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Abstract: Seed germination profoundly impacts plant community composition within the plant life cycle.
Snow is an important source of water for seed germination in the temperate deserts of Central Asia.
Understanding how seed germination responds to vatiations in snow cover in relation to seed traits and plant
ecological chatacteristics can help predict plant community sustainability and stability in Central Asia under a
scenario climate change. This study investigated the seed germination of 35 plant species common to the
Gurbantunggut Desert in Central Asia under the three snow treatments: (1) snow addition; (2) ambient snow;
and (3) snow removal. Two-way analysis of variance (ANOVA) tests were petformed to assess interactions
among the impacts of snow treatments, seed traits and plant ecological characteristics on seed germination.
Phylogenetic generalized least-squares (PGLS) model was used to test the relationships between seed traits
and seed germination. The results demonstrated that snow variations had no significant impacts on seed
germination overall. Seed germination under the snow addition treatment was similar with that under the
ambient snow treatment, irrespective of seed traits and plant ecological characteristics. Snow removal only had
negative impacts on seed germination for certain groups of seed traits and plant ecological characteristics.
Seed mass positively affected seed germination, showing a linear increase of arcsin square root-transformed
seed germination with log-transformed seed mass. Seed shape also profoundly impacted seed germination,
with a higher germination percentage for elongated and flat seeds. Seed germination differed under different
plant life forms, with semi-shrub species showing a significantly higher germination percentage. Most
importantly, although snow treatments, seed traits and plant ecological characteristics had no interactive effects
on seed germination overall, some negative impacts from the snow removal treatment were detected when
seeds were categorized on the basis of seed mass and shape. This result suggests that variations of snow cover
may change plant community composition in this temperate desert due to their impacts on seed germination.
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1 Introduction

Year-round or seasonal snow cover shows inter-annual variation at high and middle latitudes and
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at high altitudes, and the degree of inter-annual variation is increasing, especially under climate
change. This change in inter-annual snowfall variation generally leads to changes in soil physical
variables, including temperature and water availability, thus affecting the evolution of local
ecosystems (Houle, 2002; Decker et al., 2003; Keller et al., 2005). For example, snowfall
significantly changes nitrogen uptake by vegetation (Bilbrough, 2000), photosynthesis and
respiration rates (Li et al., 2006a), biomass accumulation (Dorrepaal et al., 2004) and biomass
allocation (Kreyling et al., 2012; Chen et al., 2013). Earlier germination and completion of the
life cycle of spring ephemerals under increasing snow enhance their competitive advantage in a
plant community in North America (Houle, 2002). Early spring ephemerals in Central Asia have
adapted to arid deserts by evolving a short-term growth rhythm and specific biological traits
(Lapointe et al., 2006; Constable et al., 2007). Therefore, changes in snowfall may affect seed
germination and seedling survival of plant species in this region (Chao and Sun, 2016; Jia et al.,
2017). Similarly, the responses of seed germination to snow vary according to plant functional
group in the Great Lakes region of North America (Drescher and Thomas, 2013).

Seed germination is a critical stage of the plant life cycle and determines subsequent plant
performance and survival, ultimately affecting plant community composition. Seed germination
has been associated with various seed biological traits, including seed size, mass and shape. In
addition, plant ecological characteristics have been recognized as a key factor influencing seed
germination. Seed size is an important ecological feature of plant life history, which can affect the
life history characteristics of plant seedling survival, seed spread and seed numbers (Westoby et
al., 1992; Frenner, 2000). Lorenzi et al. (2002) studied 169 tree species in a tropical rainforest of
Brazil and found a significant positive correlation between seed size and average germination
time. Studies of 558 plant species in the alpine region of the Qinghai-Tibet Plateau and 69 species
of mesophytes in the Hexi Corridor of China showed that seed size was an important determinant
of plant life history characteristics (Liu et al., 2003, 2004; Li et al., 2006b; Bu et al., 2008; Wang,
2009). The relationship between seed size and seed germination remains contentious, with some
studies showing a significant negative correlation and others showing no significant relationship
(Liu et al., 2007).

Seed mass is one of the most important seed biological traits and contributes to different levels
of seed germination as the amounts of starch and endosperm nutrients contained in a seed may
determine the energy and nutrients available for seed germination (Chen et al., 2002; Soriano et
al., 2011). Studies have shown that seed mass may affect seed germination (Reich, 1994; Paz et
al., 1999; Bu et al., 2007; Xu et al., 2014). Direct positive experimental evidences of the impacts
of seed mass on seed germination remain scarce, and mostly relate to positive impacts on seed
germination (Catoni et al., 2015; Wang et al., 2016) and seedling survival (Wang, 2009).
However, indirect evidence has shown that seed size is positively related to seed germination (Bu
et al., 2007; Wang et al., 2009). Whether seed mass is also positively related to seed germination
remains unclear. Seed shape is another important trait that influences seed germination (Weiher et
al., 1999; Tekrony et al., 2005). Although theoretical studies have predicted that elongated and
flat seeds should exhibit a higher germination percentage (GP) compared to round seeds (Gremer
et al., 2014), experimental evidence is needed to understand the role of seed shape in seed
germination (Liu et al., 2014).

Precipitation variation is a crucial component of global climate change, and studies of the plant
growing season have demonstrated the impacts of changing patterns of precipitation on
ecosystems. Increased precipitation has been shown to significantly increase (Zheng et al., 2005;
Arfin-Khan et al., 2018), decrease (Zhao et al., 2012) or have no impact on (Weltzin and
Mcpherson, 2000) seedling emergence percentage (i.e., GP). Snow is an important source of
water for seed germination and seedling survival in most parts of the temperate deserts in Central
Asia. Snow melt provides the moisture necessary for seed germination and plant growth during
early spring (Gutterman, 2000; Sun et al., 2009; Yuan and Tang, 2010; Fan et al., 2013). Previous
studies have shown that variations in snow cover have profound impacts on herbaceous plant
community composition at the peak of plant growth. While studies on invasive and indigenous
plants have shown that an increase or decrease in snow cover has no significant impact on seed



Anlifeire ANNIWAER et al.: Impacts of snow on seed germination are independent of seed traits and...

germination, but an increase in snow cover is beneficial to the establishment of indigenous plant
populations (Gornish et al., 2015).

Seed germination is an important factor affecting plant community composition, and studies
exploring the relationship between variations in snow cover and seed germination of various
species can improve understanding of plant community composition and stability in the temperate
deserts in Central Asia under climate change. For example, the number of snowfall days has been
shown to affect the wintering safety of Pinus sylvestris var. mongolica seedlings (Yan et al.,
2012). Decreased snow may result in the loss of the snow-cover temperature barrier, thereby
decreasing the probability of survival over winter for many plant species (Simons et al., 2010).
Snow cover is essential to seed germination because of its direct impacts on water availability and
indirect impacts on soil temperature and nutrient availability. For instance, the replenishment of
soil moisture during early spring in a desert ecosystem could increase soil water content (SWC)
(Fan et al., 2012). Changes in soil physical properties may have different impacts on seed
germination in terms of plant ecotype and seed traits, thus changing plant community
composition and succession (Drescher and Thomas, 2013).

The present study aims to assess the impacts of snow and seed traits (or plant ecological
characteristics) on seed germination by investigating the seed germination characteristics of 35
plant species common to the Gurbantunggut Desert in Central Asia under the three snow
treatments (snow addition, ambient snow and snow removal). The 35 plant species show a wide
range of variation in terms of seed mass, shape and color, and also have different plant ecological
traits. A previous study conducted 150 km away from the study site of the present study
demonstrated that a 50% increase in snow cover profoundly decreased spring ephemeral density
in one year out of three consecutive years studied, whereas a 100% increase in snow cover
exerted no impacts on spring ephemeral density (Fan et al., 2014). The seeds of spring ephemerals
are characterized by a small size and a low mass; therefore, they may require less water to
promote germination compared with large seeds. The change of snow cover has a profound effect
on the composition of the herbaceous plant community during the period of vigorous growth.
Seed germination is one of the important factors that affect the composition of plant communities.
Therefore, under a scenario of climate change, studying how snow cover affects seed germination
is helpful to understand the composition and stability of desert plant communities in the
temperate deserts of Central Asia.

2 Materials and methods

2.1 Study area

The Gurbantunggut Desert is located in southeast of Central Asia and has a climate and plant
composition typical of the temperate deserts of Central Asia. This temperate desert exhibits an
annual precipitation varying from 70 to 160 mm, with most precipitation occurring during spring.
There is snow cover from early November to late March, ranging from 10 to 50 cm in thickness,
with a mean annual of 30 cm. The mean annual potential evaporation is 2606 mm. The annual
mean temperature is 7°C, with the minimum of —40°C and a mean of —17°C in January. Plant
community in the desert is composed of semi-shrubs, spring ephemerals, spring-summer annuals
and perennial herbs (Huang et al., 2015). Semi-shrubs in the region, such as Haloxylon
ammodendron, Haloxylon persicum and Tamarix ramosissima, depend primarily on groundwater
to survive. Although these plants fall their leaves in October, their above-ground woody parts
persist through the winter. Spring ephemerals, such as Erodium oxyrrhynchum, Alyssum
linifolium, Schismus arabicus and Lactuca undulate, generally depend on snowmelt water and
spring precipitation for growth (Fan et al., 2014; Huang and Li, 2015). In contrast, spring-summer
annuals and perennial herbs, such as Salsola subcrassa, Ceratocarpus arenarius, Seriphidium
santolinum and Agriophyllum squarrosum, depend on summer precipitation as their main source
of water (Huang et al., 2015). Spring-summer annuals often show low growth rates during the
growing season of ephemerals, with their growth rates accelerating after ephemerals die (Huang
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et al., 2018). A new non-woody shoot emerges from perennial herbs every April that persists until
the onset of autumn (i.e., October). Soils of the region are desert solonetz, with aeolian sandy soil
on the top layer (0—100 cm). Up to 206 plant species are found in this desert (Zhang and Chen,
2002), and plant community composition changes noticeably from the edge to the center of the
desert due to varying soil moisture and soil texture.

2.2 Experimental design

The experiments were performed in the center of the Gurbantunggut Desert (45°14'N, 87°36'E),
and an experimental approach was used to test the impacts of snow addition and removal on seed
germination. A relatively uniform interdunal area was selected and divided into 15 plots (each
area of 3 mx3 m), which were randomly allocated among the three treatments: (1) snow addition;
(2) ambient snow; and (3) snow removal. Each snow treatment had five replicates. Frames (1.5
mx3.0 m) covered with a transparent polycarbonate sheets were installed on the snow removal
plots. The sheets were 1.5 mm thick and allowed 92% of photosynthetically-active radiation to
pass through onto the plots. The plots were surrounded by snow nets to avoid the accumulation of
snow. The polycarbonate frames were supported by steel and rebar scaffolding tethered to the
ground and rising to a height of 30 cm above the soil surface. After each snowfall event, we
increased or decreased the snow cover of each treatment according to the extent of the last
snowfall event. For the snow removal plots, snow was removed from the transparent
polycarbonate coverings on each plot after each snowfall event. Ambient snow plots were left to
receive natural snowfall. The snow removed from the snow removal plots was evenly sprinkled to
the snow addition plots. Shade netting was wrapped around the frame since mid-October to
prevent wind-blown snow from entering the plots, and was removed after snowmelt in late
March. In addition, the plants in the plots were relatively uniformly distributed.

2.3 Soil water content (SWC) and soil temperature measurements

EMS50 data loggers equipped with 5TE (Decagon Devices, Pullman, Washington, USA) were
positioned within the 2 cm soil layer within a designated instrument subplot in each plot before
winter to measure volumetric SWC and soil temperature. Measurements were taken at 15 min
intervals from October to April in 2015-2016 using the EM50 data loggers.

2.4 Seed collection

Mature seeds of 35 investigated species inhabiting different sites across the desert were collected
at the time of seed dispersal from mid-May to late October, 2015. Seeds were collected from at
least 25 plants for each species, and then they were thoroughly mixed to minimize the risk of a
single plant dominated the seed collection. Air dried seeds were stored in paper bags in the
laboratory for further processing.

2.5 Field and laboratory germination experiments

For each species, five replicates of 100 seeds were placed in fiberglass mesh bags (25 cmx25 cm).
The grid mesh of the bags was 1.2 mm on the upper surface and 0.1 mm on the lower surface,
which allowed seeds to access soil by passing roots through the lower surface while at the same
time protecting the seeds from micro-invertebrate predation. We randomly buried one bag for
each species to a soil depth of 1-3 cm according to seed mass and shape variance to ensure seeds
remained in contact with bulk soil and to facilitate the complete recovery of all seeds (Abbott and
Roundy, 2003) in each plot in mid-October, 2015, prior to the first snowfall. On 21 April 2016,
seeds with a radicle present at the time of harvest were marked for germination and counted. The
remaining seeds were transported to the laboratory for further germination experiments. In the
laboratory, non-germinated seeds were placed on filter paper in Petri dishes (9 cm in diameter)
and the filter paper was moistened with distilled water. Controlled laboratory conditions with a
mean temperature of 20°C and natural light were maintained. Each Petri dish was inspected daily,
and germinated seeds were counted and removed. The seeds in which the radicles had emerged
were considered to have germinated. Counting continued until no germination occurred for five
successive days. During the laboratory experiment, germinated seeds were considered as
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non-dormant, and non-germinated seeds at harvest or seeds that were decomposed were scored as
dead. The GP was calculated in two forms: (1) field germinated seeds divided by the total number
of experimental seeds (100 seeds; GP-1); and (2) field germinated seeds divided by the sum of
field germinated seeds and laboratory germinated seeds (GP-2). Of the two measures, GP-1
reflected the impacts of snow on real seed germination at a species level, whereas GP-2 can be
used to indicate the seed germination rate as affected by snow variation and rainfall in the coming
seasons.

2.6 Seed traits and plant ecological characteristics

A group of 100 air-dried seeds of each species was weighed using a fine balance (FA1604N,
Jinghong, Shanghai, China; accuracy to 0.0001 g), with five replicates per species (Thompson et
al., 1993). The mean seed mass was classified into six classes (Moles et al., 2000): (1) <20 mg;
(2) 20-50 mg; (3) 50-100 mg; (4) 100-200 mg; (5) 200-500 mg; and (6) >500 mg.

The seed shape was calculated as the variance of the three main perpendicular dimensions after
dividing all values by the length. These seed shape values ranged from 0.00 for spherical seeds to
0.33 for elongated or flat seeds (Thompson et al., 1993). In the present study, we categorized the
seeds into four grades based on seed shape (Liu, 1992; Gordon, 1998; Liu et al., 2005; Liu et al.,
2014): (1) <0.05; (2) 0.05-0.10; (3) 0.10-0.15; and (4) >0.15.

In this study, we classified the species into five color categories based on observations and
relevant literature (Liu, 1992; Gordon, 1998; Liu et al., 2005; Liu et al., 2014): (1) white; (2)
yellow (pale yellow or yellow); (3) green (yellowish green or brownish green); (4) brown (light
yellowish brown, light reddish brown, brown, dark brown, yellowish brown or reddish brown);
and (5) black.

We also grouped the species into four classes based on the plant life form: (1) semi-shrubs; (2)
spring ephemerals; (3) spring-summer annuals; and (4) perennial herbs. Moreover, we assigned
the species to two kinds of plant ecotypes based on the seed collection sites: (1) mesophyte; and
(2) xerophyte.

Following the study of Zanne et al. (2014), we built a phylogenetic tree using the online
software Phylomatic (Webb and Donoghue, 2005) based on the Angiosperm Phylogeny Group
(APG) Il consensus topology (Fig. 1).

2.7 Tests of seed viability

Seed viability after germination was assessed using a tetrazolium test (Hendry et al., 1993). Seeds
with strong red-stained embryos were considered in the test. At the end of the germination tests,
the viability of non-germinated seeds was examined through dissection using a needle to
determine the presence of a firm embryo (Baskin et al., 2000).

2.8 Statistical analysis

All statistical analyses were performed using R software v4.0.0 (R Core Team 2020; Vienna,
Austria) and SPSS 16.0 software (SPSS Inc., Chicago, IL, USA), and all continuous variables
were log-transformed. Two-way analysis of variance (ANOVA) tests were performed to assess the
correlations of snow treatments (snow addition, ambient snow and snow removal) with seed traits
(seed mass, shape and color) and plant ecological characteristics (plant life form and ecotype).
Dichotomized APG Il phylogenetic trees were created using the multi2di function in the ape
package in R software. Blomberg k values (Blomberg et al., 2003) were estimated by means of
the Kcalc function of the picante package in R software. Phylogenetic generalized least-squares
(PGLS) model was constructed in the R package nlme (Pinheiro et al., 2019), incorporating
Pagel's (Pagel et al., 1999) phylogenetic correlation structure (corPagel) as implemented in the
ape package to estimate the phylogenetic scaling parameter A using maximum likelihood. The fit
of these models was then compared with that of models which had A fixed to either 0
(phylogenetic independence) or 1 (complete phylogenetic association). A Brownian correlation
structure (corBrownian) was used for Pearson's product-moment correlations among seed traits
(Paradis et al., 2004).
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Fig. 1 Phylogenetic position of the selected 35 species (a), seed mass (b), GP-1 (c1, c2 and c3) and GP-2 (d1, d2
and d3) under the snow addition (c1 and d1), ambient snow (c2 and d2) and snow removal (c3 and d3) treatments.
Different color lines indicate different dispersal modes (red for anemochory, light blue for autochory, dark blue for
barochory, green for ombrohydrochory, and pink for zoochory). GP-1 and GP-2 represent two forms of germination
percentage (GP). GP-1 was calculated as field germinated seeds divided by the total number of experimental seeds
and GP-2 was calculated as field germinated seeds divided by the sum of field germinated seeds and laboratory
germinated seeds. We built the phylogenetic tree according to the study of Zanne et al. (2014).

3 Results

3.1 Snow impacts on SWC and soil temperature

There were significant differences in SWC (the volume of water per volume of soil; %) among the
three snow treatments (Fig. 2a). In general, SWC tended to decrease during the winter months in
the surface 2 cm soil layer under all snow treatments because of reduced water use by vegetation.
SWC increased sharply from February under the ambient snow and snow addition treatments.
There was no difference in soil temperature among the three snow treatments (Fig. 2b).
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Fig. 2 Comparison of volumetric soil water content (SWC; a) and soil temperature (b) in the surface 2 cm soil
layer under the snow addition, ambient snow and snow removal treatments from October to April

3.2 Snow impacts on seed germination

In general, snow variations had no significant impacts on seed germination for the selected 35
species in the Gurbantunggut Desert (P=0.265; Table 1). No significant interactions were found
between snow treatments and seed traits (seed mass, shape and color) in the present study (P>0.05;
Table 1). Moreover, snow exhibited no significant interaction with plant ecological characteristics
(plant life form and ecotype) that would affect seed germination (P>0.05; Table 1).



Anlifeire ANNIWAER et al.: Impacts of snow on seed germination are independent of seed traits and...

Table 1 Results of two-way analysis of variance (ANOVA) of snow in relation to seed traits (seed mass, shape
and color) and plant ecological characteristics (plant life form and ecotype) on seed germination

Source of variation df Pl GP-2
F P F P

Show 2 1.346 0.265 1.892 0.156
Snowxseed mass 10 0.157 0.998 0.392 0.947
Snowxseed shape 6 0.848 0.536 0.353 0.907
Snowxseed color 8 0.047 1.000 0.261 0.977
Snowxplant life form 6 0.291 0.967 0.111 0.999
Snowxplant ecotype 2 0.078 0.925 0.083 0.921

Note: GP-1 and GP-2 represent two forms of germination percentage (GP). GP-1 was calculated as field germinated seeds divided by
the total number of experimental seeds and GP-2 was calculated as field germinated seeds divided by the sum of field germinated seeds
and laboratory germinated seeds. df, degree of freedom.

3.3 Seed traits impacts on seed germination

There was a significantly positive influence of seed mass on seed germination (P<0.01; Fig. 3).
For GP-1, the arcsine square root-transformed seed germination increased linearly with the
log-transformed seed mass, with the slopes of these regressions differing significantly between
the snow addition and ambient snow treatments (P=0.01; Fig. 3a). Similarly, the slope of the
regression for the snow removal treatment was significantly lower than that of the ambient snow
treatment (P=0.02; Fig. 3a). Snow addition and snow removal treatments exerted no significant
impacts on the intercepts of the linear regressions compared with the ambient snow treatment
(P>0.05; Fig. 3). For GP-2, the arcsine square root-transformed seed germination was positively
related to the log-transformed seed mass under the snow addition and ambient snow treatments,
and negatively correlated to the log-transformed seed mass under the snow removal treatment
(Fig. 3b). The slopes and intercepts of the regressions under both the snow addition and snow
removal treatments were not significantly different to those of the ambient snow treatment
(P>0.05; Fig. 3b).
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Fig. 3 Linear relationships between log-transformed seed mass and arcsine square root-transformed GP-1 (a)
and between log-transformed seed mass and arcsine square root-transformed GP-2 (b) under the snow addition,
ambient snow and snow removal treatments. Slope differences among ambient snow, snow addition and snow
removal treatments were analyzed by the two-way analysis of variance (ANCOVA) analysis.

Elongated or flat seeds exhibited the highest GP (Fig. 4). Snow removal treatment significantly
decreased GP-1 with a seed shape variance higher than 0.05, while GP-1 was similar between the
snow addition and ambient snow treatments (Fig. 4a). For GP-2, snow removal treatment
profoundly inhibited seed germination with seed shape variance values of 0.05-0.10 and >0.15
(Fig. 4b), whereas snow addition treatment exerted no impacts on seed germination compared
with the ambient snow treatment (Fig. 4b).
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Fig. 4 Seed germination percentage (GP) influenced by seed shape variance under the snow addition, ambient
snow and snow removal treatments for GP-1 (a) and GP-2 (b). Different lowercase letters indicate significant
differences among the three snow treatments within a level of seed shape variance at P<0.05 level; different
uppercase letters indicate significant differences among different levels of seed shape variance within the same
snow treatment at P<0.05 level.

Seeds with a green seed coat exhibited the highest GP-1 for all the three snow treatments, with
white, yellow and black seeds showing a similar low germination (Fig. 5a). White seeds showed a
significantly stronger response to snow addition or removal treatment compared to the other
seeds. Black seeds showed the lowest GP-2 compared with the other seeds (Fig. 5b). Snow
addition treatment had no effect on GP-2 of any colored seeds, and snow removal treatment only
reduced the GP-2 of brown seeds.
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Fig. 5 Seed GP influenced by seed color under the snow addition, ambient snow and snow removal treatments
for GP-1 (a) and GP-2 (b). The number of replicates (n) is different among different colors of seeds, i.e., n=3 for
white seeds, n=15 for yellow seeds, n=15 for green seeds, n=69 for brown seeds, and n=6 for black seeds.
Different lowercase letters indicate significant differences among the three snow treatments within the same seed
color at P<0.05 level; different uppercase letters indicate significant differences among different seed colors
within the same snow treatment at P<0.05 level. Yellow color includes pale yellow or yellow; green color
includes yellowish green or brownish green; brown color includes light yellowish brown, light reddish brown,
brown, dark brown, yellowish brown or reddish brown.

3.4 Plant life form impacts on seed germination

Plant life form significantly affected GP-1 and GP-2 (Fig. 6). The seeds of semi-shrubs exhibited
the highest GP-1, and similar GP-1 values were observed among perennial herbs, spring-summer
annuals and spring ephemerals (Fig. 6). GP-1 values were similar between the snow addition and
ambient snow treatments, irrespective of plant life form, whereas they were lower under the snow
removal treatment for semi-shrubs and spring-summer annuals compared with the ambient snow
treatment (Fig. 6a). Although GP-2 values of semi-shrubs were much higher than those of
perennial herbs and spring-summer annuals, they were similar among perennial herbs,
spring-summer annuals and spring ephemerals (Fig. 6b). GP-2 values were similar between the
snow addition and ambient snow treatments, irrespective of plant life form. Snow removal
treatment resulted in a significant decrease in the seed germination of semi-shrubs, whereas it
exerted no impacts on other plant life forms (Fig. 6b).

Plant ecotype had no impacts on GP-1 and GP-2 (Table 1). GP-2 in the mesophyte ecotone was
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significantly higher than that in the xerophyte ecotone (Fig. 7). Snow addition and snow removal
treatments exhibited no impacts on GP-1 and GP-2, irrespective of plant ecotype (Fig. 7).
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Fig. 6 Seed GP influenced by plant life form under the snow addition, ambient snow and snow removal
treatments for GP-1 (a) and GP-2 (b). Different lowercase letters indicate significant differences among the three
snow treatments within the same plant life form at P<0.05 level; different uppercase letters indicate significant
differences among different plant life forms within the same snow treatment at P<0.05.
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Fig. 7 Seed GP influenced by plant ecotype under the snow addition, ambient snow and snow removal
treatments for GP-1 (a) and GP-2 (b). Different lowercase letters indicate significant differences among the three
snow treatments within the same plant ecotype at P<0.05 level; different uppercase letters indicate significant
differences between the two plant ecotypes within the same snow treatment at P<0.05 level.

3.5 Correlations between seed traits and seed germination

The relationships of seed germination with both seed mass and seed shape variance were better
described by the PGLS models, with a higher phylogenetic signal occurring in the snow removal
treatment (k=0.40 for GP-1 and k=0.63 for GP-2) than in the ambient snow (k=0.40 for GP-1 and
k=0.38 for GP-2) and snow addition (k=0.38 for GP-1 and k=0.55 for GP-2) treatments. In most
cases, the PGLS models provided a significantly better fit to the data than the generalized
least-squares (GLS) models (Figs. 8 and 9). Seed traits were also correlated with GP-1, in which
heavy and elongated and flat seeds showed a higher GP under the snow removal treatment (Figs.
8 and 9; Table 2). Variance in seed shape did not show any significant correlations with GP-2
(Fig. 9; Table 2).

4 Discussion

Snow treatment in general had no significant impacts on seed germination, and the snow addition
treatment did not significantly increase seed germination, irrespective of seed traits and plant
ecological characteristics. The snow removal treatment exerted negative impacts only on seed
germination within certain groups of seed traits and plant ecological characteristics. This result
contradicts the current study that snow addition and removal would exert positive and negative
impacts on seed germination, respectively. Seed traits, including seed mass, shape and color, had
significant impacts on GP of seeds, as did plant life form. The influences of plant ecotype on seed
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Fig. 8 Relationships of log-transformed seed mass with GP-1 (a—c) and GP-2 (d-f) described by the
phylogenetic generalized least-squares (PGLS) models and generalized least-squares (GLS) models under the
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germination were only significant for GP-1. Moreover, the impacts of seed traits and plant
ecological characteristics on seed germination were independent of snow treatments. The results
of the present study clearly showed that phylogenetic groups significantly influenced seed
germination for the plant species in the Gurbantunggut Desert. These results are supported by
previous research, which showed that seed germination was correlated with plant phylogeny in
the temperate rain forests (Figueroa, 2003) and alpine meadows (Bu et al., 2007; Xu et al., 2014)
in arid and semi-arid zones. We therefore proposed in the current study that variation in seed

germination is closely dependent on the phylogeny.
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Table 2 Results of the phylogenetic generalized least-squares (PGLS) models examining the impacts of seed
traits (seed mass and seed shape variance) on GP (GP-1 and GP-2) under the snow addition, ambient snow and

snow removal treatments

Response Y X Slope SD t P r A
GP-1 Snow addition Seed mass (log10) 3.365 2.088 1.611 0.117 0.313 0.722
Ambient snow Seed mass (log10) 1.896 1.828 1.037 0.308 0.169 0.728
Snow removal Seed mass (log10) 1.544 1.313 1.175 0.248 0.201 0.940
GP-2 Snow addition Seed mass (log10) 2.960 66.212 0.044 0.964 -0.075 0.000
Ambient snow Seed mass (log10) 1.896 1.828 1.037 0.308 0.054 0.728
Snow removal Seed mass (log10) -4.683 3.800 -1.232 0.227 -0.253 0.000
GP-1 Snow addition  Seed shape variance 15.863 34.576 0.458 0.649 0.063 0.612
Ambient snow  Seed shape variance 17.239 29.495 0.584 0.563 0.071 0.709
Snow removal  Seed shape variance 24.552 21.199 1.158 0.255 0.198 1.000
GP-2 Snow addition  Seed shape variance 2.960 66.212 0.044 0.964 -0.048 0.000
Ambient snow  Seed shape variance —4.870 60.795 -0.080 0.936 -0.030 0.000
Snow removal  Seed shape variance —4.569 58.389 -0.078 0.938 0.152 0.000

Note: SD, standard deviation; t, test statistic regression; P, significance level; r, Pearson's correlation coefficient; 1, phylogenetic
correlation coefficient.

4.1 Interactions between seed traits and plant ecological characteristics under the three
snow treatments

Few researches have focused on the impacts of variations in snow cover on seed germination,
with some studies showing that snow impacts on seed germination are dependent on the species
under investigation (Drescher, 2014; Gornish et al., 2015). For instance, although snow removal
decreased seed germination of both native Pseudoroegnaria spicata and invasive Bromus
tectorum grass species in a cold desert in North America, snow addition had no associated
impacts (Gornish et al., 2015). Consistent with these studies, the present study exhibited no
impacts of snow addition on seed germination for the 35 plant species examined, and snow
removal impacts on seed germination were only observed for plants with certain seed traits or
plant life forms. This result suggests that the impacts of snow removal on seed germination are
depend on the biological traits of a plant species.

The addition of snow can increase SWC and decrease variation in soil temperature, as well as
alter the soil freeze-thaw cycles, resulting in increased susceptibility of seeds to soil pathogens
and decreased germination of seeds. Soil surface temperatures under the snow addition and
ambient snow treatments were similar throughout the experiment in the present study. Moreover,
SWC at the depth of 2 cm showed no differences from snow melting to the time of seed
germination. These results suggest that the similar seed germination observed between the
ambient snow and snow addition treatments may be due to there being no significant differences
in soil temperature and moisture between the two snow treatments. Snow removal treatment
dramatically decreased the soil surface temperature and reduced the frequency of the soil
freeze-thaw cycles. Moreover, since SWC at snow melt was significantly lower than that ambient
snow, the similarity in seed germination between the ambient snow and snow removal treatments
may be due to the sufficient spring precipitation experienced during the study period.

The impacts of snow on seed germination are independent of seed traits and plant ecological
characteristics in the study area. Snow addition and snow removal treatments significantly changed
the slopes of linear regressions between arcsine square root-transformed seed germination and
log-transformed seed mass, while there were no differences between the intercepts of regressions,
suggesting that the snow treatments had the greatest impacts on heavy seeds. The impacts of both
snow addition and snow removal treatments increased with increasing seed mass.

4.2 Impacts of seed traits and plant ecological characteristics on seed germination
Several studies have indicated that seed germination is correlated with seed traits such as seed
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shape and mass (Wang et al., 2016). The results of the present study clearly showed that seed
traits such as seed mass and shape significantly affected seed germination. In the present study,
seed mass positively affected seed germination, which is consistent with the results of many
previous studies, which showed that large and heavy seeds have a higher percentage of
germination because of their larger reserves of energy and nutrients (van Molken et al., 2005; Wu
and Du, 2007; Galindez et al., 2009). However, some studies have identified negative
relationships between seed mass and seed germination in some semi-arid ecosystems. There are
several possible interpretations for this contradiction among studies. The different relationships
between seed germination and seed mass are primarily related to the ranges of seed mass
investigated among different studies (Grime et al., 1981; van Mdlken et al., 2005; Galindez et al.,
2009; Wang et al., 2016). For instance, for Tragopogon pratensis species in variable habitats, a
study of seed mass ranging from 0.011 to 130.700 mg showed a negative relationship between
seed germination and seed mass (Wang et al., 2016), while another study of seed mass ranging
from 4.000 to 17.000 mg exhibited positive impacts of seed mass on seed germination (van
Molken et al., 2005). Similarly, a higher seed germination was observed for seven Asteraceae
species from Argentina with larger seeds (mass>0.100 mg) (Galindez et al., 2009). In the present
study, the mass of seeds ranged from 0.076 to 13.890 mg, which is comparable to that of seeds
investigated by van Molken (2005). In particular, the present study found that the impacts of seed
mass on seed germination varied among different snow treatments. Under the snow addition
treatment, seed mass had a significant influence on seed germination, with heavy seeds showing a
higher seed germination compared to light seeds. This observation may be due to seedlings of
heavy seeds having access to greater amounts of food reserves, thereby resulting in a considerable
competitive advantage during drought conditions by allowing a delay in germination or dormancy
under unfavorable environment conditions that maximizes plant fitness. In summary, the results
of the present study indicate that seed germination of the 35 species investigated under a scenario
of climate change in the temperate desert was largely dependent on seed mass.

In the present study, elongated and flat seeds showed a higher GP than round seeds. Although
there have been few studies relating seed germination with seed shape (Grime et al., 1981; Liu et
al., 2013; Wang et al., 2016), the available results consistently showed that elongated and flat
seeds exhibit a higher GP. Many previous studies have shown that seed shape is linked to plant
phylogeny, indicating that elongated and flat seeds usually promote fast germination to avoid
predation and risks of mortality during dispersal (Thompson et al., 1993; Thompson et al., 1998;
Funes et al., 1999).

In the Gurbantunggut Desert, plant ecological characteristics had different impacts on seed
germination, with plant life form significantly affecting seed germination and plant ecotype
having no impacts. The impacts of plant life form on seed germination may be related to plant
habitat or flora, and the impacts vary among different studies. For instance, plant life form,
including woody plants, graminoid plants and forbs, had no impacts on seed germination in 109
species in a temperate sandy desert in northeastern China (Wang et al., 2016). Similarly, results
from an alpine grassland in Tibet of China showed no differences in seed germination between
annuals and perennials for 134 species (Xu et al., 2014). In contrast, significant plant life form
impacts on seed germination have been reported in grasslands (Rees, 1994) and alpine meadows
(Bu et al., 2008).

5 Conclusions

Snow variations had no significant impacts on seed germination of the 35 plant species common
to the Gurbantunggut Desert in Central Asia. The similar seed germination observed between the
snow addition and ambient snow treatments suggests that slight changes in soil water content and
temperature under the snow addition treatment exerted no impacts on seed germination. However,
the observation of no significant impacts of the snow removal treatment on seed germination was
due to the enough spring precipitation having occurred, which countered the impacts of different
water availability under the different snow treatments in the present study. In general, snow
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treatments, seed traits and plant ecotype had no interactive effects on seed germination.
Nevertheless, when comparing the relationships between seed germination and seed mass among
the three snow treatments, the repression slope under the snow addition treatment was
significantly higher, whereas it was significantly lower under the snow removal treatment,
compared with that under the ambient snow treatment. The results suggest that snow treatment
impacts on seed germination were obvious for heavy seeds in the desert ecosystem. The results of
the present study indicate that under a scenario of climate change, variations in snow cover would
change plant community structure by changing seed germination of heavy seeds, while the
influence on seed germination of light seeds was not significant.
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