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Combined, latent and sensible heat were used to calculate 
evaporative fraction (EF), the inverse of the Bowen ratio, and 
a r o bust  index of relative water availability to the biosphere 
(Eq. 3) (37)

	​ EF  = ​   l E ─ lE  + H ​​	 (3)

where lE represents latent heat (watts per square meter) and H rep-
resents sensible heat (watts per square meter).

EF is an effective metric to assess water availability as it captures 
the signal from a multitude of potential water pools (e.g., soil mois-
ture and precipitation) through evapotranspirative fluxes from the 
biosphere and scales well globally. We also evaluated the signal of 
vapor pressure deficit (VPD) as an alternate metric for water stress 
but found no statistically significant alteration of response (fig. S4). 
Given large variation in productivity and climate across biomes, we 
normalized all carbon fluxes along with micrometeorological vari-
ables within site to avoid signals based on biogeography. To main-
tain in situ derivation of temperature dependence, carbon flux and 
temperature data that were fully gap-filled were excluded from the 
analysis.

Temperature signal
Both photosynthesis and respiration are known to be controlled by 
a number of enviroclimatic variables, namely, sunlight, water, and 
temperature. To isolate the temperature signal, we used a 30-day 
moving-window partial correlation analysis on daily estimates of 
daytime partitioned gross primary productivity and total ecosystem 
respiration, with EF, downwelling short-wave radiation, and air 
temperature from 0° to 38°C (from biologically relevant tempera-
tures for metabolic activity to the upper limit of the FLUXNET 
record) as explanatory variables at the individual site level, and fil-
tered for significant relationships at P < 0.1. The result was the 
proportion of variation in gross fluxes that were solely attributable 
to each enviroclimatic variable. We then normalized and fit the 
temperature response of both fluxes by site to the first derivative of 
MMRT (11) to investigate changes in metabolism as a function of 
temperature (Eqs. 1 and 2). As MMRT was fitted at the site level and 
then bootstrapped, we filtered the FLUXNET synthesis dataset for 
towers that had a > 10 statistically attributed data points to ensure 
that data were sufficient to constrain temperature response curvature. 
Temperature projections from MMRT were limited to the ambient 
temperature window of observations from the FLUXNET 
record (0° to 38°C, the upper limit of FLUXNET observations).

Fig. 3. Spatial patterns of temperature tipping points for the biosphere. (A) Current cumulative monthly dose of temperature above ​​T​P​�
max​​ by biome (see Materials and 

Methods) based on 1950–2010 WorldClim data (22). (B) Cumulative temperature dose above ​​T​P​�
max​​ under Representative Concentration Pathway 8.5 (RCP8.5) by 2040–2060 

based on WorldClim data (22). (C) Cumulative fraction of terrestrial biosphere in exceedance of ​​T​P​�
max​​ by RCP scenario based on Coupled Model Intercomparison Project Phase 

5 (CMIP5) multimodel mean monthly data. Vertical bars represent an integration of the uncertainty across CMIP5 ensemble member projections for changes in temperature, 
translated into a range of exceedance of ​​T​P​�

max​​ for the vegetated surface. (D) Current mean gridded gross photosynthesis (2003–2013) (38) along with reductions in biosphere 
productivity due to exceedance of Tmax for 2040–2060 (44% reduction) and 2070–2090 (49% reduction) based on Worldclim CMIP5 downscaled data (22).
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Tmax or tipping point determination
Two important points exist within temperature dependence curves 
for biosphere metabolism: the inflection point (T inf) and the ther-
mal maximum (T max). The inflection point of temperature-dependent 
rates represents temperatures where an increase in rate (k) is maxi-
mal relative to temperature (T) and denotes where rates change 
from convex to concave. ​​T ​P​ inf​​ therefore represents the temperature 
at which land carbon uptake is maximal. The thermal maximum 
(Tmax) represents the top of the temperature dependence curve 
where any additional increase in temperature will decrease meta-
bolic rate. Here, we define T max for the land sink (​​​T ​NEP​ max ​​)​​ ​​as the mass 
balance difference between ​​T ​P​ max​​ and ​​T ​R​ max​​.

Representativeness and uncertainty of FLUXNET data
Two major challenges exist for global constraint of biosphere me-
tabolism using the FLUXNET dataset: (i) Observations are unequally 
distributed across the vegetated surface, with differing lengths of 
record, and (ii) because of the ambient and mixed-species nature of 
tower observations, the data are inherently noisy. The FLUXNET 
dataset, however, has been shown to be statistically representative 
of plant functional types and Koeppen-Geiger biomes globally, sug-
gesting that statistical analyses leveraging FLUXNET observations 
are robust (38).

To address challenges (i) and (ii), we designed a bootstrap method 
that sampled entire tower records rather than observations (to avoid 
length of record bias) to fit global curves for the temperature depen-
dence of land carbon fluxes. We then calculated the bootstrap-to-
bootstrap variation in T max within Koeppen-Geiger biomes and 
across latitudes (fig. S2) to capture uncertainty stemming from 
sparse data sampling and heterogeneity of ecosystems sampled.

Bootstrapping and C3/C4 dichotomy
Early investigations into the temperature response of photosynthe-
sis at global scales demonstrated a clear bimodal distribution that 
was well explained by C3 and C4 heuristics (39). All FLUXNET sites 
were therefore dichotomized into these two groups on the basis of 
climate criteria (40). The temperature response by group was then 
bootstrapped across the FLUXNET synthesis dataset 10,000 times, 
such that an entire site’s temperature curve was sampled rather 
than specific observations, thereby decreasing the length-of-record 
bias and unequal distribution across bioclimatic space of some 
long-lived sites.

Respiration temperature signal
The exponential Arrhenius-like response of total ecosystem respira-
tion is largely a function of ambient temperature observations, where 
FLUXNET effectively samples temperatures far below ​​T ​R​ max​​ for res-
piration constrained by experimental data (15, 16) and largely within 
the inflection point for this process (fig. S1). This behavior is in full 
agreement with MMRT, where, for ​∆ ​C​P​ ‡ ​​ values close to zero, MMRT 
predicts Arrhenius-like behavior. To give context for the disparity 
in T max between gross photosynthesis (P) and total ecosystem respi-
ration (R) and to illustrate agreement between ambient tempera-
ture fitted FLUXNET data and wider-ranged experimental data, we 
incorporated two recent experiment-based respiration temperature 
response datasets (10, 11), which observe ​​T ​R​ max​​ (fig. S1). The thermal 
maxima of leaf and soil respiration from these data reside at ~60° 
and 70°C, respectively, in alignment with ambient temperature FLUXNET 
predictions and far above either type of photosynthesis (fig. S1).

Evaluation of CO2 fertilization and VPD
To evaluate the effect of CO2 on the temperature dependence of gross 
primary production and the ability of CO2 fertilization to counter 
temperature-induced declines in land carbon uptake, we conducted 
a second moving-window partial correlation analysis that included 
ambient CO2 from FLUXNET towers with all other components 
remaining identical. While a ~1% increase in NEP per year has been 
correlated with elevated CO2 elsewhere in the literature (32), 90% 
confidence intervals of the temperature dependence signal with and 
without CO2 included showed no statistically significant difference 
(fig. S3). An identical model run was completed, replacing VPD with 
EF to evaluate potential changes in temperature response based on 
atmospheric demand rather than water flux, again demonstrating 
no significant differences (fig. S3).

Spatial gridding
To generate spatial grids of temperature response, FLUXNET sites 
were aggregated on the basis of Koeppen-Geiger climate classifica-
tion regions where the FLUXNET synthesis dataset retained a coverage 
of >5 sites. We collapsed classes lacking sufficient replication to the 
next level of climatological organization. ​​T ​P​ max​​ was then gridded spa-
tially on the basis of Koeppen-Geiger climate classification (fig. S4).

Cumulative dose of temperature and fraction of vegetated 
surface in decline
Of interest for our work was the cumulative amount of mean 
monthly temperatures beyond ​​T ​P​ max​​ within a given year. To measure 
this, we used FLUXNET-derived gridded ​​T ​P​ max​​, WorldClim 2 at 
10-min spatial resolution for current climate and WorldClim 
1.4 downscaled Coupled Model Intercomparison Project Phase 5 
(CMIP5) data at 10-min spatial resolution (Fig. 3, A and B) (22), 
and CMIP5 monthly data for all RCP scenarios at 2.5° resolution 
(Fig. 3C). We then cumulatively tallied monthly mean temperature 
data that exceeded ​​T ​P​ max​​ for both current and future climate data-
sets. On the basis of CMIP5 monthly data, we calculated the cumu-
lative number of months beyond ​​T ​P​ max​​ and weighted them by area to 
assess the fraction of terrestrial land sink in decline (Fig. 3C).

Decrease in biosphere productivity RCP8.5
As biosphere productivity varies spatially, we incorporated up-
scaled FLUXNET data to evaluate the impacts of exceedance of Tmax 
on total terrestrial biosphere productivity (38). To avoid biases 
stemming from interannual variability, we calculated mean bio-
sphere productivity between 2003 and 2013 and evaluated temperature 
exceedance on the basis of our ​​T ​P​ max​​ grid to evaluate the number of 
months that each grid cell is expected to be below or above this 
threshold for biosphere metabolism such that pixels, which were 
unaffected contributed full biome productivity estimates, and biomes, 
which spent the entire year beyond ​​T ​P​ max​​, contributed none.

Acclimation
To search for evidence of acclimation at the ecosystem-to-global 
scale, we first isolated FLUXNET tower sites that spanned both the 
first and second decades of the 2015 synthesis dataset. We then 
evaluated temperature dependence curves across both decades to 
look for upward shifts in ​​T ​P​ max​​ (fig. S2). Although there is evidence 
elsewhere in the literature supporting a shift in thermal optima at 
higher temperatures for individual plants, we found no evidence of 
this acclimation at the ecosystem-to-global scale.
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Data availability
FLUXNET data access depends on the tier of data used. Tier 1 data 
are open and free for scientific and educational purposes, and their 
use follows the fair use policy accessed at https://fluxnet.fluxdata.
org/data/data-policy/. Tier 2 data are from producers who are 
currently unable to share their data in an open manner and require 
an approved proposal for data access. Data access proposal inform
ation can be found at https://fluxnet.fluxdata.org/. A list of 
FLUXNET sites from tiers 1 and 2 used in this analysis can be 
found in table S3. Downscaled WorldClim CMIP5 climate data 
used to evaluate future climate and therefore climate space beyond 
​​T​P​ max​ ​are freely available at http://worldclim.org/CMIP5v1. Up-
scaled FLUXNET data used to evaluate current and future bio-
sphere productivity affected by temperature are freely available at 
www.fluxcom.org/.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/3/eaay1052/DC1
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