expeditions to find suitable sites. We worked in seven 
geothermal fields (Fig S1.1): Hengill and Hveragerdi3,5, Kerlingarfjöll6, Hveravellir7, 
Torfajökull8, Vonarskard9 all from Iceland; and Paratunka10,11 from Kamchatka, far east 
Russia (Table S1.1). The geographical coordinates and elevation were compiled in the 
Supplementary Data table 1 (geography). 

All expeditions were constrained by time, weather, the remoteness of the location and the 
terrain, being a mosaic mountain landscape of ice and hot springs. Hence, fewer sites were 
sampled in the highlands, but the sites were chosen to spread evenly along the temperature 
gradient. Four Icelandic geothermal areas (Hengill, Hveragerdi, Torfajökull and Vonarskard) 
provided enough data (at least 6 sites) spanning a broad temperature range (at least 20°C) 
to test the effect of temperature within individual geothermal areas. Three sites were 
excluded from our dataset for different pre-established technical reasons: one site in Hengill 
had too much lateral inflows as previously reported4, one site in Kerlingarfjöll’s caldera had 

intermittent turbid water, and one site in Torfajökull had a shorter mean travel time (0.7 
min) than the typical response time of the oxygen sensor (95% in 0.75 min). In total we 
successfully managed to estimate whole stream metabolism at 50 sites, producing the 
second largest existing individual dataset on stream metabolism across sites12.  

Sites were selected in independent streams, except for two streams in Hveragerdi where it 
was possible to study cold and warm sections (Table S1.2). The five extra sites represented 
only 10% of our dataset.  

In Iceland, the streams drained areas predominantly covered by moss, grass and protruding 
volcanic rocks resulting in very little allochthonous organic matter supply to those streams. 
The lack of trees in the lowland sites was due to long term landscape degradation13. In 
Kamchatka, the streams emerged near the bottom of a hillslope in an alder woodland. 
Hence, there was more allochthonous organic matter in the Kamchatka streams (small 
woody debris dams and leaf packs). 
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Figure S1.1 | Sampling areas in Iceland and Kamchatka. Maps: Iceland's geothermal fields14 
(Courtesy of National Energy Authority and Ministry of Industries and Innovation) and 
Kamchatka relief15 (Courtesy of Nzeemin). 

 

Table S1.1 | Main characteristics of the geothermal areas investigated 

Geothermal area (J) Year(s) of 
sampling 

Number of 
sites (n) 

Temperature 
range (°C) 

*Hengill 2008 13 4.9-25.0 
Hveravellir 2011 2 20.8-25.5 
Kerlingarfjöll 2011 5 6.4-9.6 
*Hveragerdi 2011-2013 13 7.7-45.4 
*Torfajökull 2012 6 6.3-37.5 
*Vonarskard 2013 7 4.5-33.7 
Paratunka 2012 4 6.8-25.7 

* areas selected for further analyses in Supplementary Information 6. 

 

Table S1.2 | The two streams with more than one site at Hveragerdi.  

sites Elevation (m) Temperature (°C) ΔT† (°C) 
STREAM A    
HG 27 285 8.4  
HG 21 104 45.4 37 
HG 20 101 36.7 -9 
HG 19 98 28.8 -8 
HG 18 96 21.9 -7 
STREAM B    
HG 23 130 20.6  
HG 22 106 30.4 10 

† downstream change in daily average temperature between two sites 
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Whole stream metabolism 

We used a modified two station open diel oxygen method to provide accurate estimates of 
net ecosystem metabolism (NEP) in heterogeneous streams4,16,17. Daily ecosystem 
respiration (ER) was calculated from the net metabolism at night scaled to 24 hours and 
daily GPP resulted from subtracting the dark from the light metabolism and averaged over 
24 hours. This assumes that ecosystem respiration is the same under daylight and night 
time. In reality, respiration during daylight is generally (but not always) higher than at night, 
but this is very much work in progress with method development18-21. This assumption has 
no impact on estimated values of NEP even though the individual magnitudes of GPP and R 
may be underestimated22. Also note, current estimations of respiration during daylight have 
very large uncertainties and the role of temperature is not yet clear19-21.  

NEP calculations included propagation of uncertainties, including those stemming from 
small cross-calibration discrepancies and spatial heterogeneity4,16. GPP relative uncertainties 
(interquartile range: 5-35% based on one standard deviation (SD)) were much lower than ER 
(interquartile range: 51-104% based on one SD). Excel spreadsheets and R code have been 
made available with example data16.  

GPP and ER were measured in O2 units and may also be expressed in carbon units (mass 
O2=12/32 mass C) using a photosynthetic (PQ) or respiratory quotient (RQ). Here we 
assumed PQ=RQ=1 in all our conversions23,24. 

We quantified the gas exchange coefficient, discharge, lateral inflows, and mean travel time 
using tracers (propane, sodium chloride) in all streams, as in our previous study4. We used 
the same equipment and technique as previously reported4 and only highlight slight 
departures here. In Kamchatka, we had to rely on a different propane gas supply (5.5 kg 
Russian commercial gas cylinder) and gas regulator (Donmet, type BPO-5-4DM). We only 
used the upper half of the gas cylinders and chromatograph analyses from the samples 
indicated that propane constituted 95-98% of the gas, the remaining was ethane with traces 
of butane.  

Lateral inflows from small tributaries were easily corrected by quantifying discharge by salt 
dilution gauging and continuously measuring dissolved O2 with an extra O2 sensor. 
Groundwater inflows are however notoriously difficult to characterise and can bias 
metabolic estimates, especially ecosystem respiration estimates25,26. In our case, the 
correction for lateral inflows4 had virtually no effect on our results from 2008 and 2011 
encompassing 21 sites (linear regression; ERcorrected=1.03×ER, R2=0.98, F=3863, P=2.04×10-23, 
with a regression slope indistinguishable statistically from one with 95% confidence interval: 
0.99-1.06). This is because the groundwater dissolved oxygen concentrations were similar to 
in-stream oxygen concentrations and because we minimised lateral inflows by selecting 
short reaches with no obvious inflows. Hence, groundwater inflow corrections were not 
carried out for the remaining sites (2012-2013). In any case, the proportion of lateral inflows 
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measured across all areas at 45 sites (2008-2013) was completely unrelated to temperature 
(R2=0.02, F=0.69, P=0.41).  

We used additional drift free optic oxygen sensors YSI ProODO and 600OMS V2 (YSI Inc., 
Yellow Springs, OH, USA). The ProODO handheld also provided continuous data on 
atmospheric pressure, so we did not have to rely on the nearest weather station. The same 
extreme care was taken to calibrate all the sensors together, cross calibrate pairs of sensors 
at the field sites, and check calibration at the end (all sensors together). Cross calibration 
discrepancies did not generally exceed 1-2% dissolved O2.  

The resulting data were made available in the Supplementary Data table 1 (metabolism). 

 

Maximum GPP 

GPPMAX is an important parameter to assess light availability (see below, Supplementary 
Information S2) and convert maximum photosynthesis rates available in the literature to 
daily estimates of GPP (see below, Supplementary Information S3). The relationship 
between GPP and photosynthetic active radiation (PAR) was modelled using 5 min time step 
data with a Michaelis–Menten type equation as follows:  

𝐺𝑃𝑃 =
𝐺𝑃𝑃𝑀𝐴𝑋 𝑃𝐴𝑅

𝑘𝑃𝐴𝑅 + 𝑃𝐴𝑅
 

where GPPMAX is the maximum GPP and kPAR is the PAR at which half the GPPMAX is realised 
(Fig. S1.2). GPPMAX and kPAR were determined with a nonlinear regression model as 
previously described4.  

 

Figure S1.2 | Typical curve of gross primary productivity (GPP) as a function of 
photosynthetic active radiation (PAR). The black curve is the Michaelis-Menten type 
equation and the dashed line represents the maximum GPP (GPPMAX) derived from the 
model. The data are 5 minute time step average from Hengill site 1 (7-15 August 2008). 
GPPMAX=718 μg O2 m-2 s-1, kPAR=334 µmol m-2 s-1. 

(S1) 
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Steady state 

In Iceland, all sites were investigated in August, when daily gross primary production (GPP) 
and daily ecosystem respiration (ER) rates were found to be constant over several days4. 
Daily ER was strongly dependent on GPP (Fig. S1.3), reflecting the presence of a strong biotic 
loop4,27, i.e. balanced nutrient cycling (uptake ≈ regeneration)28, with faster N and P cycling 
rates and likely more atmospheric N2 fixation in the warmer streams preventing nutrient 
limitation4,29. This steady state was clearly not present in Hengill during spring30 with GPP 
increasing by about 8% a day at site HEN1 (11.2 °C) in Hengill (under non-limiting light 
conditions, PAR > 20 mol photon m-2 d-1). In Kamchatka, we were fortuitous to find the 
streams just before leaf emergence (in early June) when photosynthesis is likely to have 
reached its maximum in this system31. 

 

 

Figure S1.3 | GPP and ER interdependence independent of temperature. a. Ecosystem 
respiration (ER, in g O2 m-2 day-1) dependence on gross primary productivity (GPP in g O2 m-2 
day-1) suggests the presence of a strong microbial biotic loop under steady state conditions, 
using data from all geothermal areas (R2=0.66, F1,48=92, P=9.4×10-13). The slope (±SE) of the 
model (0.83±0.09) was close to the expected 1:1 relationship in streams with little 
allochthonous organic carbon inputs. b. Net ecosystem production (±SE) is unrelated to 
temperature, and averages -6.5 ±1.7 g O2 m-2 day-1 at 15°C (R2=0.008, F1,48=0.37, P=0.54). 
Filled symbols indicate the Kamchatka sites. 

 

Environmental protection 

In order to protect the wild fresh water fish stocks against infectious disease agents, or 
contamination of the environment, all the equipment going in water was disinfected with a 
solution of 1% by weight (10g/L) of Virkon for 30 minutes, prior to and after deployment in 
all expeditions. 
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S2. Temperature and potential confounding effects 

It is always difficult to isolate the effect of one factor on a single response variable in the 
wild. The effect of temperature on photosynthesis is no exception16. Here we selected the 
widest possible temperature gradient and we searched for replicability across geothermal 
areas with different environmental conditions. Where necessary, we applied logarithmic 
transformations to normalise the data and minimise heteroscedasticity. The residuals of the 
fitted models were also visually inspected. Values under detection limits were changed to 
half the detection limits for the statistical analyses. Note the P values were not adjusted for 
the multiple comparisons between temperature and other abiotic and biotic factors. This 
only made it harder to reject a possible relationship between temperature and another 
factor, because some significant relationships may arise by chance alone.  
  

Light availability 

All our sites received a minimum daily 24 hour average of 10 mol photon m-2 day-1 of 
photosynthetic active radiations (PAR), above which daily GPP was not light limited. 
Maximum photosynthesis ln(GPPmax) was strongly related (R2=0.95, F1,40=950, P=9.7×10-34) 
to daily photosynthesis ln(GPPobs) across geothermal areas at the 42 sites for which the R2 of 
the Michaelis Menten model (Fig. S1.2) exceeded 0.8, demonstrating that slight different 
light availability (cloud cover) between days did not affect daily GPP differently across sites. 
The rate of average daily PAR was unrelated to mean daily temperature (R2<0.01, F1,48=0.15, 
P=0.70). 
 
Water chemistry and nutrient supply 

Water samples were collected and filtered with Millipore 0.45 μm pore size on the last day 

of field work, stored cool or frozen, and analysed at the James Hutton Institute as in 
previous studies4,32. Alkalinity followed the UK standard method33. The pH and conductivity 
were measured in-situ with portable meter (YSI600xlm and YSI 60, Yellow Springs, Ohio). It 
took a longer time to get a stable reading of pH at sites with low conductivity (30 min). Since 
our streams had very low DOC and relatively high pH (96% of our sites had pH>6), the excess 
partial pressure of dissolved carbon dioxide (EpCO2) could be calculated from alkalinity, pH 
and temperature according to the empirical formulae34:  

𝐸𝑝𝐶𝑂2 =
(0.95 × 𝐴𝑙𝑘𝐺𝑟𝑎𝑛 + 106−𝑝𝐻 + 106+𝑝𝐻−𝑝𝐾𝑤𝑎𝑡𝑒𝑟) × 106−𝑝𝐻

(6.46 − 0.0636 × 𝑇) × (1 + 2.38 × 10𝑝𝐻−𝑝𝐾2)
 

𝑝𝐾𝑤𝑎𝑡𝑒𝑟 = −6.0843 +
4471.33

(273 + 𝑇)
+ 0.017053 × (273 + 𝑇) 

𝑝𝐾2 = −6.498 +
2902.39

(273 + 𝑇)
+ 0.02379 × (273 + 𝑇) (S4) 

(S3) 

(S2) 
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The coefficient 0.95 represented the average factor converting chemical concentration of 
monovalent ions into chemical activities, T was temperature (°C), AlkGran was Gran alkalinity 
(µeq HCO3 L-1, at pH=4.5), pKwater and pK2 were minus the logarithm of the equilibrium 
constants for the dissociation of water [𝐻+][𝑂𝐻−] and [𝐻+] [𝐶𝑂3

−] [𝐻𝐶𝑂3
−]⁄  equilibrium, 

respectively. The pCO2 for the atmosphere, pCO2(atm), was set to 10-3.5 atm (=316 ppm). We 
applied corrections to take into account elevation34 and more recent estimate of 
atmospheric pCO2 (we used 10-3.41 atm = 389 ppm). We checked that the above model was 
valid for our temperature range (0-50°C). Importantly, at the 39 sites for which we had data, 
log transformed pCO2 was completely unrelated to temperature (R2<0.01, F1,37=0.16, 
P=0.69) and alkalinity was only very weakly positively related to temperature (R2=0.16, 
F1,37=7.1, P=0.01).  

Biogeochemical weathering of rocks increases with temperature. Hence, there was a 
general tendency for electric conductivity (EC, μS cm-1 at 25°C) to increase with temperature 
(R2=0.26, F1,48=17.2, P=0.0001) but importantly this relationship did not hold in half of the 
geothermal areas and ln(GPP) was only very weakly related to EC (R2=0.11, F1,48=5.9, 
P=0.02). The natural logarithm of Si and K were the most strongly positively related to 
temperature (R2=0.50, F1,48=48.4, P=8.5×10-9 and R2=0.42, F1,48=34.3, P=4.2×10-7, 
respectively) but with concentrations above 3.4 mg Si L-1 and 0.3 mg K L-1, they cannot be 
thought as causal factors to explain observed GPP. Nitrogen and phosphorus concentrations 
were however extremely low at some sites (under limit of detection), but the natural 
logarithm of total dissolved N and total dissolved P concentrations were unrelated to 
temperature (R2<0.01, F1,48=0.03, P=0.86 and R2=0.04, F1,48=2.0, P=0.16, respectively). Other 
factors such as pH and ln transformed dissolved organic carbon concentration were also 
barely positively related to temperature (R2=0.08, F1,48=4.5, P=0.04; R2=0.10, F1,48=5.3, 
P=0.03 respectively). Overall, water chemistry should not confound our results based on our 
50 sites. 

Since GPP increases with temperature independently of external nutrient supply, it suggests 
that, under steady state, in-stream nutrient recycling is the dominant mechanism of nutrient 
supply to the primary producers via a tight biotic loop (uptake ≈ regeneration)28. The strong 
dependence of daily ecosystem respiration (ER) on daily GPP (R² = 0.80, F1,37=152, P=1.2×10-

14; Fig. S1.2) also support this conclusion.  

The raw data were made available in the Supplementary Data table 1 (water chemistry). 

Hydrology 

Although all the streams investigated were groundwater fed, some are more affected than 
others by winter/spring snow melt and rain on snow events. The sites were accordingly 
divided under two categories: year round stable hydrology (large spring coming out of the 
hillslope) and stream susceptible to peak flows (streams draining a small catchment area). 
Hydrological categories were not related to temperature (logistic regression, z=0.59, 
P=0.56). The Arrhenius mixed model was not significantly improved by adding hydrology as 
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an extra predictive variable (likelihood ratio test; 𝜒1
2 = 0.07, P=0.79). Hence, hydrology 

should not confound our results.  

The raw data were made available in the Supplementary Data table 1 (hydrology). 

Hydraulics 

Hyporheic flows in gravel bed and the three dimensional architecture of macrophyte 
patches and biofilm are known to cause water transient storage zones (streamwater 
detained in quiescent zones) increasing exchange area and ecological processes35-37. It was 
possible to derive water transient storage (As:A) and storage residence time (Tsto) from our 
NaCl tracer studies at 32 sites, following the same method used in our preliminary study at 
Hengill27. Neither of these (ln transformed) parameters were related to temperature 
however (P>0.05).  

Stream width (w), depth, water velocity, discharge (Q), specific discharge (Q/w) and 
reaeration rate were not related to temperature (P>0.05). Hence, stream hydraulics should 
not confound our results. The raw data were made available in the Supplementary Data 
table 1 (hydraulics). 

 

Standing biomass of primary producers and trophic interactions 

Food chain length in spring fed streams has been shown to decrease sharply within 35-50°C 
(Ref.38) and trophic interactions across trophic levels can affect standing biomass and GPP of 
aquatic systems30,39,40. In our study, fish were only present at 12 sites in three geothermal 
areas due to constraints on dispersal (brown trout in Hengill and Hveragerdi; arctic charr in 
Kerlingarfjöll) within the temperature range 6-22°C at the time of electrofishing. The 
maximum temperature tolerance for macro-invertebrates in streams is 50°C38. In our study, 
macro-invertebrate density increased with temperature in Hengill41, and showed a positive 
trend in Torfajökull (R2=0.60; F1,4=3.07; P=0.22) but not in Vonarskard (R2=0.03; F1,5=0.18; 
P=0.69). In Hengill, macrophyte cover and periphyton chlorophyll a biomass were not 
related to temperature41, but periphyton chlorophyll a biomass showed positive trends with 
temperature in Torfajökull (R2=0.96; F1,4=69.5; P=0.004) and Vonarskard (R2=0.47; F1,5=4.47; 
P=0.088) in the quasi absence of macrophytes. Note we had no summer data for 
invertebrate density and periphyton chlorophyll a biomass in Hveragerdi.  In Yellowstone 
National Park, Mushroom spring, in the temperature range 33-68°C, there was no simple 
correlation between standing biomass (as measured by chlorophyll, protein or RNA per unit 
area) and photosynthesis42. 

Hence our data suggests that, standing biomass of primary producers, and 
macroinvertebrate density were not systematically related to temperature. Therefore, the 
temperature dependence of GPP should not be systematically biased by standing biomass of 
primary producers and trophic interactions.  
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S3. Compilation of data from other geothermal areas 

In order to compile a dataset of primary productivity spanning the full temperature gradient 
of photosynthesis in small (1-50 L s-1), comparable streams, we reviewed the literature from 
geothermal areas, including alkaline hot springs with oxygenic photosynthesis. We selected 
studies based on direct measurements of oxygen change or the 14C method carried out 
during summer time.  

The first studies were carried out in the mid sixties in Western North America (Fig S3.1): 
summer 1965 at Drakesbad Thermal Spring in Mount Lassen National Park by Lenn43 under 
the direction of Charles Goldman (University of California). This study used the 14C method 
and reported productivity measurements in g C m-2 day-1.  The second study was in summer 
1966 at Mushroom Spring in Yellowstone National Park by Brock42 using the same method, 
but the results were published as radioactive counts per minute per μg chlorophyll per hour. 

Brock’s papers however gave all the necessary details to calculate primary productivity in g 
C m-2 day-1 (see below). A third study was also underway at the same time at Ohanapecosh 
Hot Spring in Mount Rainier by Stockner44 using the open channel diel oxygen method year 
round. About two decades later, Revsbech & Ward45 pioneered the use of the oxygen 
microprofile method at Octopus Spring in Yellowstone National Park. We also included the 
oxygenic photosynthesis of two microbial mats with low sulphide concentrations46 in hot 
springs from Hveragerdi geothermal area (Iceland) by Jørgensen & Nelson47, also using the 
oxygen microprofile approach. Winter primary production using the 14C method were also 
available for Iceland48 (Hveragerdi) and may be used for comparative purpose, bearing in 
mind that those estimates were limited by light availability and therefore not included in our 
synthesis. 

 

 

Figure S3.1 | Sampling areas in northern America. Map: United States thermal springs 
(Courtesy of NOAA National Centers for Environmental Information). 
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The 14C method with short incubation time in vial gave comparable (≈30% lower) estimates 
to in-situ 14C and oxygen microprofile methods45,49. Among other possibilities, the 14C 
method estimate is probably more in between net and gross production50 (this is still 
debated51). In any case, for our purposes, the discrepancy between methods appeared 
relatively insignificant compared to the one order of magnitude (1000%) in the observed 
range of primary productivity estimates across sites for a given temperature (Fig 1). From 
microbial mat cell suspension studies using 14C, it was shown that over 80% of the 
photosynthetically fixed carbon over two hours incubation was incorporated into 
polysaccharide52, and a further 10% was excreted as organic carbon (notably glycolate)53. 
This indicates that photorespiration occurs to a small extent under high O2 concentrations, 
despite the carbon concentrating mechanism. We assumed all primary productivity 
estimates represented GPP for simplicity. 

The diel studies performed with the 14C method were only based on four or five 
measurements, hence the daily estimate of primary production could not be very accurate. 
The 14C method was probably more accurate with the shortest incubation time and highest 
primary productivity50. The oxygen microprofile studies only reported one measurement 
under light saturated conditions. Since we knew from our own measurements (in g O2 m-2 
day-1) that daily GPP and maximum GPP (GPPMAX) were strongly related4,30, it was possible to 
derive daily GPP for both the 14C and oxygen microprofile methods as follows (R2=0.95, 
F1,48=950, P=9.7×10-34):  

𝑙𝑛(𝐺𝑃𝑃) = 0.9142 × 𝑙𝑛(𝐺𝑃𝑃𝑀𝐴𝑋) − 0.9386 

This also had the advantage of standardising the GPP data to light availability at the 
daily scale (equivalent to same day-length). 

In Lenn’s study we only selected the shortest incubation time at mid-day (11-1 pm) done on 
11 June and 16 July 1965 at the three stations as representative of the maximum primary 
productivity. The values in g C m-2 day-1 were averaged and converted in g O2 m-2 day-1 
(using PQ=1), prior to calculation of daily GPP as presented above.  

Brock did not take the calculations far enough to obtain values comparable to other studies. 
Average temperature data were reported in his Table 1. We extracted the 14C uptake data 
(counts per minute, % station VI) from his figure 1 with Plot Digitizer for Windows. We know 
the radioactivity in counts per minute at station VI (6 × 108 cpm m-2) and counter efficiency54 
(20%). The number of disintegrations per minute (dpm) and unit area (dpm m-2) were 
calculated as cpm m-2 / counter efficiency and equalled 3 × 109 dpm m-2. Since 1 microcurie 
(μCi) is equivalent to 2.22 × 106 dpm and time of incubation was 1 hour, the radioactivity 
from station VI could equally be expressed as 1351 μCi m-2 h-1. The 14C assimilated in a 
sample at station VI was 0.0381 μCi sample-1 hour-1, knowing the area of microbial mat 
introduced in the vial (0.0000282 m2). This allowed the calculation of absolute values (in μCi 

(S5) 
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sample-1 hour-1) of 14C uptake for the other stations from the data given in his figure 1. The 
14C available in a vial was 0.1 μCi. The average (spring source and foot) total inorganic 
carbon was derived from his Table 2 (total carbon minus organic carbon) and used to 
calculate the pool of available total inorganic carbon (TIC) in the sample vials (0.258 mg C 
sample-1). From this the assimilated C (primary productivity in g C m-2 day-1) was calculated 
as follows50:  

𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑒𝑑 𝐶 =
𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑒𝑑 𝐶14

𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝐶14 ×
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑇𝐼𝐶

0.0000282
×

24

1000
× 1.05 

with 0.0000282 to convert per sample into per m2 units, 24/1000 to scale time from hour to 
day and mg to g of carbon, and 1.05 the isotope discrimination factor. The values from his 
figure 1 were based on numerous determinations and representative of maximum 
productivity rate (about 2.4 times the daily rates presented in his figure 2). The values in g C 
m-2 day-1 were converted in g O2 m-2 day-1 (using PQ=1), prior to calculation of daily GPP as 
presented above. 

 

The study by Stockner was the most straightforward to integrate as it used the same open 
channel diel oxygen method. We simply averaged his summer daily GPP estimates. The 
average day-length was similar to that in Iceland and Kamchatka. 

The data of figure 5 from Revsbech & Ward were digitised with Plot Digitizer for Windows 
and the units converted from mmol O2 m-2 h-1 to g O2 m-2 day-1. These values represented 
maximum activities and were converted to daily GPP as above. 

Finally the oxygen microprofile data of figure 4 in Jørgensen & Nelson were integrated to 
provide the rate of oxygenic photosynthesis in g O2 m-2 day-1. These maximum rates were 
converted into daily GPP as above. 

The resulting data are presented in Table S3.1 below. There was an excellent match 
between our data and the data from the literature (Figure S3.2). 

 

 

 

  

(S6) 
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Table S3.1 | Average temperature (T) and daily gross primary productivity derived from 
the literature. 

site T average GPP GPP 
 °C g O2 m-2 day-1 g C m-2 day-1 

Lenn, 1966 
Station 9 59.0 15.4 5.8 
Station 14 55.9 14.5 5.4 
Station 19 53.6 14.4 5.4 
Brock, 1967 
II 68.1 23.2 8.7 
III1/2 65.0 27.2 10.2 
VI 58.5 57.4 21.5 
VII 3/8 48.3 57.4 21.5 
VIII 45.0 43.7 16.4 
VII 41.6 51.3 19.3 
XI 33.2 24.8 9.3 
Stockner, 1968 
Spring 3 37.0 7.9 2.9 
Revsbech & Ward 1984 
Octopus1 38.0 7.4 2.8 
Octopus2 48.0 4.8 1.8 
Octopus3 55.0 9.6 3.6 
Octopus4 61.0 9.0 3.4 
Octopus5 66.0 6.0 2.2 
Octopus6 70.0 3.8 1.4 
Jørgensen & Nelson 1988 
mat A 52.0 16.3 6.1 
mat B 47.0 9.3 3.5 

 

 

Figure S3.2 | Primary production (GPP in g O2 m-2 day-1) estimates from our study (black 
circles) and data derived from the literature (red circles). Note the comparability or our 
data using the open channel diel oxygen method with those from the literature using 
various methods in the overlapping range 33-45°C. 
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S4. Thermodynamic theory and fitting with non-linear regression  

Three alternative thermodynamic theories55-57 were investigated using a model assuming a 
single, rate-limiting ‘master reaction’ to describe the temperature reaction norm of 
individual organisms or ecosystem processes. All three theories have been applied to a wide 
range of organisms and ecosystem processes58-60. The Sharpe-Schoolfield theory was the 
most flexible because independent terms (and parameters) in the denominator captured 
the decrease in metabolic rates at low and high temperatures. Hence the theory could easily 
be simplified to produce a more parsimonious model. 

The models (Sharpe-Schoolfield and Johnson & Lewin) were fitted using the nonlinear 
(weighted) least-squares (nls function) of the stats package in R statistical software (version 
3.1.3)61. The 95 percent confidence interval of the parameters was calculated with the 
function confint2 using the nlstools package62 in R. In order to improve heteroscedasticity 
and normality, model equations were ln transformed and fitted on ln transformed observed 
GPP (in mg O2 m-2 day-1 to avoid negative values). The Sharpe-Schoolfield and Johnson & 
Lewin models explained the same amount of variability in observed GPP (47%). Visual 
inspection of residual plots did not reveal any obvious deviations from homoscedasticity or 
normality. The Johnson & Lewin model was more parsimonious as reflected by a lower AIC 
than the full model (AICJL=181.4, AICSS=184.7) and importantly all parameters were 
statistically significant (Table S4.1). This was not the case for the full model (Table S4.2). 

Our results at high temperature (>45°C) relied on measurements performed in a handful of 
independent streams (see Supplementary Information 3). Although the choice of the site 
was driven by marked differences in benthic communities correlated to the temperature 
change, we re-run the Johnson & Lewin model after down-weighting multiple sites on the 
same stream by 0.5 (including our sites listed in Table S1.1). The results were very similar 
(Table S4.3). This, together with the excellent match between our data and the literature 
data suggested that our results were robust.  

The temperature optimum (𝑇𝑜𝑝𝑡) of GPP was as previously derived from the Johnson & 
Lewin model63:  

𝑇𝑜𝑝𝑡 =
∆𝐻𝐻

∆𝑆𝐻 + 𝑅 𝑙𝑛 (
∆𝐻𝐻

∆𝐻𝐴
∗ − 1)

 

with ∆𝑆𝐻 the difference in entropy of activation between states (normal and high 
temperatures). In our case, since ∆𝐻𝐻

∆𝐻𝐴
∗ ≈ 2 (see Table S4.1), then 𝑅 𝑙𝑛 (

∆𝐻𝐻

∆𝐻𝐴
∗ − 1) ≈ 0, and 

with  ∆𝑆𝐻 =
∆𝐻𝐻

𝑇𝐻
 (ref.55), we have 𝑇𝑜𝑝𝑡 ≈ 𝑇𝐻 , both temperatures sharing the same standard 

error. The 68 and 95 percent confidence interval (CI) were calculated by adding to 𝑇𝑜𝑝𝑡 the 
product of the standard error × Student’s t critical value at α=0.32 and α=0.05 in both tails 

of the distribution for 65 degrees of freedom, that is t.32[65] = ±1.002 and t.05[65] = ±1.997, 
respectively. The temperature optimum of GPP was 45°C, likely within 33-57°C (68% CI), and 
very likely within 21-70°C (95% CI). 

(S7) 
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Table S4.1 | Johnson & Lewin model results 

parameters units initial fitted Std. Error  t value Pr(>|t|) 
 𝐺𝑃𝑃𝑇𝐶

 mg O2 m-2 day-1 15000 19946.86     9642.80    2.069 0.042568 

∆𝐻𝐴
∗ J mol-1 48200 52026.92    14985.98    3.472 0.000924 

 ∆𝐻𝐻 J mol-1 125000 103483.02    32688.23    3.166 0.002355 
 𝑇𝐻 K 320 318.06       12.33   25.796   < 2e-16 

 

 

Table S4.2 | Sharpe-Schoolfield model results 

parameters units initial fitted Std. Error  t value Pr(>|t|) 
 𝐺𝑃𝑃𝑇𝐶

 mg O2 m-2 day-1 15000 14805.21           6688.02 2.214 0.0305 

∆𝐻𝐴
∗ J mol-1 48200 22549.00    53261.51    0.423    0.6735 

 ∆𝐻𝐿 J mol-1 -138000 -93329.39     149653.92 -0.624    0.5351 
 𝑇𝐿 K 283 283.05       32.56    8.694  2.19e-12 
 ∆𝐻𝐻 J mol-1 125000 145750.55   151437.76    0.962    0.3395 
 𝑇𝐻 K 320 333.79       20.23   16.500   < 2e-16 

 

 

Table S4.3 | Weighted Johnson & Lewin model results 

parameters units initial fitted Std. Error  t value Pr(>|t|) 
 𝐺𝑃𝑃𝑇𝐶

 mg O2 m-2 day-1 15000 20717.97    14461.15    1.433   0.15675 

∆𝐻𝐴
∗ J mol-1 48200 53179.24    19552.76    2.720   0.00837 

 ∆𝐻𝐻 J mol-1 125000 88833.26    31927.52    2.782   0.00706 
 𝑇𝐻 K 320 314.72       17.75   17.729   < 2e-16 
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S5. Theoretical assumptions and prediction of the activation energy of GPP 

 
We have made an important theoretical distinction with previous papers regarding the 
assumption of adaptation. Natural selection is assumed here to operate at the level of the 
genes, where enzymes evolved with different forms, each fully adapted to a different 
temperature and performing the same function. This was well expounded in the 
introduction of Life Ascending64 and has continued to gain further empirical evidence. This 
allows the prediction of a very wide physiological temperature range for our key enzyme 
Rubisco, and together with a recent synthesis on the temperature sensitivity of Rubisco, to 
predict individual and ecosystem behaviours (see below and Figure S5.1). This contrasts 
with the most recent synthesis where natural selection was assumed to operate at the level 
of the individual65.  
 
We provide novel predictions with explicit assumptions based on our current knowledge of 
Rubisco and the Sharpe-Schoolfield thermodynamic model. The different forms of 
Rubisco66,67 are evolutionary adapted to temperature68,69, i.e. they have different 
temperature optima (thermal stability) and near perfect optimisation of CO2 fixation, 
similarly to other key enzymes such as citrate synthase which catalyses the first reaction in 
the Krebs' cycle70. At the community level, this allows Rubisco carboxylase to be active 
across a broad temperature range (Fig. S5.1a). The activation energy of Rubisco carboxylase 
activity among phylogenetic groups was shown to be neither related to the optimum of 
Rubisco carboxylase activity or the species optimum growth temperature68. Hence the 
average activation energy of Rubisco may be independent of the thermal stability of the 
molecular scaffolding and more dependent on the molecular mechanisms affecting catalysis 
at the active site (which is genetically conserved among photosynthesisers across forms of 
Rubisco66). We suggest that natural selection operates mostly on the thermal stability of 
Rubisco via differences in individual peak performance of photosynthesis, increasing 
systematically with temperature according to the average activation energy of Rubisco (Fig. 
S5.1b). Essentially, we assume no temperature compensation in the carboxylation reaction. 
This is a necessary condition to link the average activation energy of Rubisco to the 
temperature sensitivity of photosynthesis at the ecosystem level. Alternatively, full 
temperature compensation would be manifested by a lack of photosynthesis response to 
temperature at ecosystem scale. The sum of individual thermal responses yield the 
temperature reaction norm of photosynthesis for aquatic autotrophs at the community 
level (Fig. S5.1b), providing that Rubisco density and community size structure and biomass 
are equivalent along the temperature gradient71.  
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Figure S5.1 | Thermal response of Rubisco activity and gross primary production (GPP) 
modelled with the Sharpe-Schoolfield theory. a. Expected probability of activity of the 
different forms of Rubisco (coloured curves) evolutionary adapted to temperature and at 
community level (black curve). b. Expected peak performance of GPP of individual forms of 
Rubisco (coloured curves) increases systematically with temperature according to the 
average activation energy of Rubisco carboxylase activity (0.57 eV). The sum of individual 
thermal responses yields the temperature reaction norm of photosynthesis for aquatic 
autotrophs at the community level (black line).  
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S6. Arrhenius linear mixed model 

The numerator of the Sharpe-Schoofield theory is Eyring’s equation, derived from transition 
state theory, which is analogous to the Arrhenius equation, derived from collision theory of 
reaction rates, used in the metabolic theory of ecology (MTE)72,73. It suffices to eliminate the 
leading temperature factor (T/Tc) and replace ∆𝐻𝐴

∗ by the activation energy E (J mol-1). Since 
∆𝐻𝐴

∗  is determined at or near Tc , ∆𝐻𝐴
∗ is very nearly the same as E, with 𝐸 =  ∆𝐻𝐴

∗ + 𝑅𝑇, as 
previously derived74. Recent MTE papers have also generally expressed E in unit of energy 
per particle (eV) rather than per mole (1 eV=96.4 kJ mol-1) and replaced accordingly the gas 
constant R by the Boltzmann constant k=8.62 10-5 eV K-1.  

 

The linear mixed model analyses follow previous modelling strategy and 
recommendations71,75-77 using the lmer function in the lme4 package (version 1.1-10)77 of R 
statistical software (version 3.1.3)61. The analysis consisted of three steps. The first step was 
the identification of the most parsimonious structure for the random effects associated with 
the intercept and slope of the model. The random models were fitted using restricted 
maximum likelihood (REML) and AIC tests were used to compare models. The second step 
was to fit the full Arrhenius model using maximum likelihood and test its significance 
relative to the most parsimonious random model with a likelihood ratio test. Finally, in the 
third step, the full model was refitted using REML and individual parameters were tested 
using the lmerTest package (version 2.0-29)78 in R. Fixed effects were tested with t-tests via 
Satterthwaite approximations to degrees of freedom. Random effects were tested with 
likelihood ratio tests (function rand)78. We also performed a backward elimination of non-
significant effects, starting from the random effects, and then fixed effects using the step 
function in lmerTest78. The 95% confidence intervals of the parameters of the final 
(simplified) model were determined by computing a likelihood profile and finding the 
appropriate cut-offs based on the likelihood ratio test with the function confint.merMod 
from the lme4 package77. Finally, the fit of the models was assessed with the conditional 
and marginal coefficient of determination (R2) using the R function r.squaredGLMM from 
the MuMIn package79,80. The conditional R2 represents the variance explained by fixed and 
random factors together; and the marginal R2 represents the variance explained solely by 
the fixed effects. 
 
The best (lowest AIC) random structure for the full Arrhenius model included area-specific 
random deviations 𝜀𝐸

𝑗  and 𝜀𝐺𝑃𝑃
𝑗  associated with the slope 𝐸𝑎

̅̅ ̅ and intercept 𝑙𝑛(𝐺𝑃𝑃𝑇𝐶
)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  of the 

overall model, n=39 sites (Table S6.1). The effect of standardised inverse temperature was 
highly significant given those random effects (likelihood ratio test; 𝜒1

2 = 9.2, P = 0.002). One 
parameter, the area-specific estimates of the activation energy 𝜀𝐸

𝑗 , was not significant 
however after backward elimination (likelihood ratio test; 𝜒1

2 = 2.7, P = 0.26) and so the full 
model could be simplified (Table S6.2). These analyses gave us  𝐸𝑎

̅̅ ̅ and 𝑙𝑛(𝐺𝑃𝑃𝑇𝐶
) for each 

of the four geothermal areas, as well as an overall global estimate for all geothermal areas 
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combined (Table S6.3). Visual inspections of residual plots did not reveal any obvious 
deviations from homoscedasticity or normality.  
 
The key findings coming out of these data analyses is that the final model supports a unique 
apparent activation energy for photosynthesis at 0.50 eV which is within the range of the 
apparent activation energy of the respiratory complex reported in previous studies (0.47-
0.65 eV). The 95% confidence interval (0.35-0.65 eV) also excluded the activation energy of 
C3 terrestrial plant photosynthesis (0.32 eV), similarly to (and more decisively than) the non-
linear Johnson & Lewin model (see main text) and as predicted from our theory. 
 
 
 
Table S6.1 | Mixed-effects analysis of data from all four Iceland geothermal areas 
combined. Models R1 and R2 were fitted using restricted maximum likelihood (REML) and 
AIC tests were used to compare models. Model F1 was fitted using maximum likelihood and 
likelihood ratio tests were used to determine the significance of model parameters by 
comparing the full model (F1) to the most parsimonious restricted model (R2). 
 

Models  df AIC logLik 𝝌𝟐 P 

Random effects structure 
R1 𝑙𝑛(𝐺𝑃𝑃𝑇𝐶

) ∗ 𝑎𝑟𝑒𝑎 3 120.8    

R2 𝐸𝑎 ∗ 𝑎𝑟𝑒𝑎 + 𝑙𝑛(𝐺𝑃𝑃𝑇𝐶
) ∗ 𝑎𝑟𝑒𝑎 5 101.1    

Fixed effects structure 
(given random structure=R2) 
F1 (

1

𝑘𝑇𝐶
−

1

𝑘𝑇
)| R2 6 93.9 -41.0 9.2 0.002 

df = degree of freedom, AIC = Akaike Information Criteria 
 
 
Table S6.2 | Parameter estimation and associated probabilities of the full Arrhenius 
mixed-effects model and the simplified model where 𝜀𝐸

𝑗  was removed following backward 
elimination. 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). 
 

 Full model  Simplified model  
parameters estimates testdf P value estimates testdf P value 95% CI 

𝐸𝑎
̅̅ ̅ 0.53 t3.2 = 5.2 0.012 0.50 t35.0 = 6.7 9 × 10-8 0.35-0.65 

𝜀𝐸
𝑗  NA 𝜒2

2 = 2.6 0.26 NA NA NA NA 

𝑙𝑛(𝐺𝑃𝑃𝑇𝐶
)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  1.70 t2.95 = 4.2 0.025 1.70 t2.97 = 4.3 0.024 0.82-2.55 

𝜀𝐺𝑃𝑃
𝑗  NA 𝜒1

2 = 16.9 4 × 10-5 NA 𝜒1
2 = 16.9 4 × 10-5 0.32-1.66 

NA = not applicable, CI = confidence interval, df = degrees of freedom 
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Table S6.3 | Simplified model (i.e. without 𝜀𝐸
𝑗 ) refitted using REML to provide estimates of 

the parameters used to characterize the temperature sensitivity of ecosystem 
photosynthesis (gross primary production, GPP) for four Icelandic geothermal areas. The 
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). The P value was 
determined by anova table of type III with Satterthwaite approximation for degrees of 
freedom. Observed photosynthesis 𝑙𝑛(𝐺𝑃𝑃𝑜𝑏𝑠) was linearly regressed (using ordinary least 
square regression) against the fitted values of the model ln(𝐺𝑃𝑃𝑇

𝑗
) to provide R2 and P 

values within geothermal areas (with P values also significant with a false discovery rate of 
0.1, using the Benjamini-Hochberg procedure81). 
 

areas n 𝐸𝑎
̅̅ ̅ 𝑙𝑛(𝐺𝑃𝑃𝑇𝐶

)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  𝜀𝐺𝑃𝑃
𝑗  R2 Fndf,ddf P-value 

Hengill 13 0.50 1.70 +0.71 0.33 F1,11 = 5.5 0.039 
Hveragerdi 13 0.50 1.70 +0.48 0.69 F1,11 = 25.0 4 × 10-4 
Torfajökull 6 0.50 1.70 -0.83 0.78 F1,4 = 14.4 0.019 
Vonarskard 7 0.50 1.70 -0.38 0.62 F1,5 = 8.2 0.035 
        
 n 𝐸𝑎

̅̅ ̅ ± se 𝑙𝑛(𝐺𝑃𝑃𝑇𝐶
)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  ± se cR2 mR2 Fndf,ddf P-value 

all areas 39 0.50 ± 0.07 1.70 ± 0.39 0.38 0.74 F1,35 = 45.3 9 × 10-8 
se = standard error, cR2 = conditional R2, mR2 = marginal R2 
ndf, ddf = numerator and denominator degrees of freedom, respectively 
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S7. The metabolic balance of streams and rivers 

 

The activation energy of photosynthesis and autotrophic respiration are equal82. The 
activation energy of heterotrophic respiration is more complicated however if the activation 
energy of autotrophic and heterotrophic respiration differs71,83.  Ecosystem respiration can 
be divided into four components reflecting respiration of different substrates by different 
organisms84-86 and grouped into two fractions: (1) respiration constrained by GPP (𝜃𝐺𝑃𝑃, 
with 𝜃 fraction of autotrophic respiration relative to GPP) with activation energy Ea: 
respiration by autotrophs + respiration by heterotrophs of autochthonously produced labile 
organic matter; (2) background respiration (BR) with activation energy Eh: respiration by 
heterotrophs of autochthonously produced recalcitrant organic matter + respiration by 
heterotrophs of allochthonous terrestrial organic matter. We express net primary 
production (NPP) as 𝑁𝑃𝑃 = (1 − 𝜃)𝐺𝑃𝑃 71. Hence, total ecosystem respiration (ER) can be 
expressed as 𝐸𝑅 = 𝜃 𝐺𝑃𝑃 + 𝐵𝑅  and the net ecosystem production for a given temperature 
T as 𝑁𝐸𝑃𝑇 = 𝐺𝑃𝑃𝑇 − 𝐸𝑅𝑇 = 𝑁𝑃𝑃𝑇 − 𝐵𝑅𝑇. Now, if the activation energies coupled to NPP 
and BR were statistically different (𝐸𝑎 ≠ 𝐸ℎ  , respectively), then we would have:  

 

𝑁𝑃𝑃𝑇 = (1 − 𝜃)𝐺𝑃𝑃𝑇𝐶
𝑒𝑥𝑝 [𝐸𝑎 (

1

𝑘𝑇𝐶
−

1

𝑘𝑇
)] 

 

𝐵𝑅𝑇 = (𝐸𝑅𝑇𝐶
− 𝜃 𝐺𝑃𝑃𝑇𝐶

)𝑒𝑥𝑝 [𝐸ℎ (
1

𝑘𝑇𝐶
−

1

𝑘𝑇
)] 

 

If, however, 𝐸𝑎 = 𝐸ℎ as suggested from our study, we have a much simpler expression for 
the metabolic balance of aquatic ecosystems with 𝜃 cancelling out:  

 

𝑁𝐸𝑃𝑇 = (𝐺𝑃𝑃𝑇𝐶
− 𝐸𝑅𝑇𝐶

)𝑒𝑥𝑝 [𝐸 (
1

𝑘𝑇𝐶
−

1

𝑘𝑇
)] 

 

Hence, when ER exceeds GPP (as generally the case for stream ecosystems), net ecosystem 
production, 𝑁𝐸𝑃𝑇𝐶

= (𝐺𝑃𝑃𝑇𝐶
− 𝐸𝑅𝑇𝐶

), simply increases with temperature. Assuming an 
activation energy of 0.6 eV for both respiration and photosynthesis and existing NEP 
estimates87,88, the global CO2 emissions from the metabolic balance of fluvial networks 
(streams, rivers and estuaries) would increase by 1.3 times from 0.31 Pg C year-1 at 13°C 
(summer global land surface average temperature4) to 0.40 Pg C year-1 with a 3°C warming 

(S8) 

(S9) 

(S10) 
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(land annual mean surface air temperature anomalies for the period 2081-2100 with RCP6.0 
scenario89). For comparison, our predicted global estimate of CO2 emissions from the 
metabolic balance of running waters represents about 14% of the current global terrestrial 
CO2 sink90. In our groundwater fed streams from geothermal areas, NEP showed no 
response to temperature, likely because ER was nearly entirely dependent on GPP (Fig. 
S3.1). This may not be the case for most rivers showing poor correlations between ER and 
GPP86. 
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