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Summary

� Leaf dark respiration (Rd) acclimates to environmental changes. However, the magnitude,

controls and time scales of acclimation remain unclear and are inconsistently treated in ecosys-

tem models.
� We hypothesized that Rd and Rubisco carboxylation capacity (Vcmax) at 25°C (Rd,25,

Vcmax,25) are coordinated so that Rd,25 variations support Vcmax,25 at a level allowing full light

use, with Vcmax,25 reflecting daytime conditions (for photosynthesis), and Rd,25/Vcmax,25

reflecting night-time conditions (for starch degradation and sucrose export). We tested this

hypothesis temporally using a 5-yr warming experiment, and spatially using an extensive

field-measurement data set. We compared the results to three published alternatives: Rd,25

declines linearly with daily average prior temperature; Rd at average prior night temperatures

tends towards a constant value; and Rd,25/Vcmax,25 is constant.
� Our hypothesis accounted for more variation in observed Rd,25 over time (R2= 0.74) and

space (R2= 0.68) than the alternatives. Night-time temperature dominated the seasonal

time-course of Rd, with an apparent response time scale of c. 2 wk. Vcmax dominated the spa-

tial patterns.
� Our acclimation hypothesis results in a smaller increase in global Rd in response to rising

CO2 and warming than is projected by the two of three alternative hypotheses, and by cur-

rent models.

Introduction

About a quarter of the carbon taken up globally through photo-
synthesis is released to the atmosphere via respiration from plant
leaves (Campioli et al., 2016; Huntingford et al., 2017; Wang
et al., 2020). This flux is three times larger than anthropogenic
CO2 emissions from fossil fuel burning (Friedlingstein
et al., 2022) and is one of the key targets for model predictions of
the global carbon cycle. Leaf respiration occurs both in the dark
and in the light, but temperature-normalized rates are typically
lower in the light (Tcherkez et al., 2017), and leaf respiration is
most commonly measured in darkness (dark respiration, Rd),
either during the night, or in dark-adjusted leaves during the day.
As an enzyme-catalysed process, Rd increases near-exponentially
with warming on a time scale of minutes to hours (Heskel
et al., 2016). This instantaneous response, if sustained, would

contribute to a positive feedback between the global carbon cycle
and climate warming (He et al., 2018; Collalti et al., 2020).
However, Rd acclimates to environmental changes on time scales
from days (Atkin et al., 2000; Bolstad et al., 2003; Lee
et al., 2005) to weeks (Reich et al., 2016) by down- or upregula-
tion of the basal respiration rate, which is the value of Rd adjusted
to a standard reference temperature, often 25°C (Rd,25; Atkin &
Tjoelker, 2003; Smith & Dukes, 2013; Crous et al., 2022). Ther-
mal acclimation of Rd,25 – a lowering of the basal rate under pro-
longed warming – is observed in response to both experimental
warming (Drake et al., 2016; Reich et al., 2016) and temporal
changes in growth temperature (Atkin et al., 2000; Lee
et al., 2005). The response of Rd,25 to environmental conditions
is also manifested by spatial variation across sites, reflecting a
combination of inherent differences between species, species
replacement along environmental gradients, and acclimation by
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the species present (e.g. Atkin et al., 2015; Wang et al., 2020;
Zhu et al., 2021).

Downregulation of Rd,25 with warming is expected to reduce
the positive carbon-climate feedback (Ballantyne et al., 2017;
relative to the hypothetical case where such downregulation does
not occur). However, there is no accepted, quantitative theory to
predict the acclimation of Rd,25 in response to environmental
change (Vanderwel et al., 2015). Many land surface models
(LSMs) still neglect temporal acclimation of Rd,25 and also over-
simplify spatial patterns by assuming a fixed Rd,25 for each of a
limited number of plant functional types (PFTs; Crous
et al., 2022).

Three hypotheses have been advanced to explain the temporal
and/or spatial regulation of Rd,25. The first (H1) is that Rd,25
acclimates to the daily (24 h) average temperature (Tdaily) during
the past few days (Atkin et al., 2015), declining linearly with
increasing Tdaily according to an empirical function. Some LSMs
(e.g. JULES, CABLE, ELM) implement temporal acclimation
via H1 (Huntingford et al., 2017; Haverd et al., 2018; Zhu
et al., 2019; Butler et al., 2021). They assign empirical, PFT-
specific parameter values (leaf nitrogen content and the rate of
thermal acclimation), thereby introducing additional uncertain-
ties (Smith & Dukes, 2013; Lombardozzi et al., 2015; Collalti
et al., 2020).

The second (H2) and third (H3) hypotheses represent differ-
ent expressions of the coupling between Rd and photosynthetic
capacity (expressed as the maximum rate of Rubisco carboxyla-
tion, Vcmax). H2 proposes that Rd,25 acclimates to prior tempera-
tures during the night, keeping night-time Rd not quite constant
but within a modest window of variation (Reich et al., 2016,
2021). H2 implicitly expresses the coupling between Rd and
Vcmax, as higher Vcmax would result in higher respiratory ATP
demand during the night (related to Tnight) for the greater degra-
dation and export of photosynthetic products (Stitt &
Schulze, 1994; Turnbull et al., 2002), while failure of this process
would lead to feedback inhibition of Vcmax (Lee et al., 2005;
Tcherkez et al., 2017; Crous et al., 2022). Based on repeated
observations from a long-term warming experiment in Minnesota
(B4WarmED: Boreal Forest Warming at an Ecotone in Danger
experiment), Reich et al. (2016, 2021) showed that seasonal and
climate change-induced variations in Rd,25 were indeed consistent
with an acclimatory response to antecedent average night-time
temperatures (Tnight) and more so than to antecedent Tdaily. Field
experiments on wheat have also shown that respiration acclimates
to antecedent Tnight (Posch et al., 2021).

H3 proposes instead (although the ideas are more complemen-
tary than exclusive) that Rd,25 tends to maintain a fixed ratio to
Vcmax,25 (Wang et al., 2020), as assumed in the standard model
of photosynthesis (Farquhar et al., 1980). H3 can be motivated
by the fact that Vcmax depends on the maintenance of Rubisco
and other Calvin cycle enzymes via ATP-dependent protein
synthesis in the light (Berry et al., 1986). Rubisco constitutes a
substantial fraction (about a half) of total leaf protein (Spreitzer
& Salvucci, 2002; Di Stefano et al., 2018), and a significant part
of the energy supplied by Rd in mature leaves is used to support
protein turnover. H3 thus implies that Rd reflects a requirement

to maintain a given amount of Rubisco (Wang et al., 2020).
Moreover, according to the ‘coordination hypothesis’, long-term
average Vcmax tends towards an optimum (Vcmax,opt), whereby the
Rubisco-limited photosynthetic rate equals the electron-transport
limited rate (Chen et al., 1993; Haxeltine & Prentice, 1996;
Maire et al., 2012), which in turn depends on light. Vcmax

appears to be related most closely to midday conditions, allowing
plants to make use of all the available light (Yamori et al., 2006;
Mengoli et al., 2022). Wang et al. (2020) applied H3, together
with the coordination hypothesis, to explain spatial patterns in
Rd. They showed that H3 predicted the observed relationship
between Rd,25 and prevailing growth temperature among sites in
different climates.

H2 and H3 both link Rd with Vcmax: H3 explicitly and H2
implicitly because: higher Vcmax likely results in higher rates of
CO2 fixation, greater starch accumulation and greater rates
of starch degradation and sucrose export at night, resulting in
higher respiratory ATP demand; and failure to process the pro-
ducts of photosynthesis would quickly lead to inhibition of
Vcmax. H3 on the contrary disregards the role of Tnight in regulat-
ing Rd,25 as shown, for example, by Reich et al. (2021).

Vcmax is related to leaf nitrogen (N) concentration, considered
as a controlling variable in H1. Higher N concentrations are asso-
ciated with greater demand for respiratory energy for protein
turnover (Reich et al., 2008; Tjoelker et al., 2008; Rogers, 2014).
However, as a significant amount (c. 20–60%) of leaf N is struc-
tural (Lamport, 1966; Onoda et al., 2004; Takashima
et al., 2004), there is not a unique relationship between leaf N
and metabolic activity (Dong et al., 2017, 2022). H2 and H3
may therefore both be considered closer to the underlying physio-
logical processes than H1.

Here, we propose a fourth hypothesis (H4) that combines
aspects of H2 and H3. We hypothesize that Rd,25 acclimates to
night-time temperature, in such a way as to support Vcmax,25 at a
level which, in turn, acclimates to daytime meteorological condi-
tions following the coordination hypothesis. Thus, we allow sea-
sonal and spatial variation in Vcmax,25 to influence the respiratory
demand, while assuming that this demand is mainly satisfied by
respiration at night. That is, Rd acclimates to environmental
changes both at night (for starch degradation and sucrose export)
and during the day (for the regeneration of Rubisco), so as to pro-
vide just the right amount of ATP to support an optimal Vcmax.

The time scale of Rd acclimation is a separate question that
applies equally to all hypotheses. Early experimental studies indi-
cated that acclimation occurs within a few days of exposure to
temperature changes (Atkin et al., 2000; Bolstad et al., 2003;
Lee et al., 2005). Applications of H1 have assumed that Rd,25
acclimates to Tdaily at a time scale of 10 d (Huntingford
et al., 2017; Butler et al., 2021). These studies did not test what
averaging period for prior temperatures best-predicted observa-
tions. Based on analysis of data from B4WarmED, Reich
et al. (2021) found that acclimation (following H2) was best
explained (in terms of goodness of fit to observations) by some-
what longer prior time periods. Gymnosperms showed two peaks
at 5–10 and 40–60 nights; angiosperms showed a single broad
peak at 30–60 nights.
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Assuming a mechanistic linkage between Rd and Vcmax, an
acclimation time scale of 1–2 wk is plausible, given that the accli-
mation of Vcmax to the environment is achieved by regulating the
amount of Rubisco in the leaf and the half-life of Rubisco is c.
1 wk (Simpson et al., 1981; Yamori et al., 2006; Atkin
et al., 2008). This time scale is further supported by measure-
ments on Pinus sylvestris over a full growing season, showing
acclimation of Vcmax on a time scale of 14 d (Mäkelä et al.,
2008); and by a recent modelling study, showing that observed
diurnal cycles of gross primary production based on eddy-
covariance flux measurements were best predicted when the time
scale of Vcmax acclimation was set at 15 d (Mengoli et al., 2022).

In this study, we compared the predictive power of the four
alternative hypotheses, with a principal focus on H4, considering
both acclimation through the growing season in the B4WarmED
experiment and geographic patterns in a large data set spanning a
range of climates. We also tested the timescales of acclimation, by
comparing the goodness of fit achieved at different averaging peri-
ods. Finally, we quantified the impact of including a realistic treat-
ment of Rd acclimation on the global carbon cycle, by comparing
estimates of the annual global carbon release via acclimated leaf
respiration predicted by four hypotheses over the past two decades
to LSM-derived estimates in which the long-term response of Rd in
the field is (unrealistically) equated to its instantaneous response, as
measured, for example by Heskel et al. (2016) and others.

Materials and Methods

Respiratory acclimation hypotheses

Key features of H1–H4, as implemented here, are summarized in
Table 1 and Supporting Information Fig. S1. H1 states that the
acclimation of Rd,25 is driven by leaf nitrogen content (n1,a) and
the average daily mean temperature (Tdaily) over the past 10 d
(Huntingford et al., 2017). Plant functional type-specific para-
meters (i.e. r0, r1, r2 and n1,a) were estimated from Atkin
et al. (2017).

H2 states that Rd,25 acclimates to the average night-time mean
temperature (Tnight) during an averaging period of 3–60 nights.
This implies a tendency towards a constant value of Rd evaluated
at the acclimated temperature (Rd,accl). There is little difference
between Rd,accl values fitted using control or warming samples

(0.48 and 0.43 CO2 m�2 s�1 respectively). Therefore, we esti-
mated Rd,accl as 0.45 μmol CO2 m�2 s�1, the mean value of all
field measurements including the control and warming samplings
in the B4WarmED experiment (Reich et al., 2021). We applied
the empirical equation from Heskel et al. (2016) to evaluate Rd at
acclimated temperatures (Taccl):

Rd,accl ¼ Rd,25 � f r T acclð Þ Eqn 1

f r T acclð Þ ¼ exp 0:1012 T accl�25ð Þ�0:0005 T 2
accl�252

� �� �
Eqn 2

H3 states that Rd,25 tends to maintain a constant ratio to an
optimal value of Vcmax,25. We estimate this ratio as 0.03, the
mean value of all field measurements in Wang et al. (2020).

Optimal Vcmax,25 at the whole-canopy scale was then predicted
by the big-leaf framework in two steps. First, Vcmax,opt was
assumed to acclimate to average midday environmental condi-
tions (temperature, pressure, atmosphere CO2 concentration,
vapour pressure deficit (VPD), and the light absorbed by the
leaves (Iabs)) during the prior 15 d (Mengoli et al., 2022) and was
predicted from the coordination hypothesis (Wang et al., 2017a;
Smith et al., 2019a; Jiang et al., 2020; Mengoli et al., 2022;
Fig. S2) as follows:

V cmax;opt ¼

ϕ0I abs c i þ Kð Þ= c i þ 2Γ�ð Þ½ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c�

c i þ 2Γ�ð Þ
c i�Γ�ð Þ

� �2=3( )vuut
Eqn 3

where φ0 is the intrinsic quantum efficiency of photosynthesis
(mol mol�1) derived from an empirical temperature-dependent
function fitted to experimental data by Bernacchi et al. (2003).
Iabs is the light absorbed by the leaves (μmol m�2 s�1), which is
the product of the fraction of absorbed photosynthetically active
radiation (fPAR) and incident solar radiation (Wm�2) with a con-
version factor of 2.04 μmol J�1 (Meek et al., 1984). K is the effec-
tive Michaelis–Menten coefficient of Rubisco (Pa), and Γ* is the
photorespiratory compensation point (Pa). Both K and Γ* are
temperature-dependent. c* is a cost factor for electron-transport

Table 1 Four respiratory acclimation hypotheses.

Hypotheses Equations Factors controlling Rd,25

Acclimation
time scale Empirical parameters References

H1 Rd,25 ¼ r0 þ r1n1,a�r2Tdaily Daily average temperature (Tdaily), leaf
nitrogen content (n1,a)

10 d PFT-specific r0, r1, r2
and n1,a

Huntingford
et al. (2017)

H2 Rd,25 ¼ Rd,accl=f r Tnight

� �
Night-time average temperature (Tnight) 1–90 d Rd,accl = 0.45 μmol

CO2 m
�2 s�1

Reich et al. (2021)

H3 Rd,25 ¼ b25Vcmax,25 Maximum capacity of carboxylation at 25°C
(Vcmax,25)

15 d b25 = 0.03 Wang et al. (2020)

H4 Rd,25 ¼ b
fv Tdayð Þ
f
r Tnightð Þ Vcmax,25 Vcmax,25, Tnight, daytime temperature (Tday) 1–90 d b = 0.018 This study

Rd,25 represents the value of Rd (dark leaf respiration) adjusted to a 25°C. Rd,accl indicates the value of Rd evaluated at the acclimated temperature. fr is the
temperature response of Rd (Heskel et al., 2016), while fv is the Arrhenius equation.
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capacity, estimated as 0.41 (Wang et al., 2017a). ci is the leaf-
internal CO2 partial pressure (Pa), estimated by the least-cost
hypothesis as a function of ambient partial pressure of CO2, tem-
perature, atmospheric pressure and VPD (Wang et al., 2017a,b).
The functions for determining φ0, K, Γ* and ci are all described
in Fig. S2. All climatic variables were calculated as daytime
averages over the past 15 d except for the instantaneous VPD (in
order to account for the fast response of stomata to VPD). For
C4 plants, Vcmax,opt was predicted by assuming both (ci + K)/
(ci+ 2Γ*) and (ci + 2Γ*)/(ci – Γ*) to be close to unity (Scott &
Smith, 2022), with φ0 estimated following Cai & Prentice
(2020).

Second, we estimated Vcmax,opt at 25°C by inverting the Arrhe-
nius equation:

V cmax,25 ¼ V cmax,opt � f v
�1 T acclð Þ Eqn 4

f v T acclð Þ ¼ exp ΔH a=Rð Þ T accl�25

298:15 T accl þ 273:15ð Þ
� �

Eqn 5

where ΔH a is the activation energy of Vcmax (65 330 J mol�1,
Bernacchi et al., 2001). R is the universal gas constant
(8.314 J mol�1 K�1) and Taccl is the average midday temperature
over the past 15 d. We considered using more complex, peaked
functions (Kumarathunge et al., 2019, coloured curves in
Fig. S3) instead of the Arrhenius equation, but the added com-
plexity made almost no difference (Fig. S3) – due to the fact that
most of the observations (B4WarmED, GlobResp and leaf car-
bon exchange (LCE)) fell to the left-hand side of the peak.

H4 states that Rd,accl is proportional to Vcmax,opt. We estimated
the proportionality factor as 0.018 based on the combined data-
set (see the details in the next section). Similar to H2, Rd,accl can
be represented as a product of Rd,25 and a function of Taccl

(Eqns 1, 2), which is taken to be Tnight averaged over the prior
nights. Vcmax,opt can also be represented as product of Vcmax,25

and a function of Taccl (Eqns 4, 5), where Taccl is given by prior
daytime temperatures averaged over the same period as Tnight.

Unlike the explicit acclimation time scale for H1 (10 d) and
H3 (15 d), the predictions of H2 and H4 were assessed based on
their best performance over averaging periods ranging from 1 to
90 d. The four hypotheses were then evaluated by comparing
their predictions with the observations.

Respiration and climate data

We used three Rd,25 datasets (Fig. S4): B4WarmED (Reich
et al., 2021), the Global Leaf Respiration Database (GlobResp:
Atkin et al., 2015) and (LCE: Smith & Dukes, 2017, 2018) data
set (Table S1). B4WarmED includes multi-year (2009–2013)
measurements of Rd from 10 species grown at ambient tempera-
ture and at 3.4°C above ambient temperature. B4WarmED also
records the prior night-time (when the sun elevation was < 0°,
i.e. below the horizon), daytime (9:00–15:00 h), 24 h tempera-
tures and 24 h VPD, averaged (across all 30-min averages) for the
prior 1–90 d (or nights) at the site level, which are used to drive
the predictions. (Daytime here is defined differently from

Mengoli et al., 2022, who used the average of 11:30, 12:00 and
12:30 to represent midday. The difference is however relatively
small compared with the spatial and temporal variation in day-
time temperature.)

We combined GlobResp and LCE to create a spatial data set.
GlobResp provides measured Rd,25 for 899 species at 100 sites
world-wide. We determined the exact sampling dates from pub-
lished papers and field documents to extract the prior environ-
mental conditions for each sample from a global forcing dataset.
LCE contains Rd field measurements with known sampling dates
of 98 species from sites in North and Central America spanning
53° of latitude.

All three datasets followed a similar measurement protocol:
Fully expanded leaves were taken in the morning and were mea-
sured in a darkened chamber after at least 10 min dark adjust-
ment. GlobResp provides Rd,25 directly; LCE and B4WarmED
provided measured leaf temperature, so instantaneous Rd (Rd,ins)
at the measured temperature (Tins) could be adjusted to the stan-
dard 25°C according to Rd,ins = Rd,25∙fr (Tins) (Heskel et al.,
2016). After excluding samples for which no measurement date
was recorded, the dataset compiled from B4WarmED, GlobResp
and LCE provided a total of > 3500 Rd,25 samples from 2006 to
2016 covering 53 sites (Table S1). Most of the samples were from
C3 plants, but there were 121 samples from C4 plants. The com-
piled dataset also provides measured Vcmax; thus, we used this
combined dataset to derive the factor b in H4 (0.018) as the
mean ratio of measured Rd and Vcmax. The term Rd,accl in H2 was
estimated (0.45 μmol CO2 m

�2 s�1) as the mean Rd of all field
measurements from B4WarmED. The term b25 in H3 was esti-
mated (0.03) based on the combined LCE and GlobResp dataset
using the mean ratio of measured Rd,25 and Vcmax,25. Rd,25 at the
canopy level predicted by H3 and H4 was downscaled by leaf
area index (LAI) to the average-canopy Rd,25 for further compari-
son with the observations, because the field sampling involved
collecting leaves developed at a range of irradiances at different
levels in the canopy. From the top to the bottom of the canopy,
H3 and H4 predict that leaf-level Rd,25 decreases along with
Vcmax,25 in accordance with light exposure, following Beer’s law
as shown in Fig. S5.

The environmental inputs needed to predict Rd,25 for each
sample in the spatial data sets, and to simulate global leaf respira-
tion, were obtained from global gridded datasets. The WATCH
Forcing Data Methodology applied to ERA5 (WFDE5) includes
global bias-corrected meteorological variables, with a spatial reso-
lution of 0.5°, hourly from 1979 to 2019 (Cucchi et al., 2020).
Here, we selected the WFDE5 air temperature, air pressure, spe-
cific humidity and solar radiation as the meteorological variables
and averaged the hourly data to daytime, night-time and 24 h
values for the prior 1 to 90 d (or nights). Vapour pressure deficit
was calculated based on air temperature and specific humidity
following Buck (1981). Global monthly atmospheric CO2 con-
centration was obtained from the National Oceanic and Atmo-
spheric Administration (NOAA; Ballantyne et al., 2012). To
eliminate the effect of clouds, LAI from the reprocessed MODIS
LAI v.6 product (Yuan et al., 2011) was used to estimate fPAR
from Beer’s law with k= 0.5 (Dong et al., 2017). The
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reprocessed version provides a global 8-d LAI at 0.5° from 2001
to 2020, which was linearly interpolated to yield daily LAI. For
the prediction of Rd,25 for individual samples, we used location
and sampling date to extract the appropriate environmental
inputs before the sampling date. For the global simulation, we
used gridded forcings at 0.5° resolution from 2001 to 2019.

Data analysis

Statistical analysis focused on testing the factors controlling Rd
acclimation and identifying the time scale of Rd acclimation at the
species and community levels. For B4WarmED, the community
level was the average of all repeated samples within 1 d of the year
(DOY, hereafter ‘doy-mean’). The variations of doy-mean Rd,25
represent temporal acclimation to seasonal environmental changes.
For the dataset created by combining GlobResp and LCE, the
community level was the average of all samples at a given site (here-
after ‘site-mean’). Site-mean Rd,25 includes the combined effects of
species selection and acclimation across climatic gradients.

The predictions of H2 and H4 were assessed based on their
best performance over averaging periods ranging from 1 to 90 d.
We then calculated the predictive ability (R2) and root mean
square error (RMSE) of each hypothesis driven by differing fac-
tors compared with the observed Rd,25, both temporally (in
B4WarmED) and spatially (in GlobResp + LCE). After evaluat-
ing the performance of each of these hypotheses, we calculated
the R2 and RMSE between observations and predictions of the
hypothesis with best performance among the four hypotheses
using averaging periods of 1–90 d for the predictions. We identi-
fied the acclimation time scale as the period yielding the lowest
RMSE. Although the maximum R2 has been used to identify the
time scale of acclimation, for example by Reich et al. (2021), we
found that R2 tends to plateau with increasing time-window
width irrespective of the true time scale of acclimation when the
dependent and independent variables are nonlinearly related (see
details in Fig. S6). The longer timescales indicated by the maxi-
mum R2 are likely caused by smoothing over a longer time inter-
val, which reduces random variation. Unlike R2, RMSE here
shows a clear minimum – and thus provides a more robust indi-
cation of the acclimation time scale (Fig. S6).

We used bisquare-weighted robust regression (Imhoff
et al., 2007; Zacksenhouse et al., 2009) since this reduces the
effect of outliers on the regression results by assigning smaller
weights to outliers. We used the ROBUSTFIT package in MATLAB to
perform regressions of Rd,25 observation and prediction, which
returned the weighted RMSE. The weighted R2 was calculated as:

R2 ¼ 1�
∑
i¼n

i¼1

wi yi�f i

� �2h i

∑
i¼n

i¼1

wi yi�y
� �2h i Eqn 6

where the wi are the weightings (from 0 to 1) for each data point
i, the yi are the observed values, the f i are the predicted values,
and y is the mean observed value.

Global impact of acclimation

We compared global leaf respiration from 2001 to 2019 in simu-
lations with acclimation (Case 0) and without acclimation
(Case 1). For Case 0, acclimation was incorporated using each of
the four acclimation hypotheses. Comparison between the Case 0
simulations allows us to explore the effects of different
approaches to acclimation. For the Case 1 simulations, we
adopted the PFT-specific Rd,25 parameters from four LSMs:
NOAH-MP (Niu et al., 2011), JULES (Clark et al., 2011),
CLM4.0 (Bonan & Levis, 2010) and ORCHIDEE (Krinner
et al., 2005). Although each of the four LSMs treats Rd,25 as a
PFT-specific parameter, they parameterize Rd,25 differently. We
therefore assessed the impact of acclimation by comparing the
Case 0 simulations to the ensemble mean of the four LSMs to
reduce the uncertainty due to dependence on a single model for-
mulation. NOAH-MP provides parameter values of Rd,25 for
each PFT in a look-up table; the other three LSMs use leaf age
and nitrogen content to calculate Rd,25 for each PFT. PFT-Rd,25
for these three models were derived from the PFT-specific
Vcmax,25 using the coefficients of proportionality 0.015 (C3

plants) and 0.025 (C4 plants) (Collatz et al., 1991; Clark
et al., 2011), which has the same meaning as the term b25 in H3
(see Table. 1). This simplification is acceptable here because we
are concerned with the temporal trend in global Rd rather than its
absolute magnitude. To compare the temporal changes in Rd
more clearly, we rescaled the Rd simulated by different schemes
using Rd in 2001 from H4 as the base value. Driven by the same
inputs, the difference in the temporal changes in Rd simulated by
Case 0 and Case 1 indicates the impacts of acclimation on global
leaf respiration.

Results

Factors controlling the acclimation of leaf respiration

Tnight and Vcmax together best explained the temporal variations
of Rd,25, which was predominantly controlled by Tnight (Fig. 1a–d).
The two hypotheses that accounted for the effect of Tnight, H2 and
H4, explained the variability of doy-mean Rd,25 derived from
B4WarmED consistently better than H3, which considered only
the effect of Vcmax,25, or H1, which considered the effects of Nleaf

and Tdaily (Fig. 1a–d). H4 had slightly greater explanatory power
overall (R2= 0.31) than H2 (R2= 0.29; Fig. 1b,d), but species var-
ied in this respect (Fig. S7). Half of the species showed>10 percen-
tage point improvements in R2 under H4 as compared to H2.
Consistent with the pattern shown by R2, RMSE of seven species
showed > 0.02 μmol CO2 m

�2 s�1 improvement under H4 com-
pared with H2.

H4, combining the effects of Tnight and Vcmax, best captured
the magnitude of the temporal variations of Rd,25. The observed
doy-mean Rd,25 varied from 0.57 to 2.17 μmol CO2 m�2 s�1.
H1 displayed the smallest changes among the four hypotheses
(Fig. 1a–d), with estimated doy-mean Rd,25 varying more nar-
rowly (between 1.11 and 1.64 μmol CO2 m

�2 s�1), and a general
overestimation. Compared with H1, H3 better demonstrated the
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variation in smaller respiration rates, but underestimated larger
respiration rates with estimated doy-mean Rd,25 varying from
0.57 to 1.52 μmol CO2 m

�2 s�1. The ranges of variation in doy-
mean Rd,25 under H2 and H4, from 0.68 to 2.19 μmol CO2

m�2 s�1 and from 0.63 to 2.06 μmol CO2 m
�2 s�1, respectively,

were broadly consistent with the observed range, while the line
fitted under H4 was closer to 1 : 1.

Geographic variation in observed site-mean Rd,25 (Fig. 1e–h)
was also best explained by the combined effects of Tnight and
Vcmax (R

2= 0.75). The relatively good fit of H3 (R2= 0.65) indi-
cated that this was primarily the result of variability in Vcmax,25.
However, the improvement (by 10 percentage points) in R2 from
H3 to H4 implies that additional pattern was captured by the
consideration of Tnight as well as Vcmax,25. Tdaily and Nleaf (H1;
R2= 0.48) and Tnight alone (H2; R2 = 0.36), represented the geo-
graphic variation of Rd,25 less well than H3 or H4.

Accounting for the degrees of freedom, the importance of
Tnight and Vcmax for Rd,25 was further supported by AIC (Akaike
information criterion), which was smallest for H4 (Fig. 1). Com-
pared with the results mixing both factors and timescales (Fig. 1),
the comparisons using the fixed time window (e.g. 15 d) between
four hypotheses (Fig. S8) also showed that H4 had the best

performance, providing solid evidence for the importance of both
Tnight and Vcmax in regulating Rd,25.

Time scales of acclimation

The best prediction (lowest RMSE) for temporal variations in
Rd,25, considering all species together, under H4 was obtained for
the 15-d averaging period (Fig. 2a). The median RMSE of
observed Rd,25 and predicted Rd,25 declined from 0.43 to
0.15 μmol CO2 m�2 s�1 for B4WarmED (Fig. 2a) as the aver-
aging period was increased from 1 to 15 d. RMSE remained
almost stable from 15 to 45 d, implying that acclimation might
continue for longer than 15 d; but RMSE did not improve after
15 d, indicating that most acclimation was accomplished within
15 d. RMSE increased again as the time window was lengthened
from 45 to 90 d.

R2 variations were broadly consistent with the optimal time
scale of acclimation indicated by the RMSE. Median R2 for the
10 species was 0.37 at the 15-d time scale, lower than the value
of 0.46 obtained at the 45-d time scale, but there was little differ-
ence in the 25th and 75th percentile of R2 values between the
15-d and 45-d averaging periods.

Fig. 1 Scatter plots of natural-log transformed Rd,25 between observations and predictions according to the four hypotheses using their best-
performing acclimation timescales for H2 and H4 while fixed acclimation time scales for H1 and H3 (10 and 15 d, respectively). The controlling
factors are daily averaged temperature (Tdaily), leaf nitrogen content (Nleaf), night-time averaged temperature (Tnight) and maximum capacity of
carboxylation at 25°C (Vcmax,25). The temporal observations are from the B4WarmED dataset (a–d) and the spatial observations are from the
combined GlobResp and leaf carbon exchange (LCE) datasets (e–h). Mean values are the average of all species within the sampling day
(doy_mean, a–d) or site (site_mean, e–h), respectively. S.D. means the standard deviation. The solid black line is the fitted line of the robust
regression, and the dashed line represents the 1 : 1 line. R2 and root mean square error (RMSE) are the weighted coefficient of determination
and weighted root mean square error between observed and predicted Rd,25. AIC is the Akaike information criterion, which quantifies the
performance of alternative hypotheses after accounting for the different degrees of freedom. All statistical analyses are based on the doy_mean
values (a–d) or site site_mean values (e, f).
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Supported by the measurements from the combined GlobResp
and LCE datasets (Fig. 2b), the 15-d averaging period emerges as
the best according to the RMSE criterion, as well as being consis-
tent with physiological expectations. Derived from the spatial
analysis, the median RMSE for four PFTs declined from 0.91 to
0.67 μmol CO2 m�2 s�1 as the averaging period was increased
from 1 to 15 d, while the median R2 stabilized after 15 d. But as
this analysis was based on single measurements at each site (rather
than repeated measurements over a season), it reflects a combina-
tion of species replacement along environmental gradients and
acclimation by the species present and provides weaker evidence
for the time scale, and cannot meaningfully distinguish among
the longer time scales.

H4 with an acclimation time scale of 15 d captured both the
observed seasonal cycle and latitudinal trend in Rd,25 derived
from B4WarmED dataset and from the combined GlobResp
and LCE dataset, respectively (Fig. 3). The multi-year weekly
mean observation in Rd,25 for all species showed some seasonal
pattern, with highest Rd,25 at the beginning and end of the
growing season. The median predictions in Rd,25 for different
weeks were close to the median observations, with an RMSE of
0.16 μmol CO2 m�2 s�1 and an R2 of 0.74. The model also
predicted the median Rd,25 in different latitudinal bins reason-
ably well (R2= 0.68), although it underpredicted values in the
equatorial band (7.5°N to 7.5°S, Fig. 3b). This underestimation
was likely related to the predicted Vcmax,25 in our hypothesis,
and it was improved after using observed Vcmax,25 as the input
of H4. H1 yielded unrealistically muted variations of Rd,25 in
both time and space (R2= 0.34 and 0.27, respectively;

Fig. S9a1,b1). H2 performed well for temporal patterns only,
while H3 performed well for spatial patterns only (Fig. S9a2,a3,
b2,b3).

The impact of acclimation on global leaf respiration

Global simulations using H4 showed readily interpretable spatial
patterns. Average-canopy Rd,25 was larger at high latitudes than
in the equatorial zone (Fig. 4a), while whole-canopy Rd decreased
from the equator towards the poles (Fig. 4b). Plants in tropical
regions tended to minimize their Rd,25, with a mean Rd,25 of
0.43 μmol CO2 m

�2 s�1, while plants in cold regions tended to
have higher Rd,25. In high-altitude regions (including the Rocky
Mountains, the Andes and the Tibetan Plateau), Rd,25 was signifi-
cantly higher (up to 3.82 μmol CO2 m�2 s�1) than in low-
elevation areas at the same latitude, due to the climate conditions
(low temperature and high solar radiation). After predicting Rd,25
by H4, the global carbon emission from whole-canopy leaf
respiration was simulated. The simulations showed that the
tropical forest regions – the Amazon, Congo Basin and SE Asian
rainforests – had relatively high total leaf respiration, despite low
leaf-level Rd,25. H3 produced a similar spatial distribution of
whole-canopy leaf respiration to H4 (Fig. S10c), while H1 and
H2 simulated higher Rd, especially in the tropics (Fig. S10a,b).

Total global leaf respiration increased from 2001 to 2019 with
the most significant increase between 2001 and 2005 (Fig. 5a),
according to our H4 simulation, due to the increasing LAI. The
overall magnitude of change in global Rd between 2001 and
2019 was an 8% increase in 2019 compared with 2001, from

Fig. 2 Estimating the acclimation time scale
of leaf respiration. The relationship (R2 and
root mean square error (RMSE)) of doy-
mean Rd,25 observations to Rd,25 predictions
according to H4 for different numbers of
prior days, derived from (a) the B4WarmED
dataset and (b) the combined GlobResp and
leaf carbon exchange (LCE) dataset.

Fig. 3 Seasonal (a) and latitudinal (b)
variations of Rd,25 predicted by H4 with an
acclimation time scale of 15 d. The boxplot
indicates the observed Rd,25 (25

th percentile,
75th percentile and median; maximum and
minimum for the whiskers) (a) weekly
averaged for 2009–2013 or (b) site-averaged
in the 7.5° latitudinal bands. The black curves
show the variations of observed median
Rd,25. The points are the predicted Rd,25

using predicted Vcmax,25 (blue points) and
observed Vcmax,25 (grey points) as H4’s
inputs, respectively. R2 and root mean square
error (RMSE) are based on the predicted
Rd,25 using our predicted Vcmax,25. LCE, leaf
carbon exchange.
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25.3 to 27.2 PgC yr�1. The initial increase in global Rd was
mainly caused by increased leaf biomass (indicated by LAI, see
Figs S11a, S12a). The recent reduction in global Rd was driven
by decreased solar radiation (Figs S11b, S12a). The generally
increasing trend in global Rd was largely driven by warming and
an increase in canopy biomass (Figs S11a,c, S12a), although
changes in solar radiation and VPD also influenced Rd. At the
global scale, the averaged response of Rd to solar radiation was
largely mediated by LAI. Even though average solar radiation
showed a dimming trend globally (Fig. S11b), the LAI in the
brightening region was higher than that in the dimming region
(Fig. S13) and therefore dominated the positive trend in the
globally averaged response of Rd. Driven by the increasing LAI,
the LSM simulations and other three hypotheses all showed an
increasing trend in global Rd (Figs 5a, S12b).

The ensemble mean increase between 2001 and 2019 was
16% (Fig. 5a) – > 50% higher than the increase shown by H4
after accounting for acclimation of Tnight and Vcmax. Decreasing
Vcmax,25 primarily explains the smaller increase in Rd produced
by H4 (Fig. S14a). The absolute value of the ensemble mean
increase was 4.3 PgC yr�1, compared with only 1.9 PgC yr�1 for
H4. However, when using a fixed Vcmax,25 (Fig. S14a), H4 pro-
duced a large increase in Rd similar to that simulated by the
LSMs. From 2001 to 2019, globally averaged Vcmax,25 continued
to decrease, in response to both warming and increasing atmo-
spheric CO2 concentration (Fig. S14b). The increase in Rd from
2001 to 2019 according to H4 was lower over 80% of the globe
(Fig. 5b) than that shown in the LSM simulations. However, H4
simulated a stronger Rd increase than the LSM simulations (i.e.
positive ΔRd) in a limited number of regions. This appears to be

Fig. 4 Spatial patterns of (a) average-canopy
Rd,25 and (b) annual whole-canopy leaf
respiration from 2001 to 2019 simulated
using H4. Average-canopy Rd,25 in panel (a)
was simulated using the average
environmental states for 2001–2019. The
value of each grid was a weighted sum of the
proportion of C3 and C4 plants. The
distribution C3 and C4 plants was taken from
Still et al. (2003).

Fig. 5 Impact of acclimation on global leaf respiration from 2001 to 2019. (a) Simulated temporal changes in global total annual leaf respiration from 2001
to 2019. The black curves were simulated under the four acclimation hypotheses, H1, H2, H3 and H4. The red curve with shaded area shows the ensemble
mean and range of the NOAH-MP, JULES, CLM4.0 and ORCHIDEE simulations. All predictions except H4 were rescaled based on the value of H4 in 2001.
(b) The spatial distribution of the difference in Rd of H4 (solid black curve) and the ensemble mean (solid red curve) in 2019 (ΔRd). The global total annual
leaf respiration in (a) is the sum of Rd flux (unit: gC yr�1 per m2) of each 0.5° grid cell multiplied by the area of the grid.
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caused by higher Rd,25 due to the brightening-induced increase in
carboxylation capacity (Fig. S15).

Discussion

Respiratory acclimation is driven jointly by night-time
temperatures and Vcmax

We have provided an approach to simulate both temporal and
spatial variation in Rd,25 based on the hypothesis that Rd,25 is
jointly controlled by prior Tnight and Vcmax. Previous studies
(Atkin et al., 2008; Searle et al., 2011; Reich et al., 2021) have
emphasized the importance of temperature variation on the sea-
sonal acclimation in leaf respiration and explored whether day or
night-time temperatures mattered more. Here, we have shown
that predictions based on Tdaily explained only 13% of the varia-
bility in the Rd,25 time series (Fig. 1a), compared with 29%
explained by Tnight (Fig. 1b). Bruhn et al. (2022) found that mea-
surements during the day of dark-adjusted Rd would overestimate
night-time Rd, due to temperature-normalized rates of the latter
decreasing through the night. These results suggest that the use of
Tdaily to express Rd acclimation in models (Atkin et al., 2008;
Huntingford et al., 2017) is not sufficient to capture the full
impact of growth temperature on leaf respiration. Although the
effect of Vcmax on Rd,25 at the local scale was relatively small (and
not apparent for all species), Vcmax has a large spatial variability
and its effect on the spatial pattern of Rd is substantial. Wang
et al. (2020) analysed field measurements from > 100 sites glob-
ally and concluded that Rd,25 was consistent with the acclimation
of optimal photosynthetic capacity, with a sensitivity of �4.4%
°C�1. Our results showed a significant contribution of Vcmax,25

to the spatial variation of Rd,25, with an R2 of 0.65, consistent
with Wang et al. (2020)’s findings.

Apart from the temperature effect, our hypothesis links Rd and
Vcmax and therefore predicts other environmental impacts on Rd
via Vcmax. In addition to the contribution of increasing atmo-
spheric CO2 concentration to the reduction in Vcmax,25

(Fig. S14b), warming also leads to decreasing Vcmax,25 – leading
to a smaller Rd increase by H4 from 2001 to 2019. Increasing
VPD is expected to have a positive impact on Rd,25, due to higher
Vcmax,25 accompanying higher VPD (Smith et al., 2019a). As pre-
dicted by the least-cost hypothesis, under higher VPD, plants
tend to increase investment in Rubisco to compensate for the
lower CO2 supply induced by stomatal closure (Prentice
et al., 2014). However, relatively few studies have analysed the
effect of VPD on Rd,25; and results have been inconsistent. For
example, Zhu et al. (2021) showed that Rd,25 increased with
VPD to meet the energy requirements for repair of cellular
damage associated with desiccation, while Reich et al. (2021)
showed that Rd,25 decreased with increased VPD. The difference
in the response of Rd,25 to VPD might be related to the different
VPD levels in the two studies: moderate VPD stress in Reich
et al. (2021) leading to a decrease in net photosynthetic rate,
reducing the respiratory substrate and depressing Rd,25; higher
VPD stress in Zhu et al. (2021) leading to cellular damage,
requiring additional respiratory energy for repair. However, the

positive impact of VPD on Rd,25 due to the increasing Vcmax,25 at
higher VPD, which is a consequence of our hypothesis
(Fig. S14b), is consistent with the finding of Zhu et al. (2021).
Further controlled experiments are necessary to explore the effect
of VPD on Rd. Solar radiation would also influence the acclima-
tion of leaf respiration through a similar mechanism (changing
Vcmax) but in the opposite direction (i.e. higher radiation should
lead to higher Rd as a result of increased Vcmax; Fig. S2).

All hypotheses accounted less well for the variations of
B4WarmED samplings (Fig. 1a–d) than they did for that of Glo-
bResp and LCE datasets (Fig. 1e–h). However, H4 captured
74% of the variations of weekly averaged Rd,25 derived from
B4WarmED (Fig. 3a).

All hypotheses yielded better predictions of temporal variation
in Rd,25 for gymnosperms than for angiosperms (Fig. S7). We
speculate that this might reflect our use of air temperature to
represent leaf temperature (to which Rd responds), as there is
expected to be a larger divergence between leaf and air tempera-
tures in broad-leaved angiosperms than in the needle-leaved gym-
nosperms included here. Leaf size is a key trait affecting leaf
temperature (Wright et al., 2017), and broad-leaved angiosperms
have larger leaves with a thicker leaf boundary layer and therefore
reduced sensible heat flux between leaves and air (Gates, 1968).
Thus, all else equal, the larger leaves of angiosperms should
experience a larger leaf-to-air temperature difference (Leigh
et al., 2017). A larger leaf-to-air temperature difference provides
a way to reach optimal temperatures for photosynthesis quickly
on cold mornings, and thus achieve a greater carbon assimilation
(Michaletz et al., 2016). The leaf-to-air temperature divergence
may also explain why the fitted slopes of spatial Rd,25 variations
are < 1 for every hypothesis (Fig.1f–h). When we excluded pairs
with predicted logeRd,25<�0.5, which are predominantly
broad-leaved species, the slopes became closer to 1 (Fig. S16).
Another possible cause of systematic bias is uncertainty in the rea-
nalysis air temperature. WFDE5 temperature has a spatial resolu-
tion of 0.5°, which is coarse for comparisons with experimental
data. This scale mismatch may have introduced some bias into
the simulation results.

Identifying the acclimation time scale

We have shown that the Rd acclimation timescale is about a fort-
night, which is plausible and consistent with the life-cycle of
Vcmax from physiological expectations and multi-sites analysis
(Mäkelä et al., 2008; Mengoli et al., 2022). The acclimation time
scales of Rd estimated in previous studies were diverse, ranging
from 1 to 60 d (Bolstad et al., 2003; Whitehead et al., 2004;
Reich et al., 2021). Reich et al. (2021) used the maximum R2 to
identify the most explanatory time window of the seasonal varia-
tion in Rd,25, and found apparent acclimation time scales for six
angiosperm species ranging from 30 to 60 d (Fig. S17). However,
we found a tendency for R2 to increase towards a plateau with
increasing time scale and showed that this phenomenon can be
replicated in artificial data where the true time scale is known
(Fig. S6). Moreover, similar to Reich et al. (2021), we found two
peaks in R2 between predicted and observed Rd,25 according to
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H2, especially for gymnosperms (e.g. at 8 and 45 d for Picea
glauca; Fig. S17). Searle et al. (2011) also found two peaks in R2

between the basal respiration rate and temperature for two species
of alpine grass, with one at 3–5 d and one at 120 d. RMSE
showed a clear minimum more often than R2 and did not iden-
tify the multiple time scales suggested by R2 values. The RMSE-
based choice of acclimation time scale generally identified a
shorter time scale than that inferred from R2 and furthermore
identified a consistent time scale across different species
(Fig. S17). At the community level, the performance of H4 did
not improve at longer periods (e.g. 30 d), indicating that most
acclimation was accomplished within 15 d (Fig. S18). Due to the
stabilization of average temperatures over longer periods, longer
timescales indicated by the highest R2 probably reflect seasonality
more than short-term plasticity of thermal acclimation. The
extent of acclimation might differ between pre-existing and newly
developed leaves (Campbell et al., 2007). It would also be worth
exploring whether the acclimation time scale is influenced by
location, if sufficient data on temporal variation were available
from different climates.

The impact of respiratory acclimation on the global
carbon cycle

Rd is commonly represented in LSMs as having a steeper tem-
perature response than photosynthesis (Krinner et al., 2005;
Bonan & Levis, 2010; Niu et al., 2011; He et al., 2018). This
representation is not consistent with observations that show Rd
increasing by 3.7% °C�1, whereas the sensitivity of Vcmax to
growth temperature is 5.5% °C�1 (Wang et al., 2020). Hypoth-
eses (H1 and H2) that consider thermal acclimation, but ignore
the effect of Vcmax on Rd,25, produce a similarly strong increase in
global leaf respiration between 2001 and 2019 to LSMs that do
not take acclimation into account (Fig. 5a). This is due to
the relatively weak temperature sensitivities of Rd,25 (e.g.
�0.0402 μmol CO2 m

�2 s�1 per degree Celsius in H1) and the
limited temperature change over the study period (2001–2019;
Fig. S19). Dong et al. (2022) calculated that leaf photosynthetic
N should have declined by 0.27% yr�1 (in proportion with
decreasing leaf-level acclimated Vcmax) from 1986 to 2016, which
would also have led to reduced leaf respiration. Our results show
that the thermal acclimation of Rd coupled with Vcmax (H3 and
H4) was indeed stronger than that estimated by ignoring Vcmax,
as suggested by Dong et al. (2022), demonstrating that Vcmax has
played an important role in the acclimation of Rd. If the Tnight

warming trend continues to be faster than that of Tday (Davy
et al., 2017; Cox et al., 2020), H3 (ignoring the effects of Tnight)
might overestimate the acclimation potential of leaf respiration
by the end of the century.

H4 is a general hypothesis that could straightforwardly be
implemented in LSMs. It does not require PFT-specific para-
meters, and so could provide a simpler and more robust way of
representing dark respiration than the approach used in current
models (Harrison et al., 2021). The constant parameters assumed
in H2–H4 (e.g. Rd,accl in H2) may, however, vary among species
(Fig. S20). It is worthwhile to consider how to improve the

prediction of Vcmax,25 to yield more accurate Rd predictions, espe-
cially in the tropics (Fig. 3b). Further work will be required to
take account of the acclimation of fine roots and stems, given
their different acclimation behaviours and importance in plant
respiration (Hamilton et al., 2002; Smith et al., 2019b), in order
to provide a more comprehensive basis for understanding how
leaf-level respiratory acclimation will impact the carbon cycle.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Flowchart of four respiratory acclimation hypotheses.

Fig. S2 Flowchart of the adjustment of leaf dark respiration (Rd)
to the optimal carboxylation capacity and the past night-time
temperature.

Fig. S3 Temperature responses implied by the use of a simple
Arrhenius curve with fixed parameters (black curve) and

Kumarathunge et al.’s (2019) peaked-Arrhenius curves (coloured
curves) with acclimated parameters.

Fig. S4 Spatial distribution of the field-measured Rd,25 used in
this study.

Fig. S5 Predicted variation of leaf Rd,25 within a LAI= 6 canopy
following Beer’s law.

Fig. S6 Relationship (R2 and RMSE) of artificial y and Te for dif-
fering numbers of prior days (time scales).

Fig. S7 Scatter plots of observed and predicted Rd,25 for 10 spe-
cies derived from B4WarmED dataset using their best-perform-
ing acclimation timescales for H2 and H4 while fixed
acclimation time scales for H1 and H3 (10 d and 15 d, respec-
tively).

Fig. S8 Scatter plots of natural-log transformed Rd,25 between
observations and predictions according to the four hypotheses
using a fixed acclimation time scale of 15 d (nights).

Fig. S9 Seasonal (a1–a3) and latitudinal (b1–b3) variations of
Rd,25 predicted by H1–H3 using the best-performing acclimation
timescale for H3 while fixed acclimation time scales for H1 and
H3 (10 d and 15 d, respectively).

Fig. S10 Spatial patterns of annual whole-canopy leaf respiration
from 2001 to 2019 simulated by H1–H3.

Fig. S11 Temporal changes in global annual averaged leaf area
index (LAI), solar radiation (Srad), temperature (T) and vapour
pressure deficit (VPD) from 2001 to 2019.

Fig. S12 Temporal changes in global annual leaf respiration from
2001 to 2019 simulated by H4 and LSMs under different input
scenarios.

Fig. S13 Comparison of averaged LAI in the dimming and
brightening regions.

Fig. S14 Temporal changes in global annual leaf respiration and
global averaged Vcmax,25 from 2001 to 2019 simulated by differ-
ent input scenarios.

Fig. S15 Spatial distribution of the change in solar radiation:
ΔSrad.

Fig. S16 Scatter plots of natural-log transformed Rd,25 between
observations and predictions for all samples, and excluding sam-
ples expected to have a large temperature divergence according to
H2–H4.

Fig. S17 Relationship (R2 and RMSE) of observed Rd,25 to pre-
dicted Rd,25 according to H2 and H4 for differing numbers of
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prior days (time scales) for 10 species derived from the
B4WarmED (Boreal Forest Warming at an Ecotone in Danger
experiment) dataset (Reich et al., 2021).

Fig. S18 Seasonal and latitudinal variations of Rd,25 predicted by
H4 with an acclimation time scale of 30 d.

Fig. S19 Temporal changes in global average Tdaily and Tnight

from 2001 to 2019 and the sensitivities of H1 and H2 to tem-
perature changes.

Fig. S20 Variations of parameter Rd,accl used in H2 among 10
species derived from B4WarmED dataset.

Table S1 Information about the field-measured Rd,25 datasets
used in this study.

Please note: Wiley is not responsible for the content or function-
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