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1. DATA COMPILATIONS

Measurements of ecosystem respiration were compiled for nine different ecosystem
types —forested ecosystems, non-forested terrestrial ecosystems, soils, estuarine
pelagic zones, estuarine benthic zones, lake pelagic zones, lake benthic zones, rivers,
and oceans — to construct a global database. Our study uses two types of data: daily
fluxes for the “short-term” analyses (see Section 5 below), and annual fluxes for the
“long-term” analyses (see Section 6 below). Where possible, we have made these data
available here (Online Appendix 1). Data from FluxNet (http://www.fluxnet.ornl.gov)
and GLEON (http://www.gleon.org/) could not be made available because these
global synthesis networks require prior arrangement for data access (see Tables S1.1
and S1.2 below). Analyses of short-term data were conducted using in-situ estimates
of respiration and temperature; only fluxes at temperatures above 0°C were
considered (see section 5 below for an explanation). Analyses of long-term data were
conducted using annually integrated estimates of respiration, which were calculated
from the daily measurements (see below). Sites with measurements spanning a time
period of < 8 months (240 days) were excluded from the long-term analyses,
regardless of the resolution of the data, to avoid potential biases.

With the exception of the FluxNet database, which was used for the forest and
non-forest ecosystem analyses, in some instances, there was temporal variation in
sampling effort (e.g. fewer measurements were sometimes taken during colder
months). Annual estimates were therefore obtained by first linearly interpolating the
data over an entire year to obtain 365 daily estimates of respiration and temperature,
an approach commonly used in broad-scale comparative studies, e.g. Ref. 1. Annual
respiration was then calculated as the sum of the 365 daily estimates. If measurements

spanned more than one year, measurements were averaged (if necessary) to obtain a
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single estimate for each of the 365 days, e.g. measurements taken on January 1, 2000
and January 1, 2001 would be averaged to obtain an estimate for day 1. If
measurements were not taken on day 1 (January 1) or 365 (December 31),
measurements from the earliest and latest calendar day of the year were repeated
outside of the 1-to-365 day range to facilitate interpolation. For example, if the first
estimate was obtained on January 2 and the last estimate was obtained on December
28, the January 2 estimate was assigned to days 2 and 367, and the December 28

estimate was assigned to days 362 and -3.

Forested and non-forested terrestrial ecosystems

The short- and long-term analyses of forested and non-forested terrestrial ecosystems
were conducted using data from the La Thuile FluxNet database (www.fluxdata.org),
which is comprised of night-time net CO, flux estimates for every day of the year
using the eddy-covariance technique. We analysed data for 52 of the 60 sites in the
analysis of Mahecha et al.”. The other 8 sites were excluded because they were
severely affected by drought, resulting in an inverse relationship between respiration
and temperature (see Figure S1.1 below). These 8 sites include Amazon rainforest™,
Mediterranean grasslands, Californian scrubland®, and Californian savannah
grassland”®. Data were subjected to quality-control checks described by Papale et al.’.
We separately analysed respiration data for forest ecosystems (38 sites) — deciduous
broadleaf forests, evergreen broadleaf forests, and evergreen needle-leaf forests
combined — and non-forest ecosystems (14 sites) — croplands, shrublands, grasslands,
savannahs and woody savannahs — because of potential differences in the importance
of factors other than temperature on the temperature dependence of flux.

For the analyses of long-term data, we included the full series of temperature
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and respiration measurements (including gap-filled estimates). For the analyses of
short-term data, we excluded flux estimates obtained by gap filling. We also excluded
respiration measurements taken at air temperatures < 0°C because, at such
temperatures, ecosystem respiration occurs primarily in soil horizons that remain
above freezing'®. Thus, at air temperatures < 0°C, air temperatures may not accurately
reflect the thermal environment where ecosystem respiration is occurring'’,
particularly if the soil is insulated by snow''. For the aquatic data, temperatures

always exceeded 0°C, so this issue was not applicable.
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Figure S1.1. Relationship of standardised short-term respiration rate,

ln[RS (T )/ R, (T v )], to standarised inverse temperature for the 8 terrestrial ecosystem
sites that were excluded from our analysis. The site-specific estimates of respiration at
fixed temperature, R (TC ), and the average activation energies, E_R, were determined
using mixed-effects modelling (equation 1). The solid line corresponds to the fitted
slope (E_R ). Analysis reveals that respiration declined with increasing temperature for

these sites, which likely reflects the acute effects of increased water limitation during

warmer months.

WWW.NATURE.COM/NATURE | 4



doi:10.1038/nature11205 2N T:\{H; W SUPPLEMENTARY INFORMATION

Table S1.1. Original data sources and attributes for the respiration measurements
from FluxNet (forest, non-forest, and excluded ecosystems). The number 7 refers to
the number of daily flux estimates for each site. Numbers are < 365 days because gap-
filled estimates of flux were excluded from seasonal analyses, as were estimates
obtained at air temperatures < 0°C.

Arithmetic Mean = Temperature

Ecosystem Annual Range

Type Site Temperature (°C) °O) n Ref.

Forest
BE-Bra 11.2 24.7 292 12
BE-Vie 7.3 29.5 232 13
CA-Cal 7.5 30.5 279 14
CA-Ca2 6.8 25.6 276 14
CA-Ca3 8.9 26.1 252 14
CA-Oas 1.8 477 160 15
CA-Oip 0.7 56.1 163 16
CA-Qfo 1.1 59.5 178 17
CA-SI2 1.9 57.2 118 18
CA-SJ3 0.6 55.6 150 18
CA-TP4 8.0 426 196 15
CA-WP1 0.5 49.4 217 20
CN-Cha 3.4 472 159 21
DE-Har 10.2 329 247 22
DE-Meh 7.2 317 248 23
DE-Tha 8.1 39.5 243 24
DK-Sor 7.1 282 2520 2
Fl-Hyy 2.5 403 174 26
FI-Sod 0.0 52.1 129 27
FR-Fon 10.6 30.3 269 28
FR-Hes 9.5 36.7 277 28
GF-Guy 24.9 4.7 333 29
IT-Cpz 12.7 239 324 30
IT-PT1 12.6 35.3 279 31
IT-Rol 15.1 24.0 266 32
IT-Ro2 12.8 238 336 33
IT-SRo 14.4 26.7 334 34
SE-Nor 5.3 39.2 194 35
UK-Ham 9.0 21.5 260 2
US-Hol 4.4 482 196 36
US-Me3 6.8 312 246 37
US-MMS 11.9 415 253 6
US-MOz 12.8 423 273 38
US-NRI 1.2 41.6 168 39
US-PFa 5.4 50.9 174 40
US-SP1 18.0 29.0 269 A

Table S1.1. Continued.
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Non-forest Ecosystems

CA-Mer 55 46.2 189 42
CH-Oel 8.2 31.6 218 43
CN-Dol 15.2 33.4 251 44
CN-HaM 3.4 36.1 136 45
DE-Geb 8.5 26.6 260 46
DE-Gri 6.3 38.2 189 47
DK-Lva 7.7 24.9 228 47
DK-Ris 6.2 243 241 2
IT-MBo 3.1 35.5 190 48
NL-Loo 9.0 33.2 282 49
US-ARM 12.6 46.3 226 50
US-IB2 11.0 45.7 222 Sl
US-KS2 20.4 252 306 41
US-SRM 16.6 31.1 333 52
Excluded

BR-Ban 25.7 11.8 257 2
BR-Ji2 23.6 15.0 315

BR-Sal 23.9 5.0 262 53
BR-Sa3 24.9 6.7 291 3
PT-Mi2 12.4 28.8 303

US-SO2 12.2 26.4 299 6
US-Ton 14.0 27.0 264 8
US-Var 12.4 26.4 277 54

Soils

Short- and long-term estimates of soil respiration were conducted using data compiled
for a subset of studies listed in the soil respiration database (SRDB;

http://code.google.com/p/srdb)*. For the analysis of short-term data, measurements of

daily in-situ soil respiration and temperature were compiled here for the first time and
comprised 4160 paired temperature-flux estimates taken at temperatures > 0°C for 46
sites across the globe (Appendix 1). As with the terrestrial ecosystem data, soil
respiration measurements taken at below-freezing temperatures were excluded from
the seasonal analysis.

The analysis of long-term data was conducted using annual respiration

estimates obtained directly from SRDB (May 24, 2011 release date). Estimates
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flagged as questionable in the databases were excluded (Quality flags: Q10, Q11,
Q12, Q13), as were estimates where the year of sampling (variable: Study midyear)
and/or the latitude-longitude coordinates of sampling were not reported. To evaluate
the long-term temperature-dependence of respiration, we extracted 12 monthly
estimates of average air temperature (January to December) for each SRDB flux
estimate using SRDB-reported latitude-longitude coordinates and the year of the
study. Monthly estimates of air temperature were obtained from the gridded (0.5x0.5°
grid) database of Matsuura and Willmott (version 2.01, released June 2009), which
was prepared using published methods®, and is available online for the years 1900-
2008 (http://climate.geog.udel.edu/~climate). Monthly estimates were interpolated to
365 daily estimates as described above. A relatively small number of SRDB flux
estimates were dropped during the merger of SRDB with the climate database (~40)
because sites were located on islands, or along the coast, and therefore fell outside the
0.5x0.5° grid. In order to avoid including multiple measurements from individual
sites, only the first record for each study in the SRDB database was included in our
analysis. A total 572 SRDB flux estimates were analysed here.

To ensure that using air temperature as a surrogate for soil temperature did not
introduce biases into our long-term analysis of the SRDB data, it was necessary to
compare estimates of kinetics obtained using air temperature versus soil temperature.
To do this, we first digitised soil-temperature time series for a subset of the sites in the
short-term analysis (n = 17) that had temperature measurements spanning =240 days,
and that were also included in the long-term analysis (latitudinal range: -11.97°N to
53.12°N). We then separately interpolated the monthly air-temperature estimates and
the digitised soil-temperature estimates, as described above, to obtain two one-year

time series of 365 temperature values each. Finally, for each time series, we

WWW.NATURE.COM/NATURE | 7



doi:10.1038/nature11205 2N T:\{H; W SUPPLEMENTARY INFORMATION

calculated Boltzmann-averaged temperature kinetics as

<eEP(”kTC ‘”kT)> = (l/r)j'eEP(”kTC_”kT(mdt, assuming Ep = 0.32, following Eq. 6 in the

main text.

We found that the correlation between the air and soil estimates of Boltzmann
averaged kinetics was highly significant (= 0.94, P < 10”%; Figure S1.2). More
importantly, the slope of the relationship was not significantly different from 1 (95%
CI: 0.93 - 1.17), and the intercept was not significantly different from 0 (95% CI: -
0.20 to 0.07). This result implies that the air- and soil-temperature data exhibit an
approximately 1:1 relationship with respect to Boltzmann-averaged temperature
kinetics over a time period of 1 year, and therefore that both types of data should yield
similar estimates for the temperature dependence of long-term respiration. This result
justified our use of air temperature as a surrogate for soil temperature to assess
whether the temperature dependence of long-term soil respiration (Figure 2c, Table 1;
main text) had an effective activation energy of ~Ep, as predicted by Equation 6, and

whether the temperature dependence of respiration at fixed temperature, R(7.),

declined with increasing mean annual temperature (see section 10), as predicted by

Eq. 7 (main text).
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Figure S1.2. Relationship between estimates of Boltzmann-averaged temperature
kinetics obtained using air and soil temperatures for 17 sites in the Soil Respiration
Database (http://code.google.com/p/srdb)™. Air-temperature estimates were obtained
from a published database™. Soil-temperature estimates were obtained by digitising

data from figures in publications. Boltzmann-averaged temperature kinetics were

calculated as <eEP(” kT""”"T)> = (l/r)feE”(”kTC SO gy, where Ep = 0.32 eV (following

Eq. 6 in the text). The relationship is approximately 1:1 (line in figure). Grey lines
represent uncertainties in the estimates of Boltzmann-averaged temperature kinetics
(95% Cls) that resulted from using spatially interpolated air temperatures. Confidence
intervals were generated using the corresponding estimate of mean absolute error

(MAE) for each monthly air temperature estimate, assuming (conservately) that root
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mean-squared error was double MAE, following results reported by Wilmott and
Matsuura®’. Confidence intervals were generated by: (1) adding a normally distributed
random error with a standard deviation equal to twice the MAE, to each monthly
temperature estimate; (2) linearly interpolating the simulated monthly temperature
data for each site to obtain 365 daily estimates of temperature; (3) calculating
Boltzmann-averaged temperature kinetics using the 365 estimates; (4) repeating this
procedure 1000 times to estimate the 95% Cls. As shown graphically, simulations
indicate that spatial interpolation introduced errors that were negligible relative to the

range of variation in Boltzmann-averaged temperature kinetics.

Estuarine pelagic respiration

Measurements of respiration in the pelagic zones of estuaries and coastal areas are
comprised of two large published datasets, one from Hopkinson & Smith>® and the
other from Caffrey ef al.”’. In total, this database includes 1018 measurements from
67 sites across the globe (see Appendix 1). The long-term analysis was conducted
using only data from Caffrey et al. because data from all sites span at least 240 days
of sampling, were collected using the same methodology, and span the entire coastal

range of the USA, including the territory of Puerto Rico.

Estuarine benthic respiration

Measurements of sediment respiration in estuarine and coastal ecosystems across the
globe were compiled as part of this study and comprise 443 measurements from 53
ecosystems, of which data from 17 sites are from the Danish National Aquatic

Monitoring and Assessment Program (DNAMAP, https://oda.dk) (Appendix 1). The
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long-term analysis was conducted using data for the subset of 45 sites with data

spanning at least 240 days of sampling.

Lake pelagic respiration

Data on respiration rates in the pelagic zones of lakes were compiled as part of this
study and comprise 3666 short-term measurements of temperature and flux from 95
sites. These data are given in Appendix 1, except for 9 sites from the GLEON
network (Table S1.2). The compilation represents an extensive search of the
published literature. Data were either extracted directly from tables in the manuscripts
or digitised from the figures, except for when they were supplied directly by the
authors. The long-term analysis was conducted using data for the subset of 17 sites

with data spanning at least 240 days of sampling.

Table S1.2. Original data sources and attributes for the respiration measurements
from GLEON (http://www.gleon.org/), which comprise 9 of the sites used in the Lake

Pelagic analysis.

Arithmetic
Mean Annual Temperature
Ecosystem Temperature Range
Type Site (°C) (°C) n Ref.
Lake Pelagic
Annie 24.9 15.0 346 60
Feeagh 12.4 15.3 243 60
Kentucky 18.5 27.4 319 60
Mirror 17.9 26.8 121 60
Muggelsee 17.8 19.1 198 60
Pontchartrain 21.1 28.9 218 60
Rotoiti 25.7 10.4 68 60
Rotorua 16.0 14.2 299 60
YuanYang 14.6 11.4 217 60
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Lake benthic respiration

The temperature dependence of sediment respiration in lakes was analysed using data
compiled from the published literature. The majority of the data came from a
compilation by Gudasz ez al.®', though a number of additional sites from across the
globe were also included (see Appendix 1). This dataset comprised 428 short-term
measurements of temperature and sediment respiration from 27 sites. Only in-situ
measurements of respiration from natural ecosystems were included in our analysis;
laboratory experimental studies were excluded. The long-term analysis was conducted

using data for the subset of 17 sites with data spanning at least 240 days of sampling.

River respiration

Measurements of respiration in rivers and streams were compiled as part of this study
and comprise 154 short-term measurements of temperature and flux from 24 sites
(Appendix 1). The compilation represents an extensive, but not exhaustive, search of
the published literature. Data were either extracted directly from tables in the
manuscripts or digitised from the figures, except for when they were kindly supplied
by the authors. The long-term analysis was conducted using data for the subset of 22

sites with data spanning at least 240 days of sampling.

Ocean microbial respiration

Data for microbial oceanic respiration concerns only the metabolism of the bacterial
size fraction (<2um) of the pelagic zones of marine ecosystems, which is typically
>75% of total plankton metabolism®® and is by far the most abundantly reported

measurement of respiration in the marine literature. The data set analysed here is an
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aggregation of the compilations of Robinson®® and Rivkin and Legendre®, with
additional data from Alonso-Saez et al.**. The combined dataset comprises 438
measurements of short-term microbial respiration from 26 sites (see Appendix 1).
Annual rates of oceanic microbial respiration could not be estimated due to the
paucity of data where respiration and temperature were measured over multiple
seasons. Lack of temporal data at the site level also precluded determination of site-

specific, short-term activation energies.
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2. DERIVATION OF EQUATION (1)
The temperature dependence of ecosystem respiration at site s, R (7'), is

—Eq /KT

characterized using the Boltzmann-Arrhenius relationship, e (see Section 3

below for theoretical justification):

s _-Ep/kT
R(T)=Re s

Taking logarithms of both sides yields

InR (T) = E,(1/kT, =1/kT )+ nR’ - E, /KT, (52)

where 1/kT,. —1/kT is standardised inverse absolute temperature for site s, and 7. (=
288 K =15°C) is the temperature used to centre the temperature data, following

equation (1) in the main text. The ecosystem-level normalisation for respiration, R’ ,

is expected to vary among sites, s, and may also vary within a site over time ¢, R’ (¢),

and hence may covary with temperature variation through time at site s, 75(¢) (K).
Using standard formulae for the slope and intercept of a least-squares regression

model, it can be shown that the best-fit linear function describing the relationship of

InR to 1/kT, —1/kT over the time interval is

IR - covl/,InR ] [

VKT ~1/kT ]+ (InR; ) -MW,

var[/

sdT

where <1nRj >T - (1/7:)flnRj (t)dt and (1) = (l/r)fls(t)dt are averages for In R’ (¢)

and [ (¢) over the time period 7, [ (¢)=1/kT,. -1/kT.(¢),

VaI{ISl = (l/r)f(ls (1) - <IS>T)2dt is the variance in 7 (), and

T

cov[/,InR’] = (1/ r)f(ls (1) - <Is>, XlnR; (1) - <lnRj >r }Jt is the covariance between

T

I (t) and InR’(¢). The apparent temperature-dependence of ecosystem respiration at
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site s over this time interval, InR (7'), is obtained by combining equations (S2) and

(S3) to yield

R (7) = £, + Mt RIN L LN ) g, [ SRy (s4)
vafl],  \kT. kT ‘ va1], )

Equation (S4) demonstrates that, if the ecosystem-level normalisation for respiration

exhibits covariation with temperature over a time period 7, then the estimated
apparent activation energy should equal £, + cov[/,InR ] / var[/ ], , rather than E,,

when data collected during that time period are combined for analysis.
In order to use this result to derive predictions for equation (1), it is important

to note that this mixed-effects model is fitted so that site-specific deviations of the

apparent activation energy, ¢, have a mean of 0 when averaged across sites. Given
this constraint, setting the slope in equation (1), E_R + &, equal to the slope in
equation (S4), E, +cov[/,InR’] / var{/ ] , demonstrates that E_R is predicted to
approximate the physiological temperature dependence of respiration (i.e. £, ~0.65

eV) if the average across sites for cov[/ ,InR’] / var[/, ], is approximately equal to 0.

Such a result would imply that constraints imposed by the activation energy of the
respiratory complex override site-specific effects when analysing a collection of sites.

It would also imply that the site-specific deviation in the apparent activation energy

from E, for a givensite s, ¢, is governed by covariance between / () and InR;(¢),

o o cov[lnR’,7 ]

var{/ ], (55)

and that the site-specific deviation of the rate of ecosystem respiration at 15°C from

InR(T "), €. is governed in part by this covariance,
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N lnRos’Is T
e = (InR:), - £, /47 - Ul (1) TRl (56)

and in part by community size structure through its effects on <ln R;> .

T
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3. DERIVATION OF EQUATIONS (2) - (5)
Respiration is the primary catabolic pathway that fuels the survival, growth and

reproduction of organisms. Individual body mass, m (g C), and absolute temperature,
T (in K), are the primary determinants of individual respiration, 7, (g C d™"). The

combined effects of these variables are predicted by metabolic theory® using the

equation

r= romf‘e_ER/kT (S7)

1

where 7, is an individual-level normalisation for respiration (g™ C d™). This size

dependence reflects changes in the density of respiratory complexes per unit mass®
and is characterised by an exponent « that is typically near 3/4 for metazoans®’, but
may be considerably steeper for unicellular prokaryotes and eukaryotes®. The

~Er/KT reflects the

temperature dependence, characterised by the Boltzmann factor, e
exponential effects of temperature, 7 (K), on the kinetics of biochemical reactions in
the respiratory complex, where k is the Boltzmann constant (8.62x10” eV K™') and
E is an activation energy (1 eV = 96.49 kJ mol ™). The Boltzmann factor is
consistent with principles of physical chemistry® and with the observation that the
proportional increase in rate per 10°C increase in temperature (i.e. O19) declines as

temperature increases’”’'. Comparative studies indicate that this temperature

dependence, characterised by E,, is essentially the same at the subcellular and

individual levels’®, and that £ » takes a narrow range of values for diverse taxa

including autotrophs and unicellular and multicellular heterotrophs (~0.6 — 0.7 eV)®.
See, for example, the study of Tjoelker et al.”®, which demonstrates that Q;o declines

with increasing temperature for plant respiration, as predicted by the Boltzmann
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relationship, and that Q¢ at 15°C for plant respiration is ~2.5, which corresponds to
an activation energy of ~0.65 eV.

Due to mass and energy balance, the rate of respiration per unit area, R,(T)(g
C m™ d™), by a biomass pool, P, is equal to the sum of the respiratory fluxes, r,

characterised by equation (S1), for all J individuals in an area of size 4,

R.(T)= (I/A)j r = (J/A)rop<m§>e'ER/kT = rOPMP<m;’"1>e'ER/kT (S8)

where 7 is the individual-level normalisation for respiration, which can differ

between autotrophs and heterotrophs®. In this expression, Mp is total biomass per

unit area in the pool ( 1/A4 zm J/AXmP ) mP> is the average body mass of
J
individuals ( 1/J Zm ) mP 1s the average of m;" for individuals
J
(= (1/ J )2 m! ) , and <mg‘1> is an average for m®~' weighted by biomass rather than

individual abundance® (= (1/(am, ))2 m = <mf,‘>/ <m P>) . In equation (S8),

M P<m1‘§'1> is mass-corrected biomass. Mass correction, by <m;"1>, is necessary to
account for changes in the density of metabolic units per unit mass— e.g. mitochondria
or chloroplasts — with body mass’*. Ecosystem respiration, R(T'), is calculated by

separately summing the individual respiration rates for autotrophs, 4, and

heterotrophs, H,

R(T)=R,(T)+R,(T)=Re """ (S9a)
following equation (S8), where

R, =M (m™)+ 1/ M, (mis ™) (S9b)
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is the ecosystem-level respiratory normalisation. Equations (S8) and (S9) yield
equations (2)-(5) in the text. Equation S9 entails the simplifying assumption that
autotrophs and heterotrophs experience similar environmental conditions with respect
to Boltzmann temperature kinetics. Figure S1.2 (in section 1 above) indicates that this
assumption is reasonable given the broad range of temperature regimes encompassed

by sites in our analysis.
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4. DERIVATION OF EQUATIONS (6) - (7)

For ecosystems where respiration is limited by, and therefore directly coupled to,
gross primary production, annual respiration is governed by the temperature
dependence of photosynthesis. At the level of the autotroph individual, the combined
effects of size and temperature on the gross rate of individual-level photosynthesis at

time ¢, p,, are characterised by
p~pmietr (S10)

where p  is a normalisation constant (g™ C h™"), independent of body mass and

65,75,76

temperature . The size dependence for p, reflects theory and data indicating that

the density of chloroplasts declines with increasing plant size’’. The temperature
dependence is approximated using an “effective” activation energy, Ep ~ 0.32 eV, to
facilitate direct comparisons with the exponential temperature dependence of
respiration. We refer to Ep as an effective activation energy because photosynthesis is
neither predicted nor observed to exhibit exponential temperature dependence’™.
Nevertheless, this two-parameter expression is an excellent approximation of the
well-established 8-parameter model of Farquhar ef al.”® at temperatures < 30°C (Ref.
65), and both functions yield a Q1o of ~1.6 at 15°C based on the temperature
dependence of Rubisco carboxylation in chloroplasts®. While this prediction was
derived a priori based on the biochemical kinetics of Rubisco carboxylation in land
plants®, empirical data indicate that this temperature dependence also applies to

algae75,76

. We therefore assume that equation (S10) applies to aquatic plants as well.
Short-term imbalances between photosynthate production and consumption by

respiration can and do occur within plants. However, over the long term, individual-

level autotroph respiration, 7",
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it =rtmle M (S11)

1

is ultimately limited by the production of reduced carbon substrates via individual-

level photosynthesis, p,(equation S10), with its weaker temperature dependence™.

Consequently, the individual-level normalisation for autotroph respiration, v
(equation S9b), must decline with long-term (e.g. weeks to months) temperature
increases. We can derive zeroth-order predictions for this well-established

9571

phenomenon of “type II respiratory acclimation”’" by noting that the fraction of

photosynthate that a plant allocates to respiration, 1- ¢, is largely independent of
temperature over long time intervals’®, such as 7= 1 yr. Thus, the long-term
temperature dependence of 7" can be approximated by first integrating individual-
level expressions for photosynthate production allocated to autotroph respiration,

(1-¢)p, (equation S10),

t(1-¢)p,), =(1- g)fpomfe‘EP/kT(’)dt =7(l- s)pomf’<e'E”/”> (S12)
and photosynthate consumption by autotroph respiration, " (equation S11),

r<rl.A> =fr0Amfe‘ER/kT(”dt = zTOAm?<e'ER/kT> (S13)

T
T

with respect to temperature variation through time, 7(¢), over the time interval 7, and

then setting 7(1- £)(p,) equal to 17<1;A> to yield®

P;)A _ (1 _ f,‘) ) <€_EP/kT>T/<€_ER/kT>T (S14)

T
that 7" is insensitive to diurnal temperature fluctuations, but declines in response to

temperature increases that are weeks to months in duration®*'. Thus, equation (S14)

is a reasonable approximation over longer time intervals, such 7= 1 yr.
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The rate of gross primary production is obtained by summing the individual-
level photosynthetic rates, p;, for all the autotrophs in the ecosystem, following

equations (S8) and (S10),

P(T) = (NA)}JJ i = p,M (e (815)
Annual gross prima:}l/ production, T<P(T )>T , 1S obtained by integrating seasonal
variation in temperature, 7(¢), in the expression above over the time interval z, which
yields equation (6) in the main text. Annual respiratory fluxes for autotrophs,
T<R (T )>T, are obtained by performing a similar integration using equations (S8),
(S11), and (S14) to yield

(R (T)). fR (T (@)t =7, M (m™ e ER”CT>T -
(S16)
=7(1-eXP(T)), =7(1-£)p,M ,(m” ><e-EP”‘T>T

In the expression above, differences in the temperature dependence of autotroph
respiration over the short term ( £,) and long term ( £,) are reconciled through
declines in the individual-level normalisation for autotroph respiration, 7", with long-

term (weeks to months) temperature increases (oc <e‘EP/kT> / <e"ER T > ), following

equation (S14). By contrast, for heterotrophs, the individual-level normalisation for
respiration, 7", is approximately independent of temperature because energy

acquisition and consumption by a heterotroph is fuelled by its own respiration®.
Consequently, differences in the temperature dependence of respiration and
photosynthesis are instead reconciled through declines in heterotroph abundance and

biomass with long-term temperature increases,

MH<mf[‘1> = («9 -1+ 5)(p0/raH )MA<mZ'1><e'EP/kT >T/<e"ER I >T (S17)
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where @ is the fraction of gross primary production respired by autotrophs and
heterotrophs, which is assumed to be temperature-independent. These declines occur

because individual-level metabolic demands of heterotrophs increase more rapidly
with temperature than ecosystem net primary production, rg<P(T )>T. In this way,
annual heterotroph respiration, T<RH (T )>T, can increase linearly with annual net

primary production despite predicted fundamental differences in the temperature

dependencies of photosynthesis and respiration:

o(Ry (1)), = [Ry (T ()t =2 M, iy e/ ) =

T

(S18)
—7(0-1+ £)<P(T)>T =7(0-1+ g)ngA<m’Af’"l><e‘E”/kT>

In equation (6), 7(R(T)), is obtained by summing z(R,(T)) and z(R,(T)) in
equations (S16) and (S18). In Equation (7), R(7.) is obtained from equation (S9b) by

replacing 7" with (1 - g)po <e"E”/kT> / <e_ER/ T > , following equation (S14), and by

replacing MH<MZ‘1> with ( 0-1+ 5)(190 [rH )MA <mj‘1> <e—EP/kT>T /<e—ER/kT>T’

following equation (S17).
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5. SHORT-TERM STATISTICAL ANALYSES

Mixed-effects modelling is used to quantify relationships between a response variable
and covariates, which can have a nested covariance structure and may be
unbalanced®*. The parameters in equation (1) were estimated by fitting mixed-effects
models to the short-term respiration data using the function /mer in the Ime4 package
of R statistical software™. These analyses allowed us to determine the average

temperature dependence of ecosystem respiration, E_R, for each of the nine ecosystem

types, as well as an overall global estimate for all ecosystem types combined. For
these analyses, we adopted a top-down approach, starting with the most complex
model, to determine the significance of the fixed and random effects in a two-stage
analysis. In stage one, we determined the correct random-effects structure of the data.

The most complex random-effects structure included random variation in both E,
and In R(Tc ) attributable to sites. The simplest random-effects structure included only
variation in In R(Tc ) attributable to sites. By comparing models of progressively

reduced complexity using AIC tests, the final model was determined as the one
having the lowest AIC score®*®. Analysis revealed that the random-effects structure

that best described the combined dataset of nine ecosystem types included random
variation in E_R and In R(TC) attributable to sites (see Model R2 of Table S5 below).

In the second stage of the analysis, we applied the random-effects structure

determined in stage one to a range of fixed-effects structures to assess the significance

of differences in E_R and In RiTC ) between ecosystem types. Models were compared

using the likelihood ratio test. The analysis revealed that In R(7, . ), but not E_R, varied

significantly between ecosystem types. Thus, the best model was Model F1 (Table

S3), which yielded an overall activation energy for ecosystem respiration (0.62 eV,
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95% CI: 0.60 - 0.66 eV; Table 1, main text) that is indistinguishable from the
predicted value of ~0.65 eV.

A series of independent analyses was also carried out to determine the
seasonal temperature dependence of respiration for each ecosystem type separately
(results summarised in Table 1, main text). Again, the nested structure and
unbalanced nature of the data necessitated the use of mixed-effects models. In this

analysis, both £, and lnR(T C) were allowed to vary randomly between ecosystems
in the most complex model, and the significance of each term was assessed, as above,
by comparing models with either random variation in £, or lnR(T C) only with the
most complex model using likelihood ratio tests tests. For each ecosystem type, E,
and lnR(T C) varied significantly between sites, as revealed by the significance of the

random effects terms in the likelihood ratio tests (Table 1 main text). No attempt was
made to determine site-specific estimates of £, for the oceanic microbial data due to

limited seasonal temperature variation at individual sites.
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Table S5. Mixed-effects analysis of data from all ecosystem types combined. Models
R1 and R2 were fit using restricted maximum likelihood (REML) and AIC tests were
used to compare models. Models F1 and F2 were fit using maximum likelihood (ML)
and likelihood ratio tests were used to determine the significance of model parameters
by comparing restricted models to more complex models. Parameters in the final
model were then assessed by refitting the model using REML. In Stage 1, results
revealed that Model R2 had the random-effects structure that best described the data.

Model R2 included random variation in E R and lnR(TC) attributable to sites. In

Stage 2, results revealed that Model F1 had the fixed-effect structure that best

described the data, given the random-effects structure (model R2). Model F1 includes
ecosystem-type differences with respect to 1n RiTC ), as expected, but not E_R. The P-

values of the likelihood ratio tests are read from the table as follows: in Stage 2, the

more complex model F2 is not a significantly better fit to the data than model F1.

Model
DF AIC logLik x’ P

Random-effects structure

R1. InR(T¢) * site 20 54298

R2. ER*site + InR(T¢) * site 21 52286
Fixed-effects structure (given random
structure=R2)

F1. E, + type | random=R2 13 52278 -26126

F2. E, * type | random=R2 21 52286 -26122  7.36 0.50
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6. LONG-TERM STATISTICAL ANALYSES
Equation (6) predicts that annual respiration increases proportionally with Boltzmann-

averaged temperature kinetics for photosynthesis,

<eEP(1/ Ke -1l "T)> (l/r)feEP(l/ K=V ®) gy - over the time interval = 1 year. In general,

T

-E/k(T)

for any given activation energy £, <e‘E ! kT> # e ~ where (r) is mean annual
T

. . _ -E/ k(T
temperature. Moreover, the approximation <e El kT> ~ e "7} becomes less accurate
T

.. . 86 . .
as temperature variation increases . Thus, to obtain the most accurate estimate for the

activation energy, E, and ecosystem-level normalization, F, for long-term flux, it is

preferable to directly analyse the integrated Boltzmann factor, particularly if the
analysis includes sites that exhibit substantial variation in temperature. To achieve
this goal, we applied the method of maximum likelihood as follows:

1. Select values of Eand F, for consideration.
2. Given E, calculate Boltzmann-averaged temperature kinetics, B, for

each site s based on its temperature variation through time, 7 (¢), as

B = (l/z_)j‘eE(l/ch—l/kTA (t))dt.

3. Given F, and B, calculate the predicted annual flux as P, =7 B, for

each site s.

4. Given the predicted values, P., and observed annual fluxes, O_, for all n
sites, calculate the log-likelihood, L, as L = E f (anS -InP ), where
s=1

f (ln 0, - lnPS) is the log of the probability density for a deviation of

magnitude InO, — In P, from a normal distribution of mean 0.
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5. Repeat steps (1) — (4) using different values of £ and F, until the

parameter estimates that maximize L have been found.

For each of the 8 ecosystem types depicted in Figure 2, we estimated £ and F, using

the mle2 function in the bbmle package for R statistical software™.
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7. ACCOUNTING FOR GROWING SEASON LENGTH

As noted by Enquist®’, when assessing the effects of temperature on ecosystem
metabolism along broad-scale geographic gradients, it is important to control for
growing season length and daylight hours during the growing season, both of which
are often confounded with mean annual temperature. This issue is particularly
important when analysing data for terrestrial systems because high-latitude terrestrial
sites not only have lower mean annual temperatures, but also shorter plant growing
seasons when temperatures exceed 0°C, as compared to low-latitude sites. This issue
is readily addressed using our maximum likelihood approach (described above). To

do so, we replace the Boltzmann-averaged kinetics, B, , with the following
expression, B;, in step (2),

B = (1/r)fD(t)G(z)eE<l/ch'WA ©)ggy (S19)

and we replace predicted flux, P., with the following expression, PS , in step (3):

P, =1F,B, (S20)

In these expressions, D(t), is an indicator function that takes a value of 1 during
daylight hours and 0 at night, and G(z) an indicator function that takes a value of 1

during the growing season and 0 otherwise.
To verify our finding that the temperature dependence of annual ecosystem
respiration in terrestrial ecosystems closely matched the predicted temperature

dependence of photosynthesis for soils and forests, we carried out an additional long-

term analysis with the forest and soil data using the expressions for B, for P. above.

To do this, we obtained site-specific expressions for D(t) by defining the growing
season as including days when average temperatures were >0°C, and site-specific

expressions for G(t) by estimating the number of daylight hours on each day of the
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year from the geographic coordinates using a published function®. The results of this
analysis are given in Table S7, and reveal that growing season correction does not
substantially affect the temperature dependence, consistent with the recent findings of

Chen et al.*’ for plant respiration.

Table S7. Results of growing season corrected long-term maximum likelihood

analysis of the temperature dependence of terrestrial ecosystem respiration.

Ecosystem Type E (95% CI) r P n sites
Forest 0.28 (0.06 — 0.50) 0.50 <0.05 38
Soil 0.26 (0.18 = 0.33) 0.19 <0.005 572
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8. CORRELATION BETWEEN THE SEASONAL ACTIVATION ENERGY

AND AVERAGE TEMPERATURE

apparent activation energy (eV)

¥R IO X+ Do

Forests
Non-Forests
Soils

Estuarine Pelagic
Estuarine Benthic
Lake Pelagic
Lake Benthic
Rivers

10 15 20

Average Temperature (°C)

25 30

Relationship of the estimated apparent activation energy of short-term ecosystem

respiration to average site temperature (note temperatures <0°C were excluded from

the short-term analysis; see section 1 for details) for ecosystems included in our

mixed-effects modelling analysis (n = 347; estimates for oceanic sites could not be

calculated due to insufficient seasonal data). Grey lines correspond to 95% confidence

intervals. The relationship between the two variables is significant (P < 0.05), but

weak (> = 0.02). The dashed line is the average activation energy for all sites, as

estimated by mixed-effects analysis (0.62 eV, Table 1).
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9. VARIABILITY IN THE SEASONAL ACTIVATION ENERGY FOR EACH

ECOSYSTEM TYPE
-05 00 05 1.0 1.5
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Histograms of the seasonal activation energies, E, of ecosystem respiration for each
ecosystem type. Data reveal variability in the apparent activation energy among sites
within each ecosystem type, which is predicted by equations (S4) - (S6) when the site-
level normalisation constant exhibits seasonal covariation with temperature (see

Section 2).
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10. CORRELATION BETWEEN THE AVERAGE RESPIRATION RATES AT

15°C AND AVERAGE SITE TEMPERATURE
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Relationship between average daily respiration rate at 15°C and average site
temperature. Average temperature was calculated as the arithmetic mean, using only

temperature data >0°C, for consistency with methods used to estimate In R(7.) in the

short-term analyses (see section 1). Only sites that were also included in the long-term
analyses are analysed here. Correlations between the two variables were significant
and negative for all of the terrestrial ecosystems (P < 0.05), as predicted by equation
(6) in the main text, but were not significant for any of the aquatic ecosystems (P >
0.05). These findings serve to reconcile striking similarities in the short-term

temperature dependence of ecosystem respiration for terrestrial and aquatic
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ecosystems (Fig. 1, main text) with pronounced differences in long-term rates (Fig. 2,

main text).
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