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Graphical abstract
Public summary

- Autumn VPD is lower than spring VPD at the same air temperature over majority of the extratropical vegetated land

- Photosynthetic capability is significantly higher in autumn than in spring due to lower VPD

- Earth System Models projected continuous larger VPD values in spring as against autumn
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It has been long established that the terrestrial vegetation in spring has
stronger photosynthetic capability than in autumn. However, this study
challenges this consensus by comparing photosynthetic capability of
terrestrial vegetation between the spring and autumn seasons based
on measurements of 100 in situ eddy covariance towers over global ex-
tratropical ecosystems. At the majority of these sites, photosynthetic
capability, indicated by light use efficiency (LUE) and apparent quan-
tum efficiency, is significantly higher in autumn than in spring, due to
lower atmosphere vapor pressure deficit (VPD) at the same air temper-
ature. Seasonal VPD differences also substantially explain the interan-
nual variability of the differences in photosynthetic capability between
spring and autumn. We further reveal that VPD in autumn is signifi-
cantly lower than in spring over 74.14% of extratropical areas, based
on a global climate dataset. In contrast, LUE derived from a data-driven
vegetation production dataset is significantly higher in autumn in over
61.02% of extratropical vegetated areas. Six Earth system models
consistently projected continuous larger VPD values in spring
compared with autumn, which implies that the impacts on vegetation
growth will long exist and should be adequately considered when as-
sessing the seasonal responses of terrestrial ecosystems to future
climate conditions.

Keywords: light use efficiency; vapor pressure deficit; vegetation index;
carbon cycle

INTRODUCTION
As one fundamental and important characteristic of terrestrial ecosys-

tems, seasonal dynamics of vegetation growth plays an important role in
regulating the temporal changes of terrestrial carbon budget and atmo-
spheric CO2 concentrations.

1–3 It has been long deemed that the vegetation
production in spring responds more positively to climate warming and is
higher than in autumn at the same air temperature, since solar radiation is
usually not a limiting factor in spring (Figures S1 and S2).4–6 Previous evi-
dence led to a conclusion that vegetation growth in spring plays a more
important role for the terrestrial carbon sink than in autumn.7,8 Although
the mechanisms behind this remain unclear, several recent studies chal-
lenged this conclusion by proposing a comparable or even larger contribution
of the vegetation growth in autumn to vegetation production throughout the
ll
entire year.9–11 For example, the mean increases of vegetation production
per day of later autumn were observed to be larger than that of earlier spring
over the eastern United States.12

An important cause of the complicated seasonal dynamics of vege-
tation growth is that other factors besides air temperature and solar ra-
diation may influence vegetation growth. Air temperature is one of the
most important extrinsic factors regulating vegetation growth across
the diurnal, seasonal, and annual scales.13 Numerous studies have
shown substantial impacts of air temperature on plant phenophases14

and photosynthetic capability.15 In addition, solar radiation has tradi-
tionally been considered as the determining factor for vegetation
growth because photosynthesis is a process of converting solar energy
into chemical energy.16 Besides air temperature and solar radiation,
recent studies have increasingly proposed atmospheric vapor pressure
deficit (VPD), i.e., the difference between the water vapor pressure at
saturation and the actual water vapor pressure for a given air temper-
ature, as one important driver of global terrestrial vegetation
growth.17,18 VPD increases with rising air temperature because the
actual atmospheric water vapor content does not increase by the
same amount as the exponential increase in saturated vapor pres-
sure.19 There are numerous knowledge gaps concerning the impacts
of VPD on vegetation growth.19 In particular, air temperature increases
faster in spring and winter than in other seasons.20 The non-uniform
seasonal rates of climate warming may underpin the seasonal differ-
ences in atmospheric VPD and thereby proffer inconsistent impacts
on vegetation growth during the two seasonal periods. However, the
large-scale constraints of the seasonality of VPD on vegetation growth
have not yet been quantified.

Through analyzing the seasonal dynamics of photosynthetic capa-
bility based on two indicators, namely light use efficiency (LUE) and
apparent quantum efficiency, over 100 extratropical ecosystems glob-
ally using eddy covariance measurements, this study aims to (1) inves-
tigate the impacts of seasonal differences in VPD on the vegetation
photosynthetic capability, (2) determine the global patterns and
changes of the seasonal dynamics of VPD through an observation-
based global climate dataset, and (3) quantify the impacts of seasonal
differences in VPD on the global patterns of vegetation photosynthetic
capability.
The Innovation 2, 100163, November 28, 2021 1

mailto:yuanwp3@mail.sysu.edu.cn
https://doi.org/10.1016/j.xinn.2021.100163
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xinn.2021.100163&domain=pdf


A B C

D E F

Figure 1. Comparisons of vapor pressure deficit (VPD) and two photosynthetic parameters (light use efficiency, LUE; apparent quantum efficiency, a) between spring
and autumn for the AutLow and AutHigh types of sites (A–C) Comparisons of spring and autumn Y/Ymean of the variables (see materials and methods) in different
temperature ranges from 0�C to 29�C (themaximum air temperature of the spring and autumn seasons) at 1�C intervals averaged over the 80 AutLow sites. (D–F) Same as
(A) to (C) averaged over the six AutHigh sites. The green and red lines indicate spring and autumn Y/Ymean, respectively, with the shadow indicating the corresponding
standard deviations. Dots in the lines denote significant (p< 0.05) differences in Y/Ymean between spring and autumn. Blue lines in (C) and (F) show the site number for each
temperature range.

Report
T
he

In
no

va
ti
on
RESULTS
The measurements and estimates at all 100 eddy covariance towers

reveal distinct differences in VPD and the photosynthetic capability between
spring and autumn. At 80 out of the total 100 sites (80%), VPD at the same air
temperature is significantly lower in autumn than in spring (referred to as type
AutLow), implying a lower atmosphericwater demand in autumn (Figures S4,
S5A, S5B, and 1A). Through all the type AutLow sites, the averaged LUE and
apparent quantum efficiency (a) are significantly higher in autumn than in
spring atmost temperature ranges (Figures 1B and 1C), indicating a stronger
photosynthetic capability in autumn. Specifically, LUE and a are significantly
higher in autumn than in spring over 65% and 46.25% of the type AutLow
sites, respectively, and only 15% and 18% of sites respectively show signifi-
cantly lower values (Figure 2; see materials and methods). In contrast, six
sites show significantly higher VPD in autumn (referred to as type AutHigh)
(Figures S4, S5C, S5D, and 1D), while the remaining 14 sites show insignifi-
cant differences in spring and autumn VPD (Figure S4). The averaged LUE
and a over the six type AutHigh sites in autumn are significantly lower than
in spring atmost temperature ranges (Figures 1Eand1F) and sites (Figure 3).

We further investigated the correlations between VPD and the two photo-
synthetic parameters (LUE and a) on a monthly basis. Significantly negative
correlationswere found overmost sites (see red lines in Figure S6), indicating
strong inhibitions of VPD on the photosynthetic capability. Besides,
throughout the type AutLow sites, the percentages of significantly negative
correlations between VPD and two parameters in the autumn months
(September to November) were generally lower than in the spring months
(March to May) (Figures S6A and S6B), which implies weaker constraints
of VPD to photosynthesis in autumn due to lower VPD. In contrast, there
were higher percentages of significantly negative correlations in autumn
over the type AutHigh sites, coinciding with higher autumn VPD at these sites
(Figures S6C and S6D).

In addition, we also examined the role of VPD in influencing the interannual
variability of the seasonal differences in photosynthetic capability at 25 eddy
covariance sites with more than 10 years of continuous measurements (Ta-
ble S1). The interannual variability of the differences between spring and
2 The Innovation 2, 100163, November 28, 2021
autumn VPD are significantly and negatively correlated with the seasonal
differences in LUE and a over 68% and 48% of the 25 sites, respectively.
Significantly positive correlations were found only over one site for LUE
and over no site for a (Figure 4).

Based on an observation-based globally gridded climate dataset (Climatic
Research Unit [CRU]), we analyzed the global pattern of the seasonal dy-
namics of VPD. Similar to the findings from eddy covariance sites, autumn
VPD is significantly lower than spring VPD at the same air temperature
over nearly 74.14%of the extratropical vegetated land (Figure 5), i.e., type Aut-
Low, suggesting a lower atmospheric water demand. In contrast, only
12.12% of extratropical vegetated land, mainly distributed over southern
China, northeastern America, and central Asia, shows significantly larger
autumn VPD than spring VPD (i.e., type AutHigh) (Figure 5).

Contrary to lower VPD in autumn indicated by the CRU dataset over most
of the extratropical land, LUE derived from data-driven gross primary produc-
tivity (GPP) datasets (Max Planck Institute for Biogeochemistry [MPI-BGC]
GPP21) for 1982–2015 are significantly higher in autumn than at the same
air temperature in spring over 61.02% of the extratropical vegetated areas
(Figure 6). In contrast, 16.19% of areas shows significantly lower LUE in
autumn (Figure 6), largely distributed over the type AutHigh areas with higher
autumn VPD (Figure 5). In addition, it is noteworthy that both VPD and LUE
are lower in autumn than in spring over northern China, Europe, and central
America. These regions typically comprise fields of winter wheat, with spring
as the main growing season for winter wheat, which in turn leads to higher
LUE in spring.

DISCUSSION
Our results suggest higher photosynthetic capability of terrestrial vegeta-

tion in autumn than at the same air temperature in spring over the majority
of extratropical land, which challenges previous consensus of a higher photo-
synthetic capability in spring.7 Lower atmospheric water demand plays an
important role in determining higher photosynthetic capability in autumn
than in spring (Figure 1). The differences in soil moisture between spring
and autumn cannot explain the seasonal heterogeneity of photosynthetic
www.cell.com/the-innovation
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Figure 2. Differences in light use efficiency and apparent
quantum efficiency in AutLow sites Differences in (A) light
use efficiency and (B) apparent quantum efficiency between
autumn and spring over the 80 AutLow sites with signifi-
cantly lower vapor pressure deficit in autumn than in spring.
High* and Low* indicate significantly higher and lower
values of the two photosynthetic capabilities in autumn than
in spring (p < 0.05), respectively. Insig indicates insignificant
differences of the parameters between spring and autumn.
Insets show the frequency distributions of the High*, Low*,
and Insig types of sites.
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capability (Figure S7). More than 72.02% (40.98% significant) of extratropical
vegetated area shows lower soil moisture in autumn, which is not consistent
with the global pattern of photosynthetic capability (Figure 6). In addition, the
seasonal changes of atmospheric CO2 concentration also potentially impact
the differences in photosynthetic capability between spring and autumn.22

However, the atmospheric CO2 concentration in autumn is lower than that
in spring (Figure S8), which cannot explain the higher photosynthetic capa-
bility in autumn (Figure 6). Other lines of evidence support our conclusion
that an increase in VPD typically induces a decrease in steady-state stomatal
aperture and stomatal conductance,23,24 and eventually limits photosynthetic
capability, which may be independently decreased by declining soil moisture
and non-stomatal limitations to biochemical capacity.25,26

The lagged effects of air temperature on atmospheric water vapor consti-
tute an important cause of lower VPD in autumn than in spring. The high air
temperature and vegetation growth in summer benefits land evapotranspira-
tion, which in turn leads to higher actual water vapor of the atmosphere in
autumn than in spring.27 Exceptions are found in limited regions with unique
climate circulation, e.g., southern China, central Asia, and northeastern Amer-
ica (Figure 5). For example, in spring and early summer, the relatively warm
andmoist airmass from thePacific andSouthChina Sea encounters the cool
continental air mass over southern China, resulting in a quasi-stationary front
with prevailing rainfall and humid surface.28

Our results provide direct evidence for larger responses of vegetation
growth in autumn as suggested in recent studies.10,11 Huang et al.10 noted
that, at high latitudes, benefiting from climate warming, the northward
displacement velocities of vegetation productivity in autumn are nearly twice
those in spring during the period 1982–2011. The spring and autumn differ-
ll
ence in VPD may have played an important role, and the impact has kept
increasing during the present century and expectedly into the near future
(Figure S9A). Due to the higher VPD increase in spring than in autumn (Fig-
ures S9B–S9E), the difference in VPD between spring and autumn signifi-
cantly increases from 1901 to 2015 (Figure S9A), prevailing over 81.32% of
the extratropical vegetated areas (significant over 44.03% of area) (Fig-
ure S10). The higher increase in saturated water vapor pressure than actual
water vapor pressure in spring (Figure S11), as a result of a higher increase in
air temperature in spring relative to other seasons,20 has determined the
enhanced spring and autumn VPD differences.

Six Earth systemmodels participating in the Coupled Model Intercompar-
ison Project Phase 5 (CMIP5) (Table S2) project a steady increase in spring
and autumn VPD differences until the end of this century (Figure S9A). Our
analysis suggests that the projected increasing VPD differences between
spring and autumn might have a long-term impact on photosynthetic capa-
bility, and thus must be examined carefully when evaluating seasonal dy-
namicsof the terrestrial carboncycle.Moreover, solar radiationshowsa larger
increase in autumn than in spring (Figure S12), whichwill further enhance the
differences in vegetation production between spring and autumn.

In this study,most of the investigated sites showed the spring and autumn
differences in photosynthetic capability responding to the seasonal differ-
ences in VPD. However, there are contrary results at a few sites, e.g., 15%
and 18% of sites for LUE and a, respectively, at AutLow sites (Figures 2
and 3). Variations in plant traits across species in response to VPD may be
a major reason for the inconsistent conclusion.29,30 Previous studies have
represented the substantial variations in plant traits (e.g., vulnerability to xy-
lem cavitation) across tree species and ecosystem types.30 This difference
The Innovation 2, 100163, November 28, 2021 3
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Figure 3. Differences in light use efficiency and apparent
quantum efficiency in AutHigh sites Differences in (A)
light use efficiency and (B) apparent quantum efficiency
between spring and autumn at the same air temperature
over the six AutHigh sites with higher vapor pressure deficit
in autumn than in spring. High* and Low* indicate signifi-
cantly higher and lower values in autumn than in spring (p <
0.05), respectively. Insig indicates insignificant differences
of the parameters between spring and autumn. Insets show
the frequency distributions of the High*, Low*, and Insig
types of sites.
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results from water-stress avoidance strategies that are used by some spe-
cies, such as deep root systems or drought deciduousness, that allow
them to maintain a higher xylem pressure during drier periods. Although
the variability in plant hydraulic traits is well known, far fewer data are avail-
able to quantify within-species variation.31 It is urgently necessary to investi-
gate the differences in plant hydraulic traits among various plant species,
especially for their responses to atmospheric VPD variations.32 In addition,
the responses, associated with plant traits, need to be incorporated into plant
photosynthesis estimates to adequately assess the seasonal changes of the
ecosystem production in response to climate change.

MATERIALS AND METHODS
Variables of photosynthetic capability

There are several commonly used indices for representing the photosynthetic capa-
bility such as LUE, a, and maximized photosynthetic rate. LUE and a are the twomost
common used indices because of their characteristics of simple calculation and high
stabilization, and they exclude the impacts of radiation and thus indicate the internal
photosynthetic capability of plants. Therefore, this study used LUE and a to indicate
photosynthetic capability based on eddy covariance measurements from the FLUX-
NET2015 dataset: www.fluxdata.org (Table S1). We calculated the LUE (g C m�2

MJ�1) as

LUE =
GPP

fPAR3PAR
; (Equation 1)

where GPP indicates the estimated gross primary production (g C m�2 MJ�1), PAR is photo-
synthetically active radiation (MJm�2), and fPAR is the fraction of PAR absorbed by the vege-
tation canopy calculated by NASA’s Global InventoryModeling andMonitoring Study third-gen-
eration group (GIMMS3g) normalized difference vegetation index (NDVI).33 We used SW 3

0.45 as a substitute for PAR at the sites without PAR measurements, where SW is incoming
shortwave radiation (MJ m�2). GPP, PAR, and SW are all from the eddy covariance measure-
4 The Innovation 2, 100163, November 28, 2021
ments. We used the linear interpolation method to generate daily fPAR values based on two
adjacent half-monthly observations, and therefore LUE was calculated at daily scale.

The a (g C m�2 MJ�1) was estimated by the following equation:21

GPP
fPAR

=
a3PAR3Pmaxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pmax

2 +a2 3PAR22
p ; (Equation 2)

where PAR is photosynthetically active radiation (MJ m�2 30 min�1) and Pmax is maximum
gross photosynthesis (g C m�2 MJ�1). The a and Pmax were estimated using half-hourly
observed GPP and PAR for each day, and the ranges of the estimated a and Pmax were set
as 0< a < 1 and 0 < Pmax <30, respectively.

In addition, we also investigated the seasonal changes of photosynthetic capability
on a global scale. A global vegetation GPP dataset estimated by themachine-learning
model MPI-BGC34 was used to calculate the LUE by Equation 1 over the extratropical
regions across the globe from 1982 to 2011. A global reanalysis dataset, i.e., Modern-
Era Retrospective analysis for Research andApplications (MERRA-2), was used to pro-
vide global PAR to calculate the global LUE by Equation 1. fPAR was derived from the
GIMMS3g NDVI dataset.33 Further information on the MPI-GBC, MERRA-2, and
GIMMS3g NDVI datasets are provided in the following section.
Datasets
In our study, 100 eddy covariance sites with more than 3-year measurements from

the FLUXNET2015 dataset: http://www.fluxdata.orgwere utilized to analyze the differ-
ences in VPD and photosynthetic capability. Detailed information on the selected
FLUXNET sites is shown in Table S1. Half-hourly data of GPP, PAR, air temperature
(Ta), and VPD were collected for 1991–2014. The meteorological variables were
gap-filled in both space and time by the marginal distribution sampling method as
described in Reichstein et al.35 and/or downscaled from theERA-Interim reanalysis da-
taset.36 The carbon fluxmeasurements (i.e., net ecosystem exchange [NEE]) were par-
titioned into GPP and ecosystem respiration (Re) using a nighttime-based approach.35

The newest release of the Advanced Very High Resolution Radiometer
(AVHRR) NDVI was used to calculate fPAR by Equation 1 from 1982 to 2015.
www.cell.com/the-innovation
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Figure 4. Correlations of averaged vapor pressure deficit
(VPD) differences and differences in the photosynthetic pa-
rameters between spring and autumn at 25 eddy covariance
sites Each color line denotes the linear regression of the
mean annual differences in VPD and (A) light use efficiency
and (B) apparent quantum efficiency between spring and
autumn at each eddy covariance site. Bars show the per-
centages of significantly (p < 0.05) negative correlations
(neg*), significantly positive correlations (pos*), and insig-
nificant correlations (Insig), respectively.

Report
T
he

Innovation
The AVHRR is a nonstationary NDVI version 3 dataset produced by the
GIMMS3g group.37 GIMMS3g contains global NDVI observations at approxi-
mately 8-km spatial resolution and bimonthly temporal resolution. Each 15-
day data measurement is made by maximum value compositing, a process
Figure 5. Differences in vapor pressure deficit (VPD) derived from Climate Research U
temperature The negative values indicate lower VPD in autumn than in spring and vice
lower and higher in autumn than in spring, respectively. Insig indicates the sites with V
the percentages of the AutLow, AutHigh, and Insig sites derived from the CRU dataset, a
autumn and spring VPD differences (see legend). Stippling indicates the areas with in

ll
that aims to minimize the influence of atmospheric contamination from aero-
sols and clouds.

The monthly gridded CRU dataset: http://www.cru.uea.ac.uk/data was used to
investigate the seasonal differences in VPD and its long-term changes. The CRU
nit (CRU) and eddy covariance towers between autumn and spring at the same air
versa. Types AutLow and AutHigh denote the sites with VPD significantly (p < 0.05)
PD showing insignificant differences between spring and autumn. Left inset shows
nd right inset shows the frequency distributions of the divided four categories of the
significant seasonal differences in CRU VPD.

The Innovation 2, 100163, November 28, 2021 5
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Figure 6. Differences in light use efficiency (LUE) derived from data-driven vegetation gross primary production dataset between autumn and spring at the same air
temperature The positive values indicate higher LUE in autumn than in spring and vice versa. Stippling indicates the areas where the spring and autumn LUE differ-
ences are not significant. Left inset shows the percentages of the areas with significantly (p < 0.05) higher (High*) and lower (Low*) LUE in autumn than in spring, and
insignificant differences in LUE between the two seasons (Insig). Right inset shows the frequency distributions of the four divided categories of the spring and autumn LUE
differences (see legend).
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dataset with spatial resolution of 0.5� 3 0.5� was produced on the basis of observa-
tions from globally distributed meteorological stations.38 VPD was then calculated as
follows:

SVP = 6:1123 fw 3 e
17:673Ta
Ta + 243:5 ; (Equation 3)

fw = 1+ 7310�4 + 3:46310�6 3Pmst; (Equation 4)

Pmst = Pmsl 3

�
Ta + 273:16

ðTa + 273:16Þ+ 0:00653Z

�5:625

; (Equation 5)

VPD = SVP� AVP; (Equation 6)

where Ta is the air temperature (�C), Z is the altitude (m),Pmst is the air pressure (hPa), and Pmsl

is the air pressure at mean sea level (101.325 kPa). SVP and AVP are saturated and actual va-
por pressure (kPa), respectively. In addition, air temperature derived from the CRU dataset was
used in this study to investigate the seasonal responses of VPD to air temperature.

TheMPI-BGC GPP dataset, with spatial resolution of 0.5� 3 0.5� , was generated by
amachine-learning algorithm based on a globalmonitoring network of carbonflux and
remote sensing observations.34 PAR from theMERRA-2 dataset was derived to calcu-
late the global LUE by Equation 1. The MERRA-2 dataset was produced by NASA’s
Global Modeling and Assimilation Office using an upgraded version of GEOS-5.39 In
addition, a global root-zone soil moisture dataset generated by the Global Land Evap-
oration Amsterdam Model (GLEAM v3) was applied to compare root-zone soil mois-
ture between spring and autumn for 1980–2017.40 MODIS land cover type product
(MCD12Q1) at 2005 was used to identify the vegetated regions.

Study area
The study area includes the north of the Tropic of Cancer (23�260N) and the south

of the Tropic of Capricorn (23�260S), mainly over the extratropical vegetated regions
across the globe. The tropical region between 23�260N and 23�260S with no pro-
nouncedweather seasonality was excluded from consideration. In the Northern Hemi-
sphere, the seasons of spring and autumn were defined as March to May (MAM) and
September to November (SON), respectively; and the opposite for the Southern Hemi-
sphere, where spring was defined as SON and autumn was defined as MAM,
respectively.

Analysis at the eddy covariance sites
Daily VPD and photosynthetic parameters (i.e., LUE and a) were estimated for the

two seasons of spring and autumn over the 100 eddy covariance sites. Considering
6 The Innovation 2, 100163, November 28, 2021
the temperature strongly regulated VPD and plant photosynthetic capability, we first
binned all observations at the same temperature intervals and examined their differ-
ences using the paired t test method in order to exclude the effects of temperature.
We binned all parameters into different air temperature ranges from 0�C to 29�C
(the maximum air temperature for the spring and autumn seasons) at 1�C intervals.
The means of VPD, LUE, and a were calculated at each temperature range for spring
(Yspr), autumn (Yaut), and both seasons (Ymean), respectively. Due to large differences in
the magnitude of VPD, LUE, and a among the investigated sites, one cannot compare
the differences in the mean values of Yspr and Yaut. Therefore, the ratios between Yspr
(or Yaut) andYmean, i.e. Y/Ymean, were then compared in the divided temperature ranges
from0�C to29�Cover the 80AutLowandsix AutHigh types of sites, respectively, using
the paired t test method.

In addition, the differences between Yspr and Yaut for VPD and two variables of
photosynthetic capability were examined using the paired t test method at each indi-
vidual site. Note that for each site only the temperature ranges with data of the param-
eters available in both seasons were retained for comparisons.
Analysis over the global scale
The monthly CRU dataset was used to analyze the differences of VPD between

spring and autumn at the same air temperature. At each pixel, we first calculated
the mean air temperature over all six months of spring and autumn (Tm). The target
two months with mean air temperature below and above Tm were then identified for
spring and autumn, respectively. VPD in spring (VPDspr) and autumn (VPDaut) at the
same air temperature of Tm were determined using the linear relationships in VPD
and air temperature between the target twomonths in spring and autumn, respectively
(Figure S3). The same method was used to examine the spring and autumn differ-
ences in PAR, LUE, and soil moisture at the global scale.
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