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Convergence of terrestrial plant
production across global climate gradients
Sean T. Michaletz1, Dongliang Cheng2, Andrew J. Kerkhoff3 & Brian J. Enquist1,4,5,6

Variation in terrestrial net primary production (NPP) with climate is thought to originate from a direct influence of tem-
perature and precipitation on plant metabolism. However, variation in NPP may also result from an indirect influence of
climate by means of plant age, stand biomass, growing season length and local adaptation. To identify the relative impor-
tance of direct and indirect climate effects, we extend metabolic scaling theory to link hypothesized climate influences
with NPP, and assess hypothesized relationships using a global compilation of ecosystem woody plant biomass and pro-
duction data. Notably, age and biomass explained most of the variation in production whereas temperature and precipi-
tation explained almost none, suggesting that climate indirectly (not directly) influences production. Furthermore, our
theory shows that variation in NPP is characterized by a common scaling relationship, suggesting that global change models
can incorporate the mechanisms governing this relationship to improve predictions of future ecosystem function.

Annual net primary production (NPP; g m22 yr21) of woody plants is
a major component of the terrestrial carbon cycle1. Although it has long
been known that NPP correlates with mean annual temperature2,3 and
mean annual precipitation3–5, efforts to understand the interactions between
climate and metabolism have resulted in two conflicting generalizations.
On the one hand, across a wide range of ecologically relevant temperatures,
rates of photosynthesis and respiration increase approximately expo-
nentially with temperature to a critical value beyond which rates decrease6.
Furthermore, photosynthetic rate is limited by water availability, as re-
flected by a positive relationship between NPP and precipitation4,5. These
patterns suggest that climate influences NPP directly via metabolic kin-
etics. On the other hand, across broad environmental gradients, local
adaptation of thermal and edaphic tolerances may dampen physio-
logical responses7,8. Under this scenario, correlations between NPP and
annual climate variables result not directly from variation in metabolic
rates, but rather indirectly via variation in plant size and stand biomass8–10,
stand age structure7 and growing season length10.

Metabolic scaling theory for NPP
To assess these differing viewpoints, we build upon metabolic scaling
theory of forest structure and dynamics11,12 to test the relative importance
of direct and indirect climate effects on NPP (Supplementary Information).
First, according to metabolic scaling theory, variation in instantaneous
rates of respiration, photosynthesis and growth scale predictably with
plant size and temperature. Second, extensions of metabolic scaling theory
to whole-ecosystem functioning predict that NPP will scale with stand
biomass and size of the largest individual7,11–13. Third, to incorporate
the effects of temperature, precipitation, growing season length and plant
age, we assume that their effects are inherently multiplicative14. As a result,
hypothesized drivers of NPP can be assessed via the general equation
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Here, the dependencies of NPP on precipitation P (mm), growing season
length lgs (months (mo) yr21) and plant age a (yr) are characterized as

power laws with exponents aP, algs and aa, respectively (Extended Data
Fig. 1). This derivation permits evaluation of nonlinear relationships
as well as a hypothesized direct proportionality between NPP and lgs

(that is, algs 5 1)7,8. The influence of temperature T (K) is characterized
by an Arrhenius relation with an activation energy E (eV) and Boltzmann’s
constant k (8.617 3 1025 eV K21). An activation energy of 0.32 eV has
been hypothesized for the kinetics of photosynthesis15. The influences
of plant size and stand biomass are described by a size-corrected mea-
sure of the stand size distribution cn (where f(r) 5 dn/dr 5 cn r –a and
r is stem radius; m), a normalization constant cm relating stem radius
to plant mass (r 5 cm m3/8; m g23/8), the total stand biomass Mtot (g),
the stand area A (m2), and a growth normalization constant g1

(g m{1{a 5=3ð Þ yr{1zalgs {aa mm{aP mo{algs ).
To best test metabolic scaling theory predictions and to evaluate direct

and indirect climate effects, we recast equation (1) to give a more instant-
aneous monthly net primary production (NPP/lgs; g m22 mo21) as
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where lgs (mo yr21) is growing season length and g2 is another growth
normalization constant (g m{1{a 5=3ð Þmo{1{algs mm{aP yr{aa ). As dis-
cussed below, g1 and g2 are governed by several prominent functional
and physiological traits13,16 and may thus vary with stand characteris-
tics such as soil fertility, leaf type and biome. Equations (1) and (2) can
be linearized, respectively, as

ln NPPð Þ~b0,1zapln Pð Þzalgs ln lgs
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where the intercepts are b0,1~ ln g1ð Þz ln cn=Að Þz ln 5c8=3
m =3cn

� 	a
 �

and b0,2~ ln g2ð Þz ln cn=Að Þz ln 5c8=3
m =3cn

� 	a
 �
.

Evaluating hypothesized drivers of NPP
Here we use equations (3) and (4) to evaluate several long-standing
hypotheses for direct and indirect climate effects on global variation
in NPP and NPP/lgs. Specifically, we conducted four separate analyses
of globally distributed data on woody plant production. Our data set
spans broad ranges of temperature and precipitation (Fig. 1a).

First, in agreement with previous reports2–5, NPP is a significant cor-
relate of mean annual temperature and mean annual precipitation (Fig. 1b, c
and Extended Data Table 1). Furthermore, NPP and average annual tem-
perature ,1/kT.a followed an Arrhenius relationship (Fig. 2a and Ex-
tended Data Table 1) with an estimated activation energy (E 5 0.296;
95% confidence interval (CI) 5 0.268 to 0.324) that was not different
from the hypothesized15 0.32 eV. Additionally, NPP was significantly
influenced by stand biomass and decreased with plant age (Fig. 1d
and Extended Data Table 2).

Second, we examined NPP/lgs (Fig. 2) to assess how climate and eco-
system variables influenced more instantaneous production rates. In con-
trast to results for NPP, average growing season temperature ,1/kT.gs,
mean annual precipitation, and mean growing season precipitation
explained little to no variation in global NPP/lgs (Fig. 2b–d and Extended
Data Table 1). The relationship between NPP/lgs and average growing
season temperature (Fig. 2b) provided an estimate of E 5 20.067 eV
(95% CI 5 20.131 to 0.003) that was significantly lower than and oppo-
site in direction to the hypothesized 0.32 eV (ref. 15). This suggests that

local adaptation may dampen the ambient temperature response between
communities and that the correlation between NPP and mean annual
temperature (Fig. 1b) is spurious. For example, mean annual tempera-
ture was strongly correlated with growing season length (Extended Data
Fig. 2).

Third, to assess hypothesized drivers of NPP while simultaneously
controlling for the influence of all other model covariates, we fitted the
complete model (equations (1) and (3)) to the data using multiple regres-
sion (Table 1 and Extended Data Fig. 3). A large proportion of variation
in NPP (full model adjusted R2 5 0.769) was explained by just two vari-
ables: stand biomass and plant age. Importantly, in contrast to pairwise
correlations (Fig. 1b, c), this multivariate approach revealed that aver-
age growing season temperature (partial r2 5 0.073) and mean growing
season precipitation (partial r2 5 0.011) explained little of the varia-
tion in NPP, and growing season length explained almost none (partial
r2 5 0.004). The mass-scaling exponent was estimated as a 5 0.763 (95%
CI 5 0.735 to 0.792), significantly greater than the metabolic scaling
theory prediction of 3/5 5 0.60. Furthermore, the scaling exponent for
growing season length (algs 5 0.058; 95% CI 5 20.007 to 0.109) was
significantly lower than the value of 1 required for direct proportionality7,8.
The estimated activation energy E 5 0.195 eV (95% CI 5 0.156 to 0.234)
did not include the hypothesized 0.32 eV. These general conclusions did
not change when using mean annual temperature and/or mean annual
precipitation, or root, aboveground woody, and foliage components of
NPP (Extended Data Table 3).

Comparing the fit of the complete model (equations (1) and (3)) with
a simpler model containing only plant age and stand biomass (NPP~
caaa Ma

tot) yielded similar coefficients of determination but a higher Akaike
information criterion (AIC) value for the complete model (AIC 5 140.115,
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Figure 1 | Global variation in annual net primary production for 1,247
woody plant communities grouped by age class. a, Precipitation–
temperature space occupied by the plant communities. Biome definitions from
ref. 39. 1, tropical rainforest; 2, temperate rainforest; 3, tropical seasonal
forest; 4, temperate forest; 5, taiga; 6, savannah; 7, woodland/shrubland; 8,

tundra; 9, desert. b, Relationship between NPP and mean annual temperature.
c, Relationship between NPP and mean annual precipitation. d, Relationship
between NPP and stand biomass. Grey, 0–50 years; orange, 51–100 years;
blue, 101–200 years; black, $201 years.
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R2 5 0.769) than for the simpler model (AIC 5 21768.585, R2 5 0.735;
Fig. 3a and Extended Data Fig. 4), indicating that age and biomass together
explained most of the variation in NPP (Fig. 3a). Soil and leaf trait dif-
ferences did not influence scaling relationships, but did influence nor-
malization constants (Fig. 3b, c and Supplementary Information). Biome
differences affected scaling relationships in some cases and normalization
constants in others (Extended Data Fig. 4 and Supplementary Information).

Fourth, because metabolic scaling theory predictions are based on
instantaneous rates, a more precise evaluation should consider instan-
taneous NPP with climate variables most relevant to growth physiology.
Therefore, we used multiple regression to assess metabolic scaling the-
ory for rates of NPP/lgs (equations (2) and (4)) using average growing
season temperature and mean growing season precipitation (Table 1
and Fig. 4). With these data, all covariates were significant (Table 1).
The explanatory ability of this model was reduced (adjusted r2 5 0.440),
probably due to error in growing season length estimates. Similar to
NPP, stand biomass and plant age were the best predictors of variation
in NPP/lgs, with little of the variation explained by mean growing season
precipitation (partial r2 5 0.095) and essentially none of the variation
explained by average growing season temperature (partial r2 5 0.007).
In support of metabolic scaling theory, the mass-scaling exponent was
estimated as a 5 0.613 (95% CI 5 0.575 to 0.652), which is indistin-
guishable from the metabolic scaling theory prediction of 3/5 5 0.60.
However, the estimated activation energy E 5 20.079 (95% CI 5 20.130
to 0.028) was significantly lower and opposite in direction to the hypoth-
esized value of E 5 0.32 eV (ref. 15). These conclusions did not generally
change when using root, aboveground woody and foliage components
of NPP/lgs (Extended Data Table 3).

Climate has little direct effect on NPP
Our analyses question several long-held and more recent conclusions
regarding the influence of climate on global variation in NPP, and reveal
that a number of central conclusions established in studies using bivari-
ate regression are probably spurious. For example, mean annual temper-
ature and mean annual precipitation are often cited as primary drivers of

NPP (see refs 2–5 and Fig. 1b, c), but after controlling for plant age and
stand biomass, temperature and precipitation explained little to none
of the variation (Table 1 and Fig. 4a, b). Likewise, hypothesized activa-
tion values of 0.32 eV have been supported by bivariate relationships (for
example, Fig. 2a and ref. 15), but accounting for other covariates yielded
estimates that did not support these predictions15 (Table 1 and Fig. 4a).
These results are intriguing given that the temperature-dependencies of
local scale photosynthesis and respiration are well established6.

Three factors might account for the absence of direct climate effects.
First, like most studies in plant ecology and ecosystem metabolism2,3,7,10,11,16,
our analyses considered ambient air temperature. However, air tem-
peratures may not reflect the tissue temperatures that govern plant growth
rates, because plant traits (thermophysical properties) can influence energy
budgets and decouple plant tissue temperatures from air temperature17.
This could dampen ambient temperature correlations across climate
gradients if, for example, selection adjusts leaf traits to maintain leaf
temperatures near photosynthetic optima18. As air temperature is one
of the most commonly used climate variables in plant and ecosystem
ecology, any directional plant–air temperature differences (as recently
suggested18) will have profound implications for our understanding of
plant–climate interactions. Mean annual air temperature may yield es-
pecially misleading results, because it can differ substantially from the
operative temperatures of organisms, and it also covaries with other key
drivers of metabolism and NPP (see, for example, Extended Data Fig. 2)
that can act as confounding variables to produce spurious relationships.
We suggest that future studies move away from using mean annual air
temperature and instead use air and plant body temperatures measured
during the growing season and/or key periods of development. Second,
biochemical adaptation and/or acclimatization to cold temperatures may
increase plant metabolism7,8,19. For example, observed shifts in foliar chem-
istry and metabolic efficiencies have been argued to offset variation in
metabolic kinetics across temperature gradients8,13. Third, the climate

e4

e6

e8

e4

e6

e8

38 40 42 44
Average annual

temperature, <1/kT>a (eV−1)

30

a b

c d

20 10 0 −10
Mean annual temperature (ºC)

38 40 42

Average growing season
temperature, <1/kT>gs (eV−1)

30 20 10
Mean growing season temperature (ºC)

101

102

103

104

101

102

103

104

101 102 103 104 101 102 103 104

Mean annual precipitation (mm) Mean growing season precipitation (mm)

N
et

 p
rim

ar
y 

p
ro

d
uc

tio
n 

(g
 m

−2
 y

r−1
)

M
on

th
ly

 n
et

 p
rim

ar
y 

p
ro

d
uc

tio
n 

(g
 m

−2
 m

o−1
)

Figure 2 | Net primary production of woody plant communities across
global climate gradients. a, Annual temperature. b, Growing season
temperature. c, Annual precipitation. d, Growing season precipitation. Dark
grey, annual net primary production (NPP); light grey, monthly net primary
production (NPP/lgs); e, mathematical constant (,2.718).
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Figure 3 | Global variation in annual net primary production of woody
plant communities expressed as a general scaling function of plant age a and
stand biomass Mtot. a, 1,247 stands grouped by age class with ordinary least
squares (OLS) regression line; b, 1,247 stands grouped by leaf functional trait
type with standardized major axis (SMA) regression lines; c, 1,237 stands
grouped by soil fertility class with SMA regression lines. Grey, 0–50 years; light
orange, 51–100 years; light blue, 101–200 years; black, $201 years; dark orange,
broadleaf; light green, needle-leaf; dark blue, mixed-leaf; pink, low soil fertility;
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data used here were interpolated from 29-year climate station means20

and are not necessarily representative of the years when production
data were obtained. Thus, regressing short-term NPP estimates on longer-
term climate estimates will add noise to the relationships. Nonetheless,
while we are unaware if this error yields a directional bias across cli-
mate gradients, future work should assess its importance.

Terrestrial NPP increases asymptotically with precipitation4,5 because
plant growth in terrestrial ecosystems is generally water limited. However,
our analyses suggest that this relationship doesn’t occur through direct
effects of precipitation on plant metabolism per se, but instead via in-
direct effects of water availability on stand biomass and plant age. Although
this is counterintuitive given the importance of water in whole-plant
physiology (for example, avoidance of xylem embolism and control of
stomatal aperture), it is consistent with a more hydrological view of
plant–atmosphere interactions21. Specifically, biomass controls the total
leaf area that drives transpiration, assimilation and growth. Further-
more, precipitation is not necessarily representative of plant-available
water22, so rather than using precipitation as the primary measure of
plant-available water, evapotranspiration5 should also be included.

Plant age effects on NPP
Even after controlling for stand biomass and climate, global NPP/lgs

decreased with age so that (for a given biomass) younger stands had

higher rates of production. Although such age-related declines are well
documented23, the drivers of this pattern remain unclear. Numerous
mechanisms have been proposed, including: (1) hydraulic limitation of
plant height24; (2) changes in carbon use efficiency25, potentially from
increasing respiration requirements with size; (3) ontogenetic shifts in
biomass allocation, with smaller plants having proportionately more
foliage and higher assimilation rates; (4) increasing light limitation
with age26,27; and (5) decreasing stand density with age28, which would
act through the size-corrected size distribution term cn. Together, our
results reiterate a need in global change studies for a deeper under-
standing of the causal mechanisms linking age to plant production.

Climate controls NPP via biomass and age
Whereas temperature and water availability are fundamental drivers
of plant physiology and ecosystem metabolism at local scales19,29,30, at
global scales they appear to have little direct kinetic control on NPP.
Instead, our findings suggest that climate influences NPP indirectly
via plant age and stand biomass (see ref. 11), which is largely driven by
maximum plant size31,32. For example, plant age is influenced by time
since last disturbance, and maximum plant size is constrained by limi-
tations on the water and energy fluxes necessary to support basal
metabolism24,31,32.

Our theoretical framework further extends the predictive ability of
metabolic scaling theory and links multiple hypothesized climate dri-
vers to plant and ecosystem metabolism. Furthermore, it uniquely
(1) integrates metabolic scaling and physiological approaches to plant
ecology and global change studies; (2) underscores the importance of
plant size, allometry and age as primary drivers of variation in ecosys-
tem metabolism; and (3) provides a foundation to assess if adaptive dif-
ferences in plant form and function can compensate for broad-scale
climate gradients. Although our results support the mechanistic basis
of metabolic scaling theory for the origin of the ecosystem mass-scaling
exponent a (see ref. 11) and the influence of plant traits on variation in
the normalization constants g1 and g2, they also highlight a need for
integrative theory that explains the age-dependence of terrestrial NPP
(estimated here as aa 5 20.65). Additionally, future work is needed on
the geographical scale at which the activation energy for plant meta-
bolism becomes decoupled from temperature.

We have shown that global variation in terrestrial NPP is consistent
with the hypothesis that the diversity of plant form and function origi-
nated via selection to maximize plant growth across climate gradients7,8

(Fig. 4). This has resulted in convergence to a common scaling relation-
ship between NPP, plant age and total stand biomass (Fig. 3). Interestingly,
recent analyses indicate that both mean annual temperature and mean
annual precipitation are also poor predictors of total stand biomass32

(but see ref. 33). Additionally, metabolic scaling theory predicts11,12 and
recent empirical data show32,34 that the best predictor of total auto-
trophic ecosystem biomass appears to be the size of the largest indi-
vidual. Consequently, efforts to predict ecosystem function in response
to global change should include the mechanisms that govern max-
imum plant size31 and general ecosystem scaling relationships (Fig. 3).
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Figure 4 | Partial regression plots illustrating relationships between
monthly net primary production (NPP/lgs) and individual covariates from
equation (4) for 1,247 woody plant communities. Plots show the correct
relationship (slope and variance) between NPP/lgs and each covariate while
controlling for the influence of all other model covariates. a, Average growing
season temperature; b, mean growing season precipitation; c, stand biomass;
d, plant age; e, mathematical constant (,2.718).

Table 1 | Multiple regression fits of theory (equations (3) and (4)) to a global compilation of data from 1,247 woody plant communities
Dependent variable Covariate Coefficient Estimate 95% CI s.e. t P value Partial r2

NPP (g m22 yr21) b0 9.336 7.758 to 10.914 0.804 11.609 ,2 3 10216 0.098
,1/kT.gs E 0.195 0.156 to 0.234 0.020 9.854 ,2 3 10216 0.073
a aa 20.568 20.599 to 20.537 0.016 235.808 ,2 3 10216 0.508
lgs algs 0.058 0.007 to 0.109 0.026 2.223 0.026 0.004
Mtot a 0.763 0.735 to 0.792 0.014 52.863 ,2 3 10216 0.693
Pgs aP 0.043 0.020 to 0.067 0.012 3.664 2.58 3 1024 0.011

NPP/lgs (g m22 mo21) b0 21.652 23.741 to 0.438 1.065 21.551 0.121 0.002
,1/kT.gs E 20.079 20.130 to 0.028 0.026 3.016 0.003 0.007
a aa 20.168 20.392 to 20.310 0.021 216.711 ,2 3 10216 0.184
Mtot a 0.613 0.575 to 0.652 0.020 30.995 ,2 3 10216 0.436
Pgs aP 20.168 20.197 to 20.139 0.015 211.444 ,2 3 10216 0.095

,1/kT.gs, average growing season temperature; a, age; E, activation energy; lgs, growing season length; Mtot, stand biomass; Pgs, mean growing season precipitation; a, mass scaling exponent; aa, age scaling
exponent; algs, growing season length scaling exponent; aP, precipitation scaling exponent; b0, intercept.
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METHODS SUMMARY
We assessed variation in NPP and NPP/lgs across broad climate gradients using a global
compilation of biomass and production data for 1,247 woody plant communities8,35–38

(and Malhi, Y. et al, submitted) and climate data from a high-resolution gridded data
set20 (see Methods). NPP was computed as the sum of annual production of root,
stem, branch, reproductive (when available) and foliage components. To calculate
NPP/lgs, growing season length was calculated as the number of months with a mean
minimum temperature greater than 0.6 uC and a moisture index MI . 0.048 (ref. 8).
Temperature and precipitation were calculated as both annual and growing season
averages, and temperature was also expressed as the Boltzmann factor exponent
1/kT. Relationships between production and climate variables were first assessed
using OLS linear regression. Next, equations (3) and (4) were fit to compiled data to
evaluate relationships between NPP or NPP/lgs and hypothesized drivers. Finally,
the fit of the complete model (equations (1) and (3)) was competed with that of a
simpler model (NPP~caaa Ma

tot) obtained via multiple regression with age and
biomass as covariates.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Woody plant biomass and production data. Woody plant biomass and produc-
tion data comprising both above- and belowground components were compiled
from multiple data sources (see Source Data file associated with the figures). First,
the Cannell35 data set that summarizes data from over 1,200 stands in 46 countries.
Second, the Luo36 data set comprising data from over 5,000 forest stands across
broad climate gradients in China. Third, we examined the primary references in
recent publications8,37,38 (and Malhi, Y. et al, submitted) and online data compila-
tions (https://daac.ornl.gov/NPP/guides/NPP_EMDI.html) and included data from
41 additional sites. A complete list of data source references is provided in the Source
Data file associated with the figures. Together, the compiled sites span most of the
climate space in a plot of mean annual precipitation versus mean annual temper-
ature (Fig. 1a). Data were compiled for woody conifers, monocots and dicots grow-
ing in single- and mixed-species stands, and included latitude, longitude, plant age,
leaf type of dominant species, biome, above- and belowground dry biomass, and
above- and belowground net production. For each stand, NPP (g m22 yr21) was
calculated by summing estimated annual biomass production of roots, stems,
branches, reproductive structures (when available) and foliage. When biomass
and production data were reported in grams of carbon, data were converted to
grams of biomass assuming biomass is 50% carbon. Belowground biomass and
production data were not available for four sites (Index 1218-1221 in Source Data
associated with Fig. 1), so these were estimated by multiplying the aboveground
values by 0.21 based on published data40. Age data were not available for thirteen
old growth Amazonian forests (described in Malhi, Y. et al, submitted, and Source
Data associated with the figures), so ages were estimated by multiplying the
reported woody biomass residence times by a factor of 3.77 based on published
data for canopy and emergent trees from two old growth Amazonian forests41; note
that for these old growth forests, the age of the dominant size classes (that is,
canopy and emergent trees) is most relevant, because these individuals constitute
most of the stand biomass. For the Luyssaert data set38, we selected sites where
biomass and production were both measured within a period of one year or less.
Analyses considered only natural (non-plantation) stands for which published
above- and belowground biomass and production data were available, giving a
total of 1,247 stands from Africa, Asia, Europe, North America and South America.
Climate data. Climate data for each stand were obtained from a global 10-min
resolution gridded climatology20 (see Source Data file associated with the figures).
Temperature and precipitation were calculated as both annual and growing sea-
son values. Mean annual temperature (uC) was calculated as the 12-month aver-
age of mean monthly air temperatures, while growing season temperature (uC)
was calculated as the average across growing season months only. Temperature was
also expressed as the Boltzmann factor exponent 1/kT, where k is the Boltzmann
constant (8.617 3 1025 eV K21) and T is temperature (K), and calculated as the
annual and growing season averages ,1/kT.a and ,1/kT.gs, respectively. Mean
annual precipitation Pa (mm) was taken as the 12-month sum of mean monthly
values, and mean growing season precipitation Pgs (mm) was calculated as the sum
across growing season months.

Growing season months were defined as months with a mean minimum tem-
perature greater than 0.6 uC and a moisture index MI . 0.048. These thresholds
were calibrated from our data, as they are the maximum values that result in a
growing season length of at least one month for all sites. The calibrated thresholds
agree with empirical air temperature42 and precipitation8 limits for woody plant
growth. Minimum temperature data were calculated from monthly temperature
means and ranges. The moisture index is a relative measure of availability and
demand for water and was taken as MI 5 PPT/PET, where PPT is monthly mean
precipitation (mm) and PET is monthly potential evapotranspiration (mm mo21;
calculated using the Thornthwaite method, assuming 30 days in each month43).
The MI threshold should provide a growing season length of at least one month
for all sites where plants grow. However, as the threshold is increased, it results in
sites with low MI being assigned a zero month growing season. Our analyses used
MI 5 0.048, as this is the maximum value that gives a growing season length of at
least one month for all sites, and thus the MI threshold is calibrated using the data
set. This threshold agrees with an independently calibrated threshold of MI 5 0.05
used in Kerkhoff et al. (ref. 8). Since these growing season estimates are calculated
from long-term climate averages and not site-specific phenology data, they are
subject to error, but the simplicity and consistency of this approach is appropriate
given the large number of sites considered in the analyses.
Soil data. Soil data for 1,237 stands were obtained from a global 30 arcsec raster
soil database44 (see Source Data file associated with the figures). Stands were

classified into low (lower tertile), medium (middle tertile) and high (upper tertile)
soil fertility classes based on the mean of topsoil and subsoil total exchangeable
bases (TEB). TEB is the sum of the exchangeable base cations Ca21, Mg21, K1

and Na1, and is an index of soil fertility as it strongly correlates with a large
number of soil properties that influence fertility and plant-available nutrients45.
Statistical analyses. Relationships between NPP and mean annual temperature
or mean annual precipitation were described using ordinary least squares (OLS)
linear regression in the statistical software R (ref. 46). To characterize the biomass-
scaling of NPP, forest stands were first divided into four age classes (0–50 years,
51–100 years, 101–200 years, and $201 years) to reduce bias in estimates of scaling
exponents a resulting from age-related declines in NPP. Mass-scaling terms Ma

tot
were then obtained by model II (SMA) regression of NPP and biomass data using
sma() from the R package smatr47. SMA slopes were significantly heterogeneous
among age classes (P 5 2.158 3 1025), so unique slopes were calculated for each
age class. Relationships between production (NPP or NPP/lgs) and climate (average
annual temperature ,1/kT.a, average growing season temperature ,1/kT.gs,
mean annual precipitation, and mean growing season precipitation) were iden-
tified using OLS linear regression.

The complete models (equations (1) to (4)) were then fit to compiled data using
multiple regression in R. Since NPP/lgs and ,1/kT.gs are non-independent, their
shared term lgs may give rise to spurious correlations48, but this was not observed
for our data (Table 1). To evaluate potential collinearity problems that may arise
from linear relationships between model covariates49, we calculated variance-inflation
factors (VIFs) for each covariate in each model using vif() from the package car in
R. VIFs for all covariates were lower than 2, far less than the threshold of 10 above
which collinearity may adversely affect regression results49. Functional forms for
precipitation- and age-dependence of NPP in equation (1) were assessed using par-
tial residual plots (Supplementary Information and Extended Data Fig. 1) obtained
using crPlots() from the R package car. Partial regression statistics were obtained
using lm.sumSquares() from the R package lmSupport, and partial regression plots
were prepared using avPlots() from the car package. Partial regression plots show
the correct strength of the relationship between the dependent variable and each
independent variable while controlling for the influence of all other independent
variables included in the model; plotted variables are residuals, so the slope and
variance equal the partial estimates from the multiple regression model.

Finally, the fit of the complete model (equations (1) and (3)) was compared
with that of a simpler model (NPP~caaa Ma

tot) obtained via multiple regression
with stand age and biomass as covariates (but not temperature or precipitation,
which are implicit in the normalization constant c). For this simpler model,
differences in slope and elevation among leaf types (broadleaf, needle-leaf, and
mixed-leaf), fertility classes (low, medium, high) and biomes were assessed using
likelihood ratio and Wald statistics, respectively, from SMA47 fits of NPP on
aaa Ma

tot (where aa and a were first obtained as described above). Sites were assigned
to biomes using mean annual temperature and precipitation data and standard
biome definitions39, although more detailed descriptions from original data
sources are provided in the Source Data file associated with the figures. For biomes,
SMA regressions were only applied to groups for which the range of a{0:65M0:81

tot
varied by a factor of five or more (as smaller ranges resulted in weakly positive or
negative slopes), thus excluding slope and elevation tests for savannah, temperate
rainforest, tropical rainforest, tropical seasonal forest, and tundra biomes.

40. Cairns,M.A., Brown,S.,Helmer, E.H.&Baumgardner,G.A.Rootbiomassallocation
in the world’s upland forests. Oecologia 111, 1–11 (1997).

41. Vieira, S. et al. Slow growth rates of Amazonian trees: Consequences for carbon
cycling. Proc. Natl Acad. Sci. USA 102, 18502–18507 (2005).

42. Häsler, R., Streule, A. & Turner, H. Shoot and root growth of young Larix decidua in
contrastingmicroenvironmentsnear theAlpine timberline.Phyton39,47–52(1999).

43. Fredlund, D. G., Rahardjo, H. & Fredlund, M. D. Unsaturated Soil Mechanics in
Engineering Practice (Wiley, 2012).

44. FAO/IIASA/ISRIC/ISSCAS/JRC. Harmonized World Soil Database (version 1.2) (FAO
and IIASA, 2012).

45. Huston, M. A. Precipitation, soils, NPP, and biodiversity: resurrection of Albrecht’s
curve. Ecol. Monogr. 82, 277–296 (2012).

46. R Development Core Team. R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, 2011).

47. Warton, D. I., Duursma, R. A., Falster, D. S. & Taskinen, S. smatr 3– an R package for
estimation and inference about allometric lines. Methods Ecol. Evol. 3, 257–259
(2012).

48. Brett, M. T. When is a correlation between non-independent variables ‘‘spurious’’?
Oikos 105, 647–656 (2004).

49. Ryan, T. P. Modern Regression Methods (Wiley, 1997).
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Extended Data Figure 1 | Partial residual plots showing linearization of
NPP relationships by power and exponential transforms of precipitation
and plant age. Relationships were best linearized by power transforms of both
precipitation and age, so power laws were used to characterize precipitation-
and age-dependence of NPP in Supplementary Information Equation (S6).
Multiple regression models used average growing season temperatures
,1/kT.gs and mean growing season precipitation Pgs, but similar results were
observed using mean annual estimates. Dashed line, OLS linear regression line;
solid line, Loess smooth. a, b, Power transform for precipitation and age;
c, d, power transform for precipitation and exponential transform for age;
e, f, exponential transform for precipitation and power transform for age;
g, h, exponential transform for precipitation and age.
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Extended Data Figure 2 | Relationship between mean annual temperature and growing season length (r2 5 0.853, P , 2.2 3 10216).
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Extended Data Figure 3 | Partial regression plots showing relationships
between annual net primary production (NPP) and each covariate. Both
variables in each plot are residuals. Plots show the correct relationship (slope
and variance) between NPP and each covariate while controlling for the
influence of all other model covariates. All relationships were significant at
a 5 0.001, except for growing season length (P 5 0.026). However, total stand
biomass and plant age explained most of the variation in NPP, while

temperature, growing season length, and mean annual precipitation each
explained less than 10% of the variation (Table 1). a, Relationship between NPP
and average growing season temperature ,1/kT.gs. b, Relationship between
NPP and mean growing season precipitation Pgs. c, Relationship between NPP
and growing season length lgs. d, Relationship between NPP and total stand
biomass Mtot. e, Relationship between NPP and plant age a.
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Extended Data Figure 4 | Global variation in annual net primary
production (NPP) for 1,247 forest stands expressed as a general scaling
function of age a and total stand biomass Mtot. Stands grouped according to
standard biome definitions39. Grey, desert; light orange, savannah; light blue,

temperate forest; black, temperate rainforest; yellow, taiga; dark blue, tropical
rainforest; dark orange, tropical seasonal forest; pink, tundra; green, woodland/
shrubland.
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Extended Data Table 1 | Bivariate regression fits of net primary pro-
duction on temperature and precipitation data for 1,247 woody plant
communities

Relationships are plotted in Figs 1b, c and 2. ,1/kT.a, average annual temperature; ,1/kT.gs, average
growing season temperature; NPP, annual net primary production; NPP/lgs, monthly net primary
production; Pa, mean annual precipitation; Pgs, mean growing season precipitation; Ta, mean annual
temperature.
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Extended Data Table 2 | Standardized major axis (SMA) regression
fits of annual net primary production (NPP) on stand biomass for
1,247 woody plant communities

Relationships are plotted in Fig. 1d.
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Extended Data Table 3 | Multiple regression fits of metabolic scaling theory for terrestrial net primary production (equations (3) and (4)) to a
global compilation of data for root (subscript R; 1,236 stands), aboveground woody (subscript AGW; 1,233 stands) and foliage (subscript F;
1,234 stands) components of net primary production

,1/kT.gs, average growing season temperature; a, age; E, activation energy; lgs, growing season length; Mtot, stand biomass; Pgs, mean growing season precipitation; a, mass scaling exponent; aa, age scaling
exponent; algs , growing season length scaling exponent; aP, precipitation scaling exponent; b0, intercept.
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