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Abstract
Trees in global forests are exposed to warming climate, the rate of which is different between day
and night, and associated with soil drought. Previous studies commonly show that forest growth
responds positively to daytime warming but negatively to night warming. However, it remains
unclear whether such asymmetric responses of forest growth to day and night warming still exist in
extremely dry soils. Here, based on the long-term records of the normalized difference vegetation
index and ring-width index at 2294 forest sites across the Northern Hemisphere, we found that the
rising daytime maximum temperature (Tmax) reduces stem growth but the rising nighttime
minimum temperature (Tmin) lowers canopy greenness when the soil is drier than a threshold. We
further discuss three mechanisms that could drive such negative impacts. For example, data from
experimental studies showed that the shifted biomass allocation from wood to leaves is one
important mechanism driving the reductions of wood growth under day warming. These findings
indicate that climate warming could negatively affect tree growth in extremely dry soils, regardless
of whether temperature rises during the daytime or at night. Thus, understanding the interactions
of water and temperature on the sub-diurnal scale is critical for improving our ability to predict the
forest dynamics under future climate change.

1. Introduction

The world’s forests are crucial in regulating the
feedback between terrestrial ecosystems and cli-
mate change (Körner et al 2005, Bonan 2008, Pan
et al 2011). In recent decades, climate has gradu-
ally become hotter and drier in many forest regions
(Allen et al 2015). The warming climate features
non-uniform temperature increases between day and
night as well as spatial temperature variance (Karl
et al 1991, Easterling et al 1997, Xia et al 2014). For
example, warming is faster during the daytime than
at night in forests near most regions of latitudes of
60◦ N (e.g. eastern Canada), but the opposite trends
are widespread in other forest regions of the North-
ern Hemisphere (Hartman et al 2013, Xia et al 2014).
The drier climate is characterized by the drying of
soils over many land areas (Dai 2012), which plays
a critical role in limiting terrestrial carbon uptake

(Humphrey et al 2018, Green et al 2019, Huang and
Xia 2019). Thus, the sustainability of forests as a
mitigator of climate change will strongly depend on
how tree growth responds to day and night warming
in drying soils.

Trees keep growing during both day and night,
and the highest rates of wood growth occur at night
(Walter et al 2005, Matsubara et al 2006, Steppe et al
2015). Thus, tree growth is affected by both daily
maximum temperature (Tmax, i.e. daytime temper-
ature) and minimum temperature (Tmin, i.e. night-
time temperature) (Turnbull et al 2002, Wilson and
Luckman 2002). Asymmetric responses of terrestrial
plants to day and night warming have been widely
reported by studies based on manipulative experi-
ments (Turnbull et al 2002, Wan et al 2009), long-
term in situ monitoring (Peng et al 2004), space-
borne measurements (Peng et al 2013, Xia et al 2014)
and ecosystem modeling (Dhakhwa and Campbell
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1998). These asymmetric responses, however, are
mainly derived from canopy measurements, such
as leaf gas exchange and the normalized difference
vegetation index (NDVI). However, the majority of
the standing biomass is stored in the stem rather than
the canopy (Myneni et al 2001, Bloom et al 2016).
Whether day and night warming still can cause asym-
metric responses of tree growth in extremely dry soils
remains unclear.

Many recent studies have suggested that water
availability can regulate the direction of forest
response to climate warming. For example, modeling
analyses (Xia et al 2014, Tei et al 2017) and observa-
tions (Peng et al 2013, Tan et al 2015, Tei et al 2017)
have shown increasing vegetation growth under the
rising Tmax in northern cool and wet regions (Tan
et al 2015, Tei et al 2017). However, other analyses
have detected negative correlations between summer
Tmax and tree-ring width (Lloyd and Bunn 2007,Wil-
liams et al 2010, Liu et al 2013, Vicente-Serrano et al
2013, Chen et al 2017) and NDVI (Vicente-Serrano
et al 2013, Buermann et al 2014, Tan et al 2015) in dry
regions in middle and high latitudes of the North-
ern Hemisphere. However, analyses based on empir-
ical data, such as tree-ring records, are still scarce in
exploring the different impacts of Tmax and Tmin on
tree growth in extremely dry regions.

The extremely dry soils can be defined in differ-
ent ways. It can be statistically quantified as time steps
with soil moisture below the 10th percentile during
the growing season (Nicolai-Shaw et al 2017). More
ecologically, extreme dry soils damage hydraulic sup-
ply and thus inhibit tree growth with a very low soil
water content (Mcdowell et al 2008, Choat et al 2018).
At least three mechanisms could lead to reduced
tree growth under both day and night warming in
extremely dry soils. First, it is known that plants can
optimize photosynthesis to adapt and/or acclimate
to a rising Tmax (Berry and Bjorkman 1980, Yuan
et al 2011, Niu et al 2012). However, the rising Tmax

will reduce photosynthetic assimilates when it moves
beyond the upper limit of the optimum temperat-
ure for gross primary productivity (TGPP

opt ). Second,
soil water availability strongly regulates vegetation
growth when the temperature reaches the max-
imum in midday (Niu et al 2008) or in the summer
(Ciais et al 2005, Williams et al 2012). Thus, drought
stress would constrain tissue formations (Muller
et al 2011, Körner 2013, 2015) and force a reduc-
tion in biomass allocation to wood (Way and Oren
2010, Poorter et al 2012), inhibiting stem growth
under a rising Tmax by driving nonlinear increases
in the vapor pressure deficit (figure S1 (available
online at stacks.iop.org/ERL/15/094074/mmedia)).
Third, nighttime warming would stimulate night
respiration, leading to a net carbon loss on the
diurnal scale. Some species of trees that grow
strongest at night (Walter et al 2005, Matsubara et al
2006, Schurr et al 2006) may cease growth due to

the decreased carbohydrate content by enhanced
respiration. Although night warming could trigger
compensatory photosynthesis during the following
day in dry ecosystems (Wan et al 2009, Peng et al
2013, Xia et al 2014), evidence is still lacking in forests
to show that this process can reverse the negative
effect of night warming (i.e. the stimulation of night-
time tree respiration) on canopy growth.

Here, we used the ring-width index (RWI) and
NDVI data from 2294 forest sites across the Northern
Hemisphere to study their correlations with the inter-
annual changes inTmax andTmin. TheRWI andNDVI
data are valuable proxies for the year-to-year stem
growth variability and canopy greenness, respectively.
We also analyzed observations from 52 experimental
studies and measurements at 31 forest eddy-flux sites
to examine the three mechanisms driving the negat-
ive response of tree growth to day and night warming
in extremely dry soils.

2. Methods

2.1. Tree-ring data
The International Tree Ring Data Bank (ITRDB) was
established to store high-quality dendrochronological
data contributed by researchers around the world.
All available raw ring-width data (n = 7560) were
downloaded from the ITRDB on October 14, 2015
(www.ncdc.noaa.gov/data-access/paleoclimatology-
data/datasets/tree-ring). Tree-ring data are direct
measurements of the annual stem growth. The chro-
nology of each site was developed from the raw ring-
width following standard dendrochronological pro-
cedures (Cook and Kairiukstis 1990). The develop-
ment of chronologies was achieved using the ‘dplR’
package (Bunn 2008). To remove the long-term
growth trend, each tree-ring series was first detrended
using a negative exponential curve or a linear regres-
sion line (Cook and Peters 1981). Then, the detrended
tree-ring series were averaged to obtain a standard
ring width chronology at each site. We selected tree-
ring chronologies which contained at least 15 years
of data during 1951–2013. At the same time, each
chronology contains more than five samples of tree
cores per year to ensure the quality of the chronology.
Finally, we obtained a network of tree-ring chrono-
logies including the following genera from 2294 sites
(table S1): Abies (n = 198), Cedrus (n = 32), Larix
(n= 198), Picea (n= 422), Pinus (n= 597), Pseudot-
suga (n = 256), Tsuga (n = 162), Quercus (n = 369),
and Fagus (n= 60).

2.2. Satellite NDVImeasurements
The NDVI is a vegetation activity index which
has been widely used for quantifying vegetation
greenness. There are several satellites available to
obtain NDVI data. The challenge in using these
satellite-based products is their relatively short time
series in comparison with tree-ring records. In
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this study, we used the longest time-series satel-
lite imagery obtained from the Advanced Very
High-Resolution Radiometer with a grid size of
8 × 8 km during the period of 1982 to 2013
(https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v0).
The NDVI third-generation (NDVI3g) was produced
by the Global Inventory Monitoring and Modeling
Studies (GIMMS) group (Pinzon and Tucker 2014)
and has been widely used for detecting vegetation
growth trends (Piao et al 2014, Huang et al 2018).
The half-monthly GIMMS-NDVI3g data were com-
posited to monthly temporal resolution by averaging
two composites in the same month. To match the
resolution of climate (0.5◦ spatial resolution), the
NDVI data were resampled into 0.5◦ × 0.5◦ resolu-
tion. There are three main methods of resampling:
nearest neighbor algorithm, bilinear interpolation
and cubic convolution interpolation. Here we used
the nearest neighbor algorithm to resample the NDVI
data because it keeps the original value of the original
image. The NDVI data used in this study were extrac-
ted from the corresponding tree-ring sites.

2.3. Meteorological data
Monthly meteorological data with a resolution
of 0.5◦ × 0.5◦ including gridded Tmax, Tmin

and precipitation values were obtained from
the Climate Research Unit (CRU; version 3.23;
https://crudata.uea.acuk/cru/data/hrg/cru_ts_3.23/)
(Harris et al 2014). The solar radiation data at a 0.5◦

resolution used in our analysis were from the Ter-
restrial Hydrology Research Group at Princeton Uni-
versity (Sheffield et al 2006). This database provides
near-surface meteorological data at three differ-
ent resolutions for 1948–2014. We downloaded the
monthly global meteorological data from the above
two datasets over the period of 1951–2013. Then,
the monthly Tmax and Tmin data were averaged to
the growing-season (i.e. April to October (Peng et al
2013, Piao et al 2014)) mean Tmax and Tmin, respect-
ively. The monthly precipitation and solar radiation
data were summed to yield the growing-season total
precipitation and solar radiation.

2.4. CMIP5 outputs
The simulated monthly Tmax from 14 Earth system
models comprising the Coupled Model Intercom-
parison Project Phase 5 (CMIP5) (table S2) were
analyzed (https://pcmdi.llnl.gov/mips/cmip5/). The
modeled monthly Tmax were generated from the
two representative concentration pathways (RCPs, i.e.
RCP4.5 and RCP8.5) over the period of 2081 to 2100.
The RCP4.5 and RCP8.5 scenarios represent the long-
term global emission would stabilize radiative forcing
at 4.5 W m−2 and 8.5 W m−2, respectively (Riahi
et al 2011, Thomson et al 2011). All model simula-
tions were resampled to a 0.5◦ × 0.5◦ spatial resol-
ution using nearest neighbor interpolation.

2.5. Soil water content data
The observation of soil moisture (m3 m−3) data
were generated from active and passive microwave
spaceborne instruments. The data covered the
period of 1978–2015 with the spatial resolution of
0.25◦ × 0.25◦. These data were derived from the
Essential Climate Variable (ECV) Soil Moisture data-
set (ECV SM 02.0) (www.esa-soilmoisture-cci.org/),
which reflects the 0.5–2.0 cm depth layer soil water
content (Liu et al 2011). We extracted the growing-
season soil moisture of each year. The soil mois-
ture dataset was not aggregated up to 0.5◦ resolution
because we needed to extract values at corresponding
tree-ring sites at a finer resolution.

The soil moisture can regulate the impacts of
rising Tmax and Tmin values on the NDVI and RWI
(figures S2(a)–(d)). To make these findings clearer,
the soil moisture data were binned into increments of
0.01 m3 m−3. The determination of the bin size fol-
lowed two principles. First, the patterns of the rela-
tionships between the soil moisture and partial cor-
relations (figures S2(a)–(d)) were not changed when
the soil moisture data were binned (figures S2(e)–
(h)). Second, the bin size ensured that the trend of
the raw data did not change and that each bin con-
tained enough samples (figure S3(a)). Partial cor-
relation coefficients between the NDVI and Tmax

(rNDVI-Tmax), the NDVI and Tmin (rNDVI-Tmin), the
RWI and Tmax (rRWI-Tmax), and the RWI and Tmin

(rRWI-Tmin) were averaged in each soil moisture bin.
Linear (Hogg et al 2017, Reich et al 2018) or parabolic
relationships (Joseph et al 2014) between soil mois-
ture and tree growth have been reported in recent
experimental studies, so we adopted a parabolic func-
tion when the data distribution shows a curvilinear
trend. Finally, linear regression was applied to detect
the correlation between the binned soil moisture and
rNDVI-Tmax and rRWI-Tmax, while the binned soil mois-
ture had a nonlinear relationship with rNDVI-Tmin. No
significant linear or nonlinear relationship was found
between the binned soil moisture and rRWI-Tmin.

2.6. Soil texture data
Since the tree-ring sites are widely distributed across
theNorthernHemisphere, the soil texture would have
influence on the soil water availability. The soil tex-
ture data are provided by the HarmonizedWorld Soil
Database (HWSD) for the top 30 cmof soil at a 0.008◦

resolution. The topsoil textual classes are based on
the relative contents of sand, silt and clay. Sandy soil
includes sand, loamy sands and sandy loams with less
than 18% clay and more than 65% sand. Loamy soil
includes sandy loams, loams, sandy clay loams, silt
loams, silt, silty clay loams and clay loams with less
than 35% clay and less than 65% sand; if the clay frac-
tion reaches a minimum of 18%, the sand fraction
may be as high as 82%. Clay soil includes clays, silty
clays, sandy clays, clay loams and silty clay loams with
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more than 35% clay. Here, we used the clay content
data from the HWSD to indicate the soil texture.

2.7. Soil water potential data
The soil water potential was used as another robust
indicator reflecting the water availability to plants
(figures S2(e)–(h)). We ran the version 4.5 of
the Community Land Model (CLM4.5) to obtain
the global soil water potential data. The CLM4.5
were run retrospectively from 1951 to 2013 at a
1◦ × 1◦ spatial resolutions across the globe. The
default meteorological forcing dataset provided
with CLM4.5 is the CRUNCEP forcing dataset
(https://www.earthsystemgrid.org/dataset/ucar.cgd.
ccsm4.CRUNCEP.v4.TPHWL6Hrly.html). The top
two layers (0–0.7 cm and 0.7–2.8 cm) of the growing-
season soil water potential were averaged and then
interpolated to a 0.5◦ × 0.5◦ spatial resolution using
nearest neighbor interpolation.

We also binned the soil water potential data fol-
lowing the same principles used with the soil mois-
ture data. The bin size of the soil water potential was
determined as 0.2 MPa in the range of 0 ~ 4 MPa.
The values of soil water potentials lager than 5 MPa
were binned into one group because the number
of soil water potentials larger than 5 MPa is relat-
ively small (figure S3). The rNDVI-Tmax, rNDVI-Tmin,
rRWI-Tmax and rRWI-Tmin were averaged in each soil
water potential bin.

2.8. Carbon fluxes dataset
The calculation of TGPP

opt was based on measurements
of GPP at 31 forest flux sites across the Northern
Hemisphere. The geographical distributions of the
flux sites are shown in figure S4. The data are available
in the FLUXNET 2015 dataset at www.fluxcom.org/.
The raw carbon dioxide records have been harmon-
ized, standardized and gap-filled (Papale et al 2006).
In total, 31 forest sites with >5 years of observa-
tions were selected for further calculation of the TGPP

opt

(table S3). We used the daily temperature and GPP
rather than hourly or monthly values to character-
ize the phenological changes over a growing season.
As shown by Niu et al (2012), based on a 1 ◦C tem-
perature bin, the daily temperature and GPP for each
site and year were averaged in each temperature bin.
The running mean of every three temperature bins
was calculated, and the temperature at which GPP is
maximized was obtained as the TGPP

opt at each site (fig-
ure S5). The mean TGPP

opt across the 31 forest sites was
21.2± 4.0 ◦C.

2.9. Biomass allocation data
Observations of the biomass allocation in trees under
experimental warming and drought conditions were
collected from published literature. There were a
total of 52 experiments which reported the biomass

responses of leaves, wood and fine roots to exper-
imental warming or drought. The studies are lis-
ted in the supporting information (supplementary
section 2). Due to the lack of field experiments in
forests, it should be noted that the observations were
mainly obtained from saplings or seedlings in green-
house experiments. Therefore, cautions should be
taken in extrapolating experimental findings on seed-
lings to adult trees. The carbon allocations in seedling
trees are expected to respond earlier to low temper-
ature and drought stress than adult trees (Hartmann
et al 2018). This is because growth would reduce
before photosynthesis, while seedling trees have smal-
ler pools of water and non-structural carbohydrates
to be depleted.

Although a mass of experiments has been carried
out to study the response of biomass allocation to
temperature and drought stress, the experimental set-
tings and plant species vary among different exper-
iments. Thus, a method to generalize data from a
wide range of experiments would enable quantitative
and comparative analyses. To quantify the response
of tree biomass allocation to temperature change and
drought stress, we referred to the approach of dose-
response curves developed by Poorter et al (2010).
This methodology enables us to generalize responses
from various experiments and species in a continu-
ous manner. Moreover, such response curves enable
quantification of the strength, sign and form of a
given factor’s impact on biomass allocation over
the full relevant range of that factor. It has been
successfully used for quantifying the investment of
plant traits under the effects of 12 abiotic factors
(Poorter et al 2012). Here, we take the response-
curve of the wood biomass allocation to temperat-
ure as an example. In our database, various warming
levels were applied to different conditions and spe-
cies (figure S6(a)). The temperature-response curve
of biomass allocation cannot be directly established
from such a database. Thus, it is necessary to gen-
eralize the various experimental data by scaling both
temperature and biomass allocation data. We found
that the temperature in the different experiments
ranged from 8.0 ◦C to 33.3 ◦C and most covered
18.0 ◦C. Thus, 18.0 ◦C was chosen as the reference
temperature to scale the results from different stud-
ies. For example, the scaled value of wood biomass
from different experiments was calculated by sub-
tracting its value at a temperature of 18.0 ◦C (fig-
ure S6(b)). If a temperature of 18.0 ◦C was out of
range (e.g. Experiment C in figure S6(a)), these data
were excluded from further analysis (figure S6(b)).
Following the above methods, all wood biomass for
each experiment and temperature level relative to the
wood biomass observed at a temperature of 18.0 ◦C
were calculated (figure S6(c)). Finally, the response
curve was constructed by performing a piecewise
regression between the temperature and the nor-
malized wood biomass (figure S6(d)). The piecewise
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regressions were applied with two, three or four lin-
ear segments using OriginPro 2016 software (Origin-
Lab Corp., Northampton, MA, U.S.A.). The number
of segments used to select the model was determ-
ined by testing the significance. Segment breakpoints
were determined by the software during optimiza-
tion. Note that the last step is different from Poorter
et al (2010), because the small sample size of biomass
allocation data in our study cannot be used for cal-
culating the median response. There are some differ-
ences between the construction of drought-response
curve (figure 4(b)) and temperature-response curve
(figure 4(a)). Since drought stress (i.e. reduction in
water availability) is a relative unit rather than an
absolute value, we did not scale the drought stress (on
the x-axis). The woody biomass allocation (on the y-
axis) was scaled by the reduction in plant biomass rel-
ative to the control group with each experiment. The
drought-response curves of biomass allocation were
also constructed by performing a piecewise regression
between the reduction in water availability and the
scaled wood biomass.

2.10. Uncertainty assessment
Due to the small sample size of the biomass alloca-
tion data, a bootstrapping method was used to estim-
ate the uncertainties of segment breaks in figure 4.
We constructed a resampled dataset with the same
size as the observed dataset by sampling with replace-
ment from the original data. Then the breakpoint
was estimated from each resampled dataset. Repeat-
ing this process, we obtained 1000 breakpoints from
1000 bootstrap samples. The uncertainties of segment
breaks were shown by computing a mean and stand-
ard deviation.

2.11. Statistical analyses
Tree growth has been attributed to interactions
between environmental variables, such as temperat-
ure, precipitation and solar radiation (Vaganov et al
2006, Babst 2019). Thus, the covariance of precipit-
ation and solar radiation needs to be considered in
the analysis of the correlations between the NDVI
or RWI and diurnal temperatures. Here, we applied
partial correlation analysis to examine the correla-
tions between the RWI or NDVI and the Tmax or
Tmin by removing the confounding effects of precip-
itation and solar radiation. The partial correlation
can be explained as the correlation between random
variables after eliminating the effect of all other ran-
dom variables. Mathematically, the definition of par-
tial correlation can be described as:

r12,3 = (r12− r13× r23)/
√
(1− r213)(1− r223) (1)

where r12 is the correlation between x1 and x2, r13 is
the correlation between x1 and x3, r23 is the correl-
ation between x2 and x3. This equation can be fur-
ther extended to the higher-order partial correlations.

For this purpose, we need to use the inverse variance-
covariance matrix of X:

DX = C
−1
X (2)

Here, we define DX as (dij) and CX as (cij), where dij
and cij are the (i,j)-th cell of matricesDX and CX. The
partial correlation of xi and xj given a random vector
XS can be described as:

rij,S = − dij/
√
dii
√
djj (3)

The method has been widely used to measure the
correlations between vegetation growth and a given
environmental factor by controlling the confound-
ing effects of other variables (Peng et al 2013, Xia
et al 2014).More specifically, when analyzing the rela-
tionship between the RWI/NDVI and the Tmax (i.e.
rRWI-Tmax and rNDVI-Tmax), we considered the Tmin,
precipitation and solar radiation as the confound-
ing variables. Similarly, for analyzing the partial cor-
relation between the RWI/NDVI and the Tmin (i.e.
rRWI-Tmin and rNDVI-Tmin), the effects of the Tmax, pre-
cipitation and solar radiation were considered as the
confounding variables. All of the partial correlation
analyses were conducted with the ‘ppcor’ package in
R (www.R-project.org/). The R codes for the partial
correlation analysis are attached in the supplementary
material file (supplementary section 1). The estim-
ated partial correlation coefficients (i.e. rRWI-Tmax,
rNDVI-Tmax, rNDVI-Tmin and rRWI-Tmin) were used as the
contributions of diurnal warming to the changes in
canopy greenness and stem growth.

3. Results

3.1. Relationships of Tmax and Tmin to NDVI and
RWI
By removing the confounding factors, we detected
positive partial correlation coefficients between inter-
annual changes in the NDVI and Tmax (rNDVI-Tmax)
from 1982 to 2013 at >80% of the 2294 sites, with an
average of 0.22± 0.24 (mean± SD) (figure 1(a)). On
the contrary, the effects of rising Tmin on NDVI/RWI
and the effects of rising Tmax on RWI show large spa-
tial variations across the Northern Hemisphere. The
partial correlation coefficients between theNDVI and
Tmin (rNDVI-Tmin) were positive at approximately 55%
of all sites, and the average rNDVI-Tmin was 0.03± 0.24
(figure 1(b)). The mean values of partial correlation
coefficients between the RWI and Tmax (rRWI-Tmax)
and the RWI and Tmin (rRWI-Tmin) from 1951–2013
were −0.02 ± 0.24 and 0.02 ± 0.22, respectively
(figures 1(c) and (d)).

All 2294 sites were separated into two groups
based on clay contents of <20% (non-clay soils)
and >20% (clay soils). Both rNDVI-Tmax and rRWI-Tmax

depended positively and linearly on the soil moisture
in both non-clay and clay soils (all P < 0.01, figures
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Figure 1. Partial correlations between the growing season (April to October) Tmax or Tmin and the GIMMS NDVI or annual
ITRDB RWI. (a)–(d) Points show the spatial distributions of rNDVI-Tmax, rNDVI-Tmin, rRWI-Tmax and rRWI-Tmin at all 2294 forest sites.
(e)–(h) The dependence of rNDVI-Tmax, rNDVI-Tmin, rRWI-Tmax and rRWI-Tmin on the soil moisture at two groups of forest sites based
on clay contents. The soil moisture data were binned into increments of 0.01 m3 m−3, and the partial correlation coefficients were
averaged in each soil moisture bin. The blue and red circles indicate sites with the clay contents <20% or >20%, respectively.
(i)–(l) The dependences of rNDVI-Tmax, rNDVI-Tmin, rRWI-Tmax and rRWI-Tmin on the soil water potential. The vertical gray bars
indicate the standard error. The blue curve in (f) represents the fitting of data to a polynomial model as y=−0.7056
+5.5822x− 9.9172x2 in non-clay soils. The red curve in (f) represents the fitting of data to a polynomial model as
y=−0.5235+ 4.3212x− 7.8113x2 in clay soils.

1(e) and (g)). The average values of rNDVI-Tmax over
most soil moisture bins were positive (figure 1(e)),
whereas there was a transition of the rRWI-Tmax from
negative to positive at a soil moisture of 0.25 m3 m−3

in both non-clay and clay soils (figure 1(g)). Soil
moisture had a nonlinear relationship with rNDVI-Tmin

in both non-clay (r = 0.80, P < 0.01; figure 1(f)) and
clay soils (r = 0.91, P < 0.01; figure 1(f)). No sig-
nificant relationship between the soil moisture and
rRWI-Tmin was found across all sites (figure 1(h)).

Given that the major limitation of soil mois-
ture data is its reliance on soil texture, we also
examined the influences of the soil water poten-
tial on the partial correlation coefficients between
NDVI/RWI and Tmax/Tmin. Soil water potential had
negative and linear relationships with rNDVI-Tmax

(r = −0.40, P < 0.05; figure 1(i)), rNDVI-Tmin

(r = −0.78, P < 0.01; figures 1(j)) and rRWI-Tmax

(r=−0.42, P < 0.05; figure 1(k)) but had no signific-
ant impact on rRWI-Tmin (figure 1(l)). The transitions
of rNDVI-Tmin and rRWI-Tmax from positive to negative
values occurred at the soil water potentials of approx-
imately 2.54 MPa and 0.15 MPa, respectively (figures
1(j) and (k)).

The spatial distribution of the gridded forest
regions that may be negatively affected by day or
night warming during 1979–2013 across the North-
ernHemisphere weremapped based on the soil mois-
ture threshold found in figures 1(f) and (g). The
effects of rising Tmax and Tmin on forest growth were
both negative in some regions such as western Amer-
ica and southern Siberia (figure 2).

6



Environ. Res. Lett. 15 (2020) 094074 C Zhu et al

Figure 2. Spatial distribution of the gridded forest regions that may be negatively affected by rising Tmax or Tmin across the
Northern Hemisphere at the 0.5◦ resolution. The ECV soil moisture data during growing season between 1979 and 2013 were
used to map the location of the forests negatively affected by rising Tmax or Tmin. The red regions indicate that soil moisture is less
than 0.18 m3 m−3 in clay soils and 0.19 m3 m−3 in non-clay soils, where the NDVI is negatively affected by rising Tmin and RWI
is negatively affected by rising Tmax. The pink regions indicate that soil moisture is less than 0.25 m3 m−3, where the rising Tmax

negatively affect RWI but Tmin positively affect NDVI. The blue regions indicate that soil moisture is greater than 0.25 m3 m−3,
where both NDVI and RWI are positively affected by rising Tmax and Tmin. The classification of vegetation types was based on
MODIS land cover product MCD12CI (Fredlund and Xing 1994, Friedl et al 2010).

Figure 3. Saturation of the TGPP
opt to the rising Tmax across the eddy-flux sites. Due to the temperature response of photosynthesis

can be described with a peak curve, a Gaussian regression model is used to fit the data (TGPP
opt = 13.11+ 11.2× e

−0.5×
(

Tmax−21.85

4.92

)
2

(R2 = 0.66, P < 0.001)). The 31 eddy-flux sites were grouped into three categories based on the plant functional type (MF: mixed
forest, EF: evergreen forest and DF: deciduous forest). The inset shows the monthly Tmax during 1951–2013 based on the
CRU3.23 dataset and during 2081–2100 from the CMIP5 models under the RCP4.5 and RCP8.5 scenarios. Boxes indicate the 25%
and 75% quartiles, whiskers indicate the extent of the data, lines indicate the median, and circles indicate the mean.

3.2. Dependence of TGPPopt on Tmax
The measured daily GPP generally changed nonlin-
early with temperature at all 31 eddy-flux sites in this
study (figure S5). Since the nonlinear relationships

all follow the peak curve, the TGPP
opt was calculated as

the peak value of the curve at each site. Spatially, the
TGPP
opt nonlinearly increased with the monthly Tmax

(r = 0.66, P < 0.001; figure 3).
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We then compared the historical and future pro-
jectedmonthlyTmax values across the 2294 forest sties
with the averaged TGPP

opt value from the eddy-flux sites
(i.e. 21.2 ± 4.0 ◦C). We found that the historical
monthlyTmax between 1951 and 2013 (17.8± 5.1 ◦C)
was significantly lower than the estimate from the
eddy-flux sites (P < 0.05; figure 3 inset). However,
the future monthly Tmax between 2081 and 2100
under both the RCP4.5 (21.7 ± 4.9 ◦C) and RCP8.5
(24.3 ± 4.9 ◦C) scenarios were significantly higher
than the estimate from the eddy-flux sites (both
P < 0.05; figure 3 inset).

3.3. Tree biomass allocation under experimental
warming and drought
Observations from 8 warming experiments and 44
drought experiments across the Northern Hemi-
sphere were collected to examine the effects of warm-
ing and drought on the biomass allocation of trees
(figure S7). The piecewise regression analysis showed
that trees allocated more biomass to leaves when the
temperature was higher than 28.0 ◦C (r2 = 0.37,
P < 0.05; the average bootstrapped breakpoint was
26.5 ± 3.1) but less to the wood when the temper-
ature was >25.1 ◦C (r2 = 0.31, P < 0.05; the aver-
age bootstrapped breakpoint was 25.5 ± 2.7; figure
4(a)). In the drought experiments, trees also signific-
antly reduced their allocations to stem growth when
the soil water availability was reduced by more than
70% (r2 = 0.40, P < 0.05; the average bootstrapped
breakpoint was 0.39 ± 0.09; figure 4(b)). However,
leaf allocation was not significantly affected by the
50% reduction in soil water availability in these exper-
iments (r2 = 0.02, P= 0.12; the average bootstrapped
breakpoint was 0.43± 0.16; figure 4(b)).

4. Discussion

Based on different vegetation indices, this study
found that day warming negatively affects stem
growth, while night warming decreases canopy green-
ness in extremely dry regions (figures 1(f), (g), (j)
and (k)). Such negative responses of tree growth to
both day and night warming are not well-captured
by current global land surface models, which com-
monly predict positive impacts of a rising Tmax on
vegetation growth in forest regions (Xia et al 2014,
Tan et al 2015, Tei et al 2017). A rising Tmax posit-
ively affects the NDVI across the forest sites (figure
1(a)), partially because the historical Tmax is still
lower than the TGPP

opt (figure 3 inset). Interestingly, we
found that the TGPP

opt has an upper limit of approx-
imately 24.3 ◦C (figure 3). This value is higher than
the averaged Tmax across all the sites under the
RCP4.5 but not the RCP8.5 scenario at the end of
this century (figure 3 inset). This finding raises a
hypothesis of a saturated optimum temperature for

canopy photosynthesis (or ‘TGPP
opt saturation hypo-

thesis’) in forest ecosystems under day warming. In
extremely dry regions, this study shows that the pos-
itive impacts of the rising Tmax on NDVI decrease
rapidly (knon-clay soils = 0.77, kclay soils = 0.73; figure
1(e)). This pattern could partially result from that the
enhanced tree biomass allocation to leaves under high
temperature is dampened by drought (figure 4).

The reduced stem allocation under rising Tmax

values and the associated drought (figure 4) could be
an important mechanism driving the negative par-
tial correlation coefficients between the Tmax and
RWI in extremely dry soils (figure 1(g)). Some pre-
vious meta-analyses (Way and Oren 2010, Poorter
et al 2012) have indicated that terrestrial plants would
allocate more biomass to leaves than to stems under
extremely hot and dry conditions. In addition, one
important implication of this finding is that the
response of tree growth to a rising Tmax cannot be
simply inferred from the canopy growth. Thus, the
positive correlations between the Tmax and satellite-
derived vegetation indices reported by previous stud-
ies (Peng et al 2013, Xia et al 2014, Tan et al 2015) do
not necessary suggest an enhanced tree growth under
day warming. On the other hand, experimental stud-
ies have found that drought would lead to an accu-
mulation of non-structural carbohydrates especially
soluble sugars in woody plants (Bogeat-Triboulot
et al 2007, Du et al 2020). Such an increase in non-
structural carbohydrates was due to growth being
affected earlier and more intensively than photosyn-
thesis (Mkr et al 2004,Muller et al 2011, Körner 2013,
2015). Therefore, stem growth may not be controlled
by photosynthesis under water shortage.

Tree growth continues at night by consuming
starch accumulated in the light (Schurr et al 2006,
Du et al 2020). Experimental evidence has sugges-
ted that nighttime warming can negatively affect can-
opy growth by directly stimulating autotrophic res-
piration (Turnbull et al 2004) and hence to decreased
carbohydrate content used to support growth. At
the same time, the combined water shortage can
decrease chlorophyll content (Eastman and Camm
1995, Ogaya et al 2011) and reduce stomatal con-
ductance (Jing et al 2016). However, some previous
studies have hypothesized a phenomenon of ‘pho-
tosynthetic overcompensation’ under night warming
(Turnbull et al 2002, Wan et al 2009, Xia et al 2014),
which shows that the ‘source’ activity (that is, pho-
tosynthesis) will be enhanced when depletion of the
‘sink’ (that is, carbohydrate storage) is increased by
warmer nights (Körner 2003). In tree species, the
existence of photosynthetic overcompensation effect
under night warming has been either observed (Turn-
bull et al 2002) or undetected (Bruhn et al 2007,
Ibrahim et al 2010) in seedling experiments. Quan-
tifying the contribution of this effect to the nonlin-
ear pattern in figure 1(f) is impossible using currently
available data sets. However, as shown by figure 1(f),
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Figure 4. Dependences of the changes in tree biomass allocation to the leaves and stem on (a) the temperature and (b) the
reduction in water availability. The values on the y-axis were normalized by a scaling approach (Poorter et al (2010) (figure S6).
Note that the control group in warming experiments (a) was considered as the one at 18 ◦C, while the control group in each
drought experiment (b) was considered as the reference level. The solid lines represent the dose-response curves.

the strength of ‘photosynthetic overcompensation’ in
tree species under night warming would diminish
under soil drying.

It should be noted that there are several limita-
tions in this study. First, the scale mismatch for the
comparison of tree-ring data and satellite NDVI data
adds uncertainty in the analyses. The inconsistent
response of RWI andNDVI to diurnal warming could
be the vegetation change in forests (Tei et al 2019) or
the differences between different response from dif-
ferent vegetation types (Teuling et al 2010, Vicente-
Serrano et al 2013). Second, most sample sites in the
ITRDB are from the cold or dry edge of a species’
distribution, which have overestimated the impacts
of climate change on tree growth in the US South-
west (Klesse et al 2018b). Although such overestim-
ation has not been found in Central and Northern
Europe (Klesse et al 2018a), it needs to carefully treat
the climate-tree growth relationships obtained from
ITRDB tree-ring records (Babst et al 2018). Indeed,
direct eddy-flux observations would be more precise
to study the day and night warming effects on veget-
ation productivity for they can provide diurnal scale
measurements. However, daily measurements would
more reflect the impacts of Tmax and Tmin on the sea-
sonal changes of productivity (see supplementary text
1.2). Moreover, when daily values were aggregated to
growing-season values, only a few sites captured the
significant impact of day and night warming on pro-
ductivity (see supplementary text 1.3). These results
call for more efforts in collecting long-term eddy-
flux tower data, because the observation periods of
most sites in current FLUXNET datasets are not long
enough for us to apply the analyses. Third, some con-
founding environmental factors have not been con-
sidered in our analyses, such as previous-autumn to
current-spring temperature (Tei et al 2017) and fire

(Santoro et al 2001). Furthermore, it should be noted
that soil moisture data used in study only represent
the surface soil (0.5 to 2 cm depth). Some conifer
tree species can extract water from the depth of 40–
50 cm (Grossiord et al 2014), so it remains unclear
how the vertical dynamics in soil moisture affect the
results in this study. A small proportion of tree-ring
sites (totally 95 out 2294 sites) were located in sub-
tropical and tropical regions (i.e. latitudes lower than
30◦N). Thus, the definition of growing season (i.e.
April to October) may not appropriate for these sites
due to their unclear seasonality in vegetation dynam-
ics, which adds some uncertainty to the results. Lastly,
RWI and NDVI are not measurements of biomass
accumulation. Thus, analyzing the response of tree
growth to diurnal warming without considering per-
vasive drought legacies (Anderegg et al 2015) and dis-
turbances, such as logging, harvest (Amiro et al 2010)
and fire (Hicke et al 2012), or mortality (Gaylord et al
2013, Allen et al 2015) is insufficient to extrapolate
the carbon sink of forest.

In summary, this study suggests that both day and
night warming can trigger negative impacts on tree
growth when the soil is extremely dry. This finding is
inconsistent with the reported asymmetric response
of vegetation growth to day and night warming on
the global scale (Peng et al 2013, Xia et al 2014).
In fact, some recent regional and global tree-ring
based analyses have suggested that the tree growth
in dry regions becomes more limited by moisture as
a result of climate warming (Babst 2019, Schurman
et al 2019). It should be noted that forest growth in
extremely dry regions can also be affected by other
global-change factors, such as elevated CO2 concen-
trations (Long et al 2004, Ainsworth and Long 2005,
Ciais et al 2014), insect outbreaks (Breshears et al
2005) and fires (van Mantgem et al 2013). Overall,
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this study calls for more experimental studies to
explore the underlyingmechanismofwater-mediated
warming effects on tree growth at the sub-diurnal
scale.
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