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Under global warming, seasonal snow takes faster melting rate than before, which greatly changes the hydro-
logical cycle. In this study, by targeting three typical seasonal snow-covered land types (i.e., open shrubland,
evergreen needleleaf forest and mixed forest) in the Northern Hemisphere, the start of growing season (SGS) has
been found obviously advanced in the past years, greatly contributed by the faster melting rate of seasonal snow.
It is manifested that significantly positive correlation has been found between SGS and May snow depth for open
shrubs, March and April snow depth for evergreen needleleaf forests and March snow depth for mixed forests.
However, such close association is not appeared in all the climate conditions of same vegetation. In the future,
as the rate of melting snow becomes faster in the high emission of greenhouse gasses than the current situation,
continuously advanced SGS will accelerate the change of vegetation distribution in the Northern Hemisphere.
These findings offer insights into understanding the effect from seasonal snow on vegetation and promote the
sustainable utilization of regional vegetation in the Northern Hemisphere.

1. Introduction

Snow is one of the major controlling factors of phenology due to
its impacts on regional water cycle and soil nutrient influx, which ul-
timately impacts vegetation growth (Yu et al., 2013; Slatyer et al.,
2021). A downward trend of snow cover extent was observed dur-
ing the Northern Hemisphere (NH) spring and summer in the last
two decades (Bormann et al., 2018; Y.L. Wang et al., 2018). The an-
nual mean snow depth decreased at a rate of 0.06 cm yr~! in the
NH, accompanied by reduced duration of snow cover from 1992 to
2016 (Xiao et al., 2020). Such changes of snow cover have strongly
altered the soil water budget. During the melting period, soil water
content is generally high, driven by the melting, soil texture and to-
pography (Zhang, 2005). The changes of soil temperature and wa-
ter content are primary drivers of many ecosystem processes, such as

* Corresponding author.
E-mail address: hjp@lzu.edu.cn (J. Huang).

https://doi.org/10.1016/j.geosus.2022.09.001

the seasonal variation in soil respiration rate (Borken and Matzner,
2009).

Numerous studies showed that earlier snowmelt was consistently as-
sociated with advanced spring phenology in plants, thus prolonging the
growing season and increasing the productivity (Aurela et al., 2004;
Wipf and Rixen, 2010; Pulliainen et al., 2017; Slatyer et al., 2021).
Deeper spring snowpack and later snowmelt may delay the onset of
spring vegetation growth and shorten the growing season (Chen et al.,
2011; Cooper et al., 2011; Xie et al., 2020). In some areas of northern
Europe, the green-up onset date may be delayed by heavy snow and
insufficient winter chilling, possibly attributed to the positive North At-
lantic Oscillation phase (Nordli et al., 2008; Richardson et al., 2013).
For the alpine steppes in the Tibetan Plateau, the negative correlation
between snow cover duration and the onset of growth was highly sig-
nificant (X.Y. Wang et al., 2018).
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Table 1
Definitions of the four regions used in this study.

Region Longitude/Latitude

North America (NAM)
Europe (EU)

Central Asia (CAS)
East Asia (EAS)

180°-25°W, 45°N-70°N,
25°W—-60°E, 45°N-70°N
60°E—90°E, 45°N-70°N
90°E-180°, 45°N-70°N

As the snow effect on phenology has obvious regional characters,
previous results mainly focused on their local relationship. At large
scales, studying the effect of snow on phenology is also attractive. In
the NH, there are different land cover types, predominated by evergreen
needleleaf, mixed forest and shrublands. As the spatial distribution of
climate condition is different in each continent, the responses of spring
phenology to snow by these three typical vegetation types show notable
differences. Therefore, it is necessary to investigate the spatio-temporal
change of typical vegetation, and compare these response differences
from the start of growing season (SGS) to snow changes over different
regions of North America, Europe, Central Asia, and East Asia. As the
high emission of greenhouse gases will accelerate the decreasing rate
of snow depth based on model simulations, related vegetation changes
will likely appear in the future.

2. Materials and methods
2.1. Materials

In the mid-to-high latitudes of the NH, the impacts of snow cover
dynamics on vegetation show large differences among boreal biomes
(Eugster et al., 2000). Open shrubs, mixed forests and evergreen needle-
leaf forests are widely distributed in 45°N—70°N, covering 18.49%,
13.75% and 5.15% of the region, respectively. These three vegetation
types not only cover large area in the mid-to-high latitudes of the NH,
but also are widespread in the North America, Europe and Asia, so that
we can compare the relationships between the start of growing season
and snow depth of different regions. Besides, the three selected vegeta-
tion types were highly sensitive to snow changes compared with other
vegetation types in the NH. In this study, we select the area where the
distributions of these three major land cover types are stable from 2001
to 2014 based on the Moderate Resolution Imaging Spectroradiometer
(MODIS) land cover data (MCD12C1). The region with stable biome is
defined as the grids with the same land cover type in both 2001 and
2014. The study area is divided into four geographical regions given in
Table 1. The latitude and longitude ranges of the four subregions are
also listed in Table 1.

The MCD12C1 Version 6 data contains 17 land cover types, including
11 natural vegetation classes, 3 developed and mosaicked land classes,
and 3 non-vegetated land classes. The data we selected covers the pe-
riod from 2001 to 2014 at a resolution of 0.05° x 0.05° and yearly in-
terval (Friedl et al., 2010). Compared with the Advanced Very High-
Resolution Radiometer data, the enhanced spectral, spatial, radiometric,
and geometric qualities of the MODIS data provide a greatly improved
basis for monitoring and mapping global land cover. Therefore, the land
cover maps based on the MODIS are useful at regional and global scales
(Liston et al., 2007; Friedl et al., 2010).

The monthly snow depth data used in this study are from the ERA5-
land reanalysis dataset, covering a period from 1950 to present on
0.1° x 0.1° grid. The dataset provides a large number of land vari-
ables at hourly interval, combining model outputs with observations.
This reanalysis is selected due to its enhanced resolution compared to
the ERAS, which is the fifth generation of atmospheric reanalysis of
the global climate produced by the European center for Medium-Range
Weather Forecasts (ECMWF). SGS data used in this study were esti-
mated by Wang et al. (2019) from the GIMMS3g dataset according to
five widely used phenology retrieval methods.
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We used 13 models used in the Coupled Model Intercomparison
Project phase 6 (CMIP6) under shared socioeconomic pathways (SSPs)
for the period 2015-2100 to evaluate the possible impacts of spring
snow depth on SGS (Table 2). SSP1-2.6 and SSP5-8.5 were selected,
representing the low end and high end of the range of future forc-
ing pathway, respectively. The multi-model ensemble mean for snow
depth is calculated according to each weight of the models provided
by Zhong et al. (2022). Their study evaluated snow depth simulations
from 22 CMIP6 models by comparing them to high quality observational
dataset for the period of 1955-2014 across high-latitude regions of the
NH, which includes our study area.

2.2. Methods

We used simple linear regression to identify the linear relation be-
tween SGS and winter/spring snow depth of three types of vegetation
over each region, and the season in which the snow depth is more closely
related to SGS of three vegetation types in each region. The Pearson
correlation analysis is the correlation used to explore the relationship
between SGS and snow depth of different months (March, April and
May).

3. Results
3.1. Distributions of land cover types during 2001-2014

Fig. 1(a) shows the distributions of three land cover types based
on the period of 2001-2014, covering a wide area across the mid-to-
high latitude of the NH. The open shrublands were mainly distributed
in northern Canada and northern Russia; evergreen needleleaf forests
were mostly concentrated in southern Canada and northern Europe; and
mixed forests primarily covered the southeastern part of Canada and
were also located in some regions closed to 60°N of Eurasia. Fig. 1(b)
shows the changes of the typical vegetation by comparing their distri-
butions in 2001 and 2014. It is obvious that large tracts of evergreen
needleleaf forests disappeared in North America (NAM); and the de-
crease of mixed forest mainly occurred over Europe (EU) and central
Asia (CAS). The new mixed forests majorly appeared in the southeastern
part of NAM. For open shrubs, they changed mostly in the mid-to-high
latitude of East Asia (EAS).

Changes in the area for these three -types of vegetation in the zonal
direction are illustrated in Fig. 2. The contraction of open shrublands
mainly appeared around 60°N-70°N in NAM and EAS. The area of ever-
green needleleaf forests concentrated in the 45°N-55°N region of NAM
decreased significantly, while a slight increase of evergreen needleleaf
forests can be found in 55°N-60°N of NAM and in 60°N-65°N of EU. The
obvious decrease of mixed forest was majorly located in the mid lati-
tudes of CAS and EAS. Compared with the evergreen needleleaf forests
and open shrubs, the mixed forests took an obvious increase in the lati-
tudes between 45°N and 50°N of NAM, and weak decreases over 50°N—
60°N of EU, CAS and EAU. From the comparison over the four regions,
the typical vegetations of NAM and EAS showed obvious changes. The
decreased open shrubs were majorly located around the 70°N of EAS,
but the evergreen needleleaf forests decreased in 45°N-50°N of NAM.

3.2. Distribution of SGS during 2001-2014

For the three typical vegetations, their SGSs were advanced. Com-
bined with the distribution of vegetation in Fig. 1(a), Fig. 3(a) shows
that SGS of open shrublands had the highest value from 130 to 160 days,
which means SGS was in late-spring, even the start of summer. SGS of ev-
ergreen needleleaf forest and mixed forest were mainly around the 115
Julian day, which was in April, expect for EU with the earliest SGS.
The trend of SGS illustrates that the extremely significant decrease was
mainly in the open shrublands of the northern part of EAS (Fig. 3(b)).
By contrast, an extremely significant increase was found in some small
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Table 2
Climate models used in this study.
Horizontal
resolution Weight
Model Institute Country (lon x lat) (%)
1 BCC-CSM2-MR Beijing Climate Center (BCC) China 1.1°x1.1° 6.47
2 CAS-ESM2-0 Institute of Atmospheric Physics, Chinese Academy of Sciences China 1.4°x1.4° 7.13
(IAP, CAS)
3 CESM2-WACCM National Center for Atmospheric Research (NCAR) United States 1.25° x 0.94° 8.04
4 EC-Earth3 EC-Earth Consortium Sweden 0.7° x 0.7° 6.95
5 EC-Earth3-Veg 0.7°x0.7° 7.13
6 FGOALS-f3-L Institute of Atmospheric Physics, Chinese Academy of Sciences China 1.25° x 1.0° 7.35
(IAP, CAS)
7 GFDL-ESM4 National Oceanic and Atmospheric Administration (GFDL, United States 1.25° x 1.0° 8.07
NOAA)
8 IPSL-CM6A-LR Institute Pierre Simon Laplace (IPSL) France 2.5°x 1.27° 7.65
9 MIROC6 Japan Agency for Marine-Earth Science and Technology Japan 1.4°x1.4° 8.81
(JAMSTEC)
10 MRI-ESM2-0 Meteorological Research Institute, Japan Meteorological Japan 1.1°x1.1° 8.78
Agency (MRI, JMA)
11 NorESM2-LM Norwegian Climate Center (NCC) Norway 2.5°x 1.9° 8.60
12 NorESM2-MM 1.25° x 0.94° 7.80
13 TaiESM1 Research Center for Environmental Changes, Academia Sinica China 1.25° x 0.94° 7.24
(RCEC, AS)
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Fig. 1. (a) Distribution of stable evergreen needleleaf forests, mixed forests and open shrublands, and (b) changes of open shrublands (yellow), evergreen needleleaf
forests (green) and mixed forests (red) in the four regions of the Northern Hemisphere during 2001-2014.

parts of the open shrublands in NAM and the far eastern part of EAS.
An advanced trend of SGS for the evergreen needleleaf forest and mixed
forest also occurred in EU, CAS and EAS.

3.3. Effect of snow depth on SGS

SGS is greatly influenced by snow depth. We calculated the relation-
ship of SGS with snow depth in winter (Fig. 4) and spring (Fig. 5) to iden-
tify the impact of seasonal snow depth variation on vegetation growth.
The results show that there was no statistically significant correlation
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between winter snow depth and SGS in the most typical vegetation of
each region (Fig. 4). Only for the evergreen needleleaf forest in CAS,
SGS exhibited a positive correlation with winter snow depth. In addi-
tion, negative correlation existed in the open shrublands of NAM and in
the mixed forest of EAS (Fig. 4(h) and (i)).

There were, however, different degrees of positive correlation be-
tween SGS and spring snow depth in all areas. Most areas showed sig-
nificantly positive correlation. For the evergreen needleleaf forest, the
highest correlation coefficient appeared in CAS, which was up to 0.91
(r=0.91, P<0.01), followed by NAM of 0.78, EAS of 0.77 and EU of 0.68
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Fig. 2. Distribution of disappearance and new area of open shrubland (red), evergreen needleleaf forest (blue) and mixed forest (green) in the four regions during
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Fig. 3. (a) Distribution of SGS in units of day of year and (b) trend of SGS over open shrublands, evergreen needleleaf forests and mixed forests in the four regions

during 2001-2014.

(Fig. 5(a)-(d)). In each region of mixed forest, SGS was significantly pos-
itively correlated with spring snow depth (Fig. 5(e)-(h)). SGS for open
shrubs was also significantly postponed by the increased spring snow
depth in EU and EAS in spite of no significant positive correlation in the
other regions (Fig. 5(1)-(1)).
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Considering the close relationship between spring snow depth and
SGS, we further calculated the monthly effect of snow depth on SGS,
which indicated that different sensitivities to changes in snow depth
varied with biomes. For evergreen needleleaf forests and mixed forests,
their SGSs were mainly concentrated in April, except in EAS in which
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Fig. 4. Correlations between winter snow depth anomaly and SGS for different vegetation types in the four regions during the period of 2001-2014.
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Fig. 5. Correlations between spring snow depth anomaly and SGS for different vegetation types in the four regions during the period of 2001-2014.

SGS was concentrated in late-April and early-May (Fig. 6(a)-(h)). The
results also manifest that SGS concentrated in April received all the ef-
fect from the snow depth in March and April in the regions of NAM, EU
and CAS (Fig. 6(a)-(h)). With respect to the correlation between SGS of
open shrubs and snow depth in different months, SGS for open shrubs
responded differently to the changes of mean snow depth in May, April
and May compared with those for mixed forests. The effect of snow
depth on SGS was only evident in May among these four regions, sug-
gesting that the growth of open shrubs had a relatively faster response
to the variation of snow depth.

The association between snow depth and SGS also showed spatial
discrepancy. Combined with Fig. 2, the latitude of same vegetation had
arange of climatic condition in the selected regions (Bienau et al., 2014;
X.Y. Wang et al., 2018). For evergreen needleaf in the region with pre-
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cipitation ranging from 650 to 950 mm, SGS of evergreen needleleaf
forests was positively correlated with winter snow depth, while a weaker
correlation was observed once the precipitation exceeded 950 mm or
dropped below 650 mm (Fig. 7(a) and (d)). For mixed forests, positive
correlation was mainly located in the warm region (> 5 °C) (Fig. 7(b)
and (e)). However, nearly all the regions showed powerful correlations
between SGS and spring snow depth for evergreen needleleaf forests
and mixed forests, indicating that the relationship between spring snow
depth and SGS in forests was less affected by hydrothermal conditions.
In open shrublands, the positive correlation between SGS and win-
ter/spring snow depth became stronger with increasing precipitation
and temperature (Fig. 7(c) and (f)); and this positive relationship was
more pronounced in spring. In these typical vegetations, the open shrub-
lands showed obviously higher correlation in the area of precipitation
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needleleaf forests, mixed forests and open shrublands from 2001 to 2014 over the mid-to-high latitudes of Northern Hemisphere. Black cross indicates significance

at the 90% confidence level.

larger than 800 mm/yr and temperature higher than 2 °C than that in
the other areas. Such discrepancy implies that snow effect on SGS in the
climate condition of high temperature and high precipitation was much
quicker than that of low temperature and less precipitation. In winter,
the evergreen needleleaf forest was sensitive to the precipitation in the
range of 600-800 mm/yr, the mixed forest had the highest value located
in the mean temperature from 4 to 8 °C and the precipitation from 700
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to 1,000 mm/yr, and the sensitive climate condition of open shrublands
is in the mean temperature from —4 to 4 °C and precipitation from 900
to 1300 mm/yr (Fig. 7(a), (b), (c)). These sensitive regions had obvious
response on SGS to the snow changes in winter.

As the melting of snow depth in the past decades became faster, the
trend of annual mean snow depth experienced a spatial decrease, while
the elevated snow depth can be seen in the western part of NAM and the
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northeast part of EAS (Fig. 8(b)). Fig. 8(c)-(f) demonstrate the monthly
variation of snow depth of the three land cover types in snow accu-
mulation and snowmelt processes. The snow depth increased in winter
(December to February) and decreased in spring (March to May), in-
dicating snow accumulation was the winter hydrological process and
spring was the snowmelt stage in the mid-to-high latitudes. The snow
depth of open shrublands increased the earliest and had the highest val-
ues in EU and CAS, followed by those of evergreen needleleaf forests
and mixed forests. After that, an accelerated decline of snow depth can
be found in all land cover types. It is noteworthy that the snow depth
of evergreen needleleaf forests was larger than those of mixed forests
and open shrubs in NAM in both winter and spring; and the variation of
snow depth in EAS was similar among the three biomes.

Given that the effect of spring snow depth on SGS was signifi-
cant, projecting the change of SGS according to spring snow depth is
beneficial to our understanding of the future change of snow-covered
ecosystems under global warming. Two extreme scenarios (SSP1-2.6
and SSP5.8.5) were selected for comparing snow depth changes by dif-
ferent warming. Under SSP1-2.6, a slight decrease of spring snow depth
will occur in all regions (Fig. 9(a)-(1) and (m)). When the radiative forc-
ing reaches a high level (SSP5-8.5), spring snow depth will reduce up to
0.38 cm/yr and 0.37 cm/yr in evergreen needleleaf forests of NAM and
open shrublands of EU, respectively (Fig. 9(a), (j), (n)). This dramatic
reduction of snow depth in spring will advance SGS and constantly make
positive contribution to the earlier leaf-out of plants.

3.4. Discussion

Our findings show that different vegetation had different responses
to snow change. However, in general, SGS of these three vegetations
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showed more obvious positive correlation with spring snow depth than
with winter snow depth in most regions. This also suggests that thicker
snow cover in spring delayed the vegetation growth in evergreen needle-
leaf forest and mixed forest, which was probably caused by the reduction
of soil respiration rate associated with the cooling effect of thick spring
snow in forest ecosystem (Monson et al., 2006; Sullivan et al., 2008;
Peng et al., 2010). Besides, the significant correlations between SGS and
spring snow depth in EU and EAS echoes previous finding. A strong cor-
relation existed between SGS and snow depth in shrublands, suggesting
that underground thermal condition modulated by snow depth could ex-
ert a great influence on the leaf-out of shrubs (Korner and Basler, 2010;
Peng et al., 2010). However, in the regions of NAM and CAS, such pos-
itive correlation was not significant. Our further analysis on the effect
of snow depth of different month suggested that the discrepancy of sen-
sitivity among these species was possibly the result of the difference of
their root depth. A thinner snow layer in spring may bring about an ear-
lier snow melting date and a higher spring air temperature, consequently
causing a faster change of thermal condition of the root for open shrubs.
By contrast, previous studies showed that spring snow was assumed to
have a lagged effect on SGS for broad-leaf deciduous forests (Yu et al.,
2013) which probably also existed in evergreen needleleaf forests and
mixed forests. These findings are crucial to develop science-based poli-
cies that can prevent adverse vegetation phenology changes and pre-
serve ecosystem services considering the notable effect of snow depth
on SGS under the threats posed by ongoing climate change (Guan et al.,
2015).

As the earlier start of the growing season is consistent with the de-
scend of spring snow depth, a faster snow melting process will greatly
contribute to the advance of vegetation growth. The melting snow in-
duced changes in local water and energy systems. This process may off-
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Fig. 9. (a)-(1) Changes in units of cm and (m)-(n) corresponding trends in units of cm/yr for spring snow depth of different land cover types (open shrublands,
evergreen needleleaf forests and mixed forests) based on the period of 2001-2014 in the four regions for the projected period of 2015-2100 under the scenarios of
SSP1-2.6 and SSP5-8.5. The trends are significant at the 95% confidence level in all regions.

set the beneficial effects of the earlier snowmelt to some extent and
thus limit the productivity of vegetation during the growing season be-
cause the timing of snowmelt can influence water availability during
the growing season; and late-season moisture limitation is also a risk
from an early snowmelt (Slatyer et al., 2021), and takes a series of phe-
nological changes, such as the degradation of plant and rapid recession
of ecosystem productivity. The reduced seasonal snow brings a signif-
icant conservation challenge and seriously threaten the sustainability
of the vegetation in the NH. As the ecological system is changing, its
protection and sustainable development, especially in the regions with
dramatic decrease of snow depth, needs more consideration of anthro-
pogenic effect.

4. Conclusions

Climate changed dramatically during the past decades. Seasonal
snow is one of the most important climate factors because of its roles in
energy and water balances, which can affect local ecological system. By
using reanalysis and remote sensing data during 2001-2014, we show
that spring snow depth was significantly positively correlated with SGS.
And SGSs of needleleaf forests, mixed forests and open shrubs responded
to the change of snow depth in March, April and May. Furthermore, the
open shrubs obviously decreased over high-latitude area to the north of
mixed forests and evergreen needleleaf forests. According to the varia-
tion of spring snow depth simulation form the CMIP6, we can see the
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constant reduction in most of our study area under SSP1-2.6 and SSP5-
8.5. Under the most aggressive scenario of SSP5-8.5, snowmelt will in-
crease the risk of soil freezing and root mortality.

In general, this study provides important information for understand-
ing the spatio-temporal pattern of snow depth in mid-to-high latitudes
of the NH in the past and future, as well as the different responses of
SGS of different vegetation to snow depth. The discrepancy in regional
warming will result in an obvious change in vegetation distribution
and shorten the process of snow melting. Such a connection between
snow and vegetation will lead to a new performance in the regional en-
ergy and water cycle. Our findings will help support decision makers to
deepen the understanding of the risk of fast snow melting to vegetation
growth, thus alleviating the impact of global warming on the ecosystem
by taking effective measures.

Declaration of Competing Interest

The authors declare that there is no conflict of interest.

Acknowledgments

This work is supported by the National Natural Science Foundation
of China (Grant No. 42041004 and 41991231), the “Innovation Star”
Project for Outstanding Postgraduates of Gansu Province (Grant No.


https://doi.org/10.13039/501100001809

X. Guan, S. Guo, J. Huang et al.

2022CXZX-107), and the Central Universities (Grant No. lzujbky-2019-
kb30).

References

Aurela, M., Laurila, T., Tuovinen, J.P., 2004. The timing of snow melt controls the annual
CO, balance in a subarctic fen. Geophys. Res. Lett. 31 (16), L16119.

Bienau, M.J., Hattermann, D., Kroncke, M., Kretz, L., Otte, A., Eiserhardt, W.L., Milbau, A.,
Graae, R.J., Durka, W., Eckstein, R.L., 2014. Snow cover consistently affects growth
and reproduction of Empetrum hermaphroditum across latitudinal and local climatic
gradients. Alp. Bot. 124 (2), 115-129.

Borken, W., Matzner, E., 2009. Reappraisal of drying and wetting effects on C and N
mineralization and fluxes in soils. Glob. Change Biol. 15 (4), 808-824.

Bormann, K.J., Brown, R.D., Derksen, C., Painter, T.H., 2018. Estimating snow-cover
trends from space. Nat. Clim. Change 8 (11), 924-928.

Chen, H., Zhu, Q., Wu, N., Wang, Y., Peng, C.H., 2011. Delayed spring phenology on
the Tibetan Plateau may also be attributable to other factors than winter and spring
warming. Proc. Natl. Acad. Sci. U.S.A. 108 (19), E93.

Cooper, E.J., Dullinger, S., Semenchuk, P., 2011. Late snowmelt delays plant develop-
ment and results in lower reproductive success in the High Arctic. Plant Sci. 180 (1),
157-167.

Eugster, W., Rouse, W.R., Pielke Sr., R.A., Mcfadden, J.P., Baldocchi, D.D., Kittel, T.G.,
Chapin, F.S., Liston, G.E., Vidale, P.L., Vaganov, E., 2000. Land-atmosphere energy
exchange in Arctic tundra and boreal forest: Aavailable data and feedbacks to climate.
Glob. Change Biol. 6 (S1), 84-115.

Friedl, M.A., Sulla-Menashe, D., Tan, B., Schneider, A., Ramankutty, N., Sibley, A.,
Huang, X., 2010. Modis collection 5 global land cover: Algorithm refinements and
characterization of new datasets. Remote Sens. Environ. 114 (1), 168-182.

Guan, X., Huang, J., Guo, R., Lin, P., 2015. The role of dynamically induced variability in
the recent warming trend slowdown over the Northern Hemisphere. Sci. Rep. 5 (1),
12669.

Korner, C., Basler, D., 2010. Phenology under global warming. Science 327 (5972),
1461-1462.

Liston, G.E., Haehnel, R.B., Sturm, M., Hiemstra, Christopher, A., Berezovskaya, S.,
Tabler, R.D., 2007. Instruments and methods simulating complex snow distri-
butions in windy environments using SnowTran-3D. J. Glaciol. 53 (181), 241-
256.

Monson, R.K., Lipson, D.L., Burns, S.P., Turnipseed, A.A., Delany, A.C., Williams, M.W.,
Schmidt, S.K., 2006. Winter forest soil respiration controlled by climate and microbial
community composition. Nature 439 (7077), 711-714.

276

Geography and Sustainability 3 (2022) 268-276

Nordli, O., Wielgolaski, F.E., Bakken, A.K., Hjeltnes, S.H., Mage, F., Sivle, A., Skre, O.,
2008. Regional trends for bud burst and flowering of woody plants in Norway as
related to climate change. Int. J. Biometeorol. 52 (7), 625-639.

Peng, S.S., Piao, S.L., Ciais, P., Fang, J.Y., Wang, X.H., 2010. Change in winter snow depth
and its impacts on vegetation in China. Glob. Change Biol. 16 (11), 3004-3013.
Pulliainen, J., Aurela, M., Laurila, T., Aalto, T., Takala, M., Salminen, M., Kulmala, M.,
Barr, A., Heimann, M., Lindroth, A., 2017. Early snowmelt significantly enhances bo-
real springtime carbon uptake. Proc. Natl. Acad. Sci. U.S.A. 114 (42), 11081-11086.

Richardson, A.D., Keenan, T.F., Migliavacca, M., Ryu, Y., Sonnentag, O., Toomey, M.,
2013. Climate change, phenology, and phenological control of vegetation feedbacks
to the climate system. Agric. For. Meteorol. 169, 156-173.

Slatyer, R.A., Umbers, K.D.L., Arnold, P.A., 2021. Ecological responses to variation in
seasonal snow cover. Conserv. Biol. 36 (1).

Sullivan, P.F., Welker, J.M., Arens, S.J.T., Sveinbjornsson, B., 2008. Continuous estimates
of CO, efflux from arctic and boreal soils during the snow-covered season in Alaska.
J. Geophys. Res. Biogeosci. 113 (G4), G04009.

Wang, X.F., Xiao, J.F., Li, X., Cheng, G.D., Ma, M.G., Zhu, G.F., Arain, M.A,, Black, T.A.,
Jassal, R.S., 2019. No trends in spring and autumn phenology during the global warm-
ing hiatus. Nat. Commun. 10 (1), 1-10.

Wang, X.Y., Wu, C.Y., Peng, D.L., Gonsamo, A., Liu, Z.J., 2018. Snow cover phenology
affects alpine vegetation growth dynamics on the Tibetan Plateau: Satellite observed
evidence, impacts of different biomes, and climate drivers. Agric. For. Meteorol. 256
(257), 61-74.

Wang, Y.L., Huang, X.D., Liang, H., Sun, Y.H., Feng, Q.S., Liang, T.G., 2018. Tracking
snow variations in the Northern Hemisphere using multi-source remote sensing data
(2000-2015). Remote Sens 10 (1), 136.

Wipf, S., Rixen, C., 2010. A review of snow manipulation experiments in Arctic and alpine
tundra ecosystems. Polar Res. 29 (1), 95-109.

Xiao, X.X., Zhang, T.J., Zhong, X.Y., Li, X.D., 2020. Spatiotemporal variation of snow depth
in the Northern Hemisphere from 1992 to 2016. Remote Sens. 12 (17), 2728.

Xie, J., Jonas, T., Rixen, C., de Jong, R., Garonna, 1., Notarnicola, C., Asam, S., Schaep-
man, M.E., Kneubiihler, M., 2020. Land surface phenology and greenness in Alpine
grasslands driven by seasonal snow and meteorological factors. Sci. Total Environ.
725, 138380.

Yu, Z., Liu, S.R., Wang, J.X., Sun, P.S., Liu, W.G., Hartley, D.S., 2013. Effects of seasonal
snow on the growing season of temperate vegetation in China. Glob. Change Biol. 19
(7), 2182-2195.

Zhang, T., 2005. Influence of the seasonal snow cover on the ground thermal regime: An
overview. Rev. Geophy. 43 (4), RG4002.

Zhong, X.Y., Zhang, T.J., Kang, S.C., Wnag, J., 2022. Snow depth trends from CMIP6
models conflflict with observational evidence. J. Clim. 35 (4), 1293-1307.


https://doi.org/10.13039/501100012429
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0001
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0002
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0003
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0004
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0005
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0007
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0008
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0009
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0011
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0013
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0014
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0015
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0016
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0017
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0018
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0019
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0020
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0021
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0022
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0023
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0024
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0025
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0026
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0027
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0028
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0029
http://refhub.elsevier.com/S2666-6839(22)00057-8/sbref0030

	Effect of seasonal snow on the start of growing season of typical vegetation in Northern Hemisphere
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods

	3 Results
	3.1 Distributions of land cover types during 2001-2014
	3.2 Distribution of SGS during 2001-2014
	3.3 Effect of snow depth on SGS
	3.4 Discussion

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


