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Abstract
Winter snow plays a crucial role in regulating tree growth during the subsequent growing
season in regions suffering seasonal or even annual drought stress, but themechanisms of the
potential compensation effect of winter snow on subsequent growing-season tree growth are
not well understood. In this study, we establish tree-ring chronologies of six larch forest
stands along a marked drought gradient across Northeast China. We identify the spatial
pattern in the compensation effects of winter snow on subsequent growing-season tree radial
growth and uncover a potentially enhanced compensation effect in drier climates. Our results
indicate that in snow-rich sites, winter snow tends to exert a significantly positive effect on
tree growth during the growing season, whereas this growth compensation effect is reduced
in drier sites. More importantly, our findings identify a much higher compensation effect of
winter snow on growing-season larch growth in drier years (24.4–48.0%) than in wetter
years (6.1–8.1%) at snow-rich sites. Given the projected increase in both severity and
duration of droughts in temperate regions, the potential compensation effect of winter snow
could play a crucial role in mediating the adaptation ability of boreal/hemi-boreal forest
ecosystems in response to a warmer and drier future climate in these regions.

Keywords Winter snow . Drought . Tree growth . Tree ring chronology . Compensation effect

https://doi.org/10.1007/s10584-021-02998-1

* Xiuchen Wu
xiuchen.wu@bnu.edu.cn

1 Faculty of Geographical Science, Beijing Normal University, Beijing 100875, China
2 State Key Laboratory of Earth Surface Processes and Resource Ecology, Beijing Normal University,

Beijing 100875, China
3 State Key Laboratory of Hydroscience and Engineering, Department of Hydraulic Engineering,

Tsinghua University, Beijing 100084, China
4 College of Urban and Environmental Science, MOE Laboratory for Earth Surface Processes, Peking

University, Beijing 100871, China
5 College of Forestry, Inner Mongolia Agricultural University, Hohhot 010020, China

Climatic Change (2021) 164: 54

/Published online: 22February 2021

http://crossmark.crossref.org/dialog/?doi=10.1007/s10584-021-02998-1&domain=pdf
http://orcid.org/0000-0003-1480-1346
mailto:xiuchen.wu@bnu.edu.cn


1 Introduction

Increase in both the frequency and severity of drought accompanying global warming has been
widely observed and projected in temperate regions (IPCC 2013; Dai 2013). This has
significant impacts on tree growth (Ciais et al. 2005; Fang and Zhang 2019; Trumbore et al.
2015; Vicente-Serrano et al. 2014). A widespread reduction in tree radial growth and increase
in tree mortality triggered by warming-induced drought have been widely reported in many
temperate forests (Allen et al. 2015; Allen et al. 2010; Liu et al. 2013) and have critical impacts
on the regional water and carbon cycles, climate feedbacks, and human wellbeing
(Dulamsuren et al. 2010; Dulamsuren et al. 2011; Rotenberg and Yakir 2010; Rotenberg
and Yakir 2011; Trumbore et al. 2015; Anderegg et al. 2015). An increasing number of studies
have been devoted to understanding spatio-temporal patterns in tree growth under drought
conditions and the underlying physiological mechanisms of how trees cope with a drying
climate (Allen et al. 2015; Allen et al. 2010; Huang et al. 2018; Rowland et al. 2015; Wu et al.
2012a; Wu et al. 2018b; Brodribb et al. 2020; Anderegg et al. 2020).

Winter snow emerges as an important driver of subsequent tree growth by regulating a range
of ecosystem processes, yet these processes are often overlooked when considering the impacts
of future climate on forest function. These processes include an increase in soil moisture
content, which could partially compensate water loss caused by drought during the growing
season (Potopova et al. 2016; Shamir et al. 2020), insulation effects of snow, which reduce
winter damage to the shallow roots of trees (Blume-Werry et al. 2016; Reinmann and Templer
2016; Reinmann and Templer 2018; Wipf and Rixen 2010; Wipf et al. 2009; Reinmann et al.
2019), and regulation of the soil nutrient cycles (Wu 2018). The contributions of these different
processes mediated by winter snow to tree growth are, however, heterogeneous among diverse
bioclimatic regions. Increasing attention has been focused on the hydrothermal regulations of
winter snow and its lagged effects on subsequent tree growth (Wang et al. 2018; Wu et al.
2018b; Zhang et al. 2017; Zhang et al. 2016a; Shamir et al. 2020), particularly in facing a
warmer and drier climate regime in many temperate regions. Snow cover/depth acts as a
uniquely sensitive climate variable in response to a rapidly changing climate, which depends
on temperature and precipitation at a variety of temporal and spatial scales (Hamlet et al. 2005).
Decreasing winter snowfall and earlier spring snowmelt in response to a near-surface warming
and changing precipitation regime are seen over many parts of temperate mid-latitudes (Barnett
et al. 2005). The response of tree growth to winter snow cover/depth could provide critical
insight into the comprehensive and complex effects of winter climate on tree radial growth,
particularly over cool temperate forests where tree growth tends to be susceptible to seasonal
drought, and winter snow exhibits dramatic interannual variations.

Soil water replenishment from winter snowmelt may exert positive effects on subsequent
growing-season tree growth, although the effects of winter snow on tree growth are dependent
on the background climate condition (e.g., snow depth and monsoon regime) and local edaphic
properties (Shamir et al. 2020; Mcllroy and Shinneman 2020). In temperate regions dominated
by a monsoon climate, summer precipitation is the main water source for tree growth, but the
enhanced demand for evapotranspiration linked to higher temperatures in this season may lead
to intensified drought stress (Grossiord et al. 2020). In this context, winter snowfall may play a
critical role in subsequent tree growth (Zhang et al. 2018). In particular, there is increasing
evidence that tree growth in temperate regions responds to drought indices at longer time
scales than in other ecoregions (Vicente-Serrano et al. 2014), which further confirms and
highlights the potentially crucial legacy effects of winter snow on subsequent tree growth.
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Despite improved understanding of tree growth responses to variations in growing-season
climate, little is known regarding how and to what extent winter snow will compensate for the
subsequent growing-season tree growth in diverse bioclimatic regions already suffering or prone
to seasonal drought stress (Ladwig et al. 2016; Zhang et al. 2018; Shamir et al. 2020; Davis and
Gedalof 2018; Pederson et al. 2011). It is likely that these mechanisms balance out differently for
different species and microsite environmental conditions. Preceding winter and spring precipi-
tation play a critical role in temperate environments under dry climates (Kunz et al. 2018; Liu
et al. 2013;Martin et al. 2018; Zhang et al. 2019b). However, we still lack information on the role
of winter snow to store such precipitation for subsequent tree growth. Despite recent studies that
found no marked compensatory effect of winter snow at regional scale across temperate China
(Peng et al. 2010; Wu et al. 2019), a full picture of the potential compensation effect of winter
snow on tree growth across diverse bioclimatic zones still remains elusive. One critical issue is
how the compensation effect of winter snow varies along a drought gradient in semi-arid and
sub-humid regions and what underlying processes drive the potential spatial divergence in such a
compensation effect. We expect that the compensation effect of winter snow on tree radial
growth would be more prominent under drier climate conditions.

In this study, we investigated the potentially divergent compensation effect of winter snow
on subsequent tree growth along a drought gradient over Northeast China. Specifically, our
main objectives were (1) to identify the spatial pattern in the relationship between winter snow
depth and tree growth along a drought and snowfall gradient and (2) to evaluate the compen-
sation effect of winter snow on tree growth between years with drier and wetter conditions. We
hypothesized a significant compensation effect of winter snow on tree radial growth, partic-
ularly in sites with deeper snow depth, and under drier climate conditions due to the lower
summer water supply. Our study adds to the understanding on how larch forests can cope with
a warmer and drier future climate in regions with seasonal snow cover and intensified seasonal
drought.

2 Materials and methods

2.1 Study area and sample collection

This study was conducted along a southwest-northeast transect (ranging from 41 to 52°N and
117 to 123°E) in Northeast China (Fig. 1). The climate of this region is dominated by the East
Asian monsoon system, with dry and cold winters and wet and warm summers. The annual
mean temperature in the study region ranges from − 4.5 to 5.6 °C (from northeast to
southwest). Annual total precipitation ranges from 452 to 331 mm, with more than 60%
precipitation falling between June and September. Mean temperatures in January can be as low
as − 29.1 to − 13.4 °C, while mean temperatures in July can reach 16.7 to 22.7 °C. In snow-
rich sites, multi-year mean snow depth can reach 13.9 cm, while it was only 2.1 cm on average
in snow poor sites during the period of 1960–2015. The snow cover period starts in October of
the previous year and ends in April of the current year. In winter, seasonal frozen soil exists in
our study region. The maximum depth of the seasonal frozen soil is approximately 1.8 m and
depends on soil surface properties (soil moisture and organic layer) and plant community (Jin
et al. 2007).

Larix gmelinii and Larix principis-rupprechtii are the two dominant tree species at our
sampling sites. Both larch species are widely distributed over Northeast China. Six tree-ring
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sampling sites were selected along a climate gradient in our study region (Fig. 1 and Table 1).
The six study sites are consistently covered with plantation forests. These plantation forests
consist of a simple stand structure with almost no understory trees. At each site, a square plot
(25 m × 25 m) was established, carefully controlling the slope, aspect, and soil properties (soil
thickness and soil texture, etc.) to keep terrain and edaphic conditions as similar as possible
among study sites. In each plot, we cored and measured all living canopy trees with diameter at
breast height (DBH) > 5 cm. Two perpendicular cores were collected per tree, through the pith
of the tree or as close as possible to the pith. At least 30 trees were sampled in each plot.

All tree cores were sequentially mounted, sanded, visually cross-dated, and measured using
the LINTAB system with precision to the nearest 0.001 mm (LINTAB™ 6; Rinntech). Cores

Fig. 1 Geographical location of our study sites in Northeast China. The black crosses represent the six sampling
sites, and the black pentagons are the nearest climate stations. The contours of aridity index (the ratio of annual
potential evapotranspiration to annual precipitation) shown here were estimated by the multi-year mean aridity
index during 1951–2015

Table 1 Basic information for the six tree-ring chronologies

Sites Species Elevation
(m)

Longitude
(E)

Latitude
(N)

Tree
height (m)

DBH (cm)* Canopy
cover
(%)

WLB Larix
principis-rupprechtii

973 119.18 44.09 12.18 ± 1.35 22.60 ± 4.62 28

BRG Larix
principis-rupprechtii

1154 118.64 44.78 9.37 ± 1.34 18.52 ± 5.13 50

WCG1 Larix gmelinii 850 120.30 46.78 8.99 ± 1.23 19.54 ± 3.45 40
WCG2 Larix gmelinii 900 120.38 46.87 9.90 ± 1.31 24.30 ± 5.73 35
WEG Larix gmelinii 620 120.61 50.39 9.88 ± 1.05 17.67 ± 3.64 40
GH Larix gmelinii 714 121.43 50.74 14.53 ± 1.01 27.45 ± 4.39 35

*DBH diameter at breast height. Tree height and DBH are shown here in mean ± standard deviations
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containing cross-dating errors were identified through COFECHA (Holmes 1983) and were
corrected with the master chronology moduale of COFECHA. Cores that were too short, with
too many cross-dating errors or with rotten piths were discarded. Then, ARSTAN program
was applied to construct the individual tree-ring index chronology (http://www.ltrr.arizona.
edu/software.html), using a detrending method of a spline function with a 50% frequency
response of 32 years to remove biological growth trends as well as other low-frequency
variations due to stand dynamics (Cook and Kairiukstis 1990). The basic statistics for these
six tree-ring chronologies are listed in Table 2. The expressed population signal (EPS), a
measure of chronology reliability, was calculated. An EPS above 0.85 was set to identify
reliable time periods for each chronology suitable for the study of tree growth–climate
relationships (Table 2).

2.2 Climate data

Daily climate data of air temperature, precipitation, and snow depth for the five climate stations
surrounding our sampling sites (Fig. 1) during 1961–2015 were obtained from the China
Meteorological Administration (Table S1). The self-calibrating Palmer Drought Severity Index
(scPDSI) (van der Schrier et al. 2013) was used to evaluate the drought condition for our
sampling sites. The gridded monthly scPDSI with a spatial resolution of 0.5° × 0.5° for 1961–
2015 was obtained from the Climate Research Unit (https://crudata.uea.ac.uk/cru/data/
drought/) (Fig. S1). The scPDSI index represents soil moisture conditions after considering
atmospheric input and soil evaporation (Wells et al. 2004). The frozen-ground period from
approximately mid-October of the previous year to early April of the current year is regarded
as the non-growing season in our study region. We calculated the annual mean value of
scPDSI from October of the previous year to September of the current year to characterize the
interannual drought conditions.

2.3 Stable isotope analysis

In April, July, and September of 2018, we collected soil samples and tree xylem samples for
stable isotope analyses in three sites (WLB, WCG, and GH; Fig.1). At each site, five healthy
larch trees were chosen, with similar ages (30 ± 3 yr), diameters (22 ± 3 cm), and tree heights
(12 ± 2 m). For each tree individual, three 5 cm-long twigs from the sun-exposed crown were
obtained. For each twig, the phloem tissue was removed to avoid contamination by isotopic
enriched water. Soil samples near the chosen trees were collected at depths of 10, 20, 40, 60,
and 80 cm. The soil depth at our study sites is generally not more than 80 cm, overlying the

Table 2 Descriptive statistics for the six tree-ring chronologies

Sites Time span No. cores/trees MS* SD PC1 EPS>0.85

WLB 1978–2015 69/36 0.29 0.35 0.45 1981–2015
BRG 1983–2015 86/45 0.39 0.38 0.55 1985–2015
WCG1 1980–2015 65/35 0.41 0.37 0.54 1981–2015
WCG2 1962–2015 51/28 0.30 0.33 0.48 1964–2015
WEG 1983–2015 80/42 0.13 0.09 0.64 1984–2015
GH 1958–2015 73/39 0.21 0.28 0.70 1959–2015

MS mean sensitivity, SD standard deviation, PC1 the variance expressed by the first principal component, EPS
expressed population signal
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fractured parent material, so groundwater is not a potential water source. Thus, soil water from
different layers was regarded as the main potential sources for tree water uptake. To prevent
the effect of evaporation on isotopic contents, all soil and plant samples were stored in a
refrigerator (− 4 °C) until the water was extracted using cryogenic vacuum distillation. Water
in the soil and tree stems was extracted by a cryogenic vacuum distillation system (West et al.
2006). The hydrogen and oxygen isotopic compositions (δD and δ18O) of all samples were
measured by the off-axis integrated cavity output spectroscopy method (Model DLT-100, Los
Gatos Research, San Jose, CA, USA).

The most likely proportion of potential water sources used by trees was estimated by
the Bayesian isotope mixing model MixSIAR (version 3.1.7) (http://conserver.iugo-cafe.
org/user/brice.semmens/MixSIAR.MixSIAR) (Rothfuss and Javaux 2017). The isotopic
signatures of larch xylem water and the mean and standard deviation of soil water in the
five layers were input into the MixSIAR model as ‘consumer’ and ‘source’ data, that is, we
considered five different sources of soil water. The discrimination data were set to zero for
both δ18O and δD because isotopic fractionation does not occur during plant water uptake
(Ehleringer and Dawson 1992). Individual effects as a random occurrence were included
in all analyses. The run length of the Markov chain Monte Carlo was set to ‘long’ (chain
length = 300,000, burn = 200,000, thin = 100, and chains = 3). The error option ‘residual
only’ was specified in the model. We set “uninformative prior” in the model. The
convergence of all the variables was assessed with the Gelman–Rubin and Geweke
diagnostic tests (Wu et al. 2018a).

2.4 Statistical methods

Principal component analysis was performed to estimate the regional tree growth pattern
as depicted by the first principal component (PC1) during 1983–2015. Partial least square
regression was applied to quantify the relationships between standard tree-ring chronolo-
gies and different climate variables. Five types of climate factors were considered to
investigate the growth–climate relationship: pre-growing-season temperature (PGT),
growing-season temperature (GT), spring precipitation (SP), growing-season precipitation
(GP), and mean winter snow depth (SD). Pre-growing-season, growing-season, spring,
and winter were defined as previous October to current April, current May to Sep, March–
April, and previous December to current February, respectively. A generalized linear
model (GLM) was applied to analyze the relative contribution of different climate factors
to variance in tree-ring chronologies. GLM is a regression approach commonly used to
evaluate the relationship between dependent variables and multiple independent variables
from a variety of statistical distributions with the link function. The link function estimates
the relative contribution of each independent variable by means of variance decomposition
and has been proven to be an effective tool in disentangling the relative contribution of
different explanatory variables (Lopatin et al. 2016; Mccullagh 1984). The compensation
effect of winter snow was evaluated by the contribution of winter snow to the variance of
growing-season tree growth. Additionally, the potential compensation effects of winter
snow on subsequent tree growth between dry and wet years were investigated and
compared. Years with scPDSI values above and below the multi-year mean ± 1 − standard
deviation are defined as wet and dry years in this study, respectively.

Snow water equivalent (SWE) is the product of snow depth (SD) and snow density (ρsnow)
and represents the resulting water column should a snowpack melt in place. The conversion
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between snow depth and snow water equivalent generally calculated using the following
formula:

SWE ¼ SD� ρsnow

There shows strong heterogeneity of snow density at large spatial scales; however, the spatially
detailed information for snow density is hard to obtain. We thus used a fixed snow density
(0.24 g/cm3) to convert snow depth to snow water equivalent (Takala et al. 2011). The
proportion of winter snow water equivalent to pre-growing-season precipitation was
calculated.

3 Results

3.1 Temporal trends in tree growth and climate

Linear regression analyses showed that the annual mean scPDSI at our study sites all exhibited
a significantly decreasing trend in the period of 1980–2015, with rates of decrease ranging
from 0.19 to 0.24/decade, despite great interannual variations (Fig. S1). Mean growing-season
temperatures exhibited significantly increasing trends at our study sites, whereas neither spring
precipitation nor growing-season precipitation showed significant trends in the period of
1980–2015. Mean winter snow depth showed divergent trends in our sampling transect, with
an increasing trend in the climate stations surrounding the snow rich sites, but a slightly
decreasing trend in the stations surrounding the two snow poor sites (i.e., WLB and BRG) in
the period of 1980–2015 (Fig. S1, Table S1).

The six standard tree-ring chronologies are shown in Fig. 2. The correlation coefficients
between each tree chronology and the master chronology were consistently above 0.6,
indicating a strong shared signal in the interannual variations among trees in each sampling
site (Table S2). The interannual variations, represented by the coefficient of variance, of the six
tree-ring chronologies consistently exhibit an increasing trend, evidenced by the sliding
analysis with a moving window length of 5 years (Fig. S2 a–f).

The first and second PCs (PC1 and PC2) of the six tree-ring chronologies accounted for
54.0% and 18.5% of the total variance, respectively. Although the six tree-ring chronologies
were associated with different loadings for PC1, all chronologies were positively correlated with
PC1, indicating that they shared a common variance. This finding illustrates that the six tree-ring
chronologies shared similar growth patterns at the regional level. Tree-ring chronologies at the
two drier sites (WLB and BRG) were mainly negatively correlated with PC2, while tree-ring
chronologies of the other sites all had a positive correlation with PC2 (Fig. S3). We then used
PC1 to depict regional tree growth. Correlation analyses between PC1 and monthly scPDSI in
the period of 1983–2015 showed that scPDSI was significantly and positively correlated with
regional tree growth during all months, which demonstrates that regional tree growth across our
study transect in Northeast China is strongly limited by drought stress (Fig. S3).

3.2 Response of tree growth to different climate factors

GLM analyses showed that tree growth of Larix principis-rupprechtii responded significantly
and positively to spring precipitation (Fig. 3a) at the snow poor site of WLB, with a relative
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contribution of 9.1% to tree growth. Tree growth of Larix gmelinii in the middle part (i.e.,
WCG1 and WCG2) of our transect exhibited significantly negative and positive responses to
mean growing-season temperature and spring precipitation, respectively (Fig. S4c, d). The
mean growing-season temperature and spring precipitation contributed 7.1% and 21.1% to the
variance of tree growth at site WCG1, with corresponding values of 7.3% and 23.1% for site
WCG2, respectively. Winter snow did not contribute to regulating tree growth in these two
sites (Fig. 3c and d). In contrast, at the two snow-rich sites (WEG and GH), with deeper (13.6
and 13.9 cm) winter snow accumulation and a higher proportion (12.0% and 11.0%) of winter
snow water equivalent to pre-growing-season precipitation (Fig. S5), tree growth of Larix
gmelinii responded positively to mean winter snow depth (p = 0.05 in WEG and p = 0.1 in
GH). Mean winter snow depth contributed 12.2% and 9.8% to the variance in tree growth at
WEG and GH, respectively (Fig. 3e and f). Except for the winter snow depth, tree growth of
Larix gmelinii at these two sites did not show significant relationships to any other climate
factors (Fig. 3e and f).

3.3 Compensation effect of winter snow for tree growth

To further investigate the potential compensation effect of winter snow on the subsequent
growing-season tree growth under drier conditions, we compared the relative contributions of
winter snow depth and other climate factors to larch growth in dry and wet years at the six sites
(Table S3, Fig. 4). The relative contribution of spring precipitation at snow poor sites (i.e.,
WLB and BRG) was significantly higher in dry years (37.7% and 71.4%) than in wet years

Fig. 2 Standard tree-ring chronologies (blue lines) for Larix principis-rupprechtii in WLB and BRG (a, b), and
Larix gmelinii in WCG1 and WCG2 (c, d), and WEG and GH (e, f). Gray shade in (a–f) shows the sample depth
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(3.4% and 36.6%) (Fig. 4a and b). Tree growth in the middle part of our transect was more
limited by the mean growing-season temperature in dry years, accompanied by an increased
positive effect of spring precipitation (Fig. 4c and d). More interestingly, at snow-rich sites
(i.e., WEG and GH), a higher compensation effect of winter snow depth on growing-season
tree growth was observed in dry years (24.4–48.0%) than wet years (6.1–8.1%) (Fig. 4e and f).

3.4 Seasonal water use strategy

During April and July, the larch trees in our study region mainly uptake soil water from the
0–20-cm soil layer, with the proportion ranging from 62.8 in dry sites (i.e., WLB) to
75.3% in wet sites (i.e., GH) (Fig. 5). However, the proportion of water uptake from the
topsoil (i.e., 0–10 cm) in early and mid-growing-season is much smaller in dry (44.6%)
than in wet sites (69.4%). Interestingly, in September, the water uptake from shallow
layers decreases dramatically compared to the uptake in early and mid-growing-season.
Instead, the larch trees generally uptake soil water from much deeper soil layers (i.e.,
below 20 cm) in September. Our findings show a clear shift in the water uptake regime
from early and mid-growing-season to late growing-season, despite the site-to-site differ-
ence in either of the two periods.

Fig. 3 Relative contribution (RC, %) of different climate factors to variations in tree growth in six sites (a–f).
Bars represent the relative contribution of winter snow depth (SD), pre-growing-season temperature (PGT),
spring precipitation (SP), growing-season precipitation (GP), and mean growing-season temperature (GT) to
variance in six tree-ring chronologies during 1983–2015. Stars indicate statistically significant RC (p < 0.05)
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4 Discussion

4.1 Vulnerability of tree growth to drought

Our findings along a drought gradient clearly indicate that larch forests in this region are suffering
from severe drought stress, as evidenced by the significantly positive response of regional tree
growth to scPDSI in all months. More importantly, we revealed that the interannual variations in
tree-ring chronologies across all sites are consistently increasing with time during our study
period, implying that tree growth in our study region is becoming more variable with the rapidly
changing climate, particularly the intensifying drought (Lyu et al. 2017; Shen et al. 2016; Shi et al.
2019; Zhang et al. 2016b; Zhu et al. 2018;Wu et al. 2018b). Regional tree growth shows negative
and positive correlations with mean growing-season temperature and growing-season precipita-
tion, respectively (Figs. S3 c and S4 c, d). This implies that warming-induced drought may have
detrimental effects on tree growth (Pederson et al. 2012), although the tree-ring series did not
present significant growth decline due to warming-induced water deficit, unlike that reported in
previous studies over Northeast China (Wang et al. 2017; Zhu et al. 2018).

Tree growth of larch forests in Northeast China is susceptible to variations in spring
precipitation and winter snow depth. Studies consistently report an increasingly critical role
of preceding-season water supply to the subsequent growing-season tree growth and

Fig. 4 Comparison of the relative contribution (RC, %) of different climate factors to tree growth in dry years
(yellow bars) and wet years (blue bars). Bars show the relative contribution of winter snow depth (SD), pre-
growing-season temperature (PGT), spring precipitation (SP), growing-season precipitation (GP), and mean
growing-season temperature (GT) to variance in six tree-ring chronologies during 1983–2015. Asterisks indicate
statistically significant at 95% confidence level (p < 0.05)
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xylogenesis in diverse temperate regions (Ren et al. 2018; Ren et al. 2015; Shamir et al. 2020).
The onset of xylogenesis in drought stressed temperate forest was clearly triggered by a
threshold-based precipitation accumulation, and spring precipitation affects the formation of
the first row of early-wood vessels in water-limited forests (Zhang et al. 2019b). Snowmelt is
also an important water resource for tree growth during the early growing season in boreal
forests (Grippa et al. 2005; Zhang et al. 2018). Earlywood development was correlated with
snowmelt in the previous year (Shamir et al. 2020). The response of tree growth to climate
factors could also be regulated by other processes (Chakraborty et al. 2019; Rehschuh et al.
2017), including forest structure, soil properties, and local micro-climate.

Theoretically, tree growth can to some extent cope with intensified drought via various
physiological mechanisms. First, trees can shift their behaviors in terms of coupling of water
and carbon processes, including reducing shoot water potential and opening of the stomata and
increasing water use efficiency (Trahan and Schubert 2016; Bhusal et al. 2020). Second, trees
can adapt their water use strategy to seasonal changes in plant water supply, as evidenced by a
clear shift in water uptake from shallow soil layers in early growing-season to deeper soil layers
in late growing-season in our study (Fig. 5). The adaptive seasonal shift in water use of forests
can partly compensate for low water availability in shallow layers by accessing deep water,
potentially mitigating their vulnerability to summer drought (Ellsworth and Sternberg 2015;
Allen et al. 2019), although the seasonal water use strategy might be species dependent (Allen
et al. 2019). Third, soil water supply in pre-growing-season (winter snow, spring precipitation,
and frozen soil) is playing an increasingly important role in regulating tree growth in many
temperate regions (Eamus et al. 2013; Sugimoto et al. 2003; Wu et al. 2019; Allen et al. 2019).
Our findings clearly highlight that the compensatory effect of winter snow could contribute
more significantly to larch growth in years with drier climate conditions (Fig. 4).

4.2 Compensation effect of winter snow

Our findings indicate that winter snow exerts spatially divergent compensation effect on the
subsequent growing-season tree growth for larch forests across a drought gradient, and this
compensation effect is more evident in sites with higher winter snow. Previous findings
indicate that the magnitude of the lagged snow effect depends on the proportion of winter

Fig. 5 Seasonal variations in water use sources from different soil layers for larch trees at study sites of WLB,
WCG, and GH
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snow to pre-growing-season precipitation (Wu et al. 2019). In our study, the generally low
proportion of winter snow to pre-growing-season precipitation in dry sites of WLB and BRG
(~8%) seemed to explain the non-significant role of winter snow on tree growth at these sites;
however, much deeper winter snow indeed led to a high compensation effect on tree growth in
snow rich sites (Fig. S5). Winter snow can significantly influence soil water during the
growing season through the snowmelt water supply (Potopova et al. 2016; Allen et al. 2019;
Shamir et al. 2020). In our study region, leaf-out of larch trees normally begins in late April,
followed by xylem formation (Quan and Wang 2018). In snow-rich regions of Northeast
China, snow is present in April but has mostly disappeared by May, and a previous study
found that mean snow cover fraction from 1987 to 2014 was 23% in April compared to 0% in
May (Zhang et al. 2018). Therefore, the presence of snow cover in April gave trees access to
pre-monsoon water supply when the growing season generally commenced in late April. Our
findings confirmed that in snow-rich sites (i.e., WEG and GH), there was a high (with relative
contribution of 24.4–48.0%) compensation effect of winter snow depth on subsequent
growing-season tree growth (Fig. 4e and f).

Larch trees have a higher proportion of fine roots in shallow organic and mineral soil
horizons (Iversen et al. 2018; Kajimoto et al. 2007; Zhang et al. 2018). The snow water mainly
recharges the surface soil (Sugimoto et al. 2003) in such water-limited regions. Together with
the thick humus layer in the larch forests, more snowmelt water could be kept in the soil to
provide water supply in the subsequent growing season. The results of hydrogen and oxygen
stable isotope analyses consistently indicated that larch trees mainly absorbed shallow soil
water in the early growing season. In addition, the insulation effects of winter snow may also
facilitate tree growth in the subsequent growing season. It is well documented that increased
depth and duration of soil freezing caused by snowpack reductions adversely impact fine root
dynamics (Reinmann and Templer 2016), shoot elongation (Comerford et al. 2013), and N
uptake and N retention by northern forests (Campbell et al. 2014).

However, with rapid climate warming, particularly during winter and spring, there tends to
be earlier snow melting and increase in evapotranspiration into the atmosphere, which thus
reduces soil moisture availability in semi-arid regions, further constraining forest growth
(Pederson et al. 2011; Peng et al. 2013; Liu et al. 2013; Tan et al. 2019). More importantly,
our results indicate that the compensation effect of winter snow on tree growth is particularly
important in drier years, highlighting the crucial role of winter snow in sustaining forest
growth in a drying climate. Forests exhibit a drought legacy response with reduced growth
during up to 4 years after an extreme drought (Wu et al. 2018b; Anderegg et al. 2015). Trees
could make better use of the winter soil moisture storage which buffer them from severe
drought stress and growth depressions in a subsequent drought during the growing season
(Scharnweber et al. 2020). We reasonably hypothesized that the compensation effect of winter
snow could play an important role in alleviating drought stress for post-drought forest
recovery, nevertheless, such processes remain poorly understood.

Previous findings have implied that forest growth across temperate China has already
suffered from progressively stronger drought limitations during the past decades, particularly
in semi-arid regions (Liu et al. 2013; Wu et al. 2018b). We further found that larch growth in
Northeast China has become more limited by drought stress in recent decades, and water
availability from winter snow and spring precipitation may play an increasingly important role
in regulating subsequent larch growth. These findings provide valuable insights into the
regional larch forest dynamics in facing a warmer and drier climate and should be useful for
devising adaptive larch forest management strategies in Northeast China.

Climatic Change (2021) 164: 5454 Page 12 of 17



5 Conclusions

Our findings from a drought gradient indicate that the larch forests distributed over
temperate China are becoming increasingly vulnerable to intensifying drought, and tree
growth is becoming temporally more variable. We revealed a clear compensation effect
of winter snow on subsequently growing-season tree growth in snow-rich regions, but
not in snow-poor and semi-arid regions. Interestingly, such compensation effect of winter
snow on subsequent growing-season tree growth is becoming more prominent in dry than
in wet years, implying a crucial role of winter snow in maintaining tree growth under
drought events. Given a continuous increase in both the severity and duration of drought
that is reasonably projected to accompany rapid climate warming in the majority of mid-
latitude temperate regions, the compensation effect of winter snow may play a vital role
in the resistance and resilience of these forests in facing a hotter and drier future climate
in these areas.
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